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Agricultural intensification has contributed to rising greenhouse gas emissions, particularly carbon dioxide (CO,), highlighting the need for
management strategies that enhance carbon retention while maintaining crop productivity. Soil biostimulants that stimulate microbial activity
and plant growth may help improve carbon-use efficiency in agricultural systems. This study evaluated the effects of a microbial biostimulant
formulation on soil biological activity, carbon dynamics, and maize productivity. The research was conducted in three stages: (i) laboratory
incubation to assess microbial activity and soil respiration under different biostimulant dosages; (ii) field evaluation of CO, emissions in maize
cultivated with and without the biostimulant; and (iii) assessment of plant development and carbon retention in biomass during the crop cycle.
Biostimulant application increased microbial activity and plant biomass production, resulting in greater carbon retention in plant tissues. Although
soil respiration increased in treated soils, higher biomass production partially offset carbon losses by increasing carbon incorporation into plant
and microbial biomass. When emissions were analyzed relative to grain yield, the treated system showed improved carbon-use efficiency, with
lower CO, emissions per unit of grain produced compared with the control. These results suggest that microbial biostimulant applications may
contribute to climate-smart agricultural practices by enhancing soil biological functioning, improving crop productivity, and increasing carbon
retention in agroecosystems. However, long-term and multi-site studies are needed to better quantify net carbon balances and to assess the
broader climate mitigation potential of such approaches.
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INTRODUCTION

The contribution of agriculture to the intensification of the
anthropogenic greenhouse effect can be reduced through the
adoption of soil management systems capable of mitigating
greenhouse gas emissions. In this context, mitigation refers to
anthropogenic interventions aimed at reducing emissions or
enhancing greenhouse gas sinks. Interestin this topic has grown
considerably within the global scientific community. Given
the strong dependence of agricultural development and crop
productivity on climatic conditions, agriculture is among the
sectors most vulnerable to the impacts of climate change, with
potentially severe consequences for global food security [1, 2].
Although projections of rising temperatures and their
impacts on natural ecosystems and agroecosystems remain
anticipated
global temperatures, sea-level rise, more frequent periods

uncertain, consequences include increased

of water surplus and deficit, and shifts in regions suitable
for agricultural production. Considering the central role of
carbon dioxide (CO,) in the intensification of the greenhouse
effect, identifying strategies that reduce agricultural carbon
emissions while enhancing CO, fixation in crops is essential.

Soil organic carbon stocks are determined by the balance
between carbon inputs derived from photosynthesis (inflow)
and carbon losses through the oxidation of organic matter to
CO, by heterotrophic microorganisms (efflux) [3]. Therefore,
changes in soil organic carbon stocks can serve as indicators
of the effects of soil management practices, products,
and technologies on the net carbon balance of the soil-
atmosphere system.

Estimating net carbon fluxes—whether efflux or influx—
based on changes in soil organic carbon stocks is an
effective approach for evaluating the long-term impacts of
management systems on climate change mitigation. This
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method is recommended by the Intergovernmental Panel
on Climate Change (IPCC) for greenhouse gas inventories
in agricultural systems [4]. It is also considered a suitable
framework for assessing soil carbon sequestration under
regenerative agriculture systems, which may contribute to
certified emission reduction initiatives and carbon market
mechanisms.

Within this environmental context, regenerative agriculture
has emerged as a promising model for supporting food
production while reducing environmental impacts [5]. This
perspective has contributed to the development of so-called
low-carbon agriculture, which aims to reduce greenhouse
gas emissions associated with agricultural activities. Such
approaches have gained increasing attention within global
environmental policy discussions following international
agreements under the United Nations Framework Convention
on Climate Change, through which countries have committed
to reducing the environmental impacts of production systems.
Several studies have reported that soil and plant biostimulants
can enhance soil biological quality and crop productivity,
potentially increasing carbon incorporation into plant tissues
through greater biomass production [6-11]. Enhanced root
growth and shoot development may contribute to greater
carbon inputs into soil and plant systems, thereby influencing
carbon cycling in agroecosystems. However, the extent to
which such inputs affect net carbon emissions and carbon-
use efficiency under field conditions remains insufficiently
documented, particularly in commercial production systems.
Studies that quantify carbon dynamics through measurements
of soil CO, emissions and plant biomass production under
different management strategies are therefore essential for
evaluating the environmental performance of agricultural
systems. In this context, the present study aimed to assess
microbial activity and CO, emissions under laboratory and
field conditions in a maize cultivation system managed with
and without the application of microbial biostimulants.

