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Global warming, driven by greenhouse gas emissions, requires innovative climate
change mitigation strategies. Sugarcane (Saccharum officinarum L.), a highly effi-
cient C4 plant with substantial biomass yield and carbon fixation abilities, offers a
promising solution. This study investigates the distribution patterns and accumu-
lation dynamics of biomass and carbon storage in sugarcane to inform breeding
programs focused on developing high-biomass, carbon-sequestering varieties.
Thirteen local sugarcane varieties were systematically analyzed for biomass and
carbon storage across different plant tissues and growth stages, with the objec-
tive of contributing to net-zero carbon targets. The study revealed consistent
trends in biomass (B) accumulation and carbon (C) storage across different sug-
arcane varieties. Notably, varieties such as ZT1 (B: 90.94; C: 45.32), ZT2 (B: 89.83;
C: 43.74), ZT3 (B: 81.88; C: 40.65), GNY146210 (B: 89.83; C: 43.74), and YZ08-
1609 (B: 90.94; C: 45.32) demonstrated superior performance in both parameters
across all growth stages. In contrast, varieties such as GT44 (B: 75.16; C: 34.61)
and ZT6 (B: 63.32; C: 32.20) exhibited comparatively lower levels of biomass and
carbon storage. These findings highlight significant varietal differences in carbon
sequestration potential, with certain genotypes offering promising advantages for
ecological engineering and climate-smart agriculture. Further analysis elucidated
distinct distribution patterns across sugarcane parts, with the stem predominat-
ing in biomass and carbon storage, thereby emphasizing its pivotal role in overall
carbon sequestration among the varieties. Moreover, the study uncovered con-
sistent accumulation patterns across growth stages, identifying the elongation
stage as pivotal for maximal biomass and carbon sequestration. Particularly, high
annual net carbon fixation capacity during leaf growth was observed across all
varieties, with certain cultivars such as ZT1, ZT2, ZT3, ZT4 and GNY146210, and
exhibiting notably superior performance. Annual assessments showed substantial
variability in biomass, carbon storage, and photosynthetic net carbon fixation,
with certain cultivars excelling. Strong positive correlations between biomass,
carbon storage, and net carbon fixation were observed, emphasizing the intrin-
sic link between sugarcane biomass and its carbon fixation capacity (R = 0.99).
These findings highlight the exceptional capacity of sugarcane, as a C4 plant, to
excel in carbon absorption. In brief, these findings offer essential guidance for
advancing breeding programs focused on developing high-performance sugar-
cane cultivars. Enhancing biomass production and carbon sequestration capa-
bilities through these initiatives will markedly strengthen strategies for mitigating
climate change.
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1 Introduction

Global warming, driven by excessive emissions of methane (CH,),
carbon dioxide (CO,), and nitrous oxide (N,0), is a critical ecological
challenge [United States Environmental Protection Agency (EPA),
2026]. Carbon dioxide (CO,) is a major greenhouse gas that plays a
significant role in global warming, making carbon capture and storage
(CCS) crucial strategies to reduce its impact. Increasing greenhouse
gas’s emission (GHG) exacerbate the greenhouse effect, raising surface
temperatures and causing adverse environmental impacts like rising
sea levels, extreme weather, and biodiversity loss (Mey and Gore, 2021;
Kumar et al., 2023). Urgent global action is essential to reduce emis-
sions and combat global warming (Intergovernmental Panel on
Climate Change (IPCC), 2024). In response to the threat of green-
house gas emissions, global and regional efforts have intensified,
adopting carbon reduction targets and promoting clean energy.
Initiatives like the “Global Methane Commitment” and the Paris
Agreement aim to significantly reduce emissions and limit global tem-
perature rise (Zhou and Chen, 2022; Zhang et al., 2023). The European
Union and the UK have set ambitious goals for emission cuts and
carbon neutrality, high-lighting the need for coordinated actions
towards a sustainable, low-carbon future. Advancing green and low-
carbon agricultural practices is crucial for achieving dual carbon goals
(Cao etal., 2023), as agricultural activities and forest (Qu et al., 2024),
significantly contribute to greenhouse gas emissions. In China, each
person emits around 10 metric tons of CO, per year on average. In
contrast, the average CO, emission per person in the United States is
about 14.4 metric tons annually, making the U.S. the top global CO,
emitter (Statista, 2024). Agricultural emissions account for about 20%
of global greenhouse gas emissions (Shao, 2024). Despite mitigation
efforts, these emissions persist, necessitating innovative and sustain-
able reduction approaches. Achieving these goals also requires
enhanced carbon sequestration, with biological sequestration through
plant photosynthesis being a promising method (Nayak et al., 2022).
Farmland ecosystems play a key role in carbon storage, contributing
to over 10% of global terrestrial carbon storage (Weiskopf et al., 2024)
and crops within these ecosystems are vital for carbon sequestration
via photosynthesis (Golub et al., 2009).

The Kyoto Protocol’s implementation in 1992 spurred global
climate action, prompting nations like China to address green-
house gas emissions and introduce “carbon sinks” through eco-
logical methods like afforestation and vegetation restoration (Qu
et al., 2024). Agricultural carbon sinks, reliant on photosynthesis,
play a vital role in reducing CO;, levels by storing it in plants, soil,
and agricultural waste. Research on farmland ecosystems’ carbon
sinks, once focused nationally, now ex-tends provincially, showing
increasing trends in carbon sequestration across Chinese regions
(Zhou et al., 2024). Ecosystems, vital for terrestrial carbon seques-
tration, offer flexible methods for enhancing carbon sinks through
crop selection and improved farming practices (Cui et al., 2022).
Recent studies underscore the importance of understanding
carbon sink dynamics for ecosystem preservation and regional
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planning (Yu et al., 2024). Additionally, the discourse on energy
production highlights the potential for mitigating atmospheric
greenhouse gas emissions through large-scale plantations of bio-
energy crops like sugarcane (Popp et al., 2014; de Oliveira Bordonal
etal., 2018).

Sugarcane (Saccharum officinarum L.), characterized by its high-
yield C4 photosynthetic pathway, exhibits exceptional efficiency in
photosynthesis and carbon fixation, rendering it essential for achiev-
ing carbon neutrality. An estimated 3934.5 kg ha™ of sequestered
carbon, equivalent to 14,439.6 kg ha™" of atmospheric CO,, was found
in sugarcane farms (Azizi et al., 2019). Recent studies have reported
that carbon sequestration in leaves and stalks is significantly higher,
reaching 1239.65 kg ha™" (Kumar et al., 2024). The amount of seques-
tered carbon varies depending on factors such as soil type, climate,
and management practices. After harvest, the sugarcane residue,
including leaves and stalks, typically remains in the field, contributing
to soil organic carbon and enhancing carbon sequestration. China
ranks third globally in sugarcane cultivation, with approximately 12.05
mil-lion hectares under cultivation (Li et al., 2024). The extensive
fields, prolonged growth cycle, and dense foliage of sugarcane contrib-
ute significantly to global warming mitigation by facilitating CO,
uptake. Moreover, the biodiversity within sugarcane ecosystems
enhances environment stability and augments carbon fixation pro-
cesses, thereby emphasizing its pivotal role in sustainable agricultural
systems and mitigating the impacts of climate change.

Top sugarcane-producing countries, including Brazil, China,
India, and Australia, are actively implementing programs to monitor
and reduce their carbon footprints through sustainable practices and
technologies. India’s “Sustainable Sugarcane Initiative” aims to cut
emissions by enhancing management and technology (Bhatt et al.,
2023), while Brazil has committed to reducing GHG emissions in agri-
culture as part of its Nationally Determined Contributions (Soterroni
etal., 2023). Due to its high photosynthetic efficiency, is more effective
at capturing and storing carbon compared to many C3 crops like rice
(Sage et al., 2013). This efficiency makes sugarcane a valuable crop for
achieving carbon reduction goals and demonstrates its significant role
in managing CO, emissions. Sugarcane’s efficiency stems from sub-
stantial aboveground biomass, effective photosynthesis, and agricul-
tural practices like fertilization and straw return. In contrast, rice’s
contribution is lower, with higher carbon fixation costs (Gangopadhyay
et al,, 2022). Recent studies highlight sugarcane’s lower GHG emis-
sions compared to beet sugar (Shukla et al., 2022), underscoring
potential to mitigate emissions in the future. Understanding sugar-
cane’s carbon sequestration is pivotal for addressing climate change,
promoting agricultural sustainability, and advancing the sugarcane
industry.

The predominant focus of research on carbon storage in agri-
cultural ecosystems has been on large-scale integrated agricultural
systems, with limited exploration into individual crop ecosystems.
While domestic studies on sugarcane biomass and carbon storage
exist, they may lack relevance due to changes in cultivation prac-
tices. Foreign literature primarily emphasizes soil research
(Naresh et al., 2021), byproducts of sugarcane (Aguilar-Rivera and
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Olvera-Vargas, 2022) and energy consumption in the sugarcane
industry, overlooking direct investigations into biomass and
carbon storage (Powar et al., 2024).

Current research on biomass and carbon storage presents several
challenges; however, a deeper understanding of these aspects is essen-
tial for accurately estimating crop carbon sequestration and address-
ing the impacts of climate change. In the context of China’s growing
emphasis on farmland ecological engineering, such research is par-
ticularly valuable for guiding sustainable agricultural practices
through enhanced carbon fixation. While previous studies have
explored crop biomass and carbon storage to some extent, the specific
relationship between sugarcane biomass and carbon fixation across
different plant organs and phenological stages remains largely
unexamined.

This study aims to address this gap by evaluating various sug-
arcane varieties to assess their biomass production, carbon storage
potential, and the distribution of carbon among different plant
organs. Particular attention is given to their photosynthetic
carbon fixation capacities throughout developmental stages.
Given sugarcane’s high biomass yield and efficient C4 photosyn-
thetic pathway, it holds considerable promise for atmospheric
carbon sequestration.

We hypothesize that different sugarcane varieties possess distinct
capabilities for biomass accumulation and carbon storage, depending
on organ type and growth stage. By analyzing these varietal differ-
ences, the study seeks to characterize cultivars with enhanced carbon
fixation efficiency and targeted organ-specific carbon allocation. These
findings will not only contribute to ecological engineering efforts but
also support broader strategies aimed at mitigating greenhouse gas
emissions and achieving long-term carbon neutrality in agriculture.

The research gap in current studies is that most focus on biomass
and carbon storage at a broader level, with limited exploration into the
genetic variability among different sugarcane cultivars for their
sequestration potential. Despite the acknowledged importance of sug-
arcane’s role in carbon fixation, little is known about how genetic dif-
ferences influence traits like photosynthetic efficiency, biomass
accumulation, and carbon partitioning across different plant organs
and growth stages. Addressing this gap is essential for developing
improved cultivars and management practices aimed at maximizing
carbon sequestration.

