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Soil bulk density and water tension are critical factors influencing the early development of maize (Zea mays L.),
a crop of major agricultural importance. This study, which was conducted at the Federal University of Rondondpolis, Brazil,
aimed to evaluate the combined effects of these factors on seedling growth via a tension table, with the goal of identifying
the optimal cultivation range. The experiment followed a completely randomized design in a 4x5 factorial scheme, with four
soil densities (1.2, 1.4, 1.6, and 1.8 g cm3) and five water tensions (0, 10, 20, 60, and 100 cm H20), totaling 60 experimental
units. Samples of dystrophic Oxisol (Red Latosol) were compacted into PVC pots without mineral fertilization.
Measurements were taken at 15 and 20 days after sowing and included variables such as plant height, leaf area and dry
mass of shoots and roots, and various root system parameters. The data were subjected to normality and homoscedasticity
tests, followed by analysis of variance and regression analysis. The results revealed that emergence time, plant height, and
growth rate were significantly influenced by the tested factors. A density of 1.4 g cm-3 and a water tension of 65.2 cm H20
yielded the highest fresh shoot biomass. Water tensions of 72.03 and 94.5 cm H20 enhanced root system development,
whereas soil densities between 1.3 and 1.49 g cm-3 favored greater dry root mass. These findings highlight the importance
of managing soil physical conditions and water availability for optimal maize seedling development.
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Introduction

Maize (Zea mays L.) occupies approximately 21.97 million hectares in Brazil, with an emphasis on the state of Mato Grosso,
which is responsible for 45.2 million tons (CONAB, 2022). As a strategic commodity, its productive performance depends
heavily on the initial growth of seedlings, including germination and vigor (Taiz and Zeiger, 2024).

The early development of maize is strongly related to the physical properties of the soil, such as density, porosity, and
moisture (Ali et al.,, 2021). High density reduces porosity and increases penetration resistance, making root emergence and
growth difficult (Xiong et al,, 2022). In cultivars such as Zhengdan958, compaction caused a significant reduction in root
volume (Xiong et al., 2020), reflecting losses of up to 34% in productivity (Hargreaves et al.,, 2019).

Compaction, caused mainly by machine traffic and inadequate handling, deforming the soil structure, reduces porosity, and
compromises water storage and transport (Keller et al., 2017; Schjgnning et al.,, 2017). This condition increases water
tension in the soil, reducing its availability to plants. Water tension, measured by tensiometers or pressure chambers with
porous plates, reflects water retention as a function of soil density and moisture, composing the so-called water retention
characteristic curve (Silva et al,, 2018; Zarehaghi et al., 2017).

Although lower stresses indicate soils with higher moisture contents and favor germination, excessive moisture in
compacted soils can cause oxygen deficiency and limit root growth. Thus, the balance between water density and tension is
fundamental. The water retention characteristic curve (RCC) allows the identification of the range of moisture useful for
plant growth, delimiting points such as field capacity and permanent wilting (Xiong et al., 2020; Silva et al., 2018).

Several methods can be used to obtain the RCC, such as the Richards chamber, dew point psychrometer, filter paper and
tension table, the choice of which depends on the characteristics of the soil and the objectives of the study (Melo Filho et al,,
2015; Lucas et al.,, 2011; Cintra et al., 2004). The adequacy of the method to the local reality is essential for the accuracy of
the data (Gotardo et al., 2019; Nascimento et al., 2010).

Considering the scarcity of studies that investigate, in an integrated way, the combined effects of soil density and water
tension on the initial growth of maize, especially under tropical conditions, the present work aims to evaluate these
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interactions in seedlings cultivated under a tension table. The study also aims to identify the ideal range of density and
tension to maximize the initial establishment of the crop.

Results and discussion

The emergence time variable was significantly influenced and isolated by soil density (p<0.05) and soil water tension
(p<0.05) in a linear manner (Figures 1A and 1B). The increase in these factors prolonged the emergence time, with no
evidence of a maximum point, suggesting a proportional and continuous response.

The increase in soil density and water tension prolonged the emergence time of the maize seedlings. Although the average
time observed coincides with that reported by Magalhdes and Durdes (2002) for favorable conditions (four to five days),
the results indicate that high levels of these factors delay emergence, with emphasis on the negative effect of density.
According to Viana et al. (2006), soil compaction hinders the absorption of oxygen by seeds, delaying germination.
According to Genero et al. (2023), the physical and chemical conditions of the soil are determinants of maize emergence and
productivity.

