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sigue planteando dificultades, su uso mejora la comprensión de 

los procesos hidrológicos y permite tomar decisiones más 

informadas en la gestión sostenible de los recursos.

Recomendaciones y perspectivas futuras: En el futuro, se 

deberán llevar a cabo investigaciones que estudien la influencia 

de los factores climáticos y medioambientales en la precisión de 

las mediciones, así como sus implicaciones más amplias para las 

prácticas de gestión sostenible en diferentes condiciones 

medioambientales. Estas áreas de investigación son 

importantes para avanzar en el conocimiento y mejorar las 

estrategias de conservación de los recursos hídricos y edáficos.

Palabras clave: hidrología, tecnologías avanzadas, eficiencia 

hídrica.

Resumen: Contextualización: La evaluación de la infiltración 

de agua en diversos tipos de suelo es fundamental para 

gestionar de forma sostenible los recursos hídricos y edáficos. 

Se necesitan métodos de medición precisos para avanzar en 

nuestra comprensión de los procesos de infiltración y apoyar 

prácticas eficaces de gestión del agua que mantengan la 

integridad del suelo.

Vacío de conocimiento: Aunque se ha avanzado en las 

técnicas de medición de la infiltración, sigue sin estar claro 

hasta qué punto los sistemas automatizados pueden mejorar la 

precisión y ofrecer información sobre estrategias sostenibles de 

gestión del agua y el suelo.

Propósito: Este trabajo de investigación analiza cómo el uso de 

sistemas automatizados puede mejorar la precisión de las 

mediciones de la infiltración de agua en el suelo, lo que 

contribuye a estrategias más eficaces para la gestión sostenible 

de los recursos hídricos y edáficos.

Metodología: El estudio examina la relación entre la 

composición física de los suelos en una toposecuencia de tres 

tipos distintos (Latosol, Argisol, Neosol) y sus tasas de 

infiltración de agua. Se utilizó un sistema automatizado que 

incorpora un infiltrómetro de anillo, un sensor ultrasónico y 

un microcontrolador Arduino para realizar mediciones 

continuas de la infiltración en los suelos de la cuenca 

hidrográfica de Tietê-Batalha, en São Paulo (SP), Brasil.

Resultados y conclusiones: Los resultados muestran que 

Neosol tuvo una tasa de infiltración media de 52,18 ± 6,88 

mm h-1, Argisol registró una tasa de 47,20 ± 1,64 mm h
-1

 y 

Latosol exhibió una media inferior de 37,76 ± 1,15 mm h
-1

. 

Los resultados demuestran las ventajas de integrar la tecnología 

automatizada en el análisis de suelos y revelan una correlación 

parcial entre las propiedades físicas del suelo y las tasas de 

infiltración. Aunque la aplicación de sistemas automatizados 
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various soil types is fundamental for the sustainable 

management of water and soil resources. Accurate 

measurement methods are needed to advance our 

understanding of infiltration processes and to support effective 

water management practices that maintain soil integrity.

Knowledge gap: While progress has been made in infiltration 

measurement techniques, the extent to which automated 

systems can enhance accuracy and inform sustainable water 

and soil management strategies remains unclear.

Purpose: This study investigates how the use of automated 

systems can improve the accuracy of soil water infiltration 

measurements, contributing to more effective strategies for 

sustainable management of water and soil resources.

Methods: The study examines the relationship between the 

physical composition of soils in a toposequence of three 

distinct types (Latosol, Argisol, Neosol) and their water 

infiltration rates. An automated system incorporating a ring 

infiltrometer, ultrasonic sensor, and Arduino microcontroller 

was used for continuous infiltration measurements in the soils 

of the Tietê-Batalha watershed, São Paulo (SP), Brazil.

Results and conclusions: The findings show that Neosol had 

an average infiltration rate of 52.18 ± 6.88 mm h
-1

, Argisol 

recorded a rate of 47.20 ± 1.64 mm h
-1

, and Latosol exhibited 

a lower average of 37.76 ± 1.15 mm h
-1

. The results 

demonstrate the advantages of integrating automated 

technology into soil analysis, revealing a partial correlation 

between soil physical properties and infiltration rates. 

Although challenges remain in implementing automated 

systems, their use enhances the understanding of hydrological 

processes and supports more informed decisions in sustainable 

resource management.