2 Materials and methods

2.1 Experimental site overview and climatic
conditions

The year-long field experiment (February 2023-February 2024)
was conducted at Lingao Experimental Base in Hainan Province,
China, experiencing a tropical monsoon marine climate with no
frost. Temperatures range from 16.9 °C (Jan) to 28.3 °C (July), with
monthly averages typically between 17 and 18 °C, except for
February and December. The daily average temperature exceeds
10 °C, accumulating to 8,562 °C annually. Wind speed is level 3,
reaching 3-4 in winter and 2-3 in summer, with varying directions.
Lingao County receives abundant rainfall, averaging 1,100-1800 mm
annually.
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2.2 Experimental site setting

Thirteen sugarcane varieties, including ZT1, ZT2, ZT3, ZT4, ZT5,
ZT6, ZF1, GT44, GT49, GT55, GT58, YZ08-1609, and GNY146210,
were selected for this study. The experimental site, located at the
Hainan Sugarcane Experimental Base of the Institute of Tropical
Biotechnology, Chinese Academy of Tropical Agricultural Sciences in
‘Wenxian Village, Huangtong Town, Lingao County, Hainan Province,
was chosen for the 2023-2024 sugar cane growing season. Before
planting, the leaf tips were crushed and incorporated into the soil. The
field was then plowed to a depth of 50 cm and leveled. A planter was
used to place the bud segment stems into 40 cm deep planting
trenches. The stems were covered with 5-8 cm of soil, drip irrigation
tape was laid, and the area was covered with mulch. In January 2023,
39 plots with 5 rows per plot, each measuring 10 m x 10 m, were
established at the research site to ensure uniform site conditions and
density. Each variety was replicated three times, with plots spaced 1 m
apart and row spacing of 1.4 m. Total area of 56 m”. The planting den-
sity was maintained at 1881 double-bud seed stems per 667m?. Each
plot contained 316 planted buds. The experimental site consisted of
clay-red soil with a pH of 4.6, containing an average organic matter
content of 6.5 gkg™', available nitrogen of 101.3 mg kg™', available
phosphorus of 18.5 mg kg™, and available potassium of 126.8 mg kg™".
Fertilization was applied at the following rates: nitrogen fertilizer
(urea) at 300 kg ha™!, phosphorus fertilizer (P,Os) at 144 kg ha™', and
potassium fertilizer (K,O) at 216 kg ha™". Drip fertigation was carried
out in five split applications throughout the crop growth period.
Specifically, 10% of the total fertilizer amount was applied after com-
pletion of 80% seedling establishment, 15% during the tillering stage
upon reaching 50% tiller development, and the remaining 75% was
applied in three equal split doses during the elongation stage. Planting
plots for each variety were assigned randomly, and the number of cane
sprouts per plot was kept consistent. Field management practices were
uniformly applied throughout the experiment.

2.3 Sample collection and determination

Sampling was collected across different growth stages: seedling
(February-April), tillering (May-July), elongation (August-October),
and maturity (November-January of the subsequent year). Fifteen
representative samples of each sugarcane variety were obtained from
each plot using the five-point sampling method. During collection,
plants were extracted with intact root systems employing the full dig-
ging method. Sites with specific slope gradients were selected to facili-
tate proper sampling. Soil was excavated gradually from the base of
the sugarcane stem outward and inward, minimizing root damage to
preserve data accuracy. At the elongation stage, yellowing leaves and
litter were gathered, with no organ distinction, and pooled for biomass
and carbon analysis, ensuring a comprehensive assessment of growth
dynamics and carbon sequestration potential.

2.4 Biomass estimation

After removing the soil from the roots, the samples were quickly
brought to the lab and the roots were washed with tap water.
Subsequently, the washed whole plant samples were segmented into
leaves, sheaths, roots, and cane stems based on organ classification.
These segments were then subjected to fixation at 105 °C for 30 min
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and subsequently dried at 60 °C until reaching a constant weight
(Jones and Case, 1990). The dry weight of each segment was mea-
sured, expressing biomass in terms of dry weight to facilitate the cal-
culation of total sugarcane biomass. Total plant dry matter
accumulation encompassed the cumulative dry weights of leaves,
sheaths, roots, litter, and cane stems. The cane stem processing
involved drying bagasse and cane juice obtained from cane stem
squeezing at 60 °C until reaching a constant weight, with the dry
weight of the cane stem being the summation of bagasse and cane
juice dry weights.

The sum of the biomass of each organ is the total biomass. The
annual total biomass of the experimental site can be calculated from
the sample biomass. The total biomass of sugarcane samples is the sum
of the biomass of each component of sugarcane. The calculation for-
mula is as follows:

n
Wiotal = Z\Nl 1
i=1

In the formula, W, represents the total biomass (g) of the sug-
arcane sample, while Wjrepresents the biomass of each sugarcane
organ. Here, n =5, corresponding to the five sugarcane components:
roots, stalks, leaves, leaf sheaths, and litter. The value of iranges from
1 to 5, representing these organs, respectively. The annual total bio-
mass of sugarcane fthm_2 )was subsequently calculated based on the

planting density.

2.5 Carbon content estimation

The dried sample was ground into powder and passed through
a 60-gauge sieve (0.25 mm). The carbon content of the sample was
determined using the potassium dichromate-sulfuric acid oxida-
tion colorimetric method. The principle is that under heating
conditions, excess potassium dichromate-sulfuric acid solution
oxidizes the organic carbon in the sample to carbon dioxide.
Hexavalent chromium ions (Cr ¢*) in potassium dichromate are
reduced to trivalent chromium ions (Cr**) the content of which is
directly proportional to the organic carbon content in the sample.
The absorbance was measured at a wavelength of 585 nm, and the
organic carbon content was calculated based on the content of
trivalent chromium ions (Cr**)

The leaves, leaf sheaths, stalks, litter, and roots of sugarcane
were cleaned and cut into small sections. The samples were dried
in an oven at 60 °C until a constant weight was achieved. The dry
matter weight of each component was recorded, with the stalk dry
weight calculated as the sum of the dry weights of bagasse and
juice. The dried samples were then ground into powder, and the
carbon content was determined using the potassium dichromate-
sulfuric acid oxidation colorimetric method. The carbon content
of the stalk was calculated as the sum of the carbon contents of
bagasse and juice. Subsequently, the total carbon storage of the
sugarcane plant dry matter was calculated using the following
formula:

Wiotal =2 _iCi=YiGiti )

In the formula, Cyarepresents the total carbon storage of the
sugarcane sample (g); irepresents the i-th organ of sugarcane; C;
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represents the carbon sequestration of the i-th organ (g); G;repre-
sents the dry weight of the i-th organ (g); and t;represents the
carbon content of the i-th organ (%).

2.6 Photosynthetic net carbon fixation
estimation

Photosynthesis is crucial for plants to absorb CO,, storing part
of it as carbon fixation while the rest returns to the atmosphere
through leaf and root respiration. To prevent double counting of
CO, released by root respiration, the net photosynthetic rate of
sugarcane plants in each plot was monitored monthly for one year
(February 2023-January 2024) using the LI-6800 portable photo-
synthesis measurement system (Beijing Ligaotai Technology Co.,
Ltd). The study conducted measurements of the net photosyn-
thetic rate (Pn) of sugarcane leaves monthly during sunny and
windless or lightly windy days. To minimize the impact of external
environmental factors, a red and blue light leaf chamber sized
1 cm x 3 cm was utilized. CO, concentration in the environment
at the time of measurement was maintained to replicate field con-
ditions, with a gas flow rate set to 500 pmol-s ~'. Measurements
were taken daily from 8:00 to 18:00 using the LI-6800 portable
photosynthesis measurement system. Fresh, healthy, and unob-
structed leaves were selected for clamping in the leaf chamber,
aiming to avoid veins to prevent data distortion. Data was
recorded once the display value stabilized, with each measurement
followed by replacing the leaf and repeating the process to ensure
accuracy (Figures 1A,B).

2.7 Total leaf area estimation

To estimate the total leaf area of sugarcane, three representa-
tive leaves were selected from the upper portion of each plant. A
1 cm x 3 cm fresh leaf segment was collected from the middle sec-
tion of each leaf and weighed. The total leaf area of the sugarcane
plant was subsequently estimated based on the fresh leaf weight
using the following formula:

wr 3
[A=—x—— 3)
Wy ~ 1000

In the formula, LA represents the total leaf area of the entire
sugarcane plant (mz); Wy represents the fresh weight of a leaf seg-
ment with an area of 1 cm x 3 cm (g); W, represents the total fresh
weight of the sugarcane sample leaves (g); 3 represents the area of
the sampled leaf segment (3 cm?); and 10,000 represents the con-
version factor, where 1 m* equals 10,000 cm? The calculation of
photosynthetic carbon fixation in sugarcane was based on the
results of diurnal variation measurements of the net photosyn-
thetic rate. The daily net assimilation per unit leaf area of sugar-
cane was determined as the area enclosed between the portion of
the diurnal photosynthetic rate curve above zero and the X-axis
(Liu JiaJun et al., 2011; Wang et al., 2007; Zhang et al., 2013). The
formula is as follows:

3600

P =ZLI(@(H +1-t;)x —j (4)

1000
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FIGURE 1

This graph illustrates (A) the daily assimilation rate per unit leaf area (mmol/m?/day) and (B) the fixed amount of CO, per unit leaf area (g/m?/day) across
all growth stages of various sugarcane varieties. The growth stages are categorized as follows: seedling (February 2023—April 2023), tillering (May
2023-July 2023), elongation (August 2023—-October 2023), and maturity (November 2023—-January 2024).

In the formula, P represents the net assimilation per unit leaf area
on the day of measurement (mmolm “2q71 ); P; represents the instan-
taneous photosynthetic rate at the initial measurement point
( ;mwlm_zs_1 ); P; ;1 represents the instantaneous photosynthetic rate
at the subsequent measurement point ( umolm ™71, 1; represents
the initial measurement time (h); ¢, represents the subsequent mea-
surement time (h); and j represents the total number of measure-
ments. The constant 3,600 represents the number of seconds in 1 h,
while 1,000 represents the conversion factor from pmol to mmol.

The formula used to convert the total assimilation on the mea-
surement day into the daily amount of fixed CO, was adopted
from Wang et al. (2007):

44

=Px——
@xo, 1000

©)
In the formula, mco, represents the mass of CO, fixed per unit
leaf area (gm_zd_1 ; 44 represents the molar mass of CO, gmol_l);
and 1,000 is the conversion factor from mmol to mol.
The daily net carbon sequestration of sugarcane was calcu-
lated using the following equation (Shi et al., 2011):

Wcoz = o, X LA (6)

In the formula, W¢p represents the daily net carbon sequestra-
tion of sugarcane ( gd '), and LA represents the total leaf area of sug-
arcane (m? ). The annual photosynthetic carbon fixation (Qcoz ) of
sugarcane was estimated according to the growth characteristics of
sugarcane. The daily carbon fixation values at each growth stage were
multiplied by the corresponding duration of that stage to determine
the photosynthetic carbon fixation during the seedling, tillering,
elongation, and maturity stages. The cumulative sum of all growth
stages was subsequently used to estimate the annual photosynthetic
carbon fixation of sugarcane (Xiaohong et al., 2017).
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2.8 Yield determination

As sugar cane varieties exhibit varying maturation periods,
sequential harvesting is conducted according to their respective
maturity stages. Within each plot, a 5 m? area is designated for har-
vesting to serve as a yield measurement plot. Following harvest, bio-
mass quantification is carried out utilizing the biomass estimation
method (see biomass estimation method). Subsequently, the har-
vested biomass undergoes oven drying at 105 °C for a duration of 2 h,
followed by further drying at 60 °C until a constant weight is
achieved. These procedures facilitate the determination of total plant
biomass and carbon storage within each plot.