Plant height had a significant effect (p<0.05) on the relationship between soil density and water tension. The maximum
height, 16.2 cm, was observed under a tension of 2.28 cm H:0 and a density of 1.51 g cm-3 (Figure 2), indicating the joint
influence of these factors on initial growth.
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Fig 1. Emergence time (days) of the Pioneer P3889R hybrid maize plant as a function of the combinations of soil density
levels (A) and soil water stresses (B). * indicates p < 0.05. DS=soil density. T = water tension in the soil.

PH =-257.24137** +360.37251**SD +0.61386ST -0.40518*SDxST -118.72083**SD? -1e-04ST?
R?=0.571

Fig 2. Plant height of Pioneer P3889R hybrid maize as a function of combinations of soil density levels and soil water tension.
*indicates p < 0.05. DS=soil density. T = water tension in the soil.
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Fig 3. Growth rate (cm day!) of Pioneer's P3889R hybrid maize as a function of combinations of soil density and soil water
tension. * indicates p < 0.05. DS=soil density. T = water tension in the soil.

LA =-1096.70913* +1518.76546*SD +3.45759*ST -2.0191*SDxST -496.67917*SD? -0.0044ST?
R?=0.548

Fig 4. Leaf area of Pioneer's P3889R hybrid maize as a function of the combinations of soil density levels and soil water
tension. * indicates p < 0.05. DS=soil density. T = water tension in the soil.

These results corroborate those of Silva et al. (2018), who highlighted the good performance of maize under low stresses.
Water stress reduces plant height, stem diameter, and productivity because of the relatively small leaf area and damage to
the photosynthetic apparatus (Guimaraes et al., 2019). The high density of the soil also compromises plant growth by
limiting root exploitation and the absorption of water and nutrients. Sousa Almeida et al. (2021) reported a linear
relationship between increased density and a reduction in maize height. Guimaraes et al. (2013) reported a similar effect
on pearl millet, attributed to lower soil porosity and aeration, which hinder root and vegetative development.

The seedling growth rate was influenced by the interaction between the soil density and water tension. The highest value
(1.5 cm day1) was observed for the combination of a density of 1.5 g cm-3 with a tension of 40.2 cm H20 (Figure 3).

Growth depends on cellular processes that are vulnerable to water imbalance, especially during cell elongation (Tatagiba et
al, 2024). Under harsh conditions, plants can reduce energy consumption as a defense mechanism (Liu, 2015). In the
present study, even at high density (1.5 g cm-3), maize developed adequately. Physical soil restriction can limit water
absorption, affecting physiological processes and growth. The interaction between density and water tension favored initial
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Fig 5. Root dry mass of Pioneer's hybrid maize P3889R crop subjected to different soil density levels (A) and soil water
stresses (B). * indicates p < 0.05; * indicates not significant. DS=soil density. T = water tension in the soil.
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Fig 6. SPAD index of Pioneer hybrid maize P3889R as a function of combinations of soil density levels and soil water tension.
* indicates p < 0.05. DS=soil density. T = water tension in the soil.

growth, possibly associated with the carbon fixation metabolism of maize. Beutler and Centurion (2007) noted that
compaction reduces porosity and water and nutrient availability, compromising plant growth.

The leaf area (LA) was significantly influenced (p<0.05) by the interaction between a soil density of 1.4 g cm-3 and a tension
of 78.8 cm H20, resulting in a 79.0 cm? leaf area (Figure 4).

Leaf area is a crucial parameter for productivity because it favors photosynthesis and the synthesis of photoassimilates
(Veronezi et al., 2018). The interaction between soil density and water availability is a determinant of the initial growth of
maize, as the water supply directly influences the expansion of the leaf blade. Resende Neto et al. (2024) reported that a
density of 1.0 g cm-3 favors the development of aerial and root parts, promoting greater leaf area. Under stress conditions,
plants reduce the production of aerial phytomass by prioritizing vital functions, which compromises leaf expansion (Taiz &
Zeiger, 2024).

Root dry mass was significantly influenced in isolation by soil density and water tension, fitting the quadratic model for
density and the linear model for tension (Figure 5). The highest value (0.23 g) was observed at a density of 1.49 g cm3,
representing the initial growth of maize (Figure 5A). The root dry mass increased linearly with increasing water strain,
reflecting the need for water in the early stages of development (Figure 5B).

