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Abstract: High levels of greenhouse gases in 
the atmosphere emitted by human activity 
have created the global problem of clima-
te change. Agriculture contributes to these 
emissions, but it has also been identified as 
part of the solution. The physiological pro-
cesses of photosynthesis and respiration in 
plants capture CO2 from the atmosphere 
in the form of dry matter, which, through 
management practices, can maintain car-
bon in organic form in soil. The objective 
of this study was to quantify atmospheric 
carbon capture and its sequestration as soil 
organic carbon using agronomic practices 
in rainfed forage corn in the Altos de Jalisco 
region of Mexico. A long-term experiment 
with agronomic practices was used, with 
an asymmetric factorial design with tillage, 
fertilization, crop residues, and no rotation. 
The following variables were measured: 
forage yield (RendForr) and dry matter 
(DMY), atmospheric CO2 capture, and 
soil organic carbon sequestration (SOC). 
The results showed that from July to Sep-
tember there was continuous and inten-
se rainfall, which caused excess water and 
symptoms of nitrogen deficiency in corn, 
an effect attributed to the denitrification 
process. RendForr and DMY only showed 
statistically significant differences in the 
fertilization treatment, with higher yields 
in organic fertilization. Excess water and 
denitrification are also attributed to the fact 
that no statistical differences were observed 
in SOC sequestered and loss of organic car-
bon in almost all treatments.

Keywords: Soil recarbonization, Zea mays, 
denitrification.

INTRODUCTION

Humanity faces global problems, and 
climate change is one of them, caused by 
the emission of greenhouse gases (GHG), 
such as CO₂. Agriculture is one of the 
human activities that contribute to these 
emissions. In 2022, agriculture and lives-
tock sectors of Mexico contributed more 
than 139.08 Mt of CO₂e, from CH₄ and 
N₂O emissions from livestock activity and 
CH₄, N₂O, and CO₂ emissions from agri-
cultural activity, with CO₂emissions corres-
ponding to 18.4% of this sector’s activities 
(SEMARNAT-INECC, 2022). On the 
other hand, agriculture has been identified 
as a possible solution to climate change by 
capturing atmospheric CO₂ through pho-
tosynthetic processes carried out by plants, 
where part of that CO₂and oxygen are rele-
ased into the atmosphere through respira-
tion and another part is captured in plant 
biomass, situation that makes it possib-
le to keep carbon in soil in organic form 
through the use of appropriate agronomic 
practices for cultivation (Fynn et al., 2009). 
This primary sector uses natural resources 
that have been misused, such as land use 
change, increased land use intensity, crops 
unsuitable for the production site, ineffi-
cient soil and water management practices, 
and shortages of some inputs in some ye-
ars, such as fertilizers, among others (Lal, 
2008). Recarbonizing soil on a large scale 
and at the agroecosystem level is complex, 
as sequestration rates vary according to cli-
matic conditions, soil types, and agricultu-
ral management practices (Ghimire et al., 
2022). One of the first actions is to identify 
strategies that include agronomic practi-
ces that efficiently capture SOC and then 
maintain it in that condition for a long 
time, more than 21 years (Poeplau et al., 
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2021), or even hundreds to thousands of ye-
ars (Trumbore, 2000). Strong influences on 
SOC have been reported, including organic 
carbon input from roots and crop residues, 
clay content, average annual temperature, 
annual precipitation, and nitrogen content 
in the surface layer (Poeplau et al., 2021; 
Chen et al., 2013; Farage et al., 2003). Fi-
nally, these practices should be promoted 
among farmers, but their acceptance must 
maintain or even increase production and 
income so that they can improve their level 
of well-being (FAO, 2018; Damián Huato 
et al., 2007).