2.9 Soil organic carbon estimation

Soil organic carbon was determined using the potassium dichro-
mate oxidation spectrophotometric method. Soil samples were col-
lected at a depth of 40 cm during each growing period. The samples
were placed in clean white porcelain trays and spread into a thin
layer, approximately 2-3 cm thick. First, plants, insects, stones, and
other debris were removed. The soil clods were then crushed with a
wooden hammer and air-dried, with the soil being turned several
times a day during the drying process. Once the soil was fully air-
dried, it was mixed using the quarter method. Two portions were
taken: one was retained, and the other was passed through a 2 mm
soil screen for dry matter content determination. A 10-20 g sample
was then extracted from the screened soil, finely ground, passed
through a 60 mesh (0.25 mm) soil screen, and placed into a brown-
stoppered glass bottle for measurement.

2.9.1 Draw the calibration curve

Measured 0.00, 0.50, 1.00, 2.00, 4.00, and 6.00 mL of glucose
standard solution into 100 mL stopper digestion glass tubes. The
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corresponding organic carbon masses were 0.00, 2.00, 4.00, 8.00,
16.00, and 24.00 mg, respectively. Added 0.1 g of mercury sulfate
and 5.00 mL of potassium dichromate solution to each tube and
shook them thoroughly. Subsequently, 7.5 mL of sulfuric acid was
added slowly, and the tubes were shaken gently.

Turned on the thermostatic heater and set the temperature to
135 °C. When the temperature rose to close to 100 °C, you
unplugged the glass tube with the stopper and placed it into the
heating hole of the thermostatic heater. Started timing when the
instrument temperature displayed 135 °C and heated it for 30 min.
Then, turned off the thermostatic heater switch, took the stopper
digestion glass tube to a water bath, and cooled it to room tem-
perature. Slowly added about 50 mL of water to each stopper dis-
solving glass tube and continued to cool them to room
temperature. Filled them with water to 100 mL for marking, added
the plugs, and shook them well. At the wavelength of 585 nm,
measured the absorbance separately with a 10 mm colorimetric
dish and used water as the reference.

2.9.2 Statistical analysis

Data collection, calculation, and basic visualization tasks were
conducted using Microsoft Excel 2019. Tukey’s test for multiple
comparisons to determine the significance of differences between
treatments (at an alpha level of 0.05) and correlation coefficient
regression analysis were performed using R software version 4.4.1.
The bar graphs and heat map were generated using the online
software BioRender." The stack bar plot using the bioinformatic
online tool.?

3 Results
3.1 Seedling stage

3.1.1 Leaf biomass and carbon storage of various
sugarcane varieties

Significant variation in leaf biomass and carbon storage was
observed among sugarcane varieties at the seedling stage. ZT1
showed the highest values (0.58 g biomass, 0.244 g carbon), while
ZT6, ZF1, and GT44 had significantly lower levels. No notable
differences were found among other varieties. Overall, higher leaf
biomass consistently correlated with greater carbon storage across
varieties (Figure 2A).

3.1.2 Sheath biomass and carbon storage of
various sugarcane varieties

Significance analysis showed that varieties ZT1 (0.958 g biomass,
0.939 g carbon) and GNY146210 (0.93 g biomass, 0.42 g carbon) had
significantly higher leaf sheath biomass and carbon storage. In con-
trast, ZT4, GT55, and another GT55 entry exhibited significantly

1 https://app.biorender.com/signin
2 https://www.bioinformatics.com.cn/en?p=2
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lower values. No significant differences were found among varieties
like ZT2, ZT3, and GT59 for biomass, or ZT2, ZT5, ZT6, ZF1, GT44,
and GT49 for carbon storage. Overall, higher leaf sheath biomass con-
sistently correlated with increased carbon storage at the seedling stage
(Figure 2A).

3.1.3 Root biomass and carbon storage of various
sugarcane varieties

Maximum root biomass and carbon storage were recorded in ZT1
(0.930 g biomass, 0.411 g carbon) and GNY146210 (0.956 g biomass,
0.405 g carbon). Other varieties ranged from 0.548 to 0.849 g in bio-
mass and 0.242 to 0.338 g in carbon storage. Overall, higher root bio-
mass consistently correlated with increased carbon storage at the
seedling stage across sugarcane varieties (Figure 2A).

3.1.4 Tillering stage

3.1.4.1 Leaf biomass and carbon storage of various
sugarcane varieties

In leaf, the significance analysis indicated that ZT1, GYN146210,
and ZT2 had significantly greater biomass and carbon storage com-
pared to other varieties. Conversely, ZT6 exhibited significantly lower
values. Notable differences were observed among the varieties
(Figure 2B).

3.1.4.2 Sheath biomass and carbon storage of various
sugarcane varieties

In the case of leaf sheath, the recorded biomass values were
as follows: ZT1 (25.6 g), GNY 146210 (24.9 g), ZT3 (24.4 g), and
ZT2 (23.4 g). For carbon storage, the values were: GNY 146210
(9.6 g), ZT1 (9.4 g), GT44 (9.0 g), and ZT4 (9.0 g). Conversely,
both biomass and carbon storage for ZT6 were notably lower
(Figure 2B).

3.1.4.3 Root biomass and carbon storage of various
sugarcane varieties

The significance analysis showed that ZT1 and GYN146210
had significantly higher biomass and carbon storage than other
varieties. In contrast, ZT6 had significantly lower biomass and
carbon storage. Minimal root biomass and carbon storage were
observed during the tillering period (Figure 2B).

3.1.5 Elongation stage

3.1.5.1 Leaf biomass and carbon storage of various
sugarcane varieties

At the elongation stage, the data indicated that the variety ZT1
consistently exhibited the highest biomass value of 324.6 g and
carbon storage of 152.7 g in the leaf. This trend was also observed in
the leaf sheath and root carbon storage of the sugarcane. In contrast,
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FIGURE 2
This graph represents the biomass and carbon storage of various tissues (root, sheath and leaf) at (A) seedling stage, (B) tillering stage. Different
lowercase letters within the same series denote significant differences among sugarcane varieties (p < 0.05). Data are expressed as mean + SE.

ZT6 demonstrated significantly lower biomass and carbon storage in
both the leaf and roots (Figure 3A).

3.1.5.2 Sheath biomass and carbon storage of various
sugarcane varieties

There was considerable variability in leaf sheath biomass and
carbon storage. Further analysis indicated that ZT1 and GYN146210
had significantly higher levels of both biomass and carbon storage
compared to the other varieties, whereas ZT6 had substantially lower
values (Figure 3A).

3.1.5.3 Root biomass and carbon storage of various
sugarcane varieties

There was significant variability in root biomass, as well as in carbon
storage. The data revealed that ZT1 and GYN146210 had markedly
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superior biomass and carbon storage compared to other varieties.
Conversely, ZT6 and YZ08-1609 had lower levels of both metrics.
Additionally, root biomass and carbon storage were notably lower than
those in other plant parts, such as leaves and sheaths (Figure 3A).

3.1.6 Maturity stage

3.1.6.1 Leaf biomass and carbon storage of various
sugarcane varieties

At maturity, the highest biomass was observed in ZT1
(426.3 g) and GNY146210 (424.3 g), with ZT1 also showing the
greatest carbon storage (217.2 g), followed by ZT3 (206 g). In con-
trast, ZT6 recorded lower biomass (243.1 g), and varieties GT44
and GT49 exhibited reduced carbon storage. Overall, biomass and
carbon storage increased progressively from seedling to maturity
across all varieties, reflecting their individual storage capacities
(Figure 3B).

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1775208
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wu et al. 10.3389/fsufs.2026.1775208
I" \\\
(A) Elongation Stage (B) Maturity Stage
mmm Biomass
500— mmm Biomass 500} WSS Carbon storage
ESS Carbon storage a a
— o b
an- . 400 b p b
~ g C
T 300 b d 300 T 4
2 % f : e ¢ £ _ a F d
f
2wl hofog s b g 20 500 I L o
g .g c e Mf o o el ke S A
.S S I h B & 2 N
o & 100 — - M f < 5 100
— 2 g8
5% i1l =
=]
— O 0— f ,.8 0—
a < = 300 a
b i]) 8 a
1501 ¢ ¢ ¢ ¢ o 2 b b
] de P f & 250 od od
s of de de de &
< 20 (]
2 ° 200 f
< qa)o % =
§g 1™ SIC I
= O 7]
°e ¢ b g % - il U ab
£ § ¢ fe a f ¢ S5 100 o fla ed g
G-I E i e I e e S 2 el Re I, .
%3 S5 5
0 w3
140 b i
100
" 120}
80 g b a 4 de
» o P ococ g A §f 100 ol ef of of f ef
2 9 d g h o o~ f g
gL 60 ; 5§32 8 g
g g 1 @ ?.0 - a b
oot n o [
- b s A . 2 £ S d . E e for o
8.8 e " . d S 2 4 i
o'y h Qg
Mo 20 | i =8 20 i
0 i 5%
e p T M =39 ® o3 19 cREEEEZI S B % E
A ¥ w0 ] A N = = == = ¢
EN[\NNNNEESEE% NNHSNNNG e e B 3
= S >
S = N
o N - ~ Z
| Varieties & Varieties C
\, 7’
FIGURE 3

This graph represents the biomass and carbon storage of various tissues (root, sheath and leaf) at (A) Elongation stage, (B) Maturity Stage. Different
lowercase letters within the same series denote significant differences among sugarcane varieties (p < 0.05). Data are expressed as mean + SE.

3.1.6.2 Sheath biomass and carbon storage of various
sugarcane varieties

Significant variability was observed in sheath biomass among
the different sugarcane varieties, ranging from 168.533 g (YZ08-
1609) to 279.500 g (ZT1). Similarly, notable differences were
noted in carbon storage, spanning from 65.207 g (GT55) to
121.195 g (ZT1). Statistical analysis indicated that ZT1 and
GYN146210 exhibited significantly higher sheath biomass and
carbon storage compared to other varieties. In contrast, YZ08-
1609 (168.5 g) and ZT6 (193.2 g) showed relatively lower biomass,
while GT44 (67.4 g) and GT55 (65.2 g) displayed diminished
carbon storage compared to the other varieties (Figure 3B).

3.1.6.3 Root biomass and carbon storage of various
sugarcane varieties

Significant variations were observed in root biomass, ranging
from 66.576 g (ZF1) to 141.9 g (GNY 146210), across the diverse
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sugarcane varieties. Similarly, notable disparities were noted in
carbon storage, spanning from 24.190 g (ZT6) to 68.720 g (ZT1).
Further statistical analysis highlighted that ZT1, GNY 146210, ZT2,
and ZT3 exhibited notably higher root biomass and carbon storage
levels, significantly exceeding other varieties. In contrast, ZT6, YZ08-
1609, and ZT44 displayed relatively lower biomass and carbon stor-
age compared to their counterparts (Figure 3B).

3.1.6.4 Stem biomass and carbon storage of various
sugarcane varieties

The biomass of sugarcane stems exhibited substantial variability,
demonstrating a wide range of values. Similarly, carbon storage
showed significant variation across different varieties. Detailed analy-
sis revealed that ZT1, ZT3, and GYN146210 possessed marked
advantages in both biomass and carbon storage, significantly surpass-
ing other varieties. In contrast, ZT6 and YZ08-1609 showed com-
paratively lower levels of biomass and carbon storage. Although no
significant differences were detected among the remaining varieties,
a consistent trend was observed (Figure 4A).
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This graph represents the biomass and carbon storage of litter and stem at (A) Elongation stage, (B) Maturity stage. Different lowercase letters within the
same series denote significant differences among sugarcane varieties (p < 0.05). Data are expressed as mean + SE.

