- TR

DOI: https://doi.org/10.29312/remexca.v17i3.4075
Article

Optimal fertilization in rainfed corn regarding nutrient removal and soil
diagnosis in small plots

René Garcia-Martinez"*
Eduar Antonio Gonzalez-Félix"
Julio César Ayllén-Benitez’
Jesus Garcia-Urbina*

Hotdn Sénchez-Aguilar®

1 Tecnoldgico Nacional de México-TES Valle de Bravo-Divisién de Ingenieria en Forestal. Carretera Federal
Valle de Bravo km 30, Ejido San Antonio Laguna, Valle de Bravo, Estado de México, México. CP. 51200.

2 Tecnoldgico Nacional de México-TES Valle de Bravo-Divisidn de Licenciatura en Administracion.
Carretera Federal Valle de Bravo km 30, Ejido San Antonio Laguna, Valle de Bravo, Estado de México,
México. CP. 51200.

Autor para correspondencia: rgm1117@gmail.com.

Abstract

In the south of the State of Mexico, Mexico, small corn producers obtain low yields (<5 Mg ha™*) due
to deficiencies in nutrition management. The research aimed to determine the fertilization dose for
small rainfed corn plots, considering the condition of soil fertility and nutrient extraction by grain and
stover. The research was conducted in Villa de Allende, State of Mexico, in two plots with different
fertilization management. Plot A received 1 t of bovine manure compost and plot B received 30
kg of a urea + triple 17 (N-P-K) mixture. Based on soil fertility diagnosis and nutrient removal by
grain and stover, fertilization doses were defined. In both plots, OM and N contents were low and
Fe levels were adequate. In plot A, the soil presented high levels of P, K, Ca and Mg. The grain
and stover extracted high amounts of N and K. In plot A, the need for fertilizers was concentrated
on N, Fe and Zn, whereas in plot B, it was N, P, K, Ca, Mg, Fe and Zn. This generated a reduction
in the need for fertilizers; in the first case, it represented a 48% saving in costs. This approach
contributes to improving productivity, reducing costs and reducing environmental impact in small-
scale agriculture.
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Introduction

Corn (Zea mays L.) is a staple cereal for the diet of Mexican rural families because it ensures their
nutritional sustenance, and by selling surpluses, they obtain resources for other products, thereby
strengthening food security (Damian-Huato et al., 2016).

Between 2012 and 2021, the average global corn production was 1 088.54 million tonnes, which
was mostly concentrated in three countries, which contribute 63% of the total (FAOSTAT, 2023):
the United States of America (32.7%), China (22.7%) and Brazil (7.85%).

Despite the importance of corn as the main food crop and the one with the largest planted area in
Mexico, with 6.5 million hectares planted and an average yield of 3.7 t ha™ (SIAP, 2025), there is
a lag in the study of soil fertility and the generation of public policy that supports production (Vega-
Alvarez et al., 2022).

In addition, problems such as climate change and the planting methods used affect the harvest
and, therefore, the product’'s quality and the yields obtained (Garizurieta-Bernabe and Garcia-
Sanchez, 2024).

In particular, rainfed corn is much more susceptible to climate variability and change because
it depends entirely on precipitation and temperature, which in the long term, can put the crop’s
productivity at risk (L6pez-Hernandez et al., 2025).

Nutrition management conditions corn crop yield. For instance, using fertilizers combined with
improved seeds managed to increase grain yields in low-productivity regions of Mexico (Cadet-
Diaz and Guerrero-Escobar, 2018).

The application of fertilizers is a main component of this crop’s production process and
is characterized by the application of high doses of nitrogen, reduced application of phosphorus
and insignificant use of potassium (Flores-Sanchez et al., 2019), without using soil and plant
nutritional diagnostic tools.

In crop fertilization plans, the amount of nutrients removed by harvest must be returned to the soll
to maintain growth and productivity (Fernandez-Escobar et al., 2015). It is necessary to quantify
nutrient availability in the soil and estimate the amount extracted by the plant at the plot level.

As background, Martinez-Gutiérrez et al. (2022) conducted studies in the High Valleys of the State
of Mexico and estimated that the macronutrient demand (kg ha™) to harvest 12.3 t ha™ of corn was
as follows: 292.3 of N, 87.2 of P, 238.1 of K, 66.2 of Ca and 47.8 of Mg; for its part, the micronutrient
demand (g ha™) was as follows: 201 of Cu, 586.4 of Mn, 375.6 of Zn and 115.6 of B. This ensures
sustainable soil management, thereby optimizing production.

Nutritional diagnostic studies in corn report deficiencies of N, Zn, Mg and Mn in corn plots located
in Texcoco, State of Mexico (Pacheco-Sangerman et al., 2022).