Globally, agronomic management 
practices that enable SOC sequestration 
have been identified. Lal (2004) mentioned 
two types of strategies can be implemen-
ted at the farm level to sequester SOC: 1) 
changing land use to crops that allow for the 
restoration of degraded soils, such as grass-
lands, and 2) adopting sustainable agrono-
mic management practices, such as conser-
vation tillage, cover crops, or crop rotation, 
combined with organic amendments using 
manure or compost, integrated nutrient 
management, efficient use of irrigation wa-
ter or rainwater, and agroforestry practices 
(Poeplau and Don, 2015; Romero-Pere-
zgrovas et al., 2014; Trivedi et al., 2020; 
Giovanna et al., 2016; Pareja-Sánchez et al., 
2020; Parker et al., 2018).

Within Mexico’s agricultural sec-
tor, corn is the main crop harvested under 
rainfed conditions (SIAP, 2025). In Jalisco, 
crop intensification has led to the highest 
national yield of 6.66 t/ha. However, this 
intensification is carried out using unsus-
tainable management practices that cause 
water erosion, deforestation, conventional 
agricultural systemas, land use change, with 
the consequent loss of SOC and soil degra-

dation (Zamora-Morales et al., 2018; FAO, 
2017; Paustian et al., 1997). For the Altos 
de Jalisco and Jalisco regions, low levels of 
SOC are reported in the soils, with less than 
1.5% and 1.036% SOC, respectively, a si-
tuation that opens up an excellent option 
for sequestering SOC in rainfed corn (Flo-
res López et al., 2025; Rojas-García et al., 
2017).

In Mexico, although efforts have been 
made to quantify SOC sequestration (Bal-
bontín et al., 2009), Cotler et al. (2016) 
refer to the need to identify cross-cutting 
issues related to soil organic carbon conser-
vation, such as the development of public 
policies that recognize functions and ecosys-
tem services provided by soils, institutional 
strengthening of soil issues, and incentives 
for soil conservation programs that incorpo-
rate carbon with agroecosystems adapted to 
diverse conditions of Mexico. In this con-
text, Zamora-Morales et al. (2017) summa-
rize technologies from the National Insti-
tute of Forestry, Agricultural and Livestock 
Research (INIFAP) aimed at climate chan-
ge mitigation and carbon sequestration in 
soil, among which the following stand out: 
conservation tillage (35.7%), biofertiliza-
tion (14.3%), fertilization (12.7%), among 
others. These technologies require grea-
ter emphasis on research to quantify SOC 
through agronomic crop management, par-
ticularly rainfed corn and long-term studies 
of experimental platforms. The objective of 
this study was to quantify atmospheric car-
bon capture and its sequestration as soil or-
ganic carbon through use agronomic prac-
tices of rainfed forage corn in Highlands of 
Jalisco, Mexico.
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MATERIALS AND METHODS

The experiment site. The experiment 
was conducted on the experimental plat-
form established on land belonging to 
Research Station Centro Altos de Jalisco 
(CECEAJAL) of the National Institute of 
Forestry, Agricultural and Livestock Re-
search (INIFAP) in Tepatitlán de Morelos, 
Jalisco, Mexico. This platform is 12 years 
old. The soil is classified as Udic Rhodust-
alf (INEGI, 1994), with 905 mm of annual 
rainfall and average annual maximum and 
minimum temperatures of 25.7 and 8.6°C, 
respectively.

Experimental design. The CECEAJAL 
long-term experimental platform has ran-
domized complete block experimental de-
sign with three replicates. The distribution 
of 18 treatments is asymmetrical factorial, 
resulting from combination of the follow-
ing factors: 1) tillage treatments: a) conven-
tional with three harrow passes, b) conven-
tional with fallow plus two harrow passes, 
c) conservation tillage, and d) no-till with 
subsoiling depth of 30 cm; 2) soil cover with 
residues from previous corn crop with 30%, 
50%, and 100% residues; 3) corn-corn ro-
tation; and 4) mineral and organic fertiliza-
tion with use of uncomposted chicken ma-
nure. Each treatment had 8 furrows, each 
furrow was 25 m long and 0.76 m wide.