Recommendations and future Perspectives: Future research 

should investigate the influence of climatic and environmental 

factors on measurement accuracy, as well as the broader 

implications for sustainable management practices across 

different environmental conditions. These areas of inquiry are 

Abstract: Context: The assessment of water infiltration in 

important for advancing knowledge and improving strategies 

for conserving water and soil resources.

Keywords: hydrology, advanced technologies, water efficiency.
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GRAPHIC SUMMARY

Authors

1. INTRODUCTION

A complex relationship between vegetation cover and soil water infiltration capacity has emerged as a key 

element in the search for effective solutions for sustainable water resource management (Shaikh et al., 2023). 

This relationship is particularly critical in urban areas, where rapid population growth increases water 

demand and directly affects surface runoff regulation, erosion processes, and sediment transport in 

watercourses (Santana et al., 2023). These dynamics pose an increasing threat to natural ecosystems (Ciupa 

et al., 2021).

Soil infiltration capacity is determined by a complex interaction of surface conditions, soil moisture, 

physical properties, and topography (Leul et al., 2023). In addition, the characteristics of the water entering 

the soil, including the presence of chemicals or contaminants, can influence infiltration rates (Santana et al., 

2023). Accurate methods to measure and understand these processes are essential to guide sustainable water 

management practices while protecting soil integrity and quality. The development of improved strategies 

and tools is urgently needed to conserve water resources and protect soils (Magalhães et al., 2017).
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Ring infiltrometers have been widely used to determine water infiltration rates in various soil types 

(Gregory et al., 2005; Targa et al., 2019; Revueltas-Martínez et al., 2020). These devices consist of a metal 

ring, typically of known diameter, that is inserted into the soil to a certain depth. Water is then poured into 

the ring, and the infiltration process is monitored over time. The time required for water to infiltrate a given 

depth is recorded, providing a measure of the infiltration capacity of the soil. This method allows for the 

observation of seasonal variations and the assessment of soil response under different climatic conditions, 

land management practices, and changes in land use, providing detailed insights into soil heterogeneity with 

respect to infiltration capacity (Fatehnia et al., 2016).

However, despite the simplicity of the method, the use of manual tools such as rulers and scales carries a 

significant potential for error due to the subjectivity of the observer and the time required for data collection 

(Alves da Silva et al., 2020). These factors reduce the reliability and accuracy of the measurements, leading to 

potential inaccuracies in the assessment of water infiltration (Targa et al., 2019; Righes et al., 2020).

To address these challenges, automated systems based on open-source electronic prototyping platforms, 

such as Arduino, have emerged as a promising solution for improving the accuracy and efficiency of soil 

water infiltration measurements (Alves da Silva et al., 2020). Ersöz et al. (2023) note that these systems can 

reduce the uncertainties associated with manual methods while enabling rapid field data collection, which is 

essential for sustainable water resource management applications.

Studies such as the ones conducted by Masseroni et al. (2016), Karami et al. (2018), and Pereira et al. 

(2020)  have documented specific Arduino-based circuits for agricultural applications and environmental 

monitoring. Nevertheless, the challenges to the adoption of these systems remain, including initial cost, 

operational complexity, and the need for technical training for proper use. Maintenance and calibration 

issues are also barriers to widespread adoption. Despite these challenges, the automation of measurement 

devices has great potential to improve data accuracy and enhance the application of infiltration models in 

different regions (Alves da Silva et al., 2020). Therefore, further investigation of the synergy between 

technology and soil measurements is critical to advance knowledge and promote sustainable water and soil 

management practices in diverse locations.

This study investigates how automated systems can improve the accuracy of soil water infiltration 

measurements, contributing to improved strategies for sustainable water and soil management. Specifically, it 

uses a ring infiltrometer connected to an Arduino microcontroller and an ultrasonic sensor, with an 

algorithm developed in Python. This setup enabled continuous measurements of infiltration rates across a 

toposequence of different soil types in the Tietê-Batalha watershed in São Paulo, Brazil. The results highlight 

the value of integrating technology into soil measurements to advance scientific understanding and optimize 

water management and resource conservation under diverse soil and climatic conditions.

