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Introduction 

The Net Ecosystem Carbon Budget (NECB) of cropland is 
essential in comprehending carbon dynamics and climate 
change mitigation. It comprises carbon losses from soil and 
plant respiration, decomposition, harvest and gains may be 
from photosynthesis and additions from organic amendments 
(1). A negative NECB of the ecosystem might be the loss of CO₂ 
into the atmosphere, which contributes to the climate change 
and positive NECB indicates a carbon sink, which adds and 
stores more CO₂, helping in mitigating climate change (2). 
Moreover, NECB improves soil health, resilience and output. 
Assessing and optimizing the balance between carbon inputs 
and outputs in cropland is the primary goal of NECB in order to 
promote sustainable agricultural practices and mitigate the 
effects of climate change (3). Agriculture accounts for 
approximately 12 % of global greenhouse gas (GHG) emissions, 
primarily from carbon dioxide (CO₂), methane (CH₄) and 
nitrous oxide (N₂O), making second-largest contributor after 
fossil fuel combustion. Agricultural soils can function as either 
a carbon sink or a source, depending on management 
practices employed. Sustainable strategies such as reducing 
fallow periods, incorporating cover crops and diversifying crop 

rotations enhance soil carbon sequestration by increasing 
carbon inputs and improving soil health. Croplands are 
extremely productive ecosystems that absorb huge amounts 
of CO2 from the atmosphere during their short growing season 
but intensive growth season (4). Maize absorbs significantly 
more CO2 throughout the growth season than the other crops 
like rice, wheat, maize, cotton and sugarcane and BIM-based 
frameworks can help in analysing embodied carbon in 
construction, promoting ecologically responsible practices (5). 
Carbon inputs, outputs and net ecosystem production vary 
across European agricultural sites, highlighting the impact of 
management on the NECB and greenhouse gas emissions                 
(Fig. 1) (6). Furthermore, low-carbon city policies have proven 
beneficial in reducing carbon emission intensity through 
mechanisms such as industry structure optimization and 
technology innovation (7). The impact of grazing methods on 
net ecosystem exchange dynamics and carbon balance 
highlights the importance of management practices in carbon 
budgets (8). Furthermore, using rice husk ash in landfill 
building can help in minimizing carbon emissions and 
environmental impact, demonstrating the promise for eco-
friendly waste management strategies (9). 
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Abstract  

The Net Ecosystem Carbon Budget (NECB) represents the balance of carbon entering and leaving an ecosystem, thereby determining 

whether the specific ecosystem is carbon source or sink. This review examines NECB on different croplands of rice, wheat, maize, 
sugarcane, cotton and sunflower, review highlighting its role on carbon sequestration and climate change mitigation. NECB values vary 

significantly, ranging from -26460 ± 4587 to 22500 kg C ha-1. Rice cropland systems exhibited positive NECB values (carbon sink) between 

572 and 2959 kg C ha-1 under biomass application, while wheat and sugarcane act as carbon sources with values of -4390 ± 105 kg C ha-1 

and -26460 ± 4587 kg C ha-1, respectively. Cotton also showed negative NECB (-4940 ± 150 kg C ha-1), whereas sunflower with biochar 
application achieved 11570.9 ± 334.0 kg C ha-1, compared with control (-19.9 ± 0.6 kg C ha-1). Methodologies such as eddy covariance and 

static chamber techniques highlighted NECB variability due to environmental and management factors. Although maize under public-

private partnership and large-scale farming recorded the highest NECB at 22500 kg C ha-1, similar effective practices such as optimized 

irrigation, nutrient management and reduced soil disturbance can be practiced in rice cropland systems to enhance their carbon 
sequestration potential. Moreover, NECB varies across ecosystems and soil types, affecting whether croplands act as carbon sinks or 

sources. Adapting management practices to local environmental conditions is crucial for improving NECB across different crop systems 

and achieving sustainable agriculture and climate mitigation goals. 
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 The novelty of this article lies in its comprehensive 

assessment of NECB across multiple crops and diverse 

agricultural systems. Unlike previous studies that focus on a 

single crop or method, this work integrates data from various 

measurement techniques, including eddy covariance, static 

chambers and modeling. It uniquely compares different 

farming practices like mulching, irrigation and tillage under 

both field and climatic variations. The article provides a rare 

combination of maximum and minimum NECB values, offering 

critical benchmarks. It also addresses regional and seasonal 

influences on carbon flux. This wide scope helps identify 

carbon-efficient and climate-resilient farming strategies. In the 

overall, the study offers a valuable reference for sustainable 

agriculture and carbon management. 

Methodology for NECB 

The NECB methodology evaluates the balance of carbon 

influxes and effluxes in the ecosystems (10) with lateral export 

rates of Dissolved Inorganic Carbon (DIC) and Dissolved 

Organic Carbon (DOC) (11), as well as tracking Green House Gas 

(GHG) emissions and carbon balance in diverse agricultural 

practices are used to make this calculation (12). The NECB also 

included Net Ecosystem Exchange (NEE) of CO2, volatile organic 

carbon loss and aquatic carbon transport (13). Researchers can 

simulate NECB responses to environmental stresses such salt, 

inundation and drought exposure using Peat Elevation Model 

(EvPEM) (14). The NECB methodology incorporate a variety of 

data sources to evaluate the carbon dynamics completely in 

agricultural ecosystems in understanding carbon storage, 

emissions and over all ecosystem health. 

Implementation of modelling framework by Stella 

Stella version 1.9.2 is used to create the Everglades Peat 

Elevation Model (EvPEM) framework (Fig. 2). Stella is a user-

friendly, adaptable tool that provides rigorous simulations of 

framework incorporating various stocks, flows, connectors and 

converters (6). The model used six stocks, 11 internal and 

external flows to store, transfer and to quantify inflows and 

outflows of carbon. The required inputs for the model 

simulation is depicted in the Table 1. The simulation time unit 

is in days and a fractional Delta Time (DT) of 0.125 to run Stella. 

The Delta Time (DT) determines how many times the models' 

numerical values are computed per unit time. To simplify the 

daily time step, all the models' inputs were linearly downscaled 

from year today. In each iteration, the Stella model determines 

the system's inundation level by comparing the Peat Elevation 

(PE) and Water Level (WL) stated in the modelling framework. 

The WL is also linked to the option of including SLR (or rate of 

increase in inundation), a separate sea-level stock that is 

attached to the WL converter to account for sea-level change. 

After parameterizing the model with measured data, we 

simulated EvPEM for one year using treatment-specific data. 

For calibration, upscale the daily model-predicted PE change 

to the annual scale for each treatment. Using EvPEM, we 

identified critical marsh Net Primary Productivity (NPP) 

thresholds as a function of salinity. The carbon budgeting and 

modelling demonstrated the effects of saltwater intrusion, 

inundation and seasonal dry-down, reducing concerns about 

the fate of coastal peat wetlands after SLR (Sea-Level Rise) and 

freshwater restoration (11).  

Global Carbon Assimilation System (GCAS), Version. 2 

The Global Carbon Assimilation System, Version 2 (GCASv2) is 

used to estimate gridded surface carbon fluxes, mostly utilizing 

satellite XCO2 retrievals (15) and Ozone and Related Chemical 

Tracers, Version 4 (MOZART-4) (16) is coupled to simulate 3-D 

atmospheric CO2 concentrations and the Ensemble Square 

Root Filter (EnSRF) algorithm (17) is used to implement surface 

flux inversion. GCASv2 runs cyclically and in each cycle (DA 

window), a “two-step” computation technique to preserve 

quality. The prior fluxes are optimized using XCO2 data and then 

the optimized fluxes are fed back into the MOZART-4 model to 

establish the initial condition (IC) of the window. To reduce the 

representative error of XCO2, a “super observation” approach is 

used. This is determined by the correlation coefficient between 

simulated concentration ensembles at each observation point 

and the perturbed fluxes in current model grids, as well as their 

distances (11). 

Fig. 1. Carbon cycle (6). 
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Energy audit and energy indices 

Carbon inputs in croplands are photosynthesis and biomass 

production, organic matter additions (manure, compost, crop 

residues) and other factors influencing carbon inputs (18). 

Carbon outputs in croplands are respiration processes (plant, 

soil microorganisms, decomposers), harvest removal and 

biomass export, soil disturbance, tillage practices and factors 

influencing carbon outputs (19). Energy input under different 

cropping systems is estimated from the quantity of N, P2O5 and 

K2O fertilizer used and their respective energy equivalents. 

Energy input through N, P2O5 and K2O fertilizer is summed to 

estimate total energy input (EI). The output energy is estimated 

from quantity of above-ground biomass produced by 

multiplying with their respective energy equivalents (20). The 

energy output (EO) for each crop is obtained by multiplying the 

economic yield by its respective energy equivalents. The 

amount of energy produced from the above-ground biomass 

(grain plus straw in case of un husked rice and wheat, grain 

plus stalk in case of maize and seed cotton plus sticks in case of 

cotton) and yield of different crops were summed for 

estimating total energy output (EO) (21). Different energy 

indices, viz., energy productivity (EP), specific energy (ES), 

energy ratio or energy use efficiency (ER) and net energy gain 

(NEG) for an individual crop are calculated by using the 

following equations. 

 

Specific energy (Es) in MJ Kg-1 =  

                                                         

 

Ep (Kg MJ-1) =     

                                         

ER =     

            

NEG (GJ ha-1) =  

Total energy output (EO) -Total energy inputs (EI) 

 

EI (GJ ha-1) = å (EN + E P2O5 + E K2O) 

 

EO (GJ ha-1) =å (EEconomic yield + EResidues yield) 

 

 where ‘EN’, ‘EP2O5’ and ‘EK2O’ represent energy input (each 

in GJ ha-1) through fertilizer N, P2O5 and K2O, respectively, for 

rice-wheat, maize-wheat and cotton-wheat cropping system. 

The ‘EEconomic yield’ and ‘EResidues yield’ represent the energy output 

(each in GJ ha-1) as economic yield (grain/ seed cotton) and 

residues yield (straw/stalk/sticks) (each in kg ha-1) under 

different ecosystems. 

 

Fig. 2. Diagram of system dynamics Everglades Peat Elevation Model (EvPEM) used to simulate change in Peat Stock (PS) and Peat Elevation 
(PE). Adj, AG, ANPP, BG, BNPP, NECB and SLR refer to adjust, aboveground, aboveground Net Primary Productivity, belowground, belowground 

Net Primary Productivity, Net Ecosystem Carbon Balance and Sea-Level rise, respectively (11). 

Table 1. Input variables, types of Stella building block and units 
required to simulate change in peat stock (MS) and elevation (PE) 

using EvPEM (14, 85). 