3.1.6.5 Litter biomass and carbon storage of various
sugarcane varieties

The variety ZT2 displayed superior litter biomass and carbon
storage, significantly exceeding other varieties. This advantage
was attributed to ZT2’s efficient defoliation capability. In contrast,
ZT6 and YZ08-1609 exhibited comparatively lower litter biomass
and carbon storage levels compared to their counterparts
(Figure 4A).

3.1.6.6 Stem biomass and carbon storage of various
sugarcane varieties

Considerable variability was observed in stem biomass among
different sugarcane varieties, ranging from 2969.233¢g to
4215.867 g. Similarly, significant differences were noted in carbon
storage, spanning from 1594.190 g to 2355.131 g. Specifically, ZT1
(4,172 g) and GYN146210 (4,216 g) exhibited high stem biomass,
with corresponding carbon storage values of 1,006 g and 1,013 g,
respectively. In contrast, varieties GT49 (447 g) and ZT6 (2,969 g)
showed lower biomass and carbon storage levels. ZT6 and YZ08-
1609 also displayed relatively diminished biomass and carbon
storage compared to other varieties. While no significant differ-
ences were detected in biomass and carbon storage among the
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remaining varieties, a consistent trend emerged: higher stem bio-
mass in sugarcane corresponded to increased carbon storage in
the stems at maturity across various growth stages (Figure 4B).

3.1.6.7 Litter biomass and carbon storage of various
sugarcane varieties

In litter biomass, which ranged from 502.233 to 1076.767 g, and
carbon storage, spanning from 206.421 to 469.041 g, were observed
across all varieties at the maturity stage. The maximum values for litter
biomass and carbon storage were noted. Further significance analysis
highlighted that ZT2 exhibited relatively high litter biomass (1,010 g)
and carbon storage (440 g) compared to other varieties. Conversely,
YZ08-1609 displayed relatively lower litter biomass (502 g) and car-
bon storage (206 g) compared to the remaining varieties. Although no
significant discrepancies were discerned in biomass and carbon stor-
age among the remaining varieties, a consistent pattern emerged
(Figure 4B).

3.1.6.8 Stem and litter biomass and carbon storage of
various sugarcane varieties

Significant variation was observed in stem and litter biomass and

carbon storage across sugarcane varieties. At the elongation stage,
ZT1, ZT3, and GNY146210 exhibited the highest stem biomass and
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carbon storage, while ZT6 and YZ08-1609 showed the lowest
(Figure 4A). ZT2 demonstrated superior litter biomass and carbon
storage due to efficient defoliation, whereas ZT6 and YZ08-1609 had
the lowest values. At maturity, stem biomass ranged from 2969.2 g to
4215.9 g and carbon storage from 1594.2 g to 2355.1 g. ZT1 (4,172 g,
1,006 g) and GNY146210 (4,216 g, 1,013 g) had the highest values,
while GT49 and ZT6 had the lowest. Litter biomass ranged from
502.2 g to 1076.8 g, and carbon storage from 206.4 g to 469.0 g, with
ZT?2 again showing the highest values and YZ08-1609 the lowest
(Figure 4B).

3.1.6.9 Biomass and carbon storage in bagasse and juice

At the maturity stage, the highest bagasse biomass was
recorded in ZT2 (3,063 g), while maximum carbon storage in
bagasse was observed in GNY146210 (1,342 g) (Figure 5A).
GNY146210 also showed the highest juice biomass (1,175 g) and
carbon storage (398 g) at the same stage. At the elongation stage,
GNY146210 again exhibited the highest juice biomass (2089 g) and
carbon storage (950 g) (Figure 5C). In juice, varieties ZT1, ZT3,
GT44, and GT49 recorded maximum biomass and carbon storage
during both elongation (Figure 5B) and maturity stages
(Figure 5D). Overall, both biomass and carbon storage increased
progressively toward maturity in all varieties.

10.3389/fsufs.2026.1775208

3.1.6.10 Proportion of biomass ratio (%)

The data indicated that cultivar GNY146210 exhibited the high-
est leaf blade biomass at the seedling stage (BM-S) (33.7%), which
increased to 46.3% at the tillering stage (BM-T), then declined
sharply during the elongation (BM-E) and maturity stages (BM-M).
In contrast, cultivars GT44 (47.2%) and ZT6 (46.2%) showed the
highest leaf sheath biomass at the seedling stage (BM-S), with a gen-
eral decline observed by the maturity stage (BM-M). For root bio-
mass, ZT4 recorded the highest value (42.1%), followed by GT49 and
GT58 (40.7% each). Litter biomass peaked in ZT2 during the elonga-
tion (BM-E) and maturity (BM-M) stages (17.8 and 18.1%, respec-
tively). The highest stem biomass during the elongation stage (BM-E)
was observed in ZT3 (75%), followed by ZT4 and ZT5 (74 and 74.4%,
respectively). At the maturity stage (BM-M), GT44 (76.6%), YZ08-
1609 (77.1%), and GT49 (76.1%) had the highest stem biomass, while
GNY146210 recorded the lowest (32.6%) during elongation (BM-E).
Biomass values in the remaining varieties did not differ significantly
during the elongation (BM-E) and maturity (BM-M) stages
(Figure 6).

3.1.6.11 Proportion of carbon storage ratio (%)

The present data illustrate carbon storage distribution in sug-
arcane plant organs across different growth stages. At the seedling
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This graph represents of biomass and carbon storage in bagasse (A,C) maturity stage and (B,D) elongation stage of sugarcane
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BM-M, Biomass ratio at maturity stage.

This stack bar plot represents the proportion of carbon storage (CS) and biomass (BM) ratios (%) of each organ of sugarcane at different growth stages.
CS-S, Carbon storage ratio at seedling stage; BM-S, Biomass ratio at seedling stage; CS-T, Carbon storage ratio at tillering stage; BM-T, Biomass ratio at
tillering stage; CS-E, Carbon storage ratio at elongation stage; BM-E, Biomass ratio at elongation stage; CS-M, Carbon storage ratio at maturity stage;

stage, GNY146210 exhibited the highest blade carbon storage
(34.6%), while GT49 and ZT6 showed equal blade biomass (47%)
at the tillering stage. Blade biomass increased from the seedling to
tillering stage but declined thereafter. In GNY146210, leaf sheath
biomass was 39.9% at the seedling stage and declined to 23.6% at
tillering, showing a downward trend across all varieties toward
maturity. The highest root biomass was recorded in GT58 (44.6%)
at the seedling stage, decreasing sharply in subsequent stages. ZT2
exhibited the highest litter biomass at elongation (14.8%) and
maturity (15.9%). For stem biomass, ZF1 peaked at elongation
(75.5%), while YZ08-1609 and GT44 recorded the highest values
at maturity (80.1%), followed by ZT4, ZT6 (74.9%), GT44 (73.5%),
and GT58 (74.4%) (Figure 6).

3.2 Total annual photosynthetic net carbon
fixation of sugarcane plants

All sugarcane varieties demonstrated annual photosynthetic
carbon fixation above 40 kg. ZT1 (86.80 kg) and GNY146210
(82.51 kg) exhibited the highest fixation, followed by ZT3 (63.07 kg)
and ZT4 (62.50 kg). Medium fixation levels were observed in ZT5,
ZF1, GT55, GT58, GT49, and ZT2 (47.71-55.61 kg). In contrast,

Frontiers in Sustainable Food Systems

11

GT44, YZ08-1609 (42.18 kg), and ZT6 (45.83 kg) showed compara-
tively lower fixation capacities (Supplementary Figure S1).

3.3 Relationship between sugarcane
biomass and its carbon sequestration
capacity

Figure 7 illustrates the correlation regression analysis between
biomass and carbon storage in different sugarcane organs, including
leaf blade, leaf sheath, root, litter, bagasse, juice, and total plant bio-
mass, across 13 sugarcane varieties at four growth stages. A strong and
highly significant positive relationship was observed between biomass
and carbon storage at all developmental stages. At the seedling stage
(Figure 7A), biomass showed a very strong positive correlation with
carbon storage, with a coefficient of determination of R*=0.98and a
highly significant probability level (p <0.001; n =52). Similarly,
during the tillering stage (Figure 7B), the relationship remained
extremely strong, showing the highest correlation among all stages
with R*=0.99 (p <0.001; n=>52). During the elongation stage
(Figure 7C), biomass and carbon storage also exhibited a strong posi-
tive association, with R? =0.98 (p <0.001; n =91). At the maturity
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stage, (B) tillering stage, (C) elongation stage, and (D) maturity stage.

This graph presents the correlation regression analysis between biomass and carbon storage in various sugarcane organs, including litter, bagasse, juice,
and the total biomass and carbon storage per plant, across all 13 varieties at different growth stages. The stages are categorized as follows: (A) seedling

stage (Figure 7D), the correlation remained highly significant,
although slightly lower compared to earlier stages, with R* =0.97
(p <0.001; n = 91). Collectedly, the results demonstrate that carbon
storage increased proportionally with biomass accumulation through-
out sugarcane development. The consistently high R* values across all
growth stages indicate that biomass is a strong predictor of carbon
storage in sugarcane plants under the studied conditions.

3.4 Sugarcane biomass and carbon storage
accumulation patterns

As shown in Figure 7B and Table 1, biomass and carbon storage pat-
terns varied significantly across sugarcane growth stages. Average biomass
increased 47.5 times from the seedling (0.418 g) to tillering stage and 3.44
times from tillering to elongation, peaking during elongation before declin-
ing sharply (80.58 times) at maturity. ZT'1 had the highest seedling biomass
(0.58 g), GT55 at tillering (23.76 g), and ZF1 at elongation (77.55 g).
Similarly, carbon storage increased 110.4 times from seedling to tillering
and 4.25 times to elongation, then dropped by 80.10 times at maturity. Peak
carbon storage was recorded in ZT2 (0.24 g) at seedling, GT44 (22.78 g) at
tillering, and GNY146210 (94.44 g) at elongation. Overall, elongation was
the peak stage for both biomass and carbon storage.
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3.5 Photosynthetic carbon fixation capacity
and leaf area of sugarcane at different
growth stages

Daily carbon fixation per unit leaf area varied significantly
among sugarcane varieties across growth stages. ZT1 showed
the highest fixation at the seedling (150.80 g-m~-d™") and tiller-
ing (165.58 g-m™>.d™') stages. At elongation, GNY146210
recorded the maximum (164.01 g-m~2.d™"), while ZT4 followed
closely. The lowest fixation was observed in GT49 (seedling:
111.79), GT58 (tillering: 127.93), and GT55 (elongation:
134.55). At maturity, ZT3 showed the lowest value (101.83).
Overall, significant differences in carbon fixation per unit leaf
area were found across varieties, with consistent trends across
growth stages, except at maturity, where fixation declined
(Table 2). Variety ZT1 exhibited the highest leaf area, measuring
0.00072 m” at seedling, 0.2258 m” at tillering, 3.3159 m® at elon-
gation, and 2.7706 m? at maturity stages. No significant differ-
ences were noted among other varieties. Conversely, ZT6 had
the lowest leaf area, with values of 0.0026, 0.1322, 1.8344, and
1.5152 m?* across the same stages. Generally, leaf area increased
from seedling to elongation but slightly declined at maturity
(Supplementary Table S1).
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TABLE 1 Sugarcane biomass (BM) and carbon storage (CS) pattern at different growth stages.
Variety