2. MATERIALS AND METHODS

Experimental area

The research was conducted in a section of the Tietê-Batalha watershed (TBW), located in the 

municipality of Piratininga, about 32 km from the city of Bauru, SP (Figure 1). The study included four field 

campaigns carried out on 09/07/2022, 22/07/2022, 01/08/2022, and 04/09/2022, during the winter 

season, which is typically characterized by low precipitation in the region (Cruciol-Barbosa et al., 2023).
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The TBW is integrated into the Integrated Water Resources Management System (SIGRH), in 

accordance with the principles established by the São Paulo Water Law (Law 7.663/1991). Recognizing 

water as a public good, this system aims to promote sustainability by maintaining adequate standards of 

water quantity and quality to meet societal needs. The SIGRH operates under the State Water Resources 

Plan (PERH), which is revised every four years and is based on the watershed management plans of the 21 

watershed committees in the state. The coordination of the system is led by key entities, including the State 

Water Resources Council (CRH), the Watershed Committees (CBH), and the Coordinating Committee 

for the State Water Resources Plan (CORHI).

TBW is designated as the Water Resources Management Unit of the State of São Paulo (UGRHI 16). Key 

characteristics of this unit include its strategic central location within the State, abundant water resources of 

high quality and quantity, and infrastructure conducive to agricultural, livestock and industrial investment. 

It benefits from an extensive road network, an efficient railway system, the Tietê-Paraná waterway, the 

Brazil-Bolivia gas pipeline, and the Mário Leão hydroelectric plant with a capacity of 265 megawatts 

(Comitetb, 2024). According to Crespo et al. (2017), UGRHI-16 covers a drainage area of 13,149 km², with 

a population of 537,122 inhabitants. The main rivers in the region include the Tietê, Dourado, São 

Lourenço, Batalha, and Ribeirão dos Porcos. In addition, there are 893 km² of remnant vegetation, including 

seasonal semi-deciduous forest and Cerrado (Lemes et al., 2020).

Figure 1.

The Tietê-Batalha watershed (TBW), located in the State of São Paulo (Brazil), highlighting the course of the Batalha 

River between the two studied stretches, Reginópolis and Piratininga. For reference, Reginópolis is shown in gray, 

Piratininga in red, and Bauru in yellow.

Adapted from Leite et al. (2018).
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The climate of the region is tropical highland (Cwa) according to the Köppen-Geiger classification, with 

distinct wet and dry seasons (Cruciol-Barbosa et al., 2023). Average air temperatures range from 26°C during 

the hottest months to 20°C during the coldest months. Summer, from December to February, is hot and 

rainy, with an average monthly rainfall of 200 mm. Winter, from June to August, has cooler temperatures 

and less than 70 mm of rain per month. Transitional periods, from March to May and from September to 

November, record average monthly rainfall between 100 and 150 mm. Predominant soil types include well-

developed latosolic soils with texture horizon B, and less developed hydromorphic soils in poorly drained 

areas and lithosols in steeper terrains (Salomão, 1994).

The study was conducted on a rural property of 3.4 km² (22.25 S, 49.05 W) used to grow eucalyptus for 

the pulp and paper industry. The experimental area followed a toposequence that included three distinct soil 

types: Sandy Dystrophic Red Latosol (SDR Latosol), mainly used for eucalyptus cultivation since 2019, at an 

average elevation of 552 m; Abrupt Eutrophic Red Argisol (AER Argisol), also used for eucalyptus 

cultivation, at an average elevation of 512 m; and Hydromorphic Plinthosol Quartzipsamment (HPQ 

Neosol), formerly used for cattle pasture and now degraded, at an average elevation of 492 m. The Batalha 

River, located at the bottom of this toposequence, provides a significant portion of the local public water 

supply. Figure 2  illustrates the three different soil types: SDR Latosol (2a), AER Argisol (2b) and HPQ 

Neosol (2c).

Figure 2.

Experimental areas: (a) SDR Latosol for eucalyptus planting; (b) AER Argisol, also used for eucalyptus cultivation; (c) 

HPQ Neosol, previously pasture, now degraded.

Authors
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Water infiltration into the soil was evaluated using a single-ring infiltrometer with a diameter of 0.15 m 

and a height of 0.30 m, following the method proposed by Bowers (1986). The device was inserted into the 

soil at a depth of 0.05 m. Infiltration tests were conducted after at least 10 days without rainfall, ensuring 

uniform soil moisture conditions. The tests were conducted between 09:00 and 11:00 on specific days, with 

water levels maintained between 0.02 m and 0.05 m under low hydraulic head conditions.