 Input variable 
Stella building 

Blocks 
            Unit 

Aboveground net primary 
productivity (ANPP) 

Flow gC m-2 day-1 

Belowground net primary 
productivity (BNPP) 

Flow gC m-2 day-1 

Methane flux (FCH4) Flow gC m-2 day-1 
Initial aboveground litter stock 
(LSAG) 

Stock gC m-2 

Initial belowground litter stock 
(LSBG0) 

Stock gC m-3 

Aboveground turnover rate (TRAG) Converter day-1 
Belowground turnover rate (TRBG) Converter day-1 
Initial peat elevation (PE0) Converter cm NAVD88 
Initial peat stock Stock gm-2 

Soil bulk density (ρb) Converter g m-3 

Degree of compaction (α) Converter Unitless 
Soil C fraction (fc) Converter Unitless 
Porewater salinity (sal) Converter ppt day-1 
Water level (WL) Converter cm NAVD88 day-1 

Sea-lever rise (SLR) Flow cm day-1 

Total energy inputs (EI) 

YEconomic + residues yield 

( Eq. 1 ) 

YEconomic + residues yield 

EI 
( Eq. 2 ) 

Total energy output (EO) 

Total energy inputs (EI) 
( Eq. 3 ) 

( Eq. 4 ) 

( Eq. 5 ) 

( Eq. 6 ) 
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GHG emission, GWP and GHGI analysis methodology : The 

environmental impact of nutrient management in croplands 

ecosystems is assessed by estimating GHGs (Greenhouse 

gases) emissions, GWP (Global Warming Potential) and GHGI 

(Green House Gas Intensity). The fertilizer-induced GHGs (CO2 

and N2O) emissions are estimated for each site with different 

cropping systems using CO2 equivalents for N, P2O5 and K2O 

from the literature. Therefore, the CH4 emission from rice fields 

estimating GWP of a rice-wheat cropping system is based on 

region specific emissions of 55.7, 34.5 and 23.3 kg CH4 ha−1 in 

continuously flooded (scenario 1), intermittently flooded with 

single aeration (scenario 2) and intermittently flooded with 

multiple aerations system (scenario 3), respectively (22). Since 

there is no CH4 emission under upland cropping systems, viz., 

maize-wheat and cotton-wheat, the GWP is calculated based 

on CO2 and N2O. The estimated CO2 and N2O emission were 

converted to CO2 equivalent (CO2e) using 100-years GWP of 1, 

265 and 25 for CO2, N2O and CH4, respectively. 

GWP (kg CO2e ha-1) = CO2 + CH4 × 25 + N2O × 265 

 The N2O emissions from N applied through chemical 

fertilizer are estimated using this equation. 

 

N2O emission = N × EF1  x 

 

 where N2O emissions (kg N2O ha-1) from fertilizer N 

application and ‘EF1’ = emission factor (0.01 for N2O emissions 

from N inputs, kg N2O-N kg -1 N input). Convert the mass of 

nitrogen (N) in nitrous oxide (N2O) to the total mass of N2O. 

Specifically, 44 is the molecular weight of N2O (2 Nitrogen 

atoms at 14 each, plus 1 Oxygen atom at 16) and 28 is the 

atomic weight of two Nitrogen atoms (2 × 14). This conversion 

is necessary because emission factors often express emissions 

as the mass of N, while the desired unit is the mass of the entire 

N2O molecule.  

 The GHGI is estimated from the ratio of GWP to that of 

the economic yield (grain in case of rice, wheat and maize and 

seed cotton in case of cotton) and expressed as kg CO2e kg-1 

economic yield (23, 24). Carbon Equivalent Emissions (CEE) 

and Carbon Efficiency Ratio (CER) are calculated by using the 

following equation (25). 

CER = grain yield or seed cotton yield in terms of C/CEE 

 

CEE (Mg C ha-1) = GWP ×  

 

 Convert the Global Warming Potential (GWP) from units 

of CO2 equivalents (CO2 eq.) to units of carbon (C) equivalents, 

specifically in megagrams per hectare (Mg C ha-1). This 

conversion factor is derived from the molecular weight ratio of 

carbon (C) to carbon dioxide (CO2). The C concentrations of       

38 %, 39 %, 39 % and 40 % in the rice, wheat, maize grain and 

seed cotton, respectively, are used for estimating CER (26, 27). 

NECB calculation : The NECB is an assessment of the carbon 

exchange between an ecosystem and atmosphere (28) and 

also considers many factors which influence the intake or 

release of carbon dioxide (CO2) in the environment (29). Gross 

Primary Production (GPP) represents the entire quantity of 

carbon fixed by plants during photosynthesis and principal 

source of carbon into the environment. Autotrophic respiration 

(RA) is the emission of CO2 by plants during various metabolic 

processes, including growth, maintenance and reproduction 

(30). This component indicates the carbon released by the 

ecosystem. Heterotrophic respiration (RH) involves the release 

of CO2 by soil microbes and animals (31). Some other 

components are Carbon Equivalent Emission (CEE), Carbon 

Emission Ratio (CER), Energy Input (EI), Energy Output (EO), 

Energy Productivity (EP), Energy Ratio (ER), Green House Gas 

Intensity (GHGI), Gross Primary Production (GPP), Global 

Warming Potential (GWP), Net Ecosystem Exchange (NEE), Net 

Energy Gain (NEG), Net Ecosystem Productivity (NEP), Net 

Primary Production (NPP), RA (Autotrophic respiration), RE 

(Ecosystem respiration) and RH (Soil heterotrophic respiration) 

(32). 

NECB =  

GPP - (RE + Harvest + CH4) + CBelow ground biomass + C Litter + C 

Rhizodeposit 

 

 where ‘GPP’ is the gross primary production and is 

inferred from Net Primary Production (NPP) via ratio of NPP/

GPP (33).Total NPP for different crops and cropping systems is 

estimated as a sum of NPP for different eco-systems’ 

components, viz., actual economic yield, above-ground 

biomass yield, below-ground biomass yield, litter and 

rhizodeposits (34). 

NPP = NPPEconomic yield + NPPAbove ground yield + NPPBelow ground yield + 

NPPLitter + NPPRhizodeposits       ( Eq. 11 ) 

 The NPPEconomic yield, NPPAbove ground yield and NPPBelow ground yield 

were estimated using equations (27). 

NPPEconomic yield =  

Economic yield × dry matter fraction × Cfraction of economic yield  

                                                                                                                                                                                                                           ( Eq. 12 )
NPPAbove ground yield =  

Economic yield × dry matter fraction × ratio of residue to 
economic yield × Cfraction of residue                                                                                                      ( Eq. 13 ) 

NPPBelow ground yield =  

Economic yield × dry matter fraction × (1 + ratio of residue to 
economic yield) × ratio of roots to shoot × Cfraction of roots         ( Eq. 14 ) 

 The ecosystem respiration (RE) of the cropland 

ecosystem represents the sum of autotrophic respiration (RA) 

and soil heterotrophic respiration (RH). The net ecosystem 

exchange (NEE) of CO2 between the agro-ecosystem and 

atmosphere referred as of C lost or gained by an ecosystem and 

its amount estimated by using the following relationships (35, 

36). 

NEE (kg C ha-1) = GPP - RH - RA                                                           ( Eq. 15 ) 

  RE = RH + RA                                                                                                 ( Eq. 16 ) 

  RA= GPP - NPP                                                                                         ( Eq. 17 ) 

 RH = RH - RA                                                                                                                                                                                  ( Eq. 18 ) 

 The change in soil organic carbon (ΔSOC) using the 

apparent average conversion rate of organic C to SOC. ΔSOC is 

( Eq. 7 ) 

44 

28 

( Eq. 8 ) 

12 

44 

( Eq. 9 ) 

( Eq. 10 ) 
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computed from the NECB with a coefficient of 0.213. 

ΔSOC = 0.213 × NECB                                                                           ( Eq. 19 ) 

Amount of C added to SOC pool (kg C ha –1) = 

 F × Cresidues + C root × FR                                                                             ( Eq. 20 ) 

 where ‘F’ is the proportion of above-ground biomass 

leaf in the soil and ‘C residues’ and ‘C root’ are the residue and 

root carbon, respectively. The plant roots are estimated to 

have a C content of 40 %. The ‘FR’ represents the fraction of 

residue and root C transformed to SOC. 

NECB of croplands 

NECB of rice 

Rice serves as a staple food for over half of the global 

population. China, the leading producer of rice, accounts for 

approximately 19 % of the worlds’ rice cultivation area and 

contributes around 32 % to the global rice yield. The NECB of 

rice fields can fluctuate based on various factors such as 

irrigation methods, tillage practices and cropping systems (37). 

Research indicates that rice-based cropping systems can 

function as carbon sinks, capturing carbon from the 

atmosphere (38, 39). China, traditional flood irrigation 

methods have been increasing and replaced by water-saving 

irrigation techniques in recent years to enhance environmental 

benefits (Table 2). A two-year field study conducted from 2018 

to 2019 in Northeast China evaluated the impact of three 

different irrigation regimes such as conventional irrigation 

(FN), controlled irrigation (CN) and intermittent irrigation (IN) 

along with two nitrogen (N) fertilization rates (110 and 165 kg N 

ha-1) (40). And the result showed the water-saving irrigation 

enhanced soil aeration by managing soil moisture levels, 

improved soil aerobic conditions, boosted microbial activities 

and soil respiration, leading to the increased CO2 production 

and released from the soil through roots and respiration. It was 

found that the mode, volume and frequency of irrigation 

significantly the CO2 emissions (32). It was observed that open 

path eddy covariance for different stages of crop significantly 

influenced soil respiration, thereby reducing net ecosystem 

exchange (NEE) in paddy fields (41). To evaluate the role of rice

-based cropping in lowland coastal ecosystems on 

environmental changes, studies measured energy budgets, 

carbon footprint (CF), CO2 exchange and fluxes of non-CO2 

greenhouse gases (GHGs) across various conservation tillage 

practices within rice-rice (RR) systems. These practices 

included different tillage intensities namely zero tillage (ZT), 

reduced tillage (RT) and conventional tillage (CT) as well as 

treatments with residue (R) and without residue (NR). The 

findings indicated that conservation tillage methods in rice-

based cropping systems enhanced soil organic carbon levels 

and for carbon sinks (42). Flooded rice fields can act as net CO2 

sinks in tropical region (43), with the ecosystem overall 

functioning as a carbon sink (41). These findings highlighted 

the crucial role of sustainable agricultural practices in 

managing the carbon budget of rice ecosystems (44). 