MATERIAL AND METHODS

The study was conducted in three stages: (i) evaluation of
microbial activity stimulation using a soil-applied biostimulant
(SoilPlus®); (ii) assessment of field CO, emissions in maize
and foliar-applied biostimulants
(Soilplus® and FieldStim®); and (iii) evaluation of maize

cultivated with soil-
growth and carbon sequestration in plant tissues during
the crop cycle, with and without biostimulant application.
The products SoilPlus® and FieldStim® were supplied by
Penergetic International (Switzerland).

In the first stage, soil was collected from a grain production
area, sieved through a 2-mm mesh, and homogenized for
treatment preparation. Three treatments were evaluated:
(1) control (without biostimulant application); and (2)

soil application of the biostimulant at rates equivalent to
500, 1000, 1500, 2000, 2500, 3000, 3500, and 4000 g ha”,
combined with a foliar-applied biostimulant at 500 g ha™.
After incorporation of the products, soil samples (100 g at
80% of field capacity) were placed in airtight glass bottles,
with gas exchange allowed every 48 hours. Soil moisture was
maintained by adding water at seven-day intervals. After 45
days of incubation, basal respiration, p-glucosidase enzyme
activity, and microbial cell counts were evaluated.

Based on the results of the initial incubation tests, a selected
dosage was used for extended evaluation of biological activity
and basal respiration over a 150-day incubation period. Basal
soil respiration was determined following the methodology
described by Francioni et al. [12]. Gas emissions were
quantified using an adaptation of the method proposed by
Courtois et al. [13], employing a LI-COR Biosciences-based
sensor coupled to sealed glass incubation chambers. Results
were expressed as kilograms of carbon in the form of CO,
per hectare per day. B-glucosidase activity was measured
according to Tabatabai [14], using colorimetric determination
of p-nitrophenol released after incubation with p-nitrophenyl-
B-D-glucopyranoside. Microbial cell counts were performed
using the colony-forming unit (CFU) method described by
Bakken and Olsen [15].

Following the laboratory phase, the second and third stages
were conducted in a maize field located at the experimental
area of Biomonte Research and Development in Santa Maria,
Rio Grande do Sul State, Brazil. The experiment followed a
randomized block design with split plots. The maize hybrid
used was DKB235PRO3, sown at a population density of
75,000 plants ha™.

Fertilization was based on soil chemical analysis and
followed regional recommendations for maize cultivation.
At sowing, 185 kg ha' of a 15-20-20 (N-P-K) formulation was
applied, supplying phosphorus (P,0,) and potassium (K,0).
Supplemental nitrogen fertilization (urea) was applied at a
rate of 20 kg N ha at the BBCH 15 growth stage.
Experimental into two treatments:
(1) control and (2)
biostimulant treatment consisting of soil application at 2750
g ha™ applied 15 days before sowing, followed by a single

units were divided
(without biostimulant application);

foliar application at 500 g ha™ at the BBCH 14 growth stage.
The following parameters were evaluated: root and shoot
dry mass (45 and 120 days after emergence) and basal soil
respiration (45 and 120 days after emergence). In situ soil
respiration was determined using gas capture chambers
adapted from the laboratory incubation method. Data were
subjected to analysis of variance (ANOVA), and means were
compared using Tukey's test at the 5% significance level with
the SISVAR statistical software [16].
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RESULTS AND DISCUSSION

The stimulation of microbial activity induced by the SoilPlus® biostimulant followed a dose-response relationship. Based on
the mathematical models fitted to the response curves of the different treatments, maximum efficiency was observed at an
application rate of 2750 g ha (Figure 1).

Figure 1. Biological activity assessed by the activity of the -glucosidase enzyme in soil incubated in the different dosage in the
biostimulant. Comparative results to control treatment.
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Based on previous knowledge and earlier studies, this dose-response relationship appears to be related to the initial biological
quality of the soil. Soils with higher baseline biological activity may require lower application rates to stimulate microbial
processes, whereas soils with lower biological quality may require higher dosages to achieve comparable responses. However,
the greater microbial activity observed with the powdered formulation did not correspond to higher CO, emissions under
controlled conditions (Figure 2).

Figure 2. Carbon emission in the C-CO, form in different treatments in incubated soil tests.
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Microbial activity in soil is closely linked to basal soil respiration (CO, emissions) [3,17-19]. Several authors emphasize the
importance of considering both carbon efflux (emission) and influx (retention) processes within soil-plant systems. Stimulation
of the soil microbiota may lead to either increased carbon emission or enhanced carbon retention, as part of the carbon that
would otherwise be released into the atmosphere can be incorporated into newly formed microbial cells through microbial
growth or into plant tissues via photosynthesis (Figure 3).