515



A) 40 B)
b= o
=] =]
= =
0.051
0.00 T T T T T 0.00 T T T T
12 13 14 15 16 1.7 18 0 20 40 &0 30 100
Ds (g cm-3) Tension (cm H20)

Fig 7. Average root diameter of the Pioneer P3889R hybrid maize crop subjected to different soil density levels (A) and soil
water stresses (B). * indicates p < 0.05; * indicates not significant. DS=soil density. T = water tension in the soil.

RV =-46.65766" +64.272*SD +0.21907*ST -0.11268*SDxST -20.91667*SD? -0.00039ST?
R?=0.522

Fig 8. Root volume (cm) of Pioneer P3889R hybrid maize as a function of combinations of soil density and soil water tension.
*indicates p < 0.05. DS=soil density. T = water tension in the soil.

Adequate water availability during early growth favors cell division, root elongation, and nutrient absorption, contributing
to an increase in root dry mass (Cruz et al,, 2021). Water is essential for the translocation of assimilates, ensuring energy
for root development (Bezerra et al., 2017). High soil densities reduce aeration, limiting root growth and slowing secondary
root development (Liu et al., 2022). According to Reichert et al. (2008), each soil has a critical density that restricts root
growth. Water is just as vital as nutrients for early growth, and a lack of both nutrients and nutrients can cause significant
losses in productivity (Dias et al., 2019).

The SPAD index was significantly influenced by the interaction between soil density and water tension, with a maximum
value of 31.7 observed at a density of 1.65 g cm-3 and a tension of 14.52 cm H20 (Figure 6).

Soil density can reduce the leaf area, photosynthetic rate, and chlorophyll synthesis (Morales et al., 2020; Oliveira et al,,
2023). High SPAD indices tend to occur in relatively small leaves, optimizing photosynthesis under resource constraints
(Cruzetal., 2021). However, the SPAD index does not fully reflect growth, since soil density can affect root biomass and leaf
area regardless of the index.

The average diameter of the maize roots had significant isolated effects on the soil density and water tension according to
the quadratic model. The increase in soil density increased the root diameter (Figure 7A), whereas the increase in water
tension (100 cm Hz0) resulted in a maximum diameter of 0.36 cm (Figure 7B).

Yu et al. (2024) investigated the impact of soil compaction on wheat root growth and reported that soils with densities of
1.3 and 1.5 g cm3 presented variations in root diameter according to the soil texture and moisture. Similarly, this study
revealed that increased soil density is associated with increased root diameter, although Mondal et al. (2023) reported that
high density reduces root length and area, especially in clay soils, which can mitigate these effects via moisture retention.
The clay loam soil used in this study likely provided sufficient moisture for the root development of the maize.
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Fig 9. Total root surface area (cm?) of Pioneer's P3889R hybrid maize as a function of combinations of soil density and soil
water tension. * indicates p < 0.05. DS=soil density. T = water tension in the soil.

TRL = -2369.82717* +3396.43247*SD +6.057ST -3.26033SDxST -1145.43142*SD? -0.01339ST?
R?=0453

Fig 10. Total root length (cm) of Pioneer hybrid maize P3889R as a function of combinations of soil density and soil water
tension. * indicates p < 0.05. DS=soil density. T = water tension in the soil.

Vanhees et al. (2021) reported that high water levels stimulate root growth, with thick roots (>1 mm) being advantageous.
In the present study, diameters larger than those mentioned above were observed, suggesting greater root potential.
Colombi et al. (2018) noted that shallow roots favor the absorption of surface water.
The linear increase in the average diameter of the roots with increasing water tension reflects the concentration of the roots
in the surface layers, where water is more available. Fine roots have a relatively large surface area and efficient water and
nutrient absorption, which are crucial in conditions of scarcity (Kohn et al., 2016). Wasaya et al. (2018) reported that roots
with larger diameters promote more expressive growth due to better water absorption, increasing the resilience of plants
to edaphic stresses, especially in the face of increasing climate variability in agricultural systems.
Root volume was significantly influenced by the interaction between soil density and water tension, with a greater value of
4.9 mL observed in the combination of 1.28 g cm-3 density and 94.5 cm H20 tension (Figure 8).
Efficient root growth depends on a suitable soil physical environment that provides porous space, oxygenation, and
favorable water availability (Mottin et al., 2022). This study revealed that high soil density reduces the pore space, limits
root penetration and results in greater water retention, restricting root access by plants. Therefore, there is an ideal range
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of soil density and moisture that allows root development without mechanical limitations and with adequate water
availability.