The objective of the research was to determine the fertilization dose for rainfed corn plots under
different fertilization management by applying diagnostic tools of soil fertility and nutrient removal
by grain and stover.

Materials and methods

The study was conducted in Loma de San Pablo, Villa de Allende, State of Mexico (2 657 m), with
a temperate subhumid climate and average annual rainfall of 1 000 mm (June-October), Andosol
umbric soils and pine, oak and oyamel vegetation (INEGI, 2023).

The work was carried out on two plots, where hybrid corn (Hippopotamus Asgrow®) was planted
under rainfed conditions. Plot A (0.44 ha) received 1 t of bovine manure compost containing the
following concentration: N=1.24%, P=0.4%, K= 1.6%, Ca= 2.6%, Mg= 0.87%, S= 1.3%, Fe=1.8%,
Cu= 34 ppm and Zn= 137 ppm.

Plot B (0.23 ha) received 30 kg of mineral fertilizer (15 kg urea + 15 Kkg triple 17 N-P-K).
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The amount (kg ha™) of manure applied contributed N (28.2), P (9.1), K (36.4), Ca (59.1), Mg (19.8),
S (29.5), Fe (40.9), Cu (0.07) and Zn (0.31); in contrast, the contribution of the mineral fertilizer
was (kg ha™) 41.1 of N, 4.8 of P, and 9.2 of K. Historically, plot A has been fertilized with bovine
compost, whereas, in plot B, mineral sources have been applied.

The sowing was carried out in May and the harvest in October 2023. The approximate grain yield
was 11 Mg ha™ and 10 t ha™ of stover in the study plots.

In October 2023, composite samples of grain (250 g) and stover (500 g) were obtained per plot
and sent to the Soil Fertility and Environmental Chemistry Laboratory of the College of
Postgraduates for analysis.

N was determined by the semimicro-Kjeldahl method (Saez-Plaza et al., 2013); K, Ca, Mg, Fe
and Zn were determined by digestion with HNO5-HCIO, and quantification by atomic absorption
spectrophotometry (Tan, 1996); P was determined by the vanadomolybdate method (Burns and
Hutsby, 1986). These results were used to estimate the nutrient removal by grain and stover.

The soil fertility diagnosis was carried out with 10 (plot A) and 15 (plot B) subsamples (0-20 cm
deep), generating composite samples of 500 g per plot. In agricultural systems where the soil is
homogenized by tillage, simple samples collected from various points of the plots to form composite
samples are a widely applied soil sampling technique (Rocco et al., 2016). The average fertility of
a plot is determined by analyzing a composite soil sample, without requiring additional statistical
data (Guarconi et al., 2017).

The following properties were determined in the soil samples: pH (2:1 water-to-soil ratio; Weil
and Brady, 2017), electrical conductivity (EC) (Tan, 1996), organic matter (Sleutel et al., 2007), N
(Séez-Plaza et al., 2013), P (Olsen et al., 1954), exchangeable cations (Havlin et al., 2016) and
micronutrients (Tan, 1996).

The results were compared with NOM-021-RECNAT-2000 (SEMARNAT, 2002) and reference
literature (Osman, 2013; Havlin et al., 2016; Weil and Brady, 2017).

Nutrient extraction was estimated as the product of dry matter and nutrient concentration (Martinez-
Gutiérrez et al., 2022). The fertilization dose was calculated using the restitution method, taking
into account soil availability and target yield (Conde-Delgado et al., 2018; Maldonado et al., 2001).
According to the level of sufficiency (Havlin et al., 2016), nutrients at high levels were not applied;
for those at medium levels, the amount extracted was replaced; for those at low levels, an additional
20% of fertilizer was added.

The cost of the compost/natural/fertilizers was determined according to the needs of each plot and
considering the price of the materials in the local market.

Results and discussion

The higher values of EC, P, K, Ca, Mg, Fe and Zn observed in plot A were related to the frequent
application of cow manure in the production of the crop (Table 1).

Table 1. Diagnosis of soil fertility in rainfed corn plots in Loma de San Pablo, Villa de Allende, State of Mexico.
Element Plot A Plot B
pH 6.5 (moderately acid) 6.1 (moderately acid)
EC (dS m?) 0.13 (NSE) 0.05 (NSE)
OM (%) 4.1 (low) 4 (very low)
N (%) 0.19 (low) 0.2 (low)
P (ppm) 110 (high) 7 (medium)
K (cmol” kg'l) 3 (high) 0.3 (medium)
Ca (cmol” kg'l) 14.4 (high) 8.4 (medium)
Mg (cmol” kg'l) 3.8 (high) 1.2 (low)
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Element Plot A Plot B
Fe (ppm) 55 (appropriate) 32 (appropriate)
Zn (ppm) 8 (appropriate) 0.3 (deficient)

NSE= negligible salinity effects.