Figure 3. Efflux (emission) and influx (retention) cycles in the soil-plant-atmosphere system. Source: Authors.
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In other words, microbial stimulation is often associated with an increase in microbial population size. As microbial biomass
expands, a portion of the carbon that might have been emitted as CO, is instead assimilated into microbial biomass, contributing
to carbon retention in the system. Nevertheless, some CO, release still occurs as a result of microbial metabolic processes
accompanying the formation of new cells.

Inthe evaluations conducted over 150 days, a response pattern similar to that observed in the initial in vitro tests was confirmed.
The SoilPlus® treatment applied at a rate of 1500 g ha™ resulted in the highest microbial activity, as indicated by 3-glucosidase
enzyme activity throughout the evaluation period. This treatment was significantly more effective in stimulating microbial
activity than the control, as demonstrated by the consistently higher B-glucosidase activity in treated samples (Figure 4).

Figure 4. Microbial activity assessed by 3-glucosidase enzyme in different treatments in incubated soil tests.
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Mathematical models fitted to the response curves indicate that peak microbial activity occurred between 90 and 120 days
after application. This finding is relevant for optimizing application timing, as it allows synchronization of peak soil biological
activity with periods of maximum physiological demand in the crop.

Based on the results obtained from maize development under field conditions, it was possible to estimate the carbon balance
among the different treatments. Vegetation, whether native or cultivated, plays a fundamental role in regulating atmospheric
carbon dioxide concentrations through processes such as photosynthesis, respiration, and decomposition, all of which
influence the consumption and release of CO,—currently the most significant greenhouse gas in the context of climate change.
Through photosynthesis, plants fix atmospheric CO, by converting it into carbohydrates that are subsequently incorporated
into structural components of plant tissues, a process referred to as carbon sequestration. In the present study, biostimulant
application increased root biomass (Figure 5) as well as aboveground biomass (stems, leaves, and ears) compared with the
control at both 45 and 120 days after emergence (Figure 6).

Figure 5. Weight of maize roots and increase in different treatments at 45 and 120 days after emergence. Considering 75,000
plants per hectare.
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Figure 6. Weight of maize plants and increase in different treatments at 45 and 120 days after emergence. Considering 75,000

plants per hectare.
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The increase in plant biomass is directly associated with greater carbon retention in plant tissues. The interaction between
carbon emission (via soil respiration) and carbon retention (via plant growth and microbial biomass formation) provides the
basis for estimating carbon balance in agricultural systems. For each cropping system, depending on soil microbial activity
and the extent of plant biomass production, it is possible to estimate the relative efficiency of management practices and
technological inputs in contributing to low-carbon agricultural strategies.

Carbon retention in maize plant tissues was estimated for the different treatments based on approaches reported in previous
studies [20-24]. The growth stimulation observed under the biostimulant treatment resulted in greater carbon retention per
unit area compared with the control. This increase in retained carbon reflects the higher biomass production observed in the
treated system and suggests potential benefits for low-carbon agricultural management.

Total CO, emissions over the crop cycle were estimated for each treatment using mathematical models derived from the in
vitro basal respiration tests together with in situ soil respiration measurements obtained during maize cultivation (Table 1).
These estimates incorporate the temporal dynamics of microbial activity and soil respiration throughout the evaluation period.

Table 1. Total carbon dioxide (CO,) emission, total carbon (C) retention, and net CO, emission balance in the maize crop under
the control and biostimulant treatments.

Treatments Total CO, emission (kg/ha)* Total Cretention in the plant (kg/ha) Net CO, emission balance (kg/ha)
Control 1027.82 b** 338.96 b 688.04 b

Biostimulant 1141.25a 418.22 a 723.03 a

CV (%) 12.81 18.05 16.4

*Determined to use the CO, emission equations during the crop period.
**Media with the same letter in the columns did not reduce each other using the Tukey test at 5% probability. CV=coefficient of
variation.

Data on total carbon retention per unit area (kg ha™) in maize plant tissues, combined with estimates of CO, emissions derived
from microbial activity, allowed the calculation of the net carbon emission balance for the crop under the evaluated treatments
(Table 1). To assess the efficiency of food production in terms of reduced atmospheric emissions, it is important to consider
the relationship between the net CO, emission balance (kg ha) and grain yield across treatments. This relationship provides
an estimate of CO, emissions per unit of grain produced and can be used as an index for comparing management practices
and technological inputs in terms of environmental performance. It represents a useful metric for evaluating production
systems that aim to combine reduced environmental impact with satisfactory productivity.