Similar results were reported by Souza et al. (2024) and Calonego et al. (2011), who reported a significant reduction in root
volume in denser soils, and by Rocha et al. (2023), who reported a lower root volume in surface layers under high density.
Roots are essential for the support and absorption of water and nutrients essential to plant metabolism (Batista et al., 2018),
and soil moisture regulates their elongation and access to water resources (Colombi et al., 2018).

Notably, the interaction between moisture and density affects root volume and root development. In addition, the increase
in the root system of maize may be associated with the radial expansion of the roots, which favors lateral growth and water
absorption, in addition to plant support (Koetz et al.,, 2017; Colombi et al., 2018).

The total root surface area was significantly influenced by the interaction between soil density and water stress during the
initial growth of maize. The highest value, 101.6 cm?, occurred with a density of 1.3 g cm™3 and a water tension of 72 cm H20
(Figure 9).

The total root surface area depends on root length and diameter, which are parameters that directly influence root quality
(Santos et al.,, 2025). The interaction between density and water tension in the soil favors the root growth of maize, as roots
in adverse environments adapt by penetrating pores of similar size, altering the soil structure and forming new pores (Jia
et al., 2024). This soil modification is essential for the absorption of water and nutrients, the deficit of which impairs the
development and transport of nutrients in plants. Zhu et al. (2016) reported that irrigation increases the surface area of
roots, increasing their absorption efficiency.

The total root length significantly affected the interaction between soil density and water tension, represented by the
response surface. The highest value, 181.7 cm, was observed for the combination of a density of 1.4 g cm3 and a tension of
55.3 cm Hz0 (Figure 10).

High soil density can limit root development and plant productivity. Yu et al. (2024) reported that a density of 1.7 Mg m-3
affects the length of wheat roots. In this study, the highest density evaluated was 1.8 g cm-3, but the highest root length
occurred at 1.4 g cm-3, indicating that, up to this level, the maize roots were not significantly damaged. Under resistance to
deep growth, roots can adapt by becoming thinner and more tortuous to seek water and nutrients. Compacted soils have
less porous space, reducing nutrient absorption, water storage, and oxygen diffusion and compromising plant support and
growth (Rocha et al., 2023). The interaction between density and water tension should be considered, as dense soils can
retain less water, aggravating the negative effects on growth.

Material and methods

Experimental site and experimental design

The experiment was carried out in a greenhouse at the Federal University of Rondonépolis (UFR), located at 16°27'49" S,
54°34'46" W and 290 m altitude, between May 20 and June 8, 2024. Soil classified as a dystrophic Oxisol or Red Latosol on
Brazil (Embrapa, 2018) with a sandy clay-loam texture was collected from the 0-0.20 m layer under Cerrado vegetation at
coordinates 16°27'35" S and 54°35'00" W. After collection, the soil was sieved through a 4 mm mesh and subjected to
chemical analysis, as shown in Table 1.

Liming was performed 30 days before the installation of the experiment for soil correction. The experimental design was
completely randomized in a factorial scheme with three replications. The treatments consisted of a combination of four
levels of soil density (1.2, 1.4, 1.6 and 1.8 g cm-3) and five soil water tensions (0, 10, 20, 60 and 100 cm H:0), totaling 20
treatments and 60 experimental units.

Filling the cylinders with soil

The units consisted of PVC cylinders (12 cm high x 5 cm in diameter) filled with compacted soil according to a methodology
adapted from Farias et al. (2013). The soil was previously homogenized and added to the pipes in successive layers, each
compacted by a hydraulic press until the desired density was reached. The process was repeated until the surface was
completely filled and leveled, ensuring the uniformity of compaction along the profile.

The soil compressibility was obtained with a manual hydraulic press according to the procedures of the ABNT MB-3336
standard (1990), which refers to the one-dimensional density test, and the Technical Communiqué 111 of Embrapa (1997),
which recommends the use of a manual press to determine the compaction of agricultural soils.

The soil mass required to reach densities of 1.2, 1.4, 1.6 and 1.8 g cm3 was calculated via equation 1:

Ms
Ds = — Eq.1
STVt q

where: Ds = soil density (g cm-3); Ms = mass of solids (g); and Vt = soil volume (cm3).