Parameters Seedling

10.3389/fsufs.2026.1775208

Biomass (BM) and carbon storage (CS) growth pattern at different stages

Tillering Elongation Maturity

BM 0.58 + 0.03* 19.14 + 0.74 71.95 + 3.28" 0.59 + 0.08*
ZT1

CS 0.24 +0.01° 18.32 + 1.2% 74.77 + 2.73¢ 0.88 + 0.68%

BM 0.43 + 0.02°¢ 20.53 +0.52¢¢ 71.62 + 1.10% 0.72 + 0.06%
712

CS 0.17 % 0.01°% 19.07 + 0.86% 81.86 + 0.57° 0.92 + 0.87°%

BM 0.45 + 0.01°¢ 20.74 + 0.50 72.64 + 1.96" 0.52 + 0.05
ZT3

CS 0.16 +0.01% 19.80 + 0.83¢ 81.55 + 1.33° 0.74 + 0.06%

BM 0.42 +0.03¢¢ 21.94 +0.48" 67.78 + 3.07 0.67 + 0.02%
ZT4

CS 0.18 +0.01¢¢ 21.41+0.22° 82.30 + 1.90° 0.80 + 0.48

BM 0.47 +0.01° 18.54 + 0.59'% 72.30 + 2.61° 0.66 + 0.12%
ZT5

CS 0.22+0.01° 16.93 + 0.85¢ 85.96 + 5.22% 0.85 + 0.11%f

BM 0.32 £0.01¢ 15.25 +0.28 67.73 + 4.30% 1.04 + 0.06°
ZT6

CS 0.11 £ 0.018 13.66 + 0.59¢ 83.15 + 4.84° 1.30 £ 0.07°

BM 0.33 + 0.02° 18.07 + 0.46¢" 77.54 + 1.50° 0.74 + 0.04¢
ZF1

CS 0.11 +0.01f% 18.12 £ 0.65%" 94.24 + 3,04 0.86 % 0.23%"

BM 0.35 +0.03¢ 21.15 + 0.65% 62.35 +2.94¢ 1.00 + 0.12¢
GT44

CS 0.13 £ 0.01° 22.78 £0.71° 65.49 +2.32¢ 0.98 + 0.05¢¢

BM 0.43 + 0.01°¢ 19.96 + 0.26% 60.77 + 2.28° 0.99 + 0.07¢
GT49

CS 0.17 % 0.01°% 18.32 + 1.00% 67.00 + 7.91% 1.07 + 0.16°

BM 0.39 +0.02¢ 23.76 + 0.41° 53.55 + 0.46' 1.20 + 0.09"
GT55

CS 0.17 +0.01% 22.54 +0.30® 60.01 + 5.95 1.43 +0.20

BM 0.43 +0.03¢¢ 17.52 + 0.43" 66.55 + 1.24¢ 0.70 + 0.08%
GT58

CS 0.17 +0.01¢¢ 14.63 + 0.55¢ 91.50 + 4.65% 0.62 + 0.08¢

BM 0.40 + 0.01¢ 16.80 + 0.42 56.28 + 0.95° 1.34 +0.02*
YZ08-1609

CS 0.16 % 0.01° 16.79 + 0.52° 58.27 + 2.53% 1.59 + 0.08*

BM 0.45 + 0.03" 19.92 + 0.45% 70.47 + 0.64>¢ 0.65 + 0.02%
GNY146210

CS 0.19 + 0.01° 17.37 £ 0.91¢ 94.44 + 1.87° 0.71+0.01%

Significance among sugarcane varieties is denoted by different lowercase letters in the same column (p < 0.05). Data are expressed as mean + standard error (SE). Biomass (BM), Carbon

storage (CS).

3.6 Daily net carbon fixation by
photosynthesis of sugarcane plants at
different growth stages

Daily net photosynthetic carbon fixation in sugarcane varieties
across growth stages, revealing significant temporal changes. Carbon
fixation is low during the seedling stage, with ZT1 showing signifi-
cantly higher rates than others. At tillering, fixation increases notably,
with ZT1 having the highest growth rate and ZT6 the lowest. The
elongation stage marks the peak carbon fixation for all varieties.
During maturity, fixation declines in most varieties except GT55,
GT58, and ZT5, which maintain stable rates. Overall, carbon fixation
follows the pattern: elongation > maturity > tillering > seedling,
reflecting dynamic changes during growth (Supplementary Table S2).

3.7 Annual total biomass, carbon storage,

and photosynthetic net carbon fixation of
sugarcane

The annual total biomass, carbon storage, and photosynthetic
carbon fixation of sugarcane across varieties. Biomass ranged from

Frontiers in Sustainable Food Systems

63.32 t0 91.30 thm™, carbon storage from 32.20 to 48.09 thm™, and
photosynthetic carbon fixation from 666.42 to 1371.46 thm™.
Varieties GNY146210, ZT1, and ZT3 exhibited the highest values,
while ZT4, ZT5, GT49, GT55, and GT58 showed moderate levels.
GT44,YZ08-1609, and ZT6 had relatively lower biomass, carbon stor-
age, and carbon fixation (Table 2).

3.8 Relationship between sugarcane
biomass and its carbon storage

Sugarcane absorbs CO, via photosynthesis, distributing it
throughout the plant. Assessing net photosynthetic carbon fixation
requires whole-plant analysis, combining total biomass with fixation
rates. Results show a significant positive correlation between total bio-
mass and net photosynthetic carbon fixation in sugarcane varieties,
with correlation coefficients ranging from 0.680 to 0.848.

3.9 Soil organic carbon estimation

Regarding soil organic carbon concentrations across different
growth stages of sugarcane, distinct variations were observed among
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TABLE 2 The correlation analysis between whole plant biomass and net photosynthetic carbon fixation, along with annual totals of biomass, carbon storage, and net carbon fixation in sugarcane.

Variety Total carbon storage, biomass, and photosynthetic carbon fixation (t Correlation

hm-2) coefficient

Total biomass Total carbon Total photosynthetic
storage carbon fixation

ZT1 90.94 + 3.16" 45.32+0.93° 1303.59 + 52.99" 0.775%*
ZT2 89.83 + 3.15° 43.74 +1.58° 801.41 + 7.76' 0.764%*
ZT3 81.88 + 1.87° 40.65 + 0.81¢ 996.49 + 37.95¢ 0.818%*
ZT4 77.02 + 3.43° 39.13 + 1.55% 987.45 +9.19° 0.8487*
ZT5 76.21 + 3.38° 38.09 + 0.95¢ 878.69 + 11.55¢ 0.761%*
ZT6 6332 +3.53' 3220 + 1.43' 724.11 + 18.05" 0.729%*
ZF1 71.58 + 0.26% 35.00 + 0.148 860.65 + 12.19% 0.776%*
GT44 75.16 + 1.99 34.61 +0.22" 753.84 + 25.31% 0.680*
GT49 77.10 + 0.69° 34.01 +0.34" 858.92 + 8.39% 0.711%%*
GT55 76.36 + 2.52¢ 36.58 + 0.88% 815.61 + 51.96° 0.791%%*
GT58 71.66 + 3.12% 34.90 + 0.79¢ 772.33 + 31.18% 0.785%*
YZ08-1609 90.94 + 3.16° 45.32+0.93" 1303.59 + 52.99° 0.733%*
GNY 146210 89.83 +3.15° 43.74 +1.58° 801.41 + 7.76% 0.690*

*Indicates a significant correlation at the p = 0.05 level. **Indicates a strongly significant correlation at the p = 0.01 level.
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The soil organic carbon assessment at different phonological phase of sugarcane. (A) Seedling phase, (B) tillering phase, (C) elongation phase,
(D) maturity phase.
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both growth phases and genotypes. At the seedling phase, varieties
ZT2,ZT1, and ZT5 recorded organic soil carbon concentrations of
70.51, 71.33, and 69.91 g/kg, respectively (Figure 8A). During the til-
lering phase, ZT1 (79.88 g/kg), ZT2 (82.63 g/kg), and ZT3 (77.71 g/
kg) exhibited relatively higher accumulation (Figure 8B). At the elon-
gation phase, GT58 (91.60 g/kg) and YZ08-1610 (90.30 g/kg) showed
the greatest concentrations (Figure 8C). At phase, GT49 (128.48 g/kg)
and ZT5 (124.17 g/kg) maintained the highest organic carbon levels
(Figure 8D). These findings indicate that soil organic carbon concen-
tration generally increased with plant developmental stage, peaking at
maturity, and varied significantly among varieties depending on their
physiological traits and root exudate profiles. The accumulation of soil
organic carbon differed significantly across growth stages and among
genotypes, with GT49, ZT5, and GT58 identified as the top three vari-
eties contributing to higher organic carbon concentrations in the soil.

3.10 Correlation analysis

Correlation analysis revealed a strong positive relationship
between plant carbon, biomass, and soil carbon across all sugarcane
(R*=0.99, p<0.001;
Supplementary Figure S2). This highlights the integral role of sugar-

varieties and phenological stages
cane growth in enhancing soil carbon sequestration, supporting its

potential for climate mitigation.

4 Discussion

The carbon storage of each organ exhibited consistent trends
of variation among the different varieties. Overall, the biomass
and carbon storage of each organ in ZT1, ZT2, ZT3, GNY146210,
GT49, ZT5, and GT58 remained at high levels throughout the
growth period. In contrast, the biomass and carbon storage of
GT44, ZT6, and YZ08-1609 were comparatively low. This consis-
tency may be attributed to the fact that sugarcane varieties with
high biomass typically possess stronger growth potential and
higher photosynthetic efficiency, enabling them to accumulate
organic matter carbon more effectively. Consequently, these vari-
eties exhibit advantages in both biomass and carbon storage. The
biomass and carbon storage of various sugarcane organs are influ-
enced by factors such as varietal characteristics, growth environ-
ment, growth period, organ function, and management practices
(Mao et al., 2023). The proportional distribution of biomass and
carbon storage (Figure 6) among the different organs of the 13
varieties exhibited a consistent order: stem > litter > leaf > leaf
sheath > root. The stem’s proportion of the total biomass and
carbon storage is significantly higher than that of other organs,
indicating that the stem is the primary repository of biomass and
carbon in sugarcane. As the plant grows, the biomass and carbon
storage in the stem accumulate the fastest. The patterns of biomass
accumulation and carbon sequestration show consistent trends
across different growth stages, with exponential increases com-
pared to earlier stages. Biomass and carbon storage start quickly,
peak in the middle, and then slow down as the maturity period.
The annual total carbon storage of the examined sugarcane variet-
ies ranges from 32.20 to 48.09 t-hm™, similar result was reported
by Zhang et al. (2015). However, some varieties show slightly
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lower values, possibly due to differences in sampling techniques,
processing methods, and climate conditions. Carbon storage is a
crucial part of sugarcane biomass, distributed across the plant’s
stems, leaves, roots, leaf sheaths, and litter. This study found
strong correlation coefficients for carbon storage with biomass:
0.987 to 1.000 for leaves, 0.971 to 1.000 for leaf sheaths, 0.978 to
1.000 for roots, 0.991 to 0.999 for stems, and 0.994 to 1.000 for
litter. The increase in carbon storage alongside biomass growth
highlights the plant’s continuous accumulation of carbon. Further,
the data revealed that energy crops such as sugarcane enhance soil
organic carbon (SOC), consistent with previous research in crop-
land soil (Kieffer et al., 2023; Xu et al., 2025; Forfora et al., 2024).
The varieties ZT1, ZT2, ZT3, and GNY146210 exhibited greater
biomass and carbon storage values, suggesting these varieties may
be more suitable for cultivation due to their superior biomass pro-
duction and carbon sequestration potential under field condi-
tions. This superiority is attributed to the greater root biomass of
ZT1, ZT2, ZT3, and GNY146210 compared to other varieties,
which can stimulate greater soil aggregation, thereby enhancing
the protection of root-derived carbon and its chemical recalci-
trance (Blanco-Canqui and Lal, 2004; Rasse et al., 2005). In the
case of soil organic carbon, maximum carbon was observed
deposited by the varieties ZT1, ZT2, GT49, and ZT5
(Figures 8A,D). This observation was validated by the strong posi-
tive correlation between biomass and carbon sequestration in
and SOC
(Supplementary Figure S2). These results are further supported by