Yield values for each treatment and the corresponding CO, emissions per unit of grain are presented in Table 2. As noted by
Garcia-Palacios and Chen [3], total greenhouse gas emissions associated with grain production depend on multiple factors,
including soil type, temperature and moisture conditions during the crop cycle, organic matter content and decomposition
rates, and the intensity of mechanization and management practices, among others.

However, considering only the balance between microbial activity in the soil and CO2 emission and retention in the system,
the values observed in this work corroborate data presented in specialized literature [25-29], presenting clear and consistent
information on the contributions of the biostimulants SoilPlus® and FieldStim® to achieving greater agricultural and
environmental sustainability.

Table 2. Maize productivity and CO, emissions per ton of grains under the control and biostimulant treatments.

Treatments Net CO, emission balance (kg/ha) Productivity (kg/ha) CO, emission per Mg of grain (kg/ha)
Control 688.04 b* 8100.40 b 84.94 a

Biostimulant | 723.03 a 9558.25 a 75.64 b

CV (%) 13.94 14.77 8.4

*Determined to use the CO, emission equations during the crop period.
**Media with the same letter in the columns did not reduce each other using the Tukey test at 5% probability. CV=coefficient of
variation.

Beyond the specific conditions evaluated in this study, the results highlight the broader potential of microbial biostimulant-
based strategies within climate-smart agricultural systems. Technologies capable of simultaneously enhancing soil biological
activity, improving crop productivity, and increasing carbon retention in plant biomass may contribute to reducing the carbon
intensity of food production at regional and global scales. If validated under diverse soil types, climates, and cropping systems,
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such approaches could support the transition toward low-
carbon agriculture by improving carbon-use efficiency per
unit of yield and promoting greater integration between
soil management and climate mitigation strategies. Future
research should therefore focus on long-term and multi-site
evaluations, the inclusion of additional greenhouse gases in
carbon balance assessments, and the integration of these
practices into broader climate-smart farming frameworks.
Such efforts would help clarify the scalability of biologically
based technologies and their role in supporting sustainable
agricultural intensification under changing climatic conditions.

CONCLUSION

The results of this study demonstrate that the application of
microbial biostimulants promoted measurable changes in soil
biological activity, crop development, and carbon dynamics
in Maize production systems. Biostimulant treatments
stimulated microbial activity, as evidenced by increased
B-glucosidase activity and greater microbial proliferation,
indicating enhanced soil biological functioning and intensified
carbon cycling processes.

Although biostimulant application resulted in higher basal
soil respiration and increased total CO, emissions during
the crop cycle, this response was accompanied by greater
carbon retention in both microbial biomass and plant tissues.
The stimulation of root and shoot biomass production led to
higher carbon sequestration per unit area, suggesting that
the increased carbon influx partially compensated for the
higher efflux associated with enhanced microbial activity.
Importantly, when emissions were evaluated relative to
crop productivity, the biostimulant treatment exhibited
improved carbon-use efficiency, with lower CO, emissions
per unit of grain produced compared with the control.
This result indicates that productivity gains associated with
microbial biostimulation may contribute to more sustainable
production systems by reducing emission intensity per unit
of output.

Overall, the findings suggest that microbial biostimulants may
represent a promising approach for low-carbon agricultural
systems by enhancing soil biological functioning, increasing
biomass production, and promoting carbon retention in
agroecosystems.Nevertheless,long-termandmulti-sitestudies
are necessary to more accurately quantify net carbon balances
under different environmental conditions and management
regimes, as well as to evaluate the scalability of these
technologies within climate-smart agricultural frameworks.

REFERENCES

1. Kabato W, Getnet GT, Sinore T, Nemeth A, Molnar
Z. Towards climate-smart agriculture: Strategies for

10.

11.

sustainable agricultural production, food security, and
greenhouse gas reduction. Agronomy 2025; 15(3): 565.

Kurebwa J, Kurebwa NY. Climate change and household
food security. In Kurebwa ], Makwerere D (Eds.),
Managing the Health Risks of Climate Change (pp. 207-
232). 1GI Global Scientific Publishing; 2025.

Garcia-Palacios P, Chen .
among soil microbes, carbon dynamics and climate
change. Functional Ecology 2022; 36(6): 1332-1337.