Infiltration velocity curves were obtained from the data collected by the automated system, which 

combined the single-ring infiltrometer, Arduino microcontroller, and ultrasonic sensor. Figure 3 shows the 

measurement system used.

Figure 3.

Measurement of soil water infiltration using a ring equipped with automated measurement systems using an Arduino 

microcontroller and an ultrasonic sensor.

Authors

Measurement of soil water infiltration
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The water level inside the ring was measured using an HC-SR04 ultrasonic distance sensor connected to 

an Arduino Uno platform (Santos et al., 2021). The sensor emitted ultrasonic signals that reflected off the 

water surface, allowing for real-time data collection at predefined intervals. The Arduino was programmed to 

automate the sensor readings and store time and distance measurements at 15-second intervals. The data was 

processed using a Python algorithm that facilitated communication between the Arduino and a Python 

environment through the pySerial library, executed in the Google Colaboratory platform. This allowed for 

real-time data acquisition and processing. The full algorithm is provided in the annex (ANNEX 1).

Experimental design and statistical analysis

The experimental design was fully randomized, with four trials per soil type, spaced four meters apart. 

Water recharges were performed manually, and the time of each recharge was recorded by the algorithm. The 

difference between two consecutive readings was used to calculate the vertical infiltration rate. The 

automated measurements were verified against manual records for accuracy. The procedure was repeated 

until recharge intervals stabilized.

To assess the system's effectiveness in measuring soil water infiltration, the Horton equation (Thomas et 

al., 2020) was applied (Equation 1). In this equation, f(t) represents the infiltration rate over time; fc is the 

constant infiltration rate; f0 is the initial infiltration rate; and k is the decay rate. The Horton equation 

provides a simplified model to estimate water absorption by the soil, which is crucial for controlling surface 

runoff and erosion (Thomas et al., 2020). The Python algorithm used for this calculation is provided in the 

appendix (ANNEX 2).

A two-way analysis of variance (ANOVA) was conducted to examine the relationship between soil type 

and vegetation cover with respect to the fc parameter. This factorial ANOVA model assessed the main 

effects of soil and cover types on fc, as well as their interaction. A Tukey HSD test was conducted as a post-

hoc analysis to identify differences in mean fc values among different combinations of soil and cover types. 

All analyses were performed at a 95% confidence level using the Python statsmodels library for statistical 

calculations, with additional operations conducted using the NumPy library.

To further contextualize the infiltration rates, additional data on soil texture, including proportions of 

sand, silt, and clay, along with density and organic matter content, were incorporated. This data was provided 

by the pulp and paper industry managing the site (Bracell, personal communication, 2022). Tensiometric 

water retention curves for soil horizons such as Ap, AB, BA, and Bw2 were also provided. These curves 

measure water retention at various matric potentials, offering insights into the water dynamics in each 

horizon (Take & Bolton, 2003). This combination of field and laboratory data provides a comprehensive 

understanding of the factors influencing water infiltration in the study area.
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In the toposequence (Figure 2), soil differentiation was intrinsically linked to its physical composition, 

specifically the proportion and distribution of soil particles. Previous studies have shown that SDR Latosol is 

predominantly composed of sand particles, giving it a granular texture and lower water holding capacity 

compared to other soil types (Pinto et al., 2019). In contrast, AER Argisol generally has a more balanced 

distribution of sand, silt, and clay, resulting in a well-structured profile with moderate water and nutrient 

holding capacity (Moreira de Oliveira et al., 2020). HPQ Neosol, likely composed primarily of sand and 

quartz, exhibits altered drainage conditions as evidenced by the degradation of its original structure and a 

corresponding reduction in nutrient and water retention capacity (Pedroni et al., 2013). These variations in 

physical structure—particularly the distribution of sand, silt, and clay—directly influence the characteristics 

and suitability of each soil type for cultivation, drainage, and water and nutrient retention.

Table 1 provides a summary of key information from each test, including soil type, collection site, average 

elevation, terrain slope, maximum hydraulic load applied, and the duration of each assessment. These data 

are essential for understanding the interactions between different soil types and the operational parameters 

of the tests.

Table 1.

Soil type, sampling location, average elevation, terrain slope, maximum hydraulic load during tests, and duration

Authors

Note. The data was sorted by decreasing elevation.