sugarcane (above ground) (below ground)
Martani et al. (2023), who reported that switching from perennial
energy crops to annual arable crops increases soil organic carbon
(SOC) sequestration. This indicates that perennial energy crops
like sugarcane can boost bioenergy production and aid in climate
change mitigation by storing carbon in the soil. Furthermore, the
varieties ZT1, ZT2, ZT3, and GNY146210 also demonstrated
greater aboveground biomass and carbon accumulation than
other varieties such as GT44, ZT6, and YZ08-1609, highlighting
their potential for bioenergy production (Fu et al., 2022). Thus,
the ZT1, ZT2, ZT3, and GNY146210 sugarcane varieties have sig-
nificant potential to maximize crop yield, bioenergy production,
and carbon neutrality for large-scale agricultural cultivation.
High correlation coefficients indicate a highly significant posi-
tive correlation between the biomass of various sugarcane organs
and their respective carbon storage across all varieties (Figure 7).
This strong correlation underscores the critical role of organ-spe-
cific biomass in determining sugarcane’s carbon storage capacity.
Additionally, strong positive associations were observed between
plant and soil biomass and carbon storage. This finding indicates
that sugarcane, as a C4 species efficient in photosynthesis, absorbs
substantial amounts of CO, from the atmosphere and stores it in
both its biomass and the soil (Muhie, 2022). The capability of sug-
arcane for carbon sequestration is further enhanced by its high
biomass and perennial nature. Sugarcane has potential as a carbon
sink due to its excellent growth traits and productive capability. It
accumulates substantial amounts of carbon relatively quickly, stor-
ing it in roots, stems, and contributing to soil organic carbon
(Kumar et al., 2024). Carbon sequestration represents an effective
strategy for mitigating the climate impact of modern agriculture.
All parts of the sugarcane plant, including the root, stem, leaf, and
litter, contribute to carbon sequestration. This finding aligns with
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the observations of Nazir et al. (2022), who noted that natural eco-
systems stabilize soil carbon levels. Augmenting carbon input
through processes such as leaf litter incorporation and root exuda-
tion significantly enhances carbon sequestration. Furthermore, soil
organic carbon sequestration is enhanced by crop residues and
farmyard manure in Chinese cropland (Zuo et al., 2023).
Sugarcane is widely recognized as a C4 plant with exception-
ally high photosynthetic efficiency, which plays a central role in its
carbon accumulation potential. Its daily net carbon fixation per
unit leaf area is higher than that of many other crops (Lyu et al.,
2021). Therefore, identifying high-light-use-efficiency cultivars
and understanding their photosynthetic carbon fixation potential
is of great importance (Wei et al., 2024). However, studies focusing
on photosynthetic carbon fixation in sugarcane remain relatively
limited. Previous approaches have estimated plant-level carbon
fixation by combining daily net photosynthetic rates with whole-
plant leaf area. In this context, photosynthetic rate is a key indica-
tor reflecting both growth potential and carbon assimilation
capacity. Importantly, the present study demonstrates that high
photosynthetic efficiency at the leaf level does not necessarily
translate into high whole-plant carbon fixation. Some cultivars
exhibited high daily net carbon fixation per unit leaf area, but their
overall plant-level carbon fixation remained limited due to rela-
tively small total leaf area. This pattern, also reported by Li et al.
(2012), highlights that leaf-level efficiency alone is insufficient for
evaluating cultivar performance. For instance, GT44 and GT58
showed high leaf-level carbon fixation but comparatively lower
whole-plant carbon fixation due to limited canopy development.
Therefore, a holistic plant-level assessment integrating both pho-
tosynthetic efficiency and canopy structure is essential for accu-
rately evaluating sugarcane carbon assimilation potential. At a
broader scale, sugarcane has strong carbon sequestration capacity
due to its high biomass production, C4 photosynthetic pathway,
low CO, compensation point, and ability to store carbon in phy-
toliths, contributing to reduced greenhouse gas emissions and
enhanced soil carbon storage (Bhatt et al., 2023). However, it is
critical to emphasize that cultivar performance in terms of bio-
mass accumulation and carbon sequestration is strongly influ-
enced by specific pedoclimatic and agronomic conditions.
Variations in soil type, temperature, water availability, and nutri-
ent management can significantly alter plant growth and carbon
dynamics, indicating that the results of this study are specific to
the experimental conditions and should not be generalized across
all environments without caution. At the cropping system level,
sugarcane contributes significantly to carbon sequestration
through high above- and below-ground biomass production and
residue retention, which improve soil organic carbon and overall
soil health while reducing greenhouse gas emissions (Pradhan et
al., 2023). However, sugarcane-based systems show strong envi-
ronmental variability in their carbon outcomes. Studies across
contrasting agroecological zones indicate that irrigated tropical
systems generally achieve higher soil carbon accumulation due to
sustained biomass input, whereas semi-arid environments often
show reduced carbon stabilization because of faster organic matter
decomposition. These findings confirm that environmental condi-
tions are a major determinant of carbon sequestration efficiency
in sugarcane systems. Management practices further influence
these outcomes. Residue retention has been widely reported to
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enhance soil carbon fractions, improve nutrient cycling, and
increase long-term carbon storage; however, these effects are
highly site-specific and depend on soil texture and climatic condi-
tions (Thorburn et al., 2012). In systems where residue burning is
replaced with green cane harvesting, improvements in soil organic
carbon are commonly observed, although the magnitude of change
varies across cultivars and management strategies. This again rein-
forces that carbon dynamics in sugarcane systems are not uniform
but are shaped by local agronomic practices and environmental
conditions. Cultivar selection is another critical factor determin-
ing carbon storage potential. High biomass-producing sugarcane
varieties generally contribute greater carbon inputs to soil and
exhibit higher carbon accumulation potential across diverse envi-
ronments, making them important candidates for bioenergy-ori-
ented production systems (Tirado-Corbald et al., 2015). However,
genotype X environment interactions significantly affect biomass
partitioning and carbon allocation, indicating that cultivar perfor-
mance is highly location-dependent rather than universally stable.
In addition, as a C4 crop, sugarcane demonstrates inherently high
photosynthetic efficiency, which can be further enhanced through
optimized nutrient management, leading to improved carbon
assimilation and soil organic carbon storage under field conditions
(Kumar et al., 2024). Combined with appropriate residue manage-
ment strategies, these practices not only increase soil carbon
stocks but also reduce greenhouse gas emissions compared to resi-
due burning, reinforcing the environmental benefits of sustainable
sugarcane cultivation (Thorburn et al., 2012). Despite its strong
carbon sequestration potential, accurate field-based estimation of
sugarcane carbon stocks remains challenging due to labor-inten-
sive measurements and spatial limitations. Recent advances have
shown that integrating UAV-based remote sensing with machine
learning techniques enables precise and scalable estimation of sug-
arcane carbon dynamics, offering a powerful approach for moni-
toring carbon stocks under variable field conditions and
supporting sustainable agricultural management strategies
(Sawatwongchai et al., 2026). Finally, previous studies have estab-
lished a strong relationship between crop growth, yield, and pho-
tosynthesis (Wang et al., 2021). In the present study, total biomass
across all sugarcane cultivars showed a significant positive correla-
tion with whole-plant net photosynthetic carbon fixation, with
correlation coefficients ranging from 0.680 to 0.848 (Table 2). This
relationship reflects the direct influence of photosynthetic carbon
fixation on growth rate and biomass accumulation. Enhanced
carbon fixation improves CO, assimilation efficiency, leading to
increased biomass and carbon storage. A strong positive relation-
ship was also observed between organ-specific biomass and cor-
responding carbon storage, as well as between overall biomass and
photosynthetic carbon fixation across cultivars. These results dem-
onstrate that sugarcane biomass is closely linked to its carbon fixa-
tion capacity, confirming its biological characteristic as a
high-biomass and high-carbon-sequestration crop. However, this
study also highlights that both biomass production and carbon
fixation are strongly influenced by cultivar type and environmental
conditions. Overall, this work provides a comprehensive under-
standing of sugarcane carbon dynamics across physiological,
plant, and system levels, offering valuable insights for cultivar
selection, agronomic optimization, and future assessment of
carbon footprints in sugarcane-based ecosystems.
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5 Conclusion

This study demonstrates significant variation among sugar-
cane cultivars in biomass production and carbon storage, with
ZT1, ZT2, ZT3, GNY146210, GT49, ZT5, and GT58 showing
superior performance, while GT44, ZT6, and YZ08-1609 exhib-
ited lower values. Across all cultivars, stems were identified as the
primary site of carbon accumulation, and a strong positive cor-
relation was observed between biomass and carbon storage in all
plant organs. Carbon accumulation followed a consistent growth-
stage pattern, increasing rapidly during early and mid-growth
stages and slowing at maturity. The findings also confirm that
high-biomass cultivars contribute more effectively to soil organic
carbon and overall carbon sequestration, although their perfor-
mance is strongly influenced by specific pedoclimatic and agro-
nomic conditions. Importantly, these results provide valuable
guidance for varietal selection and cultivation strategies aimed at
improving sugarcane productivity and reducing its carbon foot-
print. The identification of high-performing cultivars such as
ZT1,ZT2,ZT3, and GNY146210 can support future breeding pro-
grams and management practices focused on enhancing both bio-
mass yield and carbon sequestration potential under field
conditions. However, to ensure the reliability and broader appli-
cability of these findings, further experiments across different
years, locations, and environmental conditions are essential to
validate the observed differences among cultivars and to better
understand their stability and performance variability. From a
future perspective, integrating multi-environment trials with
physiological, molecular, and remote sensing approaches will fur-
ther strengthen the understanding of carbon dynamics in sugar-
cane. Additionally, combining superior cultivars with optimized
agronomic practices will enhance carbon sequestration efficiency
and bioenergy productivity, contributing to climate-smart and
sustainable sugarcane production systems.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

YW: Methodology, Writing -
Conceptualization, Writing — original draft, Writing - review & edit-

review & editing. FM:

ing. YC: Software, Writing — review & editing. SZ: Investigation,
Supervision, Writing — review & editing. SJ: Visualization, Writing —
review & editing. ZC: Data curation, Formal analysis, Writing — review
& editing. YG: Investigation, Software, Writing - review & editing. LZ:
Validation, Visualization, Writing - review & editing. BY: Funding
acquisition, Resources, Supervision, Writing - review & editing.