Emerging relationships

Azevedo LCB, Bertini SCB, Ferreira AS, Rodovalho NS,
Ferreira LFR, Kumar A. Microbial contribution to the
carbon flux in the soil: A literature review. Revista
Brasileira de Ciéncia do Solo 2024; 48: e0230065.
Babaniyi GG, lbrahim F, Akor UJ, Daramola OE.
Regenerative agriculture for food security. In Aransiola,
S.A., Babaniyi, B.R., Aransiola, A.B., & Maddela, N.R.
(Eds.), Prospects for Soil Regeneration and Its Impact on
Environmental Protection (pp. 227-242). Cham: Springer
Nature Switzerland; 2024.

Pekarskas J. Influence of growth activator Penergetic-p
on yield and chemical composition of barley in organic
farm. Zemes tkio Mokslai 2012; 19(4); 249-256.

Artyszak A, Gozdowski D. Is it possible to replace part
of the mineral nitrogen dose in maize for grain by
using growth activators and plant growth-promoting
rhizobacteria? Agronomy 2020; 10(11): 1647.

Artyszak A, Gozdowski D. The effect of growth activators
and plant growth-promoting rhizobacteria (PGPR) on
the soil properties, root yield, and technological quality
of sugar beet. Agronomy 2020; 10(9): 1262.

Sharib B, Dabbagh MNA, Norouzi M, Amini R. Evaluation
of alfalfa traits by using Penergetic P and K under free
and infested by Dodder (Cuscuta campestris). Journal of
Agricultural Science and Sustainable Production 2020;
30(2): 177-189.

Steffen RB, Steffen GPK, Maldaner J. In vitro activation
of microbial growth in low frequency electromagnetic
fields. Journal of Agriculture and Environmental Sciences
2020; 9(1):1-7.

Butkevic¢iené LM, Steponavic¢iené V, Pupaliené R,
Skinuliené L, Boguzas V. Effect of different tillage systems
and soil biostimulants on agrochemical properties and

Open Access, Volume 16, 2026

Page -7


https://www.mdpi.com/2073-4395/15/3/565
https://www.mdpi.com/2073-4395/15/3/565
https://www.mdpi.com/2073-4395/15/3/565
https://www.mdpi.com/2073-4395/15/3/565
https://www.irma-international.org/chapter/climate-change-and-household-food-security/363184/
https://www.irma-international.org/chapter/climate-change-and-household-food-security/363184/
https://www.irma-international.org/chapter/climate-change-and-household-food-security/363184/
https://www.irma-international.org/chapter/climate-change-and-household-food-security/363184/
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.14028
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.14028
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.14028
https://www.researchgate.net/publication/379283761_Microbial_contribution_to_the_carbon_flux_in_the_soil_A_literature_review
https://www.researchgate.net/publication/379283761_Microbial_contribution_to_the_carbon_flux_in_the_soil_A_literature_review
https://www.researchgate.net/publication/379283761_Microbial_contribution_to_the_carbon_flux_in_the_soil_A_literature_review
https://www.researchgate.net/publication/379283761_Microbial_contribution_to_the_carbon_flux_in_the_soil_A_literature_review
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.researchgate.net/publication/378487415_Regenerative_Agriculture_for_Food_Security
https://www.penergetic.com/fileadmin/user_upload/www.penergetic.com/referenzen/penergetic_p/SCI_p521_cover_crops_Brasilien/EN_SCI_p152_Corn_report_penergetic___cover_crop_Brazil_2021_211108.pdf
https://www.penergetic.com/fileadmin/user_upload/www.penergetic.com/referenzen/penergetic_p/SCI_p521_cover_crops_Brasilien/EN_SCI_p152_Corn_report_penergetic___cover_crop_Brazil_2021_211108.pdf
https://www.penergetic.com/fileadmin/user_upload/www.penergetic.com/referenzen/penergetic_p/SCI_p521_cover_crops_Brasilien/EN_SCI_p152_Corn_report_penergetic___cover_crop_Brazil_2021_211108.pdf
https://www.mdpi.com/2073-4395/10/11/1647
https://www.mdpi.com/2073-4395/10/11/1647
https://www.mdpi.com/2073-4395/10/11/1647
https://www.mdpi.com/2073-4395/10/11/1647
https://www.mdpi.com/2073-4395/10/9/1262
https://www.mdpi.com/2073-4395/10/9/1262
https://www.mdpi.com/2073-4395/10/9/1262
https://www.mdpi.com/2073-4395/10/9/1262
https://sustainagriculture.tabrizu.ac.ir/article_10925.html?lang=en
https://sustainagriculture.tabrizu.ac.ir/article_10925.html?lang=en
https://sustainagriculture.tabrizu.ac.ir/article_10925.html?lang=en
https://sustainagriculture.tabrizu.ac.ir/article_10925.html?lang=en
https://sustainagriculture.tabrizu.ac.ir/article_10925.html?lang=en
https://jaes.thebrpi.org/journals/jaes/Vol_9_No_1_June_2020/1.pdf
https://jaes.thebrpi.org/journals/jaes/Vol_9_No_1_June_2020/1.pdf
https://jaes.thebrpi.org/journals/jaes/Vol_9_No_1_June_2020/1.pdf
https://jaes.thebrpi.org/journals/jaes/Vol_9_No_1_June_2020/1.pdf
https://www.mdpi.com/2073-4395/13/2/338
https://www.mdpi.com/2073-4395/13/2/338
https://www.mdpi.com/2073-4395/13/2/338