Crop management. Agronomic man-
agement was specific to each treatment. 
The planting date was June 7, 2024, but 
emergence did not occur until July 1 due to 
rains that began on June 18. The Antílope 
(Asgrow) corn hybrid was used, with plant-
ing density of 94,000 seeds/ha in 76 cm 
wide rows. Mineral fertilization was deter-
mined using the balance method for each 
treatment, with average dose of 368-77-87 

micronutrients, plus 80 additional units of 
nitrogen applied due to observed nitrogen 
deficiencies, for dry matter yield target of 
23 t/ha. Organic fertilization with chicken 
manure was 19.6 t/ha with 4.18% nitro-
gen. The biotic control recommendations 
for corn from CECEAJAL (INIFAP, 2017) 
were applied.

Measured variables
Corn forage yield (RendForr). Corn 

was harvested for forage when grain reached 
two-thirds stage in the milk line and the plant 
had 33% to 38% DM. The usable plot (UP) 
consisted of 5-meter-long and 0.76-me-
ter-wide furrow, equivalent to an area of 3.8 
m². Information required to estimate corn 
RendForr was total weight of green corn 
sampled in the UP (PTM), calculated using 
the expression: .

Dry matter yield (DMY). This was 
quantified using a sample of forage chopped 
into 1.5 cm pieces; to obtain the percentage 
of dry matter (porcDM), a 500 g sample 
was taken and dried to a constant weight at 
a temperature of 55 to 60°C. The follow-
ing expression was used to calculate DMY: 

 .

AtmosphericCO₂ capture by corn. At-
mosphericCO₂ capture by corn was esti-
mated using dry matter (DM) production 
with expression indicated by the IPCC 
(Muller-Feuga, 2024; Chacho, 2019): 

, where C is the 
carbon captured in kg/ha, RendDM is the 
dry matter yield in kg/ha, and CF is the dry 
matter to carbon conversion factor given by 
the IPCC as equal to 0.50.

Soil Organic Carbon sequestration. 
Was quantified using Soil Organic Carbon 
(SOC) concentration in each treatment of 
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experimental platform. This assessment was 
performed twice: once before the start corn 
cycle (SOCini) and another at end of rainy 
season and later harvest (SOCfin). The soil 
from each treatment was sampled at depth 
of 20 cm. Carbon sequestration (  ) 
was quantified using the difference between 
SOCini and SOCfin, using the expression: 

 . Soil analysis to 
measure SOC percentage was carried out at 
INIFAP Soil Fertility and Plant Nutrition 
Laboratory, Santiago Ixcuintla Research Sta-
tion, Nayarit, Mexico. The Dumas method 
was used with Elemental Flash 2000 analyz-
er. The bulk density of soil was determined 
in laboratory using test tube method. The 
organic carbon content in soil (tSOC) was 
calculated using the following formula (Vela 
et al., 2012):  , 
where  is the SOC content in the soil 
in tSOC/ha, %SOC is percentage  of soil 
organic carbon concentration, Da is bulk 
density of soil in t/m(3),and Prof is the depth 
of soil sampling in cm.

Climate records

We used climate records from the 
INIFAP CECEAJAL weather station, lo-
cated at Tepatitlán de Morelos, Jalisco, with 
geographical coordinates: 20.87228° N lat-
itude, 102.71253° W longitude, and 1930 
m above sea level.

Statistical analysis

The SAS 9.0 program was used for the 
statistical analysis of information obtained. 
Descriptive statistics and analysis of vari-
ance, regression analysis, Pearson’s correla-
tion coefficient, and comparison of means 
using Duncan’s test are presented.

RESULTS AND DISCUSSION

Climate records. The average max-
imum and minimum temperatures from 
June to October were 25.1 and 13.7°C, 
respectively, while normal conditions at 
experimental site for maximum and mini-
mum temperatures were 25.7 and 11.6°C, 
respectively. Daily and cumulative precipi-
tation in 2024 and the main phenological 
events of corn are shown in Figure 1. Pre-
cipitation from June to September 2024 
was 862.8 mm, with normal precipitation 
of 804.7 mm during this period. Howev-
er, in July, August, and September, rainfall 
occurred almost daily, causing waterlogging 
and excess water conditions during this peri-
od. After planting, it did not rain until June 
18, but the moisture did not reach the seed 
until June 22. There was a loss of 17.5% of 
sown seed.