 Intermittent drainage of rice fields changes soil redox 
potential, leading to reduced CH4 emissions, which may 

decrease the Net Primary Production (NPP) during rice 

cultivation. The NECB and net GWP were assessed under two 

water management regimes viz., continuous flooding and 

intermittent drainage with four levels of biomass incorporation 

Implementing water-saving Irrigation (40)  Open path Eddy covariance (41) 

Treatment 
NPP 

g C m-2 day-1 
NECB 

kg C ha-1 
Net GWP 
kg C ha-1 

Treatment 
Net ecosystem CO2 

exchange (NEE)                    
µ mol m-2 s-1 

GPP                                           
µ mol m-2 s-1 

FN110 4742 ±119 1255 ± 115 19377 ± 819 Vegetative stage 
- 16.94 

(decreasing) 
19.32 

(increasing) 

FN165 6343 ±159 1999 ± 112 17441 ± 862 
Tillering to panicle 

Initiation stage 
- 21.16 

(decreasing) 
24.40 (increasing) 

CN110 6552 ±213 1151 ± 134 9341 ± 1133 Reproductive stage 
- 24.92 

(decreasing) 
29.04 (increasing) 

CN165 7926 ±285 1404 ± 96 9626 ± 962 
Heading 

to flowering stag 
-26.93 

(decreasing) 
32.34 (increasing) 

IN110 6323 ±173 
1973 ± 122 

  
7131 ± 801 Ripening stage 

-18.51 
(increasing) 

22.91 (decreasing) 

1N165 7628±211cd 
2243 ± 113 

  
6757 ± 998 Harvesting stage 

-13.29 
(increasing) 

15.78 (decreasing) 

Static chamber-gas chromatography 
(Conservation Tillage) (42) 

Static closed-chamber method (Two Irrigation methods) (44) 
Gas sampling and analyses (Two Cropping methods) (37) 

Treatment 
NPP 

g C m-2 day-1 
NECB kg C ha-1 

Treatment 
Net ecosystem CO2 exchange 

(NEE) 
µ mol m-2 s-1 

NECB 
kg C ha-1  

B. Biomass 
application 

(Mg ha-1, dw) 
(B) 

Continuous 
flooding 

(CF) 

0 5859 -275 
3 8315 1008 
6 7614 1251 

12 7317 2959 

RR-ZTR 23937.2±870.9 

1523 
(37.1%) 

Intermitten
t drainage 

(ID) 

0 5680 -402 
3 8154 572 

RR-ZTNR 22651.7±812.4 
6 7564 965 

12 7225 2799 

RR-RTR 26765.2±946.1 

Biomass  
application 

(Mg ha-1, DW) 

Cover    
Cropping 

0 5618 - 1435 
3 5750 - 1448 

RR-RTNR 
  

25313.1±908.5 
6 5841 - 1439 

12 6017 - 1402 

RR-CTR 24915.4±872.5 
Rice 

Cropping 

0 5852 - 56 
3 8584 1154 

RR-CTNR 23624.4±852.6 
6 7654 1273 

12 7397 2649 

Table 2. Different NECB of rice with different measurements 
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(0, 3, 6 and 12 Mg ha-1) (37). The cultivation practices affect the 

sustainability of the soils’ annual net carbon balance (ANCB) in 

cover crop-rice cropping systems on paddy soil. The Water-

saving irrigation represented, the NECB values from 1151 ± 134 

to 2243 ± 113 kg C ha-1. This suggested that all treatments 

resulted in net carbon sequestration, had positive NECB values 

which indicated more carbon uptake than release. In Static 

chamber gas chromatography under conservation tillage, the 

NECB value was 1523 kg C ha-1 (37.1 %), which was lower than 

the water-saving irrigation treatments (37). This implies that 

water-saving irrigation method may be more effective for 

carbon sequestration. The NECB values for A. Static closed-

chamber method vary widely depending on the treatment and 

the lowest value was -1448 kg C ha-1 (0 N fertilizer, cover 

cropping) and the highest value was 2649 kg C ha-1 (12 N 

fertilizer, rice cropping) (37) and in B. Gas sampling and 

analyses (Two Cropping methods) the NECB value was lowest 

of -402 kg C-1 (0 N fertilizer, intermittent irrigation) and the 

highest value of 2959 kg C ha-1 (12 N fertilizer, continuous 

flooding). Most of the treatments resulted positive NECB, which 

indicated net carbon sequestration exhausted in that 

ecosystem (44). However, there has been limited focus on the 

effect of practice on the sustainability of the soil’s Annual Net 

Carbon Balance (ANCB) in continuous flooding systems (i.e., 

NECB of 2959 kg C ha-1) on paddy soil. 

NECB of wheat 

Wheat (Triticum aestivum L.) is the world’s most traded and 

cultivated crop, covering 216 million hectares with an average 

yield of 3.5 t ha-1 with the global production of 765 million tons 

(FAOSTAT 2019). More over half of the world's wheat harvest is 

consumed by humans and the remainder utilized for animal 

feed and processing (45). Wheat demand has risen globally in 

recent years for food, seed, industrial and feed as animal. 

Agriculture has a number of challenges due to increased 

environmental concerns by over use of irrigation water fertilizer 

and pesticide (46, 47). Furthermore, agriculture is likely to be 

one of the industries hardest hit by climate change in the future 

(48, 49). The atmospheric CO2 level for the historical baseline 

(baseline level) was set at 362 ppm, which corresponds to the 

30-year average of the baseline period (1980-2010). Crop 

models for future scenarios were developed using an expected 

elevated atmospheric CO2 level of 572 ppm (2041-2070) to 

study the combined effects of temperature, rainfall and 

elevated CO2. 

  The study focused on SAFY-CO2, a research initiative 
near Toulouse in southwest France, encompassing two 

monitored agricultural sites: Auradé (FR-Aur) and Lamasquère 

(FR-Lam) and diagnostic regional modelling approach that 

integrates High Spatial and Temporal Resolution (HSTR) 

optical remote sensing data into a simplified crop model. The 

study assessed the model's effectiveness in estimating crop 

yield and key components of the annual carbon budget for 

winter wheat (50). The SAFY-CO2 model (Fig. 3) was modified 

from the SAFY model (Simple Algorithm for Yield Estimates (51) 

for estimating the components of net CO2 fluxes and cropland 

annual carbon budget. SAFY is a daily time step crop model 

that replicates the temporal evolution of green area index 

(GAI), dry aboveground mass (DAM) and final grain yield (YLD) 

using two climatic input variables, incoming global radiation 

and average temperature.  

 This method is based on Monteith and Moss' (1977) 
light-use efficiency theory, which connects the production of 

total daily assimilation of matter (DAM) to the 

photosynthetically active part of solar radiation (PAR) 

Fig. 3. Schematic representation of the assimilation procedure of GAI derived from high resolution satellite optical images for the calibration 
of the agro-meteorological model SAFY-CO2 by minimizing difference between satellite derived (SAT) and simulated (SIM) GAI. 
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absorbed by plants. The SAFY-CO2 model predicts daily crop 

growth (biomass, leaf partitioning, etc.), net ecosystem CO2 

flow components, annual yield and NECB. SAFY model results 

for LAM 2007 (for the site-year 2007 at Lamasquère), indicated 

that the NECB value is -4390 ±1050 kgC–1, indicating a net 

carbon loss from the ecosystem (52) AUR 2014 (for the site-year 

2014 at Auradé). The NECB value of -290 ±750 kg C–1 observed 

suggesting a carbon loss, was much smaller than LAM 2007. 

 A three-year field experiment on a wheat-maize rotation 

system in the southern Loess Plateau, China, assessed the 

effects of different mulching practices on crop yield, soil 

respiration (RS), ecosystem respiration (RE) and the NECB with 

four mulching methods viz., conventional flat planting without 

mulching (CK), flat planting with plastic film mulching (PM), flat 

planting with straw mulching (SM) and ridge-furrow planting 

with plastic film and straw mulching (RFPS). The NECB varied 

significantly among the mulching methods, demonstrating their 

impact on carbon sequestration and emissions. During the 

wheat season, CK and PM acted as carbon sources, with NECB 

values of -390 kg C ha-1 yr-1 and -320 kg C ha-1 yr-1, respectively, 

indicating net carbon losses (53). In contrast, SM and RFPS 

functioned as carbon sinks, with NECB values of 1180 kg C ha-1 yr-

1and 1360 kg C ha-1 yr-1, respectively, showcasing their superior 

ability to enhance soil carbon sequestration. 

       However, the effect of flat planting with plastic film 

mulching (PM) showed fluctuated NECB across years. During 

2018-2019 and 2020-2021, the NECB was -410 kg C ha-1 yr-1, 

indicating significant carbon loss, whereas, it was improved to -

140 kg C ha-1 yr-1, showing reduced in emissions during 2019-

2020. This variation suggested that plastic mulching influenced 

carbon dynamics and NECB remains inconsistent. In contrast, 

the higher NECB values observed in SM and RFPS mulching 

highlight the positive role of straw incorporation and combined 

mulching practices in enhancing soil carbon sequestration, 

making them effective strategies for improving carbon balance 

in wheat-maize cropping systems (53). In CropSyst model for 

winter wheat fields (2011-2015), the NECB ranged from 920 to -

170 kg C ha-1, indicating potential for carbon sequestration and 

loss (54). Most of the mulching methods resulted in negative 

NECB values, suggesting these agricultural systems are 

generally net carbon sources rather than sinks. The magnitude 

of carbon loss varies significantly between treatments and 

years, with LAM 2007 model due to loss.  

 NECB of maize 

Maize (Zea mays L.) is the third most important crop of country 
after rice and wheat and used as feed, food and industrial raw 

material and cultivated round the year, though more than 80 % 

is grown in rainy or kharif season (July to October). Depletion of 

natural resources, low organic carbon from soil, resulted 

declining in factor productivity (55), decreasing farm land due to 

more land under non-agricultural uses in future and profitability 

due to escalating input prices in agricultural production will 

further aggravate the problem of sustaining maize production 

systems (56). China is the second-largest producer of maize in 

the world, with an estimated maize output of 261 million tons, in 

2021 comprising 22 % of the global maize yield (57).  

 Nutrient management on the NECB value for maize was 

2879 kg C ha-1 year-1 (Table 3) indicating significant net carbon 

sequestration were highly effective in promoting carbon 

storage in the ecosystem (50, 52). The mean NECB of PPP-LSF 

(Combing public-private partnership and large-scale farming) 

were 22.5 Mg C ha-1 which increased by 15.3 % (19050.75 kg C 

ha-1) and 23.9 % (17122.5 kg C ha-1) compared to LSF (Large 

scale farming) and SHF (Smallholder Farming) (58). The NECB 

of maize production varied across four straw-tillage 

management systems of conventional tillage (CT), no-tillage 

(NT), conventional tillage with straw retention (CT-SR) and no-

tillage with straw retention (NT-SR). The NT-SR and CT-SR 

systems recorded the highest NECB values, of 15746 kg C ha-1 

and 15700 kg C ha-1, respectively. The CT system had a lower 

NECB, of 14000-14500 kg C ha-1 and op par with CT-SR. 

Meanwhile, the NT system had the lowest NECB, of 13,917 kg C 

ha-1, which was 13 % lower than NT-SR and 12.9 % lower than CT

-SR. On average, NECB was 10 % lower in systems without straw 

retention (CT, NT) compared to those with straw retention (CT-

SR, NT-SR), emphasizing the benefits of integrating straw 

retention into both tillage and no-tillage practices (59). 