Ricardo Bemfica Steffen

Directive Publications

12.

13.

14.

15.

16.

17.

18.

19.

20.

intensity of soil CO2 emission in wheat crop. Agronomy
2023; 13(2): 338.

Francioni M, Kishimoto-Mo AW, Tsuboi S, Hoshino YT.
Evaluation of the mulch films biodegradation in soil:
a methodological review. Italian Journal of Agronomy
2022; 17(3): 1936.

Courtois EA, Stahl C, Burban B, Van den Berge J,
Berveiller D, Bréchet L, et al. Automatic high-frequency
measurements of full soil greenhouse gas fluxes in a
tropical forest. Biogeosciences 2019; 16(3): 785-796.

Tabatabai MA. Soil enzymes. In Page, A. L. (Ed.), Methods
of soil analysis: Part 2 Chemical and Microbiological
Properties (2th ed., pp. 903-947), Soil Science Society of
America; 1994.

Bakken LR, Olsen RA. The relationship between cell size
and viability of soil bacteria. Microbial Ecology 1987; 13:
103-114.

Ferreira DF. SISVAR: A computer analysis system to fixed
effects split plot type designs: Sisvar. Brazilian Journal of
Biometrics 2019; 37(4): 529-535.

Hardy B, Sleutel S, Dufey JE, Cornelis JT. The long-term
effect of biochar on soil microbial abundance, activity
and community structure is overwritten by land
management. Frontiers in Environmental Science 2019;
7:110.

Li Z, Zhang Q, Li F, Li Z, Qiao Y, Du K, et al. Soil CO2
emission reduction with no-tillage and medium nitrogen
fertilizer applications in semi-humid maize cropland in
North China Plain. European Journal of Agronomy 2023;
147:126838.

LeeJ, Zhou X, Seo YO, Lee ST, Yun J, Yang Y, et al. Effects
of vegetation shift from needleleaf to broadleaf species
on forest soil CO2 emission. Science of The Total
Environment 2023; 856:158907.

Wilts AR, Reicosky DC, Allmaras RR, Clapp CE. Long-term
corn residue effects: Harvest alternatives, soil carbon
turnover, and root-derived carbon. Soil Science Society
of America Journal 2004; 68(4): 1342-1351.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wang H, Li X, Li X, Wang J, Li X, Guo Q, et al. Long-term
no-tillage and different residue amounts alter soil
microbial community composition and increase the risk
of maize root rot in northeast China. Soil and Tillage
Research 2020; 196: 104452.

Srour AY, Ammar HA, Subedi A, Pimentel M, Cook RL,
Bond J, et al. Microbial communities associated with
long-term tillage and fertility treatments in a corn-
soybean cropping system. Frontiers in Microbiology
2020; 11: 1363.

Utomo M, Buchari H, Banuwa IS, Fernando LK, Saleh
R. Carbon storage and carbon dioxide emission as
influenced by
nitrogen fertilization in corn-soybean rotation. Journal
of Tropical Soils 2020; 17(1): 75-84.

long-term conservation tillage and

Fu B, Chen L, Huang H, Qu P, Wei Z. Impacts of crop
residues on soil health: A review. Environmental
Pollutants and Bioavailability 2021; 33(1): 164-173.

Sistani KR, Simmons JR, Jn-Baptiste M, Novak JM. Poultry
litter, biochar, and fertilizer effect on cornyield, nutrient
uptake, N20 and CO2 emissions. Environments 2019;
6(5): 55.

Biswas JC, Haque MM, Hossain MB, Maniruzzaman
M, Zahan T, Rahman MM, et al. Seasonal variations
in grain yield, greenhouse gas
carbon sequestration for maize cultivation in
Bangladesh. Sustainability 2022; 14(15): 9144.

emissions and

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. Agriculture, Ecosystems &
Environment 2022; 340:108175.