Corn forage yield (RendForr). Table 
1 shows the analysis of variance (ANOVA) 
of corn RendForr in the rainy season, with 
treatments and their interactions under stu-
dy. According to this table, only statistically 
highly significant differences (P > 1%) were 
identified in the fertilization treatment. The 
comparison of average RendMS means with 
organic fertilization resulted in 56.98 t/ha, 
while with mineral fertilization it was 48.86 
t/ha.

Dry matter yield (DMY) of corn. 
Table 2 shows the ANOVA of corn DMY 
in rainfed season, with the treatments and 
their interactions under study. According to 
this table, statistically significant differences 
(P > 5%) were only identified in the fertili-
zation treatment. The comparison of DMY 
means with organic fertilization was 20.98 
t/ha, while with mineral fertilization it was 
18.69 t/ha.
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Figure 1. Daily and cumulative rainfall, with main phenological events of corn during the growing 
season occurred at ResearchStation Centro Altos de Jalisco experimental platform during the PV2024 

cycle.

 Sum of    Square of
Source DF  squares the mean F-Value  Pr > F
Model 17 2830.762433 166.515437  1.80 0.0684
Error 36 3332.224850 92.561801
Corrected total   53 6162.987283
REP  2 299.8340333    149.9170167 1.62  0.2121
LAB  3 444.0476431 148.0158810  1.60 0.2066
RES   2 405.2781636    202.6390818  2.19 0.1267
FERT  1 889.3837500    889.3837500  9.61 0.0037
LAB*RES 2 159.5870850 79.7935425 0.86 0.4308
LAB*FERT   3 302.3131208 100.7710403 1.09   0.3663
RES*FERT 2 103.3848192 51.6924096 0.56 0.5770
LAB*RES*FERT 2 226.9338183 113.4669092 1.23   0.3055

Table 1. Analysis of variance of forage yield of treatments from the long-term experi-
mental platform at the Campo Experimental Centro Altos de Jalisco. PV2024 cycle.

 Sum of    Square of
Source DF  squares the mean F-Value  Pr > F
Model 17 311.5912333 18.3288961 1.46 0.1673
Error 36 452.6419000 12.5733861
Corrected total 53 764.2331333
REP 2 62.78803333 31.39401667  2.50 0.0965
LAB 3 47.96768333 15.98922778 1.27 0.2987
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RES 2 46.56594417 23.28297208 1.85 0.1716
FERT 1 70.40658519 70.40658519 5.60 0.0235
LAB*RES  2 5.15773917 2.57886958 0.21 0.8155
LAB*FERT 3 40.68390370 13.56130123 1.08 0.3704
RES*FERT 2 15.13563861 7.56781931 0.60 0.5532
LAB*RES*FERT 2 22.88570583 11.44285292 0.91 0.4115

Table 2. Analysis of variance of dry matter yield of treatments from the long-term experimental pla-
tform at Research Station Centro Altos de Jalisco. PV2024 cycle.

Figure 2. Corn plant with symptoms of nitrogen deficiency, observed at the flowering stage on the 
experimental platform. PV2024.

Figure 3. Corn dry matter yield and atmosphericCO₂ capture in treatments and interactions of tillage, 
residue percentage, and fertilization type at the Research Station Centro Altos de Jalisco experimental 

platform. PV2024.
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During V6 to flowering stage, corn 
showed nitrogen (N) deficiencies, with 
symptoms shown in Figure 2. For this rea-
son, an additional 80 kg of N/ha was applied 
to the calculated dose in order to minimize 
the effect of N deficiency on yield (Kaur et 
al., 2017). Under conditions of excess wa-
ter, such as those that occurred from July to 
September (Figure 1), Singh and Ghildyal 
(1980) reported that corn, although less sus-
ceptible to excess water, absorbs less N, with 
the consequent deficiency of this nutrient. 
In addition, Kaur et al. (2019) mentioned 
that respiration was main metabolic process 
affected by excess water, with loss of nitrates 
through runoff and leaching. Under these 
conditions of excess water, the denitrifica-
tion process is also intensified, with minera-
lization of organic matter and use of nitrates 
from fertilizer by bacteria, leading to the 
emission of nitrous oxide into atmosphere 
(Kaur et al., 2019; Schenke et al., 2014).