Continuous observations using eddy correlation techniques 

showed that the maize farmland ecosystems acted as carbon (C) 

sinks. In the north-central USA, C budgets of -7334.0 kg C ha-1,                 

-8804.0 kg C ha-1 and -7024.0 kg C ha-1 was recorded during the 

growing seasons of maize during 1997, 1999 and 2001 (60). 

        Similarly, in Nebraska, the C budget of maize farmland under 

both irrigated and non-irrigated conditions was approximately -

7000.0 kg C ha-1 (61). In Jinzhou, South Northeast China, maize 

farmland ecosystems exhibited strong C sinks, with an average C 

budget of -5295.2 kg C ha-1 between 2005 and 2008-2011 (62-64). 

In this study, the 2019 growing season C budget of typical maize 

ecosystems in the Songnen Plain of China was -8085.7 kg C ha-1, 

while the non-growing season C budget was 1250.4 kg C ha-1, 

resulting in a total annual C budget of -6835.3 kg C ha-1. 

Considering that maize grain yield (-3534.4 kg C ha-1) was 

removed from the farmland at harvest, the NECB was calculated 

as -3300.9 kg C ha-1, confirmed that the maize agroecosystem 

acted as a C sink in 2019 (34). However, the NECB values 

observed were lower than those reported for maize farmlands in 

the USA and Jinzhou, likely due to the exclusion of maize grain 

removal effects in previous studies. Additionally, during 2018-

2019 it was -800 kg C ha-1, 2019-2020 was -920 kg C ha-1 and 2020-

2021 was -470 kg C ha-1 examined the NECB under a plastic film-

mulched ridge and straw-mulched furrow system (53). These 

findings suggested that mulching practices can influence carbon 

sequestration, with potential variations depending on climatic 

conditions and management strategies.  

 By fully utilizing climate resources and improving 

agricultural managements, carbon sink is increased in farmland 

ecosystems. Soil respiration rate and composition were 

influenced and controlled by the synergistic effect of soil 

temperature and water content under the maize farmland 

ecosystem which is carbon sink. In this study, the influence of 

biological factors on soil respiration rate was not considered and 

soil respiration assessment has certain limitations. In future, this 

aspect of research should be developed to adapt the needs of 

soil carbon budget assessment. 

 NECB of sugarcane  

 Approximately two thirds of the sugar produced worldwide 
comes from the sugarcane crop (Saccharum officinarum L.) 

(65). It is a plant with a C4 metabolism with high CO2 uptake 



REBECCA ET AL  8     

https://plantsciencetoday.online 

capacity (66). The net exchange of CO2 between the ecosystem 

(soil and vegetation) and the atmosphere (NEE) can be used to 

calculate the amount of CO2 assimilated by a crop’s canopy (67, 

68). 

 

 In Table 3 the year 2016-2017 shows a big decrease in 

NECB of -7221.8 ±1252.2 kg C ha-1 yr-1. This indicates the 

ecosystem had a strong carbon sink during this period, 

absorbing significantly more carbon than it released. Year 2 

(2017-2018) had a smaller negative NECB of -1699.1 ± 959.1 kg 

C ha-1yr-1 (69). While still a carbon sink, the ecosystem's carbon 

uptake decreased substantially compared to Year 1. Both years 

show the ecosystem acting as a net carbon sink, which is 

generally positive from a climate change mitigation 

perspective. The substantial decrease in carbon uptake from 

Year 1 to Year 2 warrants further investigation to understand 

the causes and whether this represents a long-term trend or 

natural variability. The GHG balance closely mirrors the CO2 

flux, indicating that CO2 is the dominant greenhouse gas in this 

system's carbon budget. The negative values (-7569.0 ± 129.0 

and -4552.0 ± 124.0 g CO2 eq m-2 yr-1) confirm the ecosystem's 

role as a net GHG sink. The small positive N2O emissions 

observed (62.4 ± 1.3 and 52.3 ± 1.8 g CO2 eq m-2     yr-1) slightly 

offset the CO2 sink effect. N2O emissions decreased from Year 1 

to Year 2 and follows the trend of reduced GHG fluxes. Fertilizer-

based agriculture data gives annual soil GHG fluxes show CO2 

emissions (17.6 ± 0.0 Mg C –1 yr-1) and small CH4 uptake (-1.1 ± 

0.0 kg C –1 yr-1). These values suggest that the soil emits CO2, it 

slightly mitigates this by absorbing some methane. Net C loss 

gives the strong CO2 sink in the eddy covariance 

measurements, the fertilizer-based agriculture data shows a 

net C loss of −760 kg C ha-1 yr-1, indicating complex carbon 

dynamics in the agricultural system (70). Cumulative carbon 

fluxes show the negative Cumulative Net Ecosystem Exchange 

(-923.04 g C –2) further supports the ecosystem's role as a 

carbon sink (71). The Gross Primary Productivity (3316.65 g C m
-2) exceeds the ecosystem respiration (2433.18 g C m-2), 

explaining the net carbon uptake. Ecosystem Efficiency carbon 

use efficiency (CUE) of the ecosystem is calculated as: 

CUE = (GPP - Reco)/GPP = (3316.65 - 2433.18)/3316.65 ≈ 0.27 or 

27 % 

 This suggests that about 27 % of the carbon fixed by 

photosynthesis is retained in the ecosystem. 

 Thus, between 2016-2017 and 2017-2018, NECB 

declined from -7221.8 ± 1252.2 to –1699.1 ± 959.1 kg C ha-1 yr-1 

and GHG balance from -7569.0 to -4552.0 g CO₂ eq m-2 yr-1, 

indicating reduced carbon sink strength. In contrast, fertilizer-

based agriculture showed a net carbon loss of -760 kg C ha-1 yr-

1, highlighting the role of natural ecosystems in carbon 

sequestration. 

NECB of cotton 

Cotton (Gossypium hirsutum L.) is cultivated in 76 countries for 
fiber and ranks first as a commodity of global agricultural trade 

(72). Cotton accounts for about 25-35 % of world’s total fiber 

uses (73). In India, cotton is cultivated on nearly 9.5 million ha 

area (74) covering about 30% of global cultivated area, with 60 

% of total cotton production. Although India ranked second 

only next to China in cotton production (75), with average 

national cotton productivity of 516 kg ha-1 which is much lower 

than USA (943 kg ha-1), China (1301 kg ha-1), Brazil (1480 kg ha-1) 

and Australia (1579 kg ha-1) (76). It is estimated that cotton 

cultivation contributes about 0.3-1.0 % towards total global 

greenhouse gases emissions (77). The NECB of cotton 

cultivation varies based on different factors such as nutrient 

management, energy flow and tillage practices (21). Therefore, 

efficient management practices and energy optimization play 

crucial roles in determining the NECB under cotton cultivation.  

 The NECB is 1801 kg C ha-1, (Table 3) indicating a 
significant net carbon gain in the ecosystem under the nutrient 

management practice (52). On plastic film mulching and drip 

irrigation (PFMDI) the NECB values are consistently negative 

from -950 to -300 kg C ha-1 from 2012 to 2016 (Fig. 4) (67). This 

suggest that the ecosystem was a carbon sink throughout these 

years. There is a general trend of decreasing carbon 

sequestration over time (from -950 in 2012 to -300 in 2016). The 

average NECB for the PFMDI field is -670 ± 370 kg C ha-1 yr-1, 

confirming the overall carbon sink status. In the Charnes-Cooper

-Rhodes model for inefficient DMUs, the net ecosystem C budget 

is -4940 ± 150 kg C ha-1 (1). For efficient DMUs, it’s -4040 ± 180 kg C 

ha-1 (21). Both models indicate carbon sequestration, with 

inefficient DMUs showing slightly higher sequestration. The 

study doesn’t provide NECB values directly, but the Cumulative 

Crops Metric Type Value (kg C ha-1 yr-1) Treatment 

Wheat 
NECB - Highest +1360 Ridge-furrow with plastic film and straw mulching (RFPS) 

(53) 
NECB - Lowest -4390 ± 1050 SAFY Model (OBS) (50, 86, 87) 

Maize 
NECB - Highest +22,500 Public-private partnership & large-scale farming - Different 

scale of farming (58) 
NECB - Lowest -8804 North-central USA (2000, Growing season) (34) 

Sugarcane 

Max CO₂ Absorption (Annual) –32,661 Modelling (71) 
Gross Primary Productivity (GPP) 33,166.5 Modelling (71) 

NECB - Least Negative -1699.1 ± 959.1 Eddy covariance (69) 
NECB - Most Negative -7221.8 ± 1252.2 Eddy covariance (69) 

CH₄ Flux - Lowest -1.1 Fertilizer-based system (70) 
CH₄ Soil GWP - Lowest -30 Fertilizer-based system (70) 

Cotton 

NECB - Highest +1801 Nutrient management (52) 
NECB - Lowest -4940 ± 150 Inefficient DMUs (21) 
NEE - Highest +1940 Treatment C1 - Automatic Chamber (78) 
NEE - Lowest -1510 Treatment C3 - Eddy Covariance (78) 

Sunflower 

NECB - Highest +2650.6 2019, SB (straw-derived biochar) (84) 
NECB - Lowest -19.9 2018, CK (control without straw return) (84) 
NEE - Highest 3175.5 (from R² = 0.87) HSTR method, 2007-2016 (82) 
NEE - Lowest 2956.5 (from RMSE = 0.81) HSTR method, 2007-2016 (82) 

Table 3. NECB for different cropland system with different measurements 
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NEEs (Net Ecosystem Exchanges) suggest varying carbon sink/

source behaviour across different periods of the year (78). 

 The NEE represents the carbon budget with an account 

of carbon release and captured by an ecosystem through 

assimilation and respiratory processes (79, 80). The negative 

values of net ecosystem C budget for efficient and inefficient 

DMUs revealed that these ecosystems act as a C source. These 

results corroborate the earlier findings of negative net 

ecosystem C budget for cotton cultivation in a cotton-wheat 

cropping system (80). 

    The ecosystems behave as net carbon source if crops 

fail to produce net biome production to offset C emissions (81). 

The amount of C added to soil organic C pool was significantly 

higher under efficient DMUs, compared with the inefficient 

DMUs (Fig. 5). The ΔSOC pool was also significantly higher by 

~22.4 % for efficient DMUs, compared with the inefficient 

DMUs. These results are in conformity with those reported by 

showing a loss of 817 kg C ha-1 in a cotton-wheat cropping 

system (80). The comparison of NECB values highlights distinct 

carbon dynamics across management practices. Plastic film 

mulching and drip irrigation (PFMDI) and the Charnes-Cooper-

Rhodes (CCR) model practices consistently act as carbon sinks, 

with NECB values averaging -670 kg C ha-1 and reaching up to -

4940 kg C ha-1 in inefficient DMUs. In contrast, nutrient 

management shows a positive NECB of +1801 kg C ha-1, 

indicating a net carbon release. These results suggest that the 

nutrient management may enhance crop productivity whereas 

PFMDI and efficient system designs are more effective in 

promoting long-term carbon sequestration. 