3. RESULTS AND DISCUSSION
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According to Table 1, although the differences in test durations between soil types may seem substantial, 

the analysis reveals no statistically significant difference in mean durations (F-statistic = 1.92, p-value = 

0.20). It suggests that the observed variations may have been influenced by site-specific factors, such as local 

terrain characteristics or environmental conditions. In AER Argisol (P1 to P4), the test duration showed an 

average variation of 1.01 ± 0.12 h (11.9%), while in SDR Latosol (P5 to P8) the duration varied by an 

average of 1.14 ± 0.08 h (7.0%). In HPQ Neosol (P9 to P12), the tests were performed with an average 

duration of 0.96 ± 0.18 h (18.8%).

Similarly, no statistically significant difference was observed in the mean volumes of water used in the 

infiltration tests across the different soil types (F-statistic = 0.81, p-value = 0.47). On average, 19.5 ± 3.0 L 

(15.4%) of water was used in AER Argisol (P1 to P4) and 19.6 ± 3.6 L (18.4%) in SDR Latosol (P5 to P8). 

In HPQ Neosol (P9 to P12), an average of 16.6 ± 4.4 L (26.8%) was used.

Table 2  presents the textural analysis (sand, silt, and clay), density, and organic matter content for the 

different soil types in the toposequence, based on data provided by the pulp and paper industry responsible 

for the area (Bracell, 2022). Based on the physical composition of the soils in the toposequence, the 

comparative analysis reveals some trends, although certain results do not fully align with theoretical 

expectations regarding water retention and infiltration capacity for different soil types.

Table 2.

Textural analysis (sand, silt, clay), density, and organic matter across various soil types

Adapted from Bracell (2022)
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First, there is a correlation between the predicted physical structure and the observed results, particularly 

in relation to the duration of the infiltration tests. SDR Latosol, with its high sand content and lower 

expected retention capacity, exhibited slightly longer test durations, indicating lower water retention, 

consistent with the expected characteristics of this soil type. However, the volumes of water used in the 

infiltration tests did not quite follow theoretical expectations, as the differences between SDR Latosol, AER 

Argisol, and HPQ Neosol were not statistically significant at the 95% confidence level. Therefore, while 

some variation was observed, the data do not provide conclusive evidence of significant differences in water 

infiltration between soil types based solely on time and volume measurements.

In addition, SDR Latosol exhibited a density range of 1.44 to 1.55 g cm
-3

 at various depths, indicating a 

relatively consistent density throughout its profile. In contrast, AER Argisol exhibited a broader density 

range of 1.54 to 1.69 g cm
-3

, reflecting greater variability in its stratified layers. HPQ Neosol, on the other 

hand, generally had a lower density, ranging from 1.27 to 1.61 g cm
-3

, maintaining a trend toward lower 

density compared to the other soil types.

Figure 4 (a, b, and c) shows water retention curves for the Ap, AB, BA, and Bw2 horizons of the soils in 

the toposequence, using data provided by Bracell (2022). These curves illustrate volumetric moisture as a 

function of matric potential, covering depth ranges from 0 to 100 cm for SDR Latosol and AER Argisol, and 

from 0 to 140 cm for HPQ Neosol. This visual representation provides insight into the hydraulic dynamics 

within different soil horizons at specific depths, contributing to a deeper understanding of water behavior 

across the studied toposequence.

Based on Figure 4, the water retention curves across different soil horizons indicate significant variability 

in infiltration capacity, highlighting the critical role that factors such as soil texture and composition play in 

this process.

The predominantly sandy SDR Latosol showed high retention at low matric potentials, highlighting the 

significant influence of macropores. Both HPQ Neosol and AER Argisol showed favorable retention up to a 

certain threshold, with macropores contributing positively to water conduction. The data emphasize the 

heterogeneity of the toposequence and the importance of considering the unique characteristics of each soil 

type to effectively manage water resources tailored to the specific conditions of each area.
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Figure 4.

Water retention curves for Ap, AB, BA, and Bw2 horizons of soils along the toposequence, based on data provided by 

Bracell (2022). (a) SDR Latosol, (b) AER Argisol, and (c) HPQ Neosol.