Installation of cylinders on tension bench
The water tensions were determined by a bench built on the basis of the principle of the tension table, which uses water
columns with heights ranging from 10 to 100 cm, as shown in the diagram in Figure 11.

After soil saturation and water balance in the PVC pipes under the tension table, three holes of approximately 2 cm were
drilled at the limit of the upper ring of each experimental unit for sowing. The seeds of the hybrid maize P3889R (Pioneer),
a modified simple hybrid with an early cycle, were placed in each well to evaluate germination and initial growth under the
different treatments.
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Table 1. Soil analysis was carried out with 0-20 cm deep soil.

Dept Ca+ Ca/M Al
N pH P K Mg C@ Mg Al H OM  SB CEC BS(V) sat
(cm) H20 CaCl; mgdm?3 cmolc dm-3 gdm3 cmolcdm3 % %
0-20 6.6 5.9 ;2' 167.2 2'8 39 19 0.0 25 328 6.29 884 71.15 2.07 0.0

P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium; Al: aluminum; H: hydrogen; OM: organic matter; SB: sum of
bases; CEC: cation exchange capacity; BS: base saturation.

OkPa (Saturated)

(A) (B)

Fig 11. (A) Diagram of the bench using the principle of a tension table developed to obtain the different water tensions in
the soil in the experimental units. (0, 1, 2, 6 and 10 kPa); (B) Maize plants 20 days after emergence.

Variables analyzed
The emergence time (ET) was recorded every 24 hours after sowing, considering that the first visible seedling emerged.
The growth rate (GR) was monitored daily after emergence via a graduated ruler. At 15 days, the SPAD index was evaluated;
at 20 days, the plant height (PH) was measured, and the units were transferred for laboratory analysis.
In the laboratory, the following parameters were determined: leaf area (LA), root dry mass (RDM), root diameter (RD), root
volume (RV), root surface area (RSA) and total root length (TRL). The RSA corresponds to the functional surface of water
and nutrient absorption. After seedling emergence, plant height was measured every 24 hours with a graduated ruler to
quantify the daily growth rate (GR). At 15 days after sowing, the SPAD index was evaluated in each plot via SPAD-502 Plus
equipment.
At the end of the experiment, plant height (PH) was evaluated with a graduated ruler, which was measured from the soil to
the largest leaf. The experimental units were then removed from the tension table for laboratory analysis, in which the leaf
area (LA) was determined via an LI-3100C area meter integrator.
The roots were removed from the soil by sieve washing, and their volume (RV) was estimated by the displacement of water
in a beaker. The total root length (TRL), root surface area (RSA) and mean root diameter (RD) were calculated via equations
2, 3 and 4 respectively.

—RAZ Eq. 2

TRL(em) =1 37324 x RV 4

where: TRL - total root length; RA - Root System Area; RV - root volume.

SRA(cm?) = m X TRL X RD Eq.3
where: SRA - surface root area; TRL - total root length; RD - average root diameter.
RD _ 1,27324 X RV Ea. 4
m) ==V xra 4

where:
RD - average root diameter; RV - root volume; RA - Root System Area

After the volume of the roots was determined, the roots were dried in a forced-air oven at 105 °C for 24 h to obtain the dry
mass (DMR). The root-shoot ratio was calculated according to Benincasa (2003).
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Statistical analysis

Data normality was assessed via the Shapiro-Wilk test, and homoscedasticity was assessed via the Bartlett test at 5%
probability. After confirming the ANOVA assumptions, analysis of variance was performed via the F test. For significant
effects, the interactions with the Sisvar software were unfolded (Ferreira, 2019). Data with significant isolated effects were
adjusted via linear and quadratic polynomial regression, whereas significant interactions were analyzed via a response
surface model (z = a + bx + cx* + dxy + ey + fy?) via R software version 4.4.2.

Conclusion

The interaction between soil density and water tension influences the initial growth of maize seedlings, affecting
morphological and physiological variables. Intermediate densities (especially 1.4 g cm-3) and moderate water tensions
(approximately 65.2 cm H20) provide ideal conditions for the accumulation of biomass in the shoot, whereas higher stresses
(72.03 and 94.5 cm H20), combined with densities between 1.3 and 1.49 g cm3, favor root development in terms of volume,
root area and length.
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