NECB of sunflower 

Sunflower (Helianthus annuus L.) was introduced to Europe by 

Spaniards during the 16th century as an ornamental plant 

species, before its oil began to be used for food during the 19th 

century. Currently, sunflower is cultivated on more than five 

continents, with Ukraine and Russia being the largest 

producers, followed by the European Union (EU) (82). The CO2 

implications of NGWP (Net Global Warming Potential) 

represents CO2 equivalent negative values which indicate net 

CO2 sequestration (Table 3). All treatments show negative 

Fig. 5. Amount of C added into soil organic C pool and the change in soil organic C (ΔSOC) pool in soils under cotton (Gossypium hirsutum L.) 

cultivation in an intensively cultivated north-western India. Mean values followed by different letters are significantly different (p < 0.05) by 
Students’ t-test. Line bars indicate standard error from mean (S.E.M). Note: B - Reviewer - Highlighted in blue colour; C- Reviewer - Highlighted 

in red colour; Grammar and other corrections - Highlighted in violet colour. 

 

Fig. 4. Flow chart describing the system boundary for different processes involved in cotton (Gossypium hirsutum L.) cultivation in north-
western India (67). 
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NGWP values shows all sequester CO2 overall. Straw-derived 

biochar (SB) consistently shows the highest CO2 sequestration 

across all years. Straw return with rotary tillage (SR) also shows 

significant CO2 sequestration, though less than biochar. All 

treatments show positive NECB values, indicating carbon 

accumulation in the soil. Straw-derived biochar (SB) treatments 

show the highest NECB values each year. Straw return 

treatments (SP and SR) also show high NECB values, but 

generally lower than biochar. Consistently show that control 

treatments (CK) exhibit the lowest CO2 sequestration and carbon 

accumulation. Biochar amendments perform best for both CO2 

sequestration and soil carbon accumulation. Straw return 

methods (with ploughing or rotary tillage) are more effective 

than control but less effective than biochar. Data from multiple 

studies indicate that NECB varies significantly depending on 

land management practices and straw return treatments. The 

NECB values in the Garonne River region fluctuated between 640 

and 3000 kg C ha-1 yr-1 over the years 2007 and 2016, highlighting 

both carbon sink and source dynamics (83). In contrast, the 

different straw return treatments in saline-alkali farmlands 

under arid conditions significantly influenced NECB (84). In 2017, 

the control treatment (CK) without straw return had the lowest 

NECB (191.5 ± 5.5 kg C ha-1), whereas straw-derived biochar (SB) 

exhibited the highest NECB (11,570.9 ± 334.0 kg C ha-1), indicating 

enhanced carbon sequestration. A similar trend was observed in 

2018 and 2019, with biochar consistently outperforming other 

treatments, while CK showed a negative NECB (-19.9 ± 0.6 kg C 

ha-1) in 2019, suggesting carbon loss. Additionally, the NECB of 

88.9 kg C ha-1 in ploughed fields with mineral fertilization, 

reinforcing the importance of management practices in carbon 

balance regulation. 

  NECB values vary widely with land management, 

ranging from 640 to 3000 kg C ha-1 yr-1 in the Garonne region and 

just 88.9 kg C ha-1 in ploughed, fertilized fields. Straw-derived 

biochar showed the highest sequestration of 11570.9 kg C ha-1, 

while control plots represented as low as -19.9 kg C ha-1, 

indicating carbon loss. These findings underscore that practices 

like biochar application significantly enhance ecosystem carbon 

storage compared to conventional methods. 

Management strategies for NECB in croplands  

Irrigation management 

Water-saving irrigation is recognized as an effective agricultural 

management due to water security and environmental 

protection problems with IN165 (intermittent irrigation along 

with Nitrogen -165 kg N ha-1) with NECB value as 2243± 113 kg C 

ha-1 (Table 2). In Northeast China, an increasing number of 

paddy fields are shifting from conventional irrigation to water-

saving irrigation (40). The highest NECB values were observed 

under high nitrogen fertilization and intensive water or crop 

management practices. Using the static closed-chamber 

method, the maximum NECB was recorded (2649 kg C ha-1) 

with 12 N fertilizer and rice cropping. Similarly, gas sampling 

and analyses showed the highest NECB of 2959 kg C ha-1 under 

12 N fertilizer with continuous flooding (44). These practices 

likely enhanced biomass production and carbon input to the 

soil, contributing to a positive carbon balance. Thus, high N 

input combined with effective water and crop management 

supports greater soil carbon sequestration. The plastic film 

mulching and drip irrigation (PFMDI), irrigation management 

resulted in consistently negative NECB values, indicating a 

carbon sink (Table 3). NECB ranged from -950 to -300 kg C ha-1, 

with an average of -670 ± 370 kg C ha-1 yr-1 from 2012 to 2016. 

Despite being a carbon sink, the carbon sequestration 

potential decreased over time, highlighting the need to 

optimize irrigation practices for long-term sustainability (67). 

 

Mulching 

Mulching management plays a crucial role in influencing the 

NECB in agricultural systems. In wheat, the straw mulching 

(SM) and ridge-furrow planting combined with plastic film and 

straw mulching (RFPS) showed the most positive impact, 

acting as carbon sinks with NECB values of +1180 and +1360 kg 

C ha-1 yr-1, respectively. These practices enhance soil carbon 

sequestration by improving soil structure and organic matter 

retention. In contrast, flat planting with plastic film mulching 

(PM) resulted inconsistent carbon sink, ranging from -410 to -

140 kg C ha-1 yr-1, indicating fluctuating carbon losses. The 

variability in PM’s effectiveness suggests that plastic mulch 

alone may not reliably support carbon balance goals. 

Conventional flat planting without mulching (CK) consistently 

acted as a carbon source, with an NECB of -390 kg C ha-1 yr-1. In 

an overall, mulching strategies that incorporate organic 

materials like straw are more effective in reducing carbon 

emissions. These findings support the adoption of integrated 

mulching techniques for sustainable carbon management in 

cropping systems. During 2018-2019, 2019-2020 and 2020-2021, 

the NECB under a plastic film-mulched ridge and straw-mulched 

furrow system was -800,                    -920 and -470 kg C ha-1, 

respectively in maize, indicating continued carbon loss (53). 

Comparatively, the RFPS treatment in wheat, with an NECB of 

+1360 kg C ha-1 yr-1, proved to be the most effective mulching 

practice for enhancing soil carbon sequestration. 

Nutrient management 

The nutrient management in maize represented the NECB value 

of 2879 kg C ha-1 yr-1 (Table 3), indicating a significant net carbon 

sequestration (50). The negative values of net ecosystem C 

budget for efficient (-4040 kg C ha-1) and inefficient (-4940 kg C    

ha-1) decision making units revealed that these ecosystems act 

as net C source. The average efficiency of 870 ± 20 revealed that 

~13 % of total energy input could be saved without any impact 

on cotton productivity and environment. These results underpin 

the overwhelming significance of intensified extension efforts for 

efficient use of chemical fertilizers and discouraging farmers 

from unwarranted use of biocides in cotton in the north-western 

India (21). Data presented in Table. 3 compares soil GHG fluxes 

and (WFPS, temperature, mineral N) between forest and 

sugarcane plantations under different fertilizer management of 

monthly intervals (forest) and intensively (sugarcane) from May 

2019 to June 2020. Four forest plots and 12 sugarcane plots 

across three fertilization levels (low, standard, high) were 

studied. Despite improved SOC sequestration and lower N₂O 

emissions under sugarcane with fertilizer management, 

conversion led to a net soil C loss. This loss (-760 kg C ha-1 yr-1) 

was mainly due to increased CO₂ efflux and reduced CH₄ uptake 

(70). Compared to maize, where nutrient management led to 

significant carbon sequestration (NECB: 2879 kg C ha-1 yr-1), 

sugarcane under fertilizer management still showed a net 

carbon loss (-760 kg C ha-1 yr-1). This highlights the greater 
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potential of optimized nutrient management in maize for 

enhancing ecosystem carbon balance. 

Conservation tillage and reduced soil disturbance 

The nutrient management practices in maize employed in 

2010 were highly effective in promoting carbon storage in the 

ecosystem (Table 3). The effect of best management practices 

like conservation tillage on soil carbon sequestration remains 

unclear. The No-Tillage with Straw Retention (NT-SR) and 

Conventional Tillage with Straw Retention (CT-SR) systems 

recorded the highest NECB values, of 15746 kg C ha-1 and 15700 

kg C ha-1, respectively. An integrated straw-tillage 

management is therefore an efficient and feasible way to 

maintain high maize productivity and carbon sustainability 

(59). The data presented suggests that sunflower crop 

incorporated organic matter through tillage (either ploughing 

or rotary tillage) is beneficial. However, the differences 

between ploughing and rotary tillage are relatively small, 

indicating that either method can be effective. Straw-derived 

biochar showed the highest sequestration at 11570.9 kg C ha-1 

(2017) in SB (straw-derived biochar), while control plots 

dropped as low as -19.9 kg C ha-1 (2019), indicating carbon loss 

(84). 

Organic amendments and residue management 

The use of organic amendments clearly demonstrates their 
positive impact on soil carbon dynamics and productivity (Table 

3). Application organic inputs, especially straw-derived biochar 

(SB), showed the highest NECB (11570.9 kg C ha-1) and the lowest 

NGWP (-50189.8 ± 1627.3 kg CO₂ eq ha-1) in 2017, along with high 

NPP values ranging from 13743.2 ± 346.7 to 16180.4 ± 427.5 kg      

ha-1. If biochar application is not feasible, straw return with 

ploughing (SP) or straw return with rotary tillage (SR) still 

improved NECB and NPP over the control (84). These practices 

showed consistent benefits from 2017 to 2019, highlighting the 

value of regular organic matter inputs. Balancing carbon 

sequestration with NPP ensures soil improvement without 

compromising yield, especially under saline-alkali, arid 

conditions. 

 

Conclusion 

The NECB across various croplands reveals significant 

variability in carbon dynamics, emphasizing the complex 

interplay between crop types, management practices and 

environmental factors. Rice, maize, cotton and sunflower 

cropland systems usually act as carbon sinks, meaning they 

absorb more carbon than they release. In contrast, wheat and 

sugarcane fields often show mixed results and can sometimes 

release more carbon. Farming methods play a key role in these 

techniques like water-saving irrigation in rice, conservation 

tillage in maize and using organic materials like biochar in 

different crops can help increase carbon storage in the soil. The 

study highlights the importance of balancing productivity with 

carbon storage, as exemplified by the positive impacts of 

nutrient management strategies on both yield and net 

ecosystem carbon balance (NECB). Methodological 

approaches, including eddy covariance techniques, chamber 

methods and crop models provide complementary insights 

though standardization of NECB calculations would improve 

cross-study comparability. Year-to-year variations in NECB 

underscore the necessity for long-term studies to capture the 

full spectrum of cropland carbon dynamics. The research 

suggests that optimizing NECB can contribute substantially to 

climate change mitigation while maintaining agricultural 

productivity. However, the wide range of NECB values 

observed across different crops and management scenarios 

ranging from -26460 ± 4587 to 22500 kg C ha-1 emphasizes the 

need for site-specific strategies. The potential for croplands to 

serve as carbon sinks is evident, but realizing this potential 

requires tailored approaches that consider local climate 

conditions, soil properties and farming practices. As agriculture 

faces the dual challenges of feeding a growing population and 

mitigating climate change, the insights gained from this NECB 

analysis provide valuable guidance for developing sustainable 

farming practices. Future research should focus on refining our 

understanding on the mechanisms driving NECB variations 

and developing innovative management techniques to 

optimize carbon sequestration across diverse agricultural 

ecosystems. 