The soil pH values coincide with those obtained in agricultural plots in the study region, Valle de
Bravo (pH= 6.3) and Villa de Allende (pH=5.8), in the State of Mexico (Garcia-Martinez et al., 2021).

This variable affects plant growth primarily through its influence on other soil properties, including
nutrient availability, elemental toxicity, and microbial activity (Osman, 2013). In addition, nutrient
availability is highest in the pH range of 5.5-6.5 (Porta et al., 2019), and both plots are within the
established range.

Regarding the low OM content observed, it was related to agricultural land use, which differs
from forest plantations, where OM values are reported in a range of 4.5 to 6.2% (Garcia-
Martinez et al., 2024).

OM plays a key role in crop nutrition; when it decomposes, it releases nutrients, which is why it is
a source of essential elements such as N, P and K (Kasifah et al., 2025). In addition, OM fulfills
physical functions in the soil such as improving aggregation, aeration and water movement, and
reducing evaporation and thermal conductivity (Osman, 2013).

In this sense, in both plots, it is necessary to increase OM levels by applying organic fertilizers.

N is the mineral nutrient that plants require in greater quantities; therefore, in soils deficient in this
element, plants do not develop properly (Taiz and Zeiger et al., 2015). Crops absorb N in the form
of nitrate (NOj3) through their roots, and it depends on the concentration of N in the soil, water
availability and metabolic activity of the roots (Sanders and White, 2023).

According to Havlin et al. (2016), total N content in mineral soils ranges from 0.02 to 0.5% and is
positively correlated with OM content. Due to the low N levels in the soil of the plots studied, nitrogen
fertilizers must be applied to reach adequate N levels that favor the development of corn plants.

In plot A, the application of manure in each production cycle has increased P concentration. P is
relatively immobile in the soil, and its movement occurs mainly through diffusion over short distances
in the soil solution to the roots of the plants (Kasifah et al., 2025).

In soils of humid and tropical regions, extractable P content is lower than in arid and semiarid areas;
to ensure the availability of this element to plants, it is advisable to apply mineral or organic fertilizers
(Havlin et al., 2016). In the long term, the use of organic fertilizers rapidly increases the P fractions
available in the soil and slowly regulates pH and phosphatase (Zhang et al., 2021).

In the soil of plot A, there was 10 times less K content than in plot B. In agricultural plots in the study
region, values of 2.23 to 3.88 cmol” kg™ K are reported (Garcia-Martinez et al., 2021). Although the
total K content in the soil may exceed the needs of plants during the growing season, only a part
is available to them (Havlin et al., 2016) and in the corn crop, it is the second element that is most
extracted by the grain during its growth (Martinez-Gutiérrez et al., 2022).

The Ca content in plot A was 1.7 times higher than in plot B. Ca moves in the soil mainly by mass
flow, and its availability can be significantly affected by the level of soil moisture (Benton, 2012),
particularly under rainfed conditions.

The supply of Ca to the soil solution is possible because this element is found in calcium-containing
minerals, Ca complexes and soil organic matter, as well as Ca retained by cation exchange in clay
and organic colloids (Weil and Brady, 2017).

The higher Fe content in plot A was associated with the constant application of organic fertilizers.
The application of compost and other organic fertilizers can improve iron availability by chelating
Fe, thereby increasing its availability (Yang et al., 2024).
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The concentration and nutrient removal by grain differed between plots (Table 2). In the present
study, the order of nutrient removal by grain in plot A was N> K> P> Mg> Ca> Zn> Fe and in plot
B, it was N> K> P> Mg> Ca> Fe> Zn.

For corn grain, Martinez-Gutiérrez et al. (2022) report data for the removal of N (14.3 kg Mg™), K
(2.9 kg Mg™), P (2.3 kg Mg™), Mg (1 kg Mg™), Ca (0.1 kg Mg™) and Zn (16.5 g Mg™). According to
Fornari et al. (2020), N and K are the nutrients that corn plants require in greater quantities.

Table 2. Concentration and removal of nutrients in rainfed corn grain (11 t ha™) in Loma de San Pablo, Villa de
Allende, State of Mexico.