Figure 3 shows the averages of DMY 
and atmosphericCO₂ capture in the treat-
ments under study and their interactions. It 
is important to note that DMY in the tre-
atments with organic fertilization almost all 
had higher yields than with mineral fertili-
zation, except in the conservation tillage tre-
atment with subsoiling and 30% residues. 
Flores-López et al. (2025) indicated that 
DMY is highly variable in the Highland of 
Jalisco region of Mexico, as it depends on 
rainfall, which varies throughout the region 
during the growing season (GS) and across 
years, with variable results in the quantity 
and quality of forage produced.

Figure 3 also shows that DMY variabi-
lity was high due to management practices. 
In this specific year, there was a significant 
effect of tillage with fallow plus two harrow 
passes and three harrow passes, both with 

organic fertilization, where highest DMY 
were observed, but not with mineral ferti-
lization. Along with weather conditions, 
climate also has an impact on use of other 
resources applied in rainfed cropping, such 
as corn fertilization and good agricultural 
practices of nutrient use (Giovanna et al., 
2016; Subedi and Ma, 2009), particularly 
nitrogen applied to corn (Giulia-Ronchetti 
et al., 2024).

It can be said that rainfall during 2024 
growing season was the driver of the respon-
se observed in the DMY, with water and 
nitrogen availability for crop having a par-
ticular influence on DMY.

AtmosphericCO₂ capture by corn (Cap-
CO₂). Given that atmospheric CapCO₂is 
directly related to DMY, the correction fac-
tor (CF = 0.5) was used on DMY. This fac-
tor corresponds to removal of water in corn 
biomass (Muller-Feuga, 2024). CO₂ captu-
re is shown in Figure 3 for the treatments 
and interactions in this study. The ANOVA 
for this variable showed a similar result to 
DMY, where only the fertilization treat-
ment was statistically significant (P > 5%). 
The organic fertilization treatments showed 
higher CO₂ capture, except for conservation 
tillage treatment, with 30% residues and 
mineral fertilization.

Soil Organic Carbon (SOC) seques-
tration with corn. Table 3 shows the ANO-
VA of SOC sequestered during growing se-
ason of PV2024 cycle. This table shows that 
no treatment had a statistically significant 
difference.

Figure 4 shows SOC sequestered in the 
treatments under study. Virtually all treat-
ments showed SOC loss, with an overall av-
erage of -2.51 tSOC/ha. Only conservation 
tillage treatments with 100% residue and 
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Sum of    Squared

Source DF squares the mean F-Value Pr > F

Model 17 564.134224 33.184366 0.85 0.6252

Error 36 1397.362452 38.815624

Corrected total 53 1961.496676

REP 2 85.1638481 42.5819241 1.10 0.3448

LAB 3 149.8229759 49.9409920 1.29 0.2937

RES 2 55.0478442 27.5239221 0.71 0.4988

FERT 1 25.7232019 25.7232019 0.66 0.4210

LAB*RES 2 24.1999725 12.0999862 0.31 0.7341

LAB*FERT 3 139.8136204 46.6045401 1.20 0.3234

RES*FERT 2 20.1254753 10.0627376 0.26 0.7731

LAB*RES*FERT 2 64.2372858 32.1186429 0.83 0.4453

Table 3. Analysis of variance of soil organic carbon sequestered in treatments of the long-term ex-
perimental platform at the Research Station Centro Altos de Jalisco. Tepatitlán de Morelos, Jalisco. 