 

Acknowledgements  

I sincerely thank the Chairman and the advisory members for 
their valuable feedback and constructive suggestions on my 

manuscript. Their guidance and insightful comments have 

significantly contributed to improving the quality of this work. 

 

Authors' contributions 

RR wrote the manuscript. PC provided guidance in writing the 

manuscript. PS, KS and TS reviewed the manuscript. All 

authors read and approved the final version of the manuscript. 

 

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of 

interests to declare. 

Ethical issues: None 

 

References 

1. Singh P, Benbi DK, Verma G. Nutrient management impacts on 
nutrient use efficiency and energy, carbon and net ecosystem 

economic budget of a rice-wheat cropping system in Northwestern 
India. J Soil Sci Plant Nutr. 2021;21(1):559-77. https://

doi.org/10.1007/s42729-020-00383-y  

2. Yokamo S, Milinga AS, Suefo B. Alternative fertilization approaches 
in enhancing crop productivity and nutrient use efficiency: A review. 

Arch Agric Environ Sci. 2023;8(2):244-9. https://
doi.org/10.26832/24566632.2023.0802022 

3. Lokupitiya E, Denning AS, Schaefer K, Ricciuto D, Anderson R, Arain 
MA, et al. Carbon and energy fluxes in cropland ecosystems: a 
model-data comparison. Biogeochemistry. 2016;129:53-76. https://

doi.org/10.1007/s10533-016-0219-3  

4. Boryan C, Yang Z, Mueller R, Craig M. Monitoring US agriculture: the 
US department of agriculture, national agricultural statistics 

service, cropland data layer program. Geocarto Int. 2011;26(5):341-
58. https://doi.org/10.1080/10106049.2011.562309  

5. Alzara M, Yosri AM, Alruwaili A, Cuce E, Eldin SM, Ehab A. Dynamo 
script and a BIM-based process for measuring embodied carbon in 
buildings during the design phase. Int J Low-Carbon Technol. 

https://doi.org/10.1007/s42729-020-00383-y
https://doi.org/10.1007/s42729-020-00383-y
https://doi.org/10.26832/24566632.2023.0802022
https://doi.org/10.26832/24566632.2023.0802022
https://doi.org/10.1007/s10533-016-0219-3
https://doi.org/10.1007/s10533-016-0219-3
https://doi.org/10.1080/10106049.2011.562309


REBECCA ET AL  12     

https://plantsciencetoday.online 

2023;18:943-55. https://doi.org/10.1093/ijlct/ctad053  

6. Ceschia E, Béziat P, Dejoux JF, Aubinet M, Bernhofer C, Bodson B, et 
al. Management effects on net ecosystem carbon and GHG budgets 

at European crop sites. Agric Ecosyst Environ. 2010;139(3):363-83. 
https://doi.org/10.1016/j.agee.2010.09.020  

7. He C, Shu C, Zou J, Li Y. Does the low-carbon construction of cities in 
China reduce carbon emission intensity? Int J Low-Carbon Technol. 
2023;18:253-64. https://doi.org/10.1093/ijlct/ctac131  

8. de la Motte LG, Mamadou O, Beckers Y, Bodson B, Heinesch B, 
Aubinet M. Rotational and continuous grazing does not affect the 
total net ecosystem exchange of a pasture grazed by cattle but 

modifies CO2 exchange dynamics. Agric Ecosyst Environ. 
2018;253:157-65. https://doi.org/10.1016/j.agee.2017.11.011  

9. Onyelowe KC, Ebid AM, de Jesús Arrieta Baldovino J, Onyia ME. 
Hydraulic conductivity predictive model of RHA-ameliorated 
laterite for solving landfill liner leachate, soil and water 

contamination and carbon emission problems. Int J Low-Carbon 

Technol. 2022;17:1134-44. https://doi.org/10.1093/ijlct/ctac077  

10. Wei D, Zhang Y, Gao T, Wang L, Wang X. Reply to Song and Wang: 
Terrestrial CO2 sink dominates net ecosystem carbon balance of 
the Tibetan Plateau. Proc Natl Acad Sci USA. 2021;118

(46):e2116631118. https://doi.org/10.1073/pnas.2116631118  

11. Jiang F, Ju W, He W, Wu M, Wang H, Wang J, et al. A ten-year global 
monthly averaged terrestrial NEE inferred from the ACOS GOSAT v9 

XCO₂ retrievals (GCAS2021). Earth Syst Sci Data Discuss. 2022:1-38. 

https://doi.org/10.5194/essd-2022-15  

12. Beckebanze L, Runkle BR, Walz J, Wille C, Holl D, Helbig M, et al. 
Lateral carbon export has low impact on the net ecosystem carbon 
balance of a polygonal tundra catchment. Biogeosciences. 2022;19

(16):3863-76. https://doi.org/10.5194/bg-19-3863-2022  

13. Fernández-Rodríguez D, Fangueiro DP, Peña Abades D, Albarrán Á, 
Rato-Nunes JM, Martín-Franco C, et al. Effects of combined use of 

olive mill waste compost and sprinkler irrigation on GHG emissions 

and net ecosystem carbon budget under different tillage systems. 
Plants. 2022;11(24):3454. https://doi.org/10.3390/plants11243454  

14. Ishtiaq KS, Troxler TG, Lamb-Wotton L, Wilson BJ, Charles SP, Davis 
SE, et al. Modeling net ecosystem carbon balance and loss in 

coastal wetlands exposed to sea-rise and saltwater intrusion. Ecol 

Appl. 2022;32(8):e2702. https://doi.org/10.1002/eap.2702  

15. Bradford MA, Eash L, Polussa A, Jevon FV, Kuebbing SE, Hammac 
WA, et al. Testing the feasibility of quantifying change in agricultural 

soil carbon stocks through empirical sampling. Geoderma. 
2023;440:116719. https://doi.org/10.1016/j.geoderma.2023.116719  

16. Emmons LK, Walters S, Hess PG, Lamarque JF, Pfister GG, Fillmore 
D, et al. Description and evaluation of the Model for Ozone and 

Related chemical Tracers, version 4 (MOZART-4). Geosci Model Dev. 

2010;3(1):43-67. https://doi.org/10.5194/gmd-3-43-2010  

17. Whitaker JS, Hamill TM. Ensemble data assimilation without 
perturbed observations. Mon Weather Rev. 2002;130(7):1913-24. 

https://doi.org/10.1175/1520-0493(2002)
130<1913:EDAWPO>2.0.CO;2  

18. Fan L, Wigneron JP, Ciais P, Chave J, Brandt M, Sitch S, et al. 
Siberian carbon sink reduced by forest disturbances. Nat Geosci. 

2023;16(1):56-62. https://doi.org/10.1038/s41561-022-01087-x  

19. Chi Y, Wu Y, Wang K, Ren Y, Ye H, Yang S, et al. Quantification of 
uncertainty in short-term tropospheric column density risks for a 

wide range of carbon monoxide. J Environ Manage. 

2024;370:122725. https://doi.org/10.1016/j.jenvman.2024.122725  

20. Singh P, Benbi DK. Response of nutrient management practices on 
carbon mineralization in relation to changed soil biology under rice-
wheat cropping in north-western India. Proc Indian Natl Sci Acad. 

2024:1-17. https://doi.org/10.1007/s43538-024-00250-9  

21. Singh G, Singh P, Sodhi GPS. Assessment and analysis of 
agricultural technology adoption in cotton (Gossypium hirsutum L.) 

cultivation in southwestern Punjab. Agric Res J. 2021;58(2). https://

doi.org/10.5958/2395-146X.2021.00047.8  

22. Khosa MK, Sidhu B, Benbi D. Methane emission from rice fields in 
relation to management of irrigation water. J Environ Biol. 2011;32
(2):169-72. 

23. Shang Q, Yang X, Gao C, Wu P, Liu J, Xu Y, et al. Net annual global 
warming potential and greenhouse gas intensity in Chinese double 
rice-cropping systems: a 3-year field measurement in long-term 

fertilizer experiments. Glob Chang Biol. 2011;17(6):2196-210. 

https://doi.org/10.1111/j.1365-2486.2010.02374.x  

24. Singh P, Benbi DK. Soil organic carbon pool changes in relation to 
slope position and land-use in Indian lower Himalayas. Catena. 
2018;166:171-80. https://doi.org/10.1016/j.catena.2018.04.006  

25. Bhatia M, Meenakshi N, Kaur P, Dhir A. Digital technologies and 
carbon neutrality goals: An in-depth investigation of drivers, 
barriers and risk mitigation strategies. J Clean Prod. 

2024;451:141946. https://doi.org/10.1016/j.jclepro.2024.141946  

26. Singh P, Benbi DK. Nutrient management effects on organic carbon 
pools in a sandy loam soil under rice-wheat cropping. Arch Agron 

Soil Sci. 2018;64(13):1879-91. https://
doi.org/10.1080/03650340.2018.1465564  

27. Huang Y, Zhang W, Sun W, Zheng X. Net primary production of 
Chinese croplands from 1950 to 1999. Ecol Appl. 2007;17(5):1385-92. 
https://doi.org/10.1890/05-1792  

28. Kavya S, Rani B, Banu M, Jabin P. Carbon sequestration and 
stabilisation mechanisms in the agricultural soils: A review. Int J 
Plant Soil Sci. 2023;35:79-94. https://doi.org/10.9734/ijpss/2023/

v35i132991  

29. Benbi DK, Toor A, Brar K, Dhall C. Soil respiration in relation to 
cropping sequence, nutrient management and environmental 

variables. Arch Agron Soil Sci. 2020;66(13):1873-87. https://
doi.org/10.1080/03650340.2019.1701188  

30. Banu M, Rani B, Kavya S, Jabin PN. Biochar: A black carbon for 
sustainable agriculture. Int J Environ Clim Change. 2023;13(6):418-
32. https://doi.org/10.9734/ijecc/2023/v13i61840  

31. Bandyopadhyay PK. Functional behaviour of soil physical 
parameters for regulating organic C pools. In: Carbon management 
in tropical and sub-tropical terrestrial systems. Singapore: Springer 

Singapore; 2019. p. 233-47. https://doi.org/10.1007/978-981-13-
9628-1_14  

32. Li L, Li X, Sun Y, Xie Y. Rational design of electrocatalytic carbon 
dioxide reduction for a zero-carbon network. Chem Soc Rev. 
2022;51(4):1234-52. https://doi.org/10.1039/d1cs00893e  

33. Luyssaert S, Ciais P, Piao SL, Schulze ED, Jung M, Zaehle S, et al. The 
European carbon balance. Part 3: forests. Glob Change Biol. 2010;16
(5):1429-50. https://doi.org/10.1111/j.1365-2486.2009.02056.x  

34. Gao Y, Wang M, Jiang L, Zhao XF, Gao F, Zhao H. Dynamics of carbon 
budget and meteorological factors of a typical maize ecosystem in 
Songnen Plain, China. Span J Agric Res. 2023;21(4):4. https://

doi.org/10.5424/sjar/2023214-20226  

35. Smith P, Lanigan G, Kutsch WL, Buchmann N, Eugster W, Aubinet M, 
et al. Measurements necessary for assessing the net ecosystem 

carbon budget of croplands. Agric Ecosyst Environ. 2010;139(3):302-
15. https://doi.org/10.1016/j.agee.2010.04.004  

36. Gao Y, Tian J, Pang Y, Liu J. Soil inorganic carbon sequestration 
following afforestation is probably induced by pedogenic 
carbonate formation in Northwest China. Front Plant Sci. 