Frontiers in Sustainable Food Systems

17

10.3389/fsufs.2026.1775208

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This study was funded by the Project of
Sanya Yazhou Bay Science and Technology City, Grant No;
SKJC-JYRC-2024-84.

Acknowledgments

The authors express their gratitude to the Institute of Tropical
Bioscience and Biotechnology, Chinese Academy of Tropical
Agricultural Sciences, Haikou, 571101, Hainan, P. R. China, for sup-
porting this project.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fsufs.2026.1775208/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1775208
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fsufs.2026.1775208/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fsufs.2026.1775208/full#supplementary-material

Wu et al.

References

Aguilar-Rivera, N., and Olvera-Vargas, L. A. (2022). “Life cycle assessment of the valoriza-
tion of fruit and vegetable wastes as biocommodities and biofuels,” in Fruits and Vegetable
Wastes: Valorization to Bioproducts and Platform Chemicals, ed. R. C. Ray (Singapore:
Springer Nature Singapore), 425-448.

Azizi, A., Ghanbarian, G., Hasanli, A., Alimorad, M., Shamili, M., and Mahmoud, A.
(2019). Carbon sequestration in plant and soil.... Iran Agric. Res. 38, 47-54. doi: 10.22099/
iar.2019.30598.1295

Bhatt, R., Majumder, D., Tiwari, A. K., Singh, S. R., Prasad, S., and Palanisamy, G. (2023).
Climate-smart technologies for improving sugarcane sustainability in India-a review.
Sugar Tech 25, 1-14. doi: 10.1007/s12355-022-01198-0

Bhatt, R., Verma, K. K., and Majumder, D. (2023). Sugarcane: Boom Crop for Carbon
Sequestration.

Blanco-Canqui, H., and Lal, R. (2004). Mechanisms of carbon sequestration in soil aggre-
gates. Crit. Rev. Plant Sci. 23, 481-504. doi: 10.1080/07352680490886842

Cao, S., Xu, Q,, Zhang, D., Huang, L., Long, E, and Zhang, W. (2023). Future of coal in
rural household energy mix in China. J. China Coal Soc. 48, 2668-2681. doi: 10.13225/j.
cnki.jees.cn23.0258

Cui, Z., Yan, B,, Gao, Y., Wu, B., Wang, Y., Xie, Y., et al. (2022). Crop yield and water use
efficiency in response to long-term diversified crop rotations. Front. Plant Sci. 13:1024898.
doi: 10.3389/fpls.2022.1024898

de Oliveira Bordonal, R., Menandro, L. M. S., Barbosa, L. C., Lal, R., Milori, D. M. B. P,
Kolln, O. T., et al. (2018). Sugarcane yield and soil carbon response to straw removal in
south-Central Brazil. Geoderma 328, 79-90. doi: 10.1016/j.geoderma.2018.05.003

Forfora, N., Azuaje, I, Vivas, K. A, Vera, R. E,, Brito, A., Venditti, R., et al. (2024).
Evaluating biomass sustainability: why below-ground carbon sequestration matters. J.
Clean. Prod. 439:140677. doi: 10.1016/j.jclepro.2024.140677

Fu, T, Xu, Y., Li, M., Xue, S., Duan, Z., and Xie, G. H. (2022). Bioenergy production
potential of 16 energy crops on marginal land in China. Bioenergy Res. 15,998-1016. doi:
10.1007/s12155-021-10380-3

Gangopadhyay, S., Banerjee, R., Batabyal, S., Das, N., Mondal, A., Pal, S. C,, et al. (2022).
Carbon sequestration and greenhouse gas emissions for different rice cultivation prac-
tices. Sustainable Prod. Consumption 34, 90-104. doi: 10.1016/j.spc.2022.09.001

Golub, A., Hertel, T, Lee, H. L., Rose, S., and Sohngen, B. (2009). The opportunity cost
of land use and the global potential for greenhouse gas mitigation in agriculture and
forestry. Resour. Energy Econ. 31, 299-319. doi: 10.1016/j.reseneeco.2009.04.007

Intergovernmental Panel on Climate Change (IPCC) (2024).IPCC AR6 SYR SPM.
Available online at: https://www.ipcc.ch/report/ar6/syr/downloads/report/TPCC_AR6_
SYR_SPM.pdf (Accessed June 8, 2024)

Jones, J. B. Jr., and Case, V. W. (1990). Sampling, handling, and analyzing plant tissue
samples. Soil Test. Plant Anal. 3, 389-427. doi: 10.2136/sssabookser3.3ed.c15

Kieffer, C., Hui, D., Matamala, R, Li, J., Tyler, D., and Dzantor, E. K. (2023). Evaluation
of eastern gamagrass as dual-purpose complementary bioenergy and forage feedstock to
switchgrass. GCB Bioenergy 15, 776-790. doi: 10.1111/gcbb.13054

Kumar, A. D, Meena, S. K, Singh, S. K., Sinha, S. K., and Singh, A. K. (2024). Carbon
sequestration in sugarcane plant-soil system as influenced by nutrient integration prac-
tices under indo-Gangetic plains of India. J. Adv. Biol. Biotechnol. 27, 116-125. doi:
10.9734/jabb/2024/v27i5769

Kumar, A., Mishra, S., Pandey, R., Yu, Z. G., Kumar, M., Khoo, K. S,, et al. (2023).
Microplastics in terrestrial ecosystems: un-ignorable impacts on soil characteristics,
nutrient storage and its cycling. TrAC Trends Anal. Chem. 158:116869. doi: 10.1016/j.
trac.2022.116869

Li, C,, Su, M., and Yang, X. (2012). Estimation of carbon sink resources and analysis of
the development potential of carbon sink industry in Inner Mongolia. Arid Land
Resources Environ. 26, 162-168.

Li, K., Zhao, M., Li, Y., He, Y., Han, X., Ma, X,, et al. (2024). Spatiotemporal trends of the
carbon footprint of sugar production in China. Sustainable Prod. Consumption 46,
502-511. doi: 10.1016/j.spc.2024.03.010

Liu JiaJun, L. ., Wang ZhiGang, W. Z., Yan AiHua, Y. A., and Bi YongGuo, B. Y. (2011).
Photosynthetic characteristics and functions of carbon fixation and oxygen release of
twelve species of colorful plants. J. Northeast Forest. Univ. 2011, 23-26.

Lyu, X,, Li, X, Gong, ], Li, S., Dou, H., Dang, D,, et al. (2021). Remote-sensing inversion
method for aboveground biomass of typical steppe in Inner Mongolia. China. Ecol. Indic.
120:106883. doi: 10.1016/j.ecolind.2020.106883

Mao, B., Zeng, Y, Lai, C,, Yang, Y., Zhou, C., Li, Z., et al. (2023). Effects of nitrogen reduc-
tion fertilization on sugarcane biomass and the concentrations of soil nitrate and ammo-
nium nitrogen. Chin. J. Ecol. 42:2604.

Martani, E., Ferrarini, A., Hastings, A., and Amaducci, S. (2023). Soil organic carbon
significantly increases when perennial biomass plantations are reverted back to annual
arable crops. Agronomy 13:447. doi: 10.3390/agronomy13020447

Mey, C. B,, and Gore, M. L. (2021). Biodiversity conservation and carbon sequestration
in agroforestry systems of the Mbalmayo Forest reserve. J. Forest Environ. Sci. 37, 91-103.
doi: 10.7747/jeefs.2021.37.2.91

Frontiers in Sustainable Food Systems

10.3389/fsufs.2026.1775208

Muhie, S. H. (2022). Optimization of photosynthesis for sustainable crop production.
CABI Agric. Biosci. 3:50. doi: 10.1186/s43170-022-00117-3

Naresh, R. K., Chandra, M. S., Baliyan, A., Kumar, B. N., Kanaujiya, P. K., Pathak, S. O,,
etal. (2021). Carbon dynamics in climate smart agriculture precision land leveling prac-
tices on topsoil microbial community changes and soil organic carbon in cereal based
cropping Systems of sub-Tropical India: a review. Int. J. Plant Soil Sci 33, 53-66. doi:
10.9734/ijpss/2021/v33i730450

Nayak, N., Mehrotra, R., and Mehrotra, S. (2022). Carbon biosequestration strategies: a
review. Carbon Capture Sci. Technol. 4:100065. doi: 10.1016/j.ccst.2022.100065

Nazir, M., Zhang, X., Du, D,, and Yu, E (2022). How physical disturbance and nitrogen
addition affect the soil carbon decomposition? Phyton 91, 2087-2097. doi: 10.32604/
phyton.2022.021412

Popp, J., Lakner, Z., Harangi-Rakos, M., and Fari, M. (2014). The effect of bioenergy
expansion: food, energy, and environment. Renew. Sust. Energ. Rev. 32, 559-578. doi:
10.1016/j.rser.2014.01.056

Powar, R. V., Kolekar, S. S., Bandgar, P. S., Patil, S. B., and Powar, T. R. (2024). Assessment
of carbon and energy footprint of sugarcane production in India. Sugar Tech 26, 543-561.
doi: 10.1007/s12355-024-01368-2

Pradhan, A., Wakchaure, G. C,, Shid, D., Minhas, P. S., Biswas, A. K., and Reddy, K. S.
(2023). Impact of residue retention and nutrient management on carbon sequestration,
soil biological properties, and yield in multi-ratoon sugarcane. Front. Sustain. Food Syst.
7:1288569. doi: 10.3389/fsufs.2023.1288569

Qu, R, Chen, S., Wang, K,, Liu, Q, Yang, B., Yue, M., et al. (2024). Potential future
changes in soil carbon dynamics.... Sci. Total Environ. 912:169008. doi: 10.1016/j.
scitotenv.2023.169008

Rasse, D. P, Rumpel, C., and Dignac, M. E (2005). Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant Soil 269, 341-356. doi: 10.1007/
511104-004-0907-y

Sage, R. E, Peixoto, M. M., and Sage, T. L. (2013). ‘Photosynthesis in sugarcane, in sugar-
cane: physiology. Biochem. Funct. Biol. eds. P. H. Moore and E. C. Botha John Wiley &
Sons, Inc. 121-154. doi: 10.1002/9781118771280

Sawatwongchai, P, Kamma, K. Sawangchom, W, Satjasang, P, Laloon, K,
Saengprachatanarug, K., et al. (2026). Assessment of sugarcane carbon sequestration
using UAV-based data. Agric. Biol. Eng. 3, 55-61. doi: 10.14456/abe.2026.8

Shao, H. (2024). Agricultural greenhouse gas emissions, fertilizer consumption, and techno-
logical innovation. Sci. Total Environ. 926:171979. doi: 10.1016/j.scitotenv.2024.171979

Shi, H. W,, Qin, Q,, Liao, J. X., Chen, G. Q,, and Ding, Z. Q. (2011). Study on carbon
sequestration and oxygen release capacity of 10 dominant garden plants in Wuhan. J.
Central South Univ. Forest Sci. Technol. 31, 87-90.