Bracell (2022).
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Measurements of soil water infiltration at TBW over time, and across different soil types, were evaluated 

using the Horton equation (Equation 1). Table 3  presents the fitting parameters for infiltration in the 

various soil types, calculated based on this model. Parameters f
c

 and f
0

 are expressed in mm h
−1

, while k is 

expressed in h
−1

. Within the same group, letters a and b indicate statistically significant differences between 

the means. Soil types and vegetation covers with the same letters do not show significant differences, 

according to the Tukey test (p ≤ 0.05).

Table 3.

Infiltration adjustment parameters with Horton's equation across different soils and vegetation cover

Authors

Note. The same letters in the parameters indicate no significant difference (p < 0.05) between the means of each group based on Tukey's test.

According to Table 3, the coefficient of determination (R²) values ranged from 0.79 to 0.97, indicating 

that the Horton equation model provided a reasonably accurate representation of the infiltration rates for 

the different soil types. This suggests that the equation provides a satisfactory fit to the observed data, 

demonstrating its ability to effectively describe the infiltration processes specific to these soils.

The analysis of the fc parameter, representing the base infiltration rate, revealed variability across soil 

types. As shown in Figure 5 (box plot), HPQ Neosol had the highest average infiltration rate (52.18 ± 6.88 

mm h⁻¹), followed by AER Argisol (47.20 ± 1.64 mm h⁻¹), and SDR Latosol (37.76 ± 1.15 mm h⁻¹). 

According to the Tukey test (p ≤ 0.05), means sharing the same letter are not significantly different. These 

results indicate that HPQ Neosol and AER Argisol presented infiltration rates approximately 38% and 25% 

higher, respectively, than SDR Latosol.
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Figure 5.

Box plot of soil infiltration rates by soil type Note. Dashed lines indicate average rate. Means with the same letter (a or 

b) are not significantly different (Tukey test, p ≤ 0.05).

Authors

The two-way factorial ANOVA model assessed the main effects of soil type and cover type on the fc 

parameters, as well as their interaction. The results indicated statistically significant differences between the 

soil types for the evaluated parameter (p < 0.05). The Tukey HSD test, at a significance level of 0.05, revealed 

significant differences in mean soil infiltration rates between AER Argisol and SDR Latosol, with a mean 

difference of -9.44 (p = 0.0255). Additionally, a significant difference was identified between HPQ Neosol 

and SDR Latosol, with a mean difference of -14.42 (p = 0.0021). However, no significant differences were 

observed between AER Argisol and HPQ Neosol (p = 0.2574).

The results highlight a remarkable variability in infiltration capacity throughout the experimental period, 

reflecting the complexity of infiltration processes and the significant influence of natural soil variability on 

water infiltration rates. Studies such as Ma et al. (2016) and Pan et al. (2018) have similarly documented how 

variability in soil texture and structure affects infiltration capacity, underscoring the role of natural soil 

heterogeneity.
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Soil texture, structure, and composition significantly influence infiltration rates, as variations in the 

proportions of sand, clay, and organic matter at different depths directly affect water retention and 

infiltration capacity. Soils with higher sand content showed increased water retention at lower matric 

potentials and decreased retention at higher potentials, highlighting the role of macropores in facilitating 

infiltration. These results are consistent with Jarvis (2020) who highlighted the importance of macropores in 

regulating water flow in sandy soils. Although macropores improved water movement in the surface layers, 

reduced retention rates could limit water availability to plants during dry periods.

The variability of data across soil types, beyond simple infiltration averages, underscores the intrinsic 

heterogeneity of soils that is critical to understanding hydraulic infiltration capacity. Detailed analysis of 

individual soil characteristics, as demonstrated by retention curves, becomes essential to accurately predict 

and contextualize hydraulic behavior. This level of understanding is critical for more efficient water 

management in agricultural and environmental settings, contributing to sustainability and optimization of 

water use tailored to the specific characteristics of each soil type. Similar conclusions were drawn by Korres et 

al. (2015), who highlighted the importance of soil-specific management practices in heterogeneous 

landscapes.

Although the two-way factorial ANOVA and post-hoc tests indicated statistically significant differences 

between some soil pairs, the lack of differences in others may reflect subtle nuances in infiltration responses 

that are not fully captured by the parameters considered. Soils with relatively similar physical properties may 

yield comparable infiltration values, making it difficult to detect significant differences. This highlights the 

need for further detailed investigation and refinement of measurement tools to fully understand infiltration 

processes in different soil contexts. In