2017;8:1282. https://doi.org/10.3389/fpls.2017.01282  

37. Haque MM, Biswas JC, Kim SY, Kim PJ. Intermittent drainage in 
paddy soil: ecosystem carbon budget and global warming 

potential. Paddy Water Environ. 2017;15:403-11. https://
doi.org/10.1007/s10333-016-0558-7  

38. Xin F, Xiao X, Dong J, Zhang G, Zhang Y, Wu X, et al. Large increases 
of paddy rice area, gross primary production, and grain production 

https://plantsciencetoday.online
https://doi.org/10.1093/ijlct/ctad053
https://doi.org/10.1016/j.agee.2010.09.020
https://doi.org/10.1093/ijlct/ctac131
https://doi.org/10.1016/j.agee.2017.11.011
https://doi.org/10.1093/ijlct/ctac077
https://doi.org/10.1073/pnas.2116631118
https://doi.org/10.5194/essd-2022-15
https://doi.org/10.5194/bg-19-3863-2022
https://doi.org/10.3390/plants11243454
https://doi.org/10.1002/eap.2702
https://doi.org/10.1016/j.geoderma.2023.116719
https://doi.org/10.5194/gmd-3-43-2010
https://doi.org/10.1175/1520-0493(2002)130%3c1913:EDAWPO%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130%3c1913:EDAWPO%3e2.0.CO;2
https://doi.org/10.1038/s41561-022-01087-x
https://doi.org/10.1016/j.jenvman.2024.122725
https://doi.org/10.1007/s43538-024-00250-9
https://doi.org/10.5958/2395-146X.2021.00047.8
https://doi.org/10.5958/2395-146X.2021.00047.8
https://doi.org/10.1111/j.1365-2486.2010.02374.x
https://doi.org/10.1016/j.catena.2018.04.006
https://doi.org/10.1016/j.jclepro.2024.141946
https://doi.org/10.1080/03650340.2018.1465564
https://doi.org/10.1080/03650340.2018.1465564
https://doi.org/10.1890/05-1792
https://doi.org/10.9734/ijpss/2023/v35i132991
https://doi.org/10.9734/ijpss/2023/v35i132991
https://doi.org/10.1080/03650340.2019.1701188
https://doi.org/10.1080/03650340.2019.1701188
https://doi.org/10.9734/ijecc/2023/v13i61840
https://doi.org/10.1007/978-981-13-9628-1_14
https://doi.org/10.1007/978-981-13-9628-1_14
https://doi.org/10.1039/d1cs00893e
https://doi.org/10.1111/j.1365-2486.2009.02056.x
https://doi.org/10.5424/sjar/2023214-20226
https://doi.org/10.5424/sjar/2023214-20226
https://doi.org/10.1016/j.agee.2010.04.004
https://doi.org/10.3389/fpls.2017.01282
https://doi.org/10.1007/s10333-016-0558-7
https://doi.org/10.1007/s10333-016-0558-7


13 

Plant Science Today, ISSN 2348-1900 (online) 

in Northeast China during 2000-2017. Sci Total Environ. 

2020;711:135183. https://doi.org/10.1016/j.scitotenv.2019.135183  

39. Nabavi-Pelesaraei A, Rafiee S, Mohtasebi SS, Hosseinzadeh-
Bandbafha H, Chau KW. Comprehensive model of energy, 
environmental impacts and economic in rice milling factories by 

coupling adaptive neuro-fuzzy inference system and life cycle 

assessment. J Clean Prod. 2019;217:742-56. https://
doi.org/10.1016/j.jclepro.2019.01.228  

40. Li W, Zhang S, Lu C. Exploration of China's net CO₂ emissions 

evolutionary pathways by 2060 in the context of carbon neutrality. 
Sci Total Environ. 2022;831:154909. https://doi.org/10.1016/

j.scitotenv.2022.154909  

41. Neogi S, Bhattacharyya P, Nayak A. Characterization of carbon 
dioxide fluxes in tropical lowland flooded rice ecology. Paddy Water 

Environ. 2021;19(3):539-52. https://doi.org/10.1007/s10333-021-
00853-8  

42. Mandal UK, Bhardwaj AK, Lama TD, Nayak DB, Samui A, Burman D, 

et al. Net ecosystem exchange of carbon, greenhouse gases, and 
energy budget in coastal lowland double cropped rice ecology. Soil 

Tillage Res. 2021;212:105076. https://doi.org/10.1016/
j.still.2021.105076 

43. Bhattacharyya P, Neogi S, Roy KS, Dash PK, Tripathi R, Rao KS. Net 

ecosystem CO₂ exchange and carbon cycling in tropical lowland 
flooded rice ecosystem. Nutr Cycl Agroecosyst. 2013;95:133-44. 

https://doi.org/10.1007/s10705-013-9553-1  

44. Haque MM, Biswas J, Hwang HY, Kim P. Annual net carbon budget 
in rice soil. Nutr Cycl Agroecosyst. 2020;116:31-40. https://

doi.org/10.1007/s10705-019-10029-w  

45. Food and Agriculture Organisation. Statistics; 2018. http://
www.fao.org/faostat/en/#data. QC/visualize. https://

doi.org/10.4060/cc2211en 

46. Fan Y, Wei F. Contributions of natural carbon sink capacity and 
carbon neutrality in the context of net-zero carbon cities: a case 

study of Hangzhou. Sustainability. 2022;14(5):2680. https://
doi.org/10.3390/su14052680  

47. Cassman KG, Harwood RR. The nature of agricultural systems: food 
security and environmental balance. Food Policy. 1995;20(5):439-

54. https://doi.org/10.1016/0306-9192(95)00037-F  

48. Rosenzweig T. Greenhouse gas optimization across a multi-echelon 
manufacturing and distribution network [dissertation]. Cambridge 

(MA): Massachusetts Institute of Technology; 2024.  

49. Ruane AC, McDermid S, Rosenzweig C, Baigorria GA, Jones JW, 
Romero CC, et al. Carbon-temperature-water change analysis for 

peanut production under climate change: a prototype for the AgMIP 
Coordinated Climate-Crop Modeling Project (C3MP). Glob Change 

Biol. 2014;20(2):394-407. https://doi.org/10.1111/gcb.12412  

50. Pique G, Fieuzal R, Al Bitar A, Veloso A, Tallec T, Brut A, et al. 
Estimation of daily CO₂ fluxes and of the components of the carbon 

budget for winter wheat by the assimilation of Sentinel 2-like 

remote sensing data into a crop model. Geoderma. 
2020;376:114428. https://doi.org/10.1016/j.geoderma.2020.114428  

51. Duchemin G, Jorissen FJ, Le Loc'h F, Andrieux-Loyer F, Hily C, 
Thouzeau G. Seasonal variability of living benthic foraminifera from 

the outer continental shelf of the Bay of Biscay. J Sea Res. 2008;59

(4):297-319. https://doi.org/10.1016/j.seares.2008.03.006  

52. Singh P, Benbi DK. Nutrient management impacts on net 
ecosystem carbon budget and energy flow nexus in intensively 

cultivated cropland ecosystems of north-western India. Paddy 
Water Environ. 2020;18(4):697-715. https://doi.org/10.1007/s10333-

020-00812-9  

53. Luo X, Li C, Lin N, Wang N, Chu X, Feng H, et al. Plastic film-mulched 
ridges and straw-mulched furrows increase soil carbon 

sequestration and net ecosystem economic benefit in a wheat-
maize rotation. Agric Ecosyst Environ. 2023;344:108311. https://

doi.org/10.1016/j.agee.2022.108311  

54. Chi J, Maureira F, Waldo S, Pressley SN, Stöckle CO, O'Keeffe PT, et 
al. Carbon and water budgets in multiple wheat-based cropping 

systems in the Inland Pacific Northwest US: comparison of CropSyst 
simulations with eddy covariance measurements. Front Ecol Evol. 

2017;5:50. https://doi.org/10.3389/fevo.2017.00050  

55. Kumar R, Srinivas K, Sivaramane N. Assessment of the maize 
situation, outlook and investment opportunities in India. 

Hyderabad (India): National Academy of Agricultural Research 

Management; 2013. p. 133. https://doi.org/10.13140/2.1.3081.8089  

56. Indian Institute of Maize Research. 59th Annual Maize Workshop 
Report. Pusa Campus; 2016. 

57. Zhang Q, Lei HM, Yang DW, Xiong L, Fang B. Carbon budget 
assessment of an irrigated wheat and maize rotation cropland with 

high groundwater table in the North China Plain. Biogeosciences 
Discuss. 2016;1-52. https://doi.org/10.5194/bg-2016-484  

58. Zhang W, Qiao Y, Lakshmanan P, Yuan L, Liu J, Zhong C, et al. 
Combing public-private partnership and large-scale farming 
increased net ecosystem carbon budget and reduced carbon 

footprint of maize production. Resour Conserv Recycl. 
2022;184:106411. https://doi.org/10.1016/j.resconrec.2022.106411  

59. Zhang W, Li H, Liang L, Wang S, Lakshmanan P, Jiang Z, et al. An 
integrated straw-tillage management increases maize crop 
productivity, soil organic carbon, and net ecosystem carbon 

budget. Agric Ecosyst Environ. 2022;340:108175. https://

doi.org/10.1016/j.agee.2022.108175  

60. Hollinger SE, Bernacchi CJ, Meyers TP. Carbon budget of mature no-
till ecosystem in North Central Region of the United States. Agric For 
Meteorol. 2005;130(1-2):59-69. https://doi.org/10.1016/

j.agrformet.2005.01.005  

61. Verma SB, Dobermann A, Cassman KG, Walters DT, Knops JM, 
Arkebauer TJ, et al. Annual carbon dioxide exchange in irrigated 

and rainfed maize-based agroecosystems. Agric For Meteorol. 