PV2024.

Figure 4. Soil organic carbon sequestered with the treatments evaluated at Research Station Centro 
Altos de Jalisco experimental platform. PV2024.

Figure 5. Trend of soil organic carbon sequestration with dry matter yield according to the fertiliza-
tion, in treatments at the Research Station Centro Altos de Jalisco experimental platform. PV2024.
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organic fertilization contributed 5.2 tSOC/
ha, and conservation tillage plus subsoiling, 
with 100% residue, and mineral fertiliza-
tion contributed 1.6 tSOC/ha.

Although SOC sequestration is 
linked to fertilization according yield to 
be achieved by the crop (Gregorich et al., 
1996), the quantity and quality of soil or-
ganic matter, the use of mineral fertilization 
(Hua et al., 2014), and carbon input into 
the cropping system (Zhao et al., 2016; 
Khan et al., 2007; Kong et al., 2005). How-
ever, other factors may be present and limit 
SOC sequestration, such as continuous and 
intense rainfall, which causes waterlogging 
and excess water for short or long periods of 
time, which has been reported as an import-
ant factor in the loss of soil organic matter 
and nitrates (Kaur et al., 2019). In this sit-
uation, the denitrification process is present 
and too is reported as a major cause of nitro-
gen and soil organic matter loss (Schwenke 
et al., 2014). This explains loss of SOC and 
DMY in the treatments, but it is necessary 
to evaluate denitrification on DMY, SOC, 
and management practices in the experi-
mental platform.

Figure 5 shows that fertilization (or-
ganic and mineral) had significant effects on 
the relationship between DMY and SOC se-
questration. With organic fertilization, there 
was a linear trend toward reducing SOC at 
rate of -563 kgSOC per ton of DMY. It was 
also found that an increase in DMY above 
17.7 t/ha led to SOC losses. With mineral 
fertilization, a quadratic trend was observed 
between SOC sequestration and DMY. 
With increase in DMY, SOC increased to 
20.6 t/ha, after which point SOC tended to 
decrease. In case of mineral fertilization, this 
DMY can be considered the critical point 
for achieving SOC sequestration.

In years with characteristics similar 
to the PV2024, continuous rainfall events 
in terms of quantity and intensity, SOC 
sequestration is likely to be limited in pro-
duction systems in the Highland region of 
Jalisco due to excess water and denitrifica-
tion processes.

CONCLUSIONS

Daily rainfall events from July to Sep-
tember were continuous and intense, cau-
sing excess water. Symptoms of nitrogen 
deficiency were observed in corn, an effect 
attributed to excess water and the denitrifi-
cation process.

Forage and dry matter yields showed 
statistically significant differences only in 
the fertilization treatment, with higher yiel-
ds with organic fertilization, a result asso-
ciated with excess water and denitrification. 
AtmosphericCO₂ capture behaved in the 
same way as DMY. The fallow tillage tre-
atments with two harrow passes and three 
harrow passes showed the highest forage 
and dry matter yields, but only with organic 
fertilization.

No statistical differences were obser-
ved in SOC sequestration. Almost all tre-
atments had SOC loss, with overall avera-
ge of -2.51 tSOC/ha. Conservation tillage 
treatments with 100% residues and organic 
fertilization contributed 5.2 tSOC/ha, and 
conservation tillage plus subsoiling, 100% 
residues, and mineral fertilization contribu-
ted 1.6 tSOC/ha.

The relationship between sequestered 
organic carbon in soil and dry matter yield 
with organic fertilization showed a linear 
relationship with a negative slope of arou-
nd -563 tSOC/tDM and a critical point at 
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17.7 t/ha. With mineral fertilization, this 
relationship was quadratic, with a critical 
point at 20.6 tSOC/ha.

The denitrification process is attribu-
ted to the loss of nitrogen and organic mat-
ter from soil and SOC, but it is necessary 
to evaluate this process on these variables in 
experimental platform.
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