Hu Y, Li D, Wu Y, Liu S, Li L, Chen W, et al. Mitigating
greenhouse gas emissions by replacing inorganic
fertilizer with organic fertilizer in wheat-maize rotation
systemsin China.Journal of Environmental Management
2023; 344:118494.

Zheng J, Canarini A, Fujii K, Mmari WN, Kilasara MM,
Funakawa S. Cropland intensification mediates the
radiative balance of greenhouse gas emissions and soil
carbon sequestration in maize systems of sub-Saharan
Africa. Global Change Biology 2023; 29(6): 1514-1529.

Open Access, Volume 16, 2026

Page - 8


https://www.mdpi.com/2073-4395/13/2/338
https://www.mdpi.com/2073-4395/13/2/338
https://www.researchgate.net/publication/356340135_Evaluation_of_the_mulch_films_biodegradation_in_soil_a_methodological_review
https://www.researchgate.net/publication/356340135_Evaluation_of_the_mulch_films_biodegradation_in_soil_a_methodological_review
https://www.researchgate.net/publication/356340135_Evaluation_of_the_mulch_films_biodegradation_in_soil_a_methodological_review
https://www.researchgate.net/publication/356340135_Evaluation_of_the_mulch_films_biodegradation_in_soil_a_methodological_review
https://www.researchgate.net/publication/331046663_Automatic_high-frequency_measurements_of_full_soil_greenhouse_gas_fluxes_in_a_tropical_forest
https://www.researchgate.net/publication/331046663_Automatic_high-frequency_measurements_of_full_soil_greenhouse_gas_fluxes_in_a_tropical_forest
https://www.researchgate.net/publication/331046663_Automatic_high-frequency_measurements_of_full_soil_greenhouse_gas_fluxes_in_a_tropical_forest
https://www.researchgate.net/publication/331046663_Automatic_high-frequency_measurements_of_full_soil_greenhouse_gas_fluxes_in_a_tropical_forest
https://www.scirp.org/reference/referencespapers?referenceid=3017685
https://www.scirp.org/reference/referencespapers?referenceid=3017685
https://www.scirp.org/reference/referencespapers?referenceid=3017685
https://www.scirp.org/reference/referencespapers?referenceid=3017685
https://pubmed.ncbi.nlm.nih.gov/24213209/
https://pubmed.ncbi.nlm.nih.gov/24213209/
https://pubmed.ncbi.nlm.nih.gov/24213209/
https://www.researchgate.net/publication/338106803_SISVAR_A_COMPUTER_ANALYSIS_SYSTEM_TO_FIXED_EFFECTS_SPLIT_PLOT_TYPE_DESIGNS_Sisvar
https://www.researchgate.net/publication/338106803_SISVAR_A_COMPUTER_ANALYSIS_SYSTEM_TO_FIXED_EFFECTS_SPLIT_PLOT_TYPE_DESIGNS_Sisvar
https://www.researchgate.net/publication/338106803_SISVAR_A_COMPUTER_ANALYSIS_SYSTEM_TO_FIXED_EFFECTS_SPLIT_PLOT_TYPE_DESIGNS_Sisvar
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2019.00110/full
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2019.00110/full
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2019.00110/full
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2019.00110/full
https://www.frontiersin.org/journals/environmental-science/articles/10.3389/fenvs.2019.00110/full
https://www.researchgate.net/publication/371975168_Soil_CO2_emission_reduction_with_no-tillage_and_medium_nitrogen_fertilizer_applications_in_semi-humid_maize_cropland_in_North_China_Plain
https://www.researchgate.net/publication/371975168_Soil_CO2_emission_reduction_with_no-tillage_and_medium_nitrogen_fertilizer_applications_in_semi-humid_maize_cropland_in_North_China_Plain
https://www.researchgate.net/publication/371975168_Soil_CO2_emission_reduction_with_no-tillage_and_medium_nitrogen_fertilizer_applications_in_semi-humid_maize_cropland_in_North_China_Plain
https://www.researchgate.net/publication/371975168_Soil_CO2_emission_reduction_with_no-tillage_and_medium_nitrogen_fertilizer_applications_in_semi-humid_maize_cropland_in_North_China_Plain
https://www.researchgate.net/publication/371975168_Soil_CO2_emission_reduction_with_no-tillage_and_medium_nitrogen_fertilizer_applications_in_semi-humid_maize_cropland_in_North_China_Plain
https://pubmed.ncbi.nlm.nih.gov/36150592/
https://pubmed.ncbi.nlm.nih.gov/36150592/
https://pubmed.ncbi.nlm.nih.gov/36150592/
https://pubmed.ncbi.nlm.nih.gov/36150592/
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssaj2004.1342