Shukla, S. K., Jaiswal, V. P, Sharma, L., Mishra, R., and Tiwari, R. (2022). Carbon seques-
tration for sustaining soil health and improving crop productivity in sugarcane based
system. Curr. Adv. Agric. Sci. 14, 1-9. doi: 10.5958/2394-4471.2022.00001.6

Soterroni, A. C., Império, M., Scarabello, M. C., Seddon, N., Obersteiner, M.,
Rochedo, P. R,, et al. (2023). Nature-based solutions...Brazil.... Glob. Chang. Biol. 29,
7085-7101. doi: 10.1111/gcb.16984

Statista (2024) Fossil CO2 Emissions per person in the United States, Available online at:
https://www.statista.com/statistics/1049662/fossil-us-carbon-dioxide-emissions-per-
person/ (Accessed June 8, 2024)

Thorburn, P. J., Meier, E. A., Collins, K., and Robertson, F. A. (2012). Changes in
soil carbon sequestration, fractionation and soil fertility in response to sugarcane
residue retention are site-specific. Soil Tillage Res. 120, 99-111. doi: 10.1016/j.
still.2011.11.009

Tirado-Corbald, R., Anderson, R. G., Wang, D., and Ayars, J. E. (2015). Soil carbon and
nitrogen stocks of different Hawaiian sugarcane cultivars. Agronomy 5, 239-261. doi:
10.3390/agronomy5020239

United States Environmental Protection Agency (EPA) (2026). Overview of Greenhouse
Gases Available online at: https://www.epa.gov/ghgemissions/sources-greenhouse-gas-
emissions (Accessed May 9, 2026)

Wang, L., Hu, Y., and Qin, J. (2007). Carbon fixation and oxygen production of 151 plants
in Shanghai. J. Huazhong Agric. Univ. 26:399.

Wang, W., Wen, X., Zhang, H., Guo, Z., Huang, Y, Li, J., et al. (2021). Effects of different
tree shapes on the photosynthesis and chlorophyll fluorescence characteristics of jujube
leaves. Xinjiang Agric. Sci. 58:4. doi: 10.6048/j.issn.1001-4330.2021.04.004

Wei, Y., Xu, Y., Khan, A, Jiang, C., Li, H., Wu, Y,, et al. (2024). Analysis of photosynthetic

characteristics and screening high light-efficiency germplasm in sugarcane. Plants 13:587.
doi: 10.3390/plants13050587

Weiskopf, S. R., Isbell, E,, Arce-Plata, M. L., Di Marco, M., Harfoot, M., Johnson, J., et al.
(2024). Biodiversity loss reduces global terrestrial carbon storage. Nat. Commun. 15:4354.
doi: 10.1038/s41467-024-47872-7

Xiaohong, D., Zhongju, M., Yong, G., Ji, W,, Bo, Z., Bin, L., et al. (2017). Study on photo-
synthetic carbon sequestration capacity of five desert shrub species in western Ordos
region. Arid Zone Resour. Environ. 31, 128-135.

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1775208
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.22099/iar.2019.30598.1295
https://doi.org/10.22099/iar.2019.30598.1295
https://doi.org/10.1007/s12355-022-01198-0
https://doi.org/10.1080/07352680490886842
https://doi.org/10.13225/j.cnki.jccs.cn23.0258
https://doi.org/10.13225/j.cnki.jccs.cn23.0258
https://doi.org/10.3389/fpls.2022.1024898
https://doi.org/10.1016/j.geoderma.2018.05.003
https://doi.org/10.1016/j.jclepro.2024.140677
https://doi.org/10.1007/s12155-021-10380-3
https://doi.org/10.1016/j.spc.2022.09.001
https://doi.org/10.1016/j.reseneeco.2009.04.007
https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_SPM.pdf
https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_SPM.pdf
https://doi.org/10.2136/sssabookser3.3ed.c15
https://doi.org/10.1111/gcbb.13054
https://doi.org/10.9734/jabb/2024/v27i5769
https://doi.org/10.1016/j.trac.2022.116869
https://doi.org/10.1016/j.trac.2022.116869
https://doi.org/10.1016/j.spc.2024.03.010
https://doi.org/10.1016/j.ecolind.2020.106883
https://doi.org/10.3390/agronomy13020447
https://doi.org/10.7747/jeefs.2021.37.2.91
https://doi.org/10.1186/s43170-022-00117-3
https://doi.org/10.9734/ijpss/2021/v33i730450
https://doi.org/10.1016/j.ccst.2022.100065
https://doi.org/10.32604/phyton.2022.021412
https://doi.org/10.32604/phyton.2022.021412
https://doi.org/10.1016/j.rser.2014.01.056
https://doi.org/10.1007/s12355-024-01368-2
https://doi.org/10.3389/fsufs.2023.1288569
https://doi.org/10.1016/j.scitotenv.2023.169008
https://doi.org/10.1016/j.scitotenv.2023.169008
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1002/9781118771280
https://doi.org/10.14456/abe.2026.8
https://doi.org/10.1016/j.scitotenv.2024.171979
https://doi.org/10.5958/2394-4471.2022.00001.6
https://doi.org/10.1111/gcb.16984
https://www.statista.com/statistics/1049662/fossil-us-carbon-dioxide-emissions-per-person/
https://www.statista.com/statistics/1049662/fossil-us-carbon-dioxide-emissions-per-person/
https://doi.org/10.1016/j.still.2011.11.009
https://doi.org/10.1016/j.still.2011.11.009
https://doi.org/10.3390/agronomy5020239
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
https://doi.org/10.6048/j.issn.1001-4330.2021.04.004
https://doi.org/10.3390/plants13050587
https://doi.org/10.1038/s41467-024-47872-7

Wu et al.

Xu, E,, Hu, Y., Zhai, X, Dong, N., Gu, H., Zhao, M,, et al. (2025). Construction and
application of biomass estimation model of common shrubs on expressway slopes in
Henan Province. Chin. J. Ecol. 44:74.

Yu, Z., Liu, S, Li, H,, Liang, J., Liu, W,, Piao, S., et al. (2024). Maximizing carbon seques-
tration potential in Chinese forests through optimal management. Nat. Commun.
15:3154. doi: 10.1038/s41467-024-47143-5

Zhang, Y. L., Fei, S., Li, Z., Meng, C., and Xu, J. (2013). Carbon sequestration and oxygen release
as well as cooling and humidification efficiency of the main greening tree species of Sha River
Chengdu. Acta Ecologica Sinica 33, 3878-3887. doi: 10.5846/stxb201205080672

Zhang, C., Ju, W,, Chen, J. M., Wang, X., Yang, L., and Zheng, G. (2015). Disturbance-
induced reduction of biomass carbon sinks of China’s forests in recent years. Environ. Res.
Lett. 10:114021. doi: 10.1088/1748-9326/10/11/114021

Frontiers in Sustainable Food Systems

19

10.3389/fsufs.2026.1775208

Zhang, W,, Shang, Z., Zhang, J., Yan, S., Deng, A., Zhang, X,, et al. (2023). Standardized
construction of agricultural greenhouse gas emission statistical accounting system. Chin.
Agric. Sci.

Zhou, T., and Chen, X. (2022). Perspective on challenges in accurately estimating remain-

ing carbon budget for climate targets of Paris agreement. Bull. Chin. Acad. Sci. 37,
216-229. doi: 10.16418/j.issn.1000-3045.20211108005

Zhou, L., Li, M., Guan, D,, Tan, S., Wang, C., Cao, ], et al. (2024). Quantitative identifica-
tion on spatial mismatch characteristics between supply and demand of carbon sequestra-
tion services. J. Environ. Manag. 365:121636. doi: 10.1016/j.jenvman.2024.121636

Zuo, W,, Gu, B,, Zou, X,, Peng, K., Shan, Y., Yi, S., et al. (2023). Soil organic carbon seques-
tration in croplands can make remarkable contributions to China's carbon neutrality. J.
Clean. Prod. 382:135268. doi: 10.1016/j.jclepro.2022.135268

frontiersin.org


https://doi.org/10.3389/fsufs.2026.1775208
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://doi.org/10.1038/s41467-024-47143-5
https://doi.org/10.5846/stxb201205080672
https://doi.org/10.1088/1748-9326/10/11/114021
https://doi.org/10.16418/j.issn.1000-3045.20211108005
https://doi.org/10.1016/j.jenvman.2024.121636
https://doi.org/10.1016/j.jclepro.2022.135268

	Carbon sequestration efficiency of sugarcane across developmental stages
	1 Introduction
	2 Materials and methods
	2.1 Experimental site overview and climatic conditions
	2.2 Experimental site setting
	2.3 Sample collection and determination
	2.4 Biomass estimation
	2.5 Carbon content estimation
	2.6 Photosynthetic net carbon fixation estimation
	2.7 Total leaf area estimation
	2.8 Yield determination
	2.9 Soil organic carbon estimation
	2.9.1 Draw the calibration curve
	2.9.2 Statistical analysis

	3 Results
	3.1 Seedling stage
	3.1.1 Leaf biomass and carbon storage of various sugarcane varieties
	3.1.2 Sheath biomass and carbon storage of various sugarcane varieties
	3.1.3 Root biomass and carbon storage of various sugarcane varieties
	3.1.4 Tillering stage
	3.1.4.1 Leaf biomass and carbon storage of various sugarcane varieties
	3.1.4.2 Sheath biomass and carbon storage of various sugarcane varieties
	3.1.4.3 Root biomass and carbon storage of various sugarcane varieties
	3.1.5 Elongation stage
	3.1.5.1 Leaf biomass and carbon storage of various sugarcane varieties
	3.1.5.2 Sheath biomass and carbon storage of various sugarcane varieties
	3.1.5.3 Root biomass and carbon storage of various sugarcane varieties
	3.1.6 Maturity stage
	3.1.6.1 Leaf biomass and carbon storage of various sugarcane varieties
	3.1.6.2 Sheath biomass and carbon storage of various sugarcane varieties
	3.1.6.3 Root biomass and carbon storage of various sugarcane varieties
	3.1.6.4 Stem biomass and carbon storage of various sugarcane varieties
	3.1.6.5 Litter biomass and carbon storage of various sugarcane varieties
	3.1.6.6 Stem biomass and carbon storage of various sugarcane varieties
	3.1.6.7 Litter biomass and carbon storage of various sugarcane varieties
	3.1.6.8 Stem and litter biomass and carbon storage of various sugarcane varieties
	3.1.6.9 Biomass and carbon storage in bagasse and juice
	3.1.6.10 Proportion of biomass ratio (%)
	3.1.6.11 Proportion of carbon storage ratio (%)
	3.2 Total annual photosynthetic net carbon fixation of sugarcane plants
	3.3 Relationship between sugarcane biomass and its carbon sequestration capacity
	3.4 Sugarcane biomass and carbon storage accumulation patterns
	3.5 Photosynthetic carbon fixation capacity and leaf area of sugarcane at different growth stages
	3.6 Daily net carbon fixation by photosynthesis of sugarcane plants at different growth stages
	3.7 Annual total biomass, carbon storage, and photosynthetic net carbon fixation of sugarcane
	3.8 Relationship between sugarcane biomass and its carbon storage
	3.9 Soil organic carbon estimation
	3.10 Correlation analysis

	4 Discussion
	5 Conclusion

	Acknowledgments
	References