Element Plot A Plot B
Concentration (%) Removal (kg Mg'l) Concentration (%) Removal (kg Mg'l)
1.7 17 1.27 12.7
0.88 8.8 0.68 6.8
K 0.94 9.4 0.69 6.9
Ca 0.07 0.7 0.07 0.7
Mg 0.16 1.6 0.1 1
Fe 0.0056 0.056 0.0067 0.067
Zn 0.0061 0.061 0.004 0.04

In stover, the high demand for N, K, and Ca was also evident (Table 3). In plot A, where compost
was applied, the removal of these elements was greater.

Table 3. Concentration and nutrient removal in rainfed corn stover (10 t ha™) in Loma de San Pablo, Villa de
Allende, State of Mexico.

Element Plot A Plot B
Concentration (%) Removal (kg Mg™) Concentration (%) Removal (kg Mg™)
0.99 9.9 0.65 6.5
0.08 0.8 0.07 0.7
K 0.92 9.2 0.73 7.3
Ca 1.02 10 0.73 7.3
Mg 0.13 13 0.14 1.4
Fe 0.19 1.9 0.18 1.8
Zn 0.0019 0.019 0.0018 0.018

Fertilization dose and fertilizer cost

Nutrient demand was calculated for a target yield of 11.5 Mg ha™ of grain and 10 Mg ha™ of stover.
In plot A, the demand (kg ha™) was as follows: N (294.5), P (109.2), K (200.1), Ca (110), Mg (31.4),
Fe (19.6) and Zn (0.89). In plot B, the demand (kg ha™) was as follows: N (208.8), P (85.2), K
(152.4), Ca (81), Mg (25.5), Fe (18.8) and Zn (0.7).

The soil fertility diagnosis was used to define the amount of each nutrient to be applied. In plot A,
the needs (kg ha™) were N (353.4), Fe (19.6) and Zn (0.89). In plot B, the requirements were N
(250.6), P (85.2), K (152.4), Ca (81), Mg (30.6), Fe (18.8) and Zn (0.84). This information was used
to select the fertilizer sources and amounts to be used in each plot (Table 4).

Table 4. Source and estimated dose of mineral fertilizer for rainfed corn in Loma de San Pablo, Villa de Allende, State
of Mexico.
Fertilizer Plot A (kg ha™) Plot B (kg ha™)
Urea 768 139
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Fertilizer Plot A (kg ha™) Plot B (kg ha™)
Triple 18 0 847
Calcium nitrate 0 221.2
Magnesium sulfate 0 191.25
Iron sulfate 122.5 117.5
Zinc sulfate 25 2.3

The cost of fertilization per hectare was $22 884.50 in plot A and $44 166.10 in plot B. In the first,
urea accounted for 80% of the total cost, whereas in the second, triple 18 (N-P-K) contributed 54%.

The differences reflect variation in initial soil fertility and nutrient removal by the harvest, which
is consistent with Havlin et al. (2016), who emphasize that efficient management must consider
both factors. Also, Fageria (2009); Fornari et al. (2020) point out that N and K are the most limiting
nutrients in corn, so their supply must be ensured.

From an economic and environmental perspective, manure management in plot A represented an
advantage because the total cost of fertilization was reduced by 40% compared to plot B. This is
consistent with Yang et al. (2024), who document that organic amendments improve soil fertility and
reduce dependence on synthetic inputs, in addition to improving the availability of micronutrients
such as Fe and Zn through chelation processes.

Fertilization constitutes the main component of the cost of corn production in the State of Mexico
(63% in high-potential packages), which highlights the need to optimize its application through
fertility diagnostics and efficient nutrient management (Amaya-Pérez et al., 2025).

The technological packages of the National Institute of Forestry, Agricultural and Livestock
Research (INIFAP, by its Spanish acronym), by establishing standard proportions (105N-92P-90K),
can cause nutritional excesses or deficiencies by not considering soil variability. To improve
technology adoption, financial support and economic incentives are required to facilitate access
to mineral fertilizers and increase the productivity of small producers, since a 10% increase in
government support could increase national corn production (Guerrero et al., 2023; Ayllon-Benitez
and Cardoso-Jiménez, 2025).

Conclusions

The application of organic fertilizer in plot A generated better soil fertility condition, particularly in
the content of P, K, Ca, Mg, Fe and Zn. With both the application of manure and mineral fertilizer,
the nutrients that were removed in greater quantities, by grain and stover, were N and K.

Plot A, where bovine manure was applied, did not require the application of P, K, Ca and Mg; this
situation represented a 43% reduction in fertilizer costs; however, it demanded 41% more N than
the plot where mineral fertilizer was applied.

To guarantee the economic and environmental sustainability of the crop, itis crucial to move towards
specific fertilization strategies based on soil analysis and practices adapted to the local conditions
of the region, particularly in small producers’ plots, where studies are scarce.
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