2005;131(1-2):77-96. https://doi.org/10.1016/
j.agrformet.2005.05.003  

62. Han GX, Zhou GS, Xu ZZ. Seasonal dynamics of soil respiration and 
preliminary estimation of carbon budget in maize farmland 

ecosystem. Chin J Eco-Agric. 2009;17(5):874-9. https://

doi.org/10.3724/SP.J.1011.2009.00874  

63. Liang Z, Du J, Yu W, Zhuo K, Shao K, Zhang W, et al. Evaluating 
maize residue cover using machine learning and remote sensing in 

the meadow soil region of Northeast China. Remote Sens. 2024;16
(21):3953. https://doi.org/10.3390/rs16213953  

64. Ye H, Jiang H, Li R. Study on carbon exchange of a maize 
agroecosystem during growing seasons in Northeast China. J Maize 

Res Dev. 2022;30(1):77-85. 

65. Guarenghi MM, Garofalo DF, Seabra JE, Moreira MM, Novaes RM, 
Ramos NP, et al. Land use change net removals associated with 

sugarcane in Brazil. Land. 2023;12(3):584. https://doi.org/10.3390/

land12030584  

66. de Amorim FR, Patino MTO. Costs of soil preparation and sugarcane 
planting systems: differences between independent suppliers and 
sugar mills. Rev Estud Debate. 2022;29(4). https://doi.org/10.22410/

issn.1983-036X.v29i4a2022.3124  

67. Ming G, Hu H, Tian F, Khan MYA, Zhang Q. Carbon budget for a 
plastic-film mulched and drip-irrigated cotton field in an oasis of 

Northwest China. Agric For Meteorol. 2021;306:108447. https://

doi.org/10.1016/j.agrformet.2021.108447  

68. Tigre MA. The ‘Fair Share’ of climate mitigation: Can litigation 
increase national ambition for Brazil? J Hum Rights Pract. 2024;16
(1):25-46. https://doi.org/10.1093/jhuman/huad032  

69. Cabral OM, Freitas HC, Cuadra SV, de Andrade CA, Ramos NP, 
Grutzmacher P, et al. The sustainability of a sugarcane plantation in 
Brazil assessed by the eddy covariance fluxes of greenhouse gases. 

https://doi.org/10.1016/j.scitotenv.2019.135183
https://doi.org/10.1016/j.jclepro.2019.01.228
https://doi.org/10.1016/j.jclepro.2019.01.228
https://doi.org/10.1016/j.scitotenv.2022.154909
https://doi.org/10.1016/j.scitotenv.2022.154909
https://doi.org/10.1007/s10333-021-00853-8
https://doi.org/10.1007/s10333-021-00853-8
https://doi.org/10.1016/j.still.2021.105076
https://doi.org/10.1016/j.still.2021.105076
https://doi.org/10.1007/s10705-013-9553-1
https://doi.org/10.1007/s10705-019-10029-w
https://doi.org/10.1007/s10705-019-10029-w
https://doi.org/10.4060/cc2211en
https://doi.org/10.4060/cc2211en
https://doi.org/10.3390/su14052680
https://doi.org/10.3390/su14052680
https://doi.org/10.1016/0306-9192(95)00037-F
https://doi.org/10.1111/gcb.12412
https://doi.org/10.1016/j.geoderma.2020.114428
https://doi.org/10.1016/j.seares.2008.03.006
https://doi.org/10.1007/s10333-020-00812-9
https://doi.org/10.1007/s10333-020-00812-9
https://doi.org/10.1016/j.agee.2022.108311
https://doi.org/10.1016/j.agee.2022.108311
https://doi.org/10.3389/fevo.2017.00050
https://doi.org/10.13140/2.1.3081.8089
https://doi.org/10.5194/bg-2016-484
https://doi.org/10.1016/j.resconrec.2022.106411
https://doi.org/10.1016/j.agee.2022.108175
https://doi.org/10.1016/j.agee.2022.108175
https://doi.org/10.1016/j.agrformet.2005.01.005
https://doi.org/10.1016/j.agrformet.2005.01.005
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.1016/j.agrformet.2005.05.003
https://doi.org/10.3724/SP.J.1011.2009.00874
https://doi.org/10.3724/SP.J.1011.2009.00874
https://doi.org/10.3390/rs16213953
https://doi.org/10.3390/land12030584
https://doi.org/10.3390/land12030584
https://doi.org/10.22410/issn.1983-036X.v29i4a2022.3124
https://doi.org/10.22410/issn.1983-036X.v29i4a2022.3124
https://doi.org/10.1016/j.agrformet.2021.108447
https://doi.org/10.1016/j.agrformet.2021.108447
https://doi.org/10.1093/jhuman/huad032


REBECCA ET AL  14     

https://plantsciencetoday.online 

Agric For Meteorol. 2020;282:107864. https://doi.org/10.1016/

j.agrformet.2019.107864  

70. Tamale J, Van Straaten O, Hüppi R, Turyagyenda LF, Fiener P, 
Doetterl S. Soil greenhouse gas fluxes following conversion of 
tropical forests to fertilizer-based sugarcane systems in 

northwestern Uganda. Agric Ecosyst Environ. 2022;333:107953. 

https://doi.org/10.1016/j.agee.2022.107953  

71. Patel N, Pokhariyal S, Chauhan P, Dadhwal V. Dynamics of CO₂ 
fluxes and controlling environmental factors in sugarcane (C4)-

wheat (C3) ecosystem of dry sub-humid region in India. Int J 
Biometeorol. 2021;65:1069-84. https://doi.org/10.1007/s00484-021-

02088-y  

72. Agbenyegah BK. Cotton: Outlook to 2016-17. Agric Commod. 2012;2
(1):59-64. 

73. Barwale R, Gadwal V, Zehr U, Zehr B. Prospects for Bt cotton 
technology in India. AgBioForum. 2004;7(1&2): 23-26 

74. Mayee CD, Monga D, Dhillon SS, Nehra PL, Pundhir P. Asia-Pacific 
Association of Agricultural Research Institutions. Bangkok, 
Thailand; 2008:48.  

75. Thorp KR, Hunsaker DJ, Bronson KF, Andrade-Sanchez P, Barnes 
EM. Cotton irrigation scheduling using a crop growth model and 
FAO-56 methods: Field and simulation studies. Trans ASABE. 

2017;60(6):2023-39. https://doi.org/10.13031/trans.12323  

76. Blaise D, Kranthi K. Cotton production in India. In: Cotton 
production. Hoboken (NJ): Wiley; 2019. p. 193-215. https://

doi.org/10.1002/9781119385523.ch10  

77. Ton P, Asterine A, Knappa M. Cotton and climate change—Impacts 
and options to adapt. EGU Gen Assem. 2012;421. 

78. Wang K, Wang S, Zhu R, Miao L, Peng Y. Advanced nitrogen removal 

from landfill leachate without addition of external carbon using a 
novel system coupling ASBR and modified SBR. Bioresour Technol. 

2013;134:212-8. https://doi.org/10.1016/j.biortech.2013.02.017  

79. Prescher A-K, Grünwald T, Bernhofer C. Land use regulates carbon 
budgets in eastern Germany: From NEE to NBP. Agric For Meteorol. 

2010;150(7-8):1016-25. https://doi.org/10.1016/
j.agrformet.2010.03.008  

80. Singh P, Benbi DK. Modeling soil organic carbon with DNDC and 

RothC models in different wheat-based cropping systems in north-
western India. Commun Soil Sci Plant Anal. 2020;51(9):1184-203. 

https://doi.org/10.1080/00103624.2020.1751850  

81. Grant RF, Arkebauer TJ, Dobermann A, Hubbard KG, Schimelfenig 
TT, Suyker AE, et al. Net biome productivity of irrigated and rainfed 

maize-soybean rotations: modeling vs. measurements. Agron J. 

2007;99(6):1404-23. https://doi.org/10.2134/agronj2006.0308  

82. Pique G, Fieuzal R, Debaeke P, Al Bitar A, Tallec T, Ceschia E. 
Combining high-resolution remote sensing products with a crop 

model to estimate carbon and water budget components: 
application to sunflower. Remote Sens. 2020;12(18):2967. https://

doi.org/10.3390/rs12182967  

83. Pique G, Wijmert T, Fieuzal R, Ceschia E. Estimation of crop 
production, CO₂ fluxes and carbon budget using remote sensing: 

Application to winter wheat/sunflower rotations. Environ Sci Proc. 

2020. https://doi.org/10.3390/ecas2020-08141  

84. Hu M, Qu Z, Li Y, Xiong Y, Huang G. Contrasting effects of different 
straw return modes on net ecosystem carbon budget and carbon 
footprint in saline-alkali arid farmland. Soil Tillage Res. 

2024;239:106031. https://doi.org/10.1016/j.still.2024.106031  

85. Feng Y, Chen S, Zhang L. System dynamics modeling for urban 
energy consumption and CO₂ emissions: A case study of Beijing, 

China. Ecol Model. 2013;252:44-52. https://doi.org/10.1016/

j.ecolmodel.2012.09.008  

86. Béziat P, Ceschia E, Dedieu G. Carbon balance of a three crop 
succession over two cropland sites in South West France. Agric For 
Meteorol. 2009;149(10):1628-45. https://doi.org/10.1016/

j.agrformet.2009.05.004  

87. Duchemin B, Maisongrande P, Boulet G, Benhadj I. A simple algorithm 
for yield estimates: Evaluation for semi-arid irrigated winter wheat 

monitored with green leaf area index. Environ Model Softw. 2008;23

(7):876-92. https://doi.org/10.1016/j.envsoft.2007.10.003  

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://plantsciencetoday.online
https://doi.org/10.1016/j.agrformet.2019.107864
https://doi.org/10.1016/j.agrformet.2019.107864
https://doi.org/10.1016/j.agee.2022.107953
https://doi.org/10.1007/s00484-021-02088-y
https://doi.org/10.1007/s00484-021-02088-y
https://doi.org/10.13031/trans.12323
https://doi.org/10.1002/9781119385523.ch10
https://doi.org/10.1002/9781119385523.ch10
https://doi.org/10.1016/j.biortech.2013.02.017
https://doi.org/10.1016/j.agrformet.2010.03.008
https://doi.org/10.1016/j.agrformet.2010.03.008
https://doi.org/10.1080/00103624.2020.1751850
https://doi.org/10.2134/agronj2006.0308
https://doi.org/10.3390/rs12182967
https://doi.org/10.3390/rs12182967
https://doi.org/10.3390/ecas2020-08141
https://doi.org/10.1016/j.still.2024.106031
https://doi.org/10.1016/j.ecolmodel.2012.09.008
https://doi.org/10.1016/j.ecolmodel.2012.09.008
https://doi.org/10.1016/j.agrformet.2009.05.004
https://doi.org/10.1016/j.agrformet.2009.05.004
https://doi.org/10.1016/j.envsoft.2007.10.003
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