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssaj2004.1342
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssaj2004.1342
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssaj2004.1342
https://www.researchgate.net/publication/338971561_Long-term_no-tillage_and_different_residue_amounts_alter_soil_microbial_community_composition_and_increase_the_risk_of_maize_root_rot_in_northeast_China
https://www.researchgate.net/publication/338971561_Long-term_no-tillage_and_different_residue_amounts_alter_soil_microbial_community_composition_and_increase_the_risk_of_maize_root_rot_in_northeast_China
https://www.researchgate.net/publication/338971561_Long-term_no-tillage_and_different_residue_amounts_alter_soil_microbial_community_composition_and_increase_the_risk_of_maize_root_rot_in_northeast_China
https://www.researchgate.net/publication/338971561_Long-term_no-tillage_and_different_residue_amounts_alter_soil_microbial_community_composition_and_increase_the_risk_of_maize_root_rot_in_northeast_China
https://www.researchgate.net/publication/338971561_Long-term_no-tillage_and_different_residue_amounts_alter_soil_microbial_community_composition_and_increase_the_risk_of_maize_root_rot_in_northeast_China
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.01363/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.01363/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.01363/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.01363/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.01363/full
https://www.researchgate.net/publication/273995225_Carbon_Storage_and_Carbon_Dioxide_Emission_as_Influenced_by_Long-term_Conservation_Tillage_and_Nitrogen_Fertilization_in_Corn-Soybean_Rotation
https://www.researchgate.net/publication/273995225_Carbon_Storage_and_Carbon_Dioxide_Emission_as_Influenced_by_Long-term_Conservation_Tillage_and_Nitrogen_Fertilization_in_Corn-Soybean_Rotation
https://www.researchgate.net/publication/273995225_Carbon_Storage_and_Carbon_Dioxide_Emission_as_Influenced_by_Long-term_Conservation_Tillage_and_Nitrogen_Fertilization_in_Corn-Soybean_Rotation
https://www.researchgate.net/publication/273995225_Carbon_Storage_and_Carbon_Dioxide_Emission_as_Influenced_by_Long-term_Conservation_Tillage_and_Nitrogen_Fertilization_in_Corn-Soybean_Rotation
https://www.researchgate.net/publication/273995225_Carbon_Storage_and_Carbon_Dioxide_Emission_as_Influenced_by_Long-term_Conservation_Tillage_and_Nitrogen_Fertilization_in_Corn-Soybean_Rotation
https://www.tandfonline.com/doi/full/10.1080/26395940.2021.1948354
https://www.tandfonline.com/doi/full/10.1080/26395940.2021.1948354
https://www.tandfonline.com/doi/full/10.1080/26395940.2021.1948354
https://www.mdpi.com/2076-3298/6/5/55
https://www.mdpi.com/2076-3298/6/5/55
https://www.mdpi.com/2076-3298/6/5/55
https://www.mdpi.com/2076-3298/6/5/55
https://www.mdpi.com/2071-1050/14/15/9144
https://www.mdpi.com/2071-1050/14/15/9144
https://www.mdpi.com/2071-1050/14/15/9144
https://www.mdpi.com/2071-1050/14/15/9144
https://www.mdpi.com/2071-1050/14/15/9144
https://www.sciencedirect.com/science/article/abs/pii/S0167880922003243
https://www.sciencedirect.com/science/article/abs/pii/S0167880922003243
https://www.sciencedirect.com/science/article/abs/pii/S0167880922003243
https://www.sciencedirect.com/science/article/abs/pii/S0167880922003243
https://www.sciencedirect.com/science/article/abs/pii/S0167880922003243
https://pubmed.ncbi.nlm.nih.gov/37418921/
https://pubmed.ncbi.nlm.nih.gov/37418921/
https://pubmed.ncbi.nlm.nih.gov/37418921/
https://pubmed.ncbi.nlm.nih.gov/37418921/
https://pubmed.ncbi.nlm.nih.gov/37418921/
https://pubmed.ncbi.nlm.nih.gov/36462165/
https://pubmed.ncbi.nlm.nih.gov/36462165/
https://pubmed.ncbi.nlm.nih.gov/36462165/
https://pubmed.ncbi.nlm.nih.gov/36462165/
https://pubmed.ncbi.nlm.nih.gov/36462165/

	Title
	Abstract
	Keywords
	Introduction
	Material And Methods 
	Results And Discussion 
	Conclusion
	References
	Table 1
	Table 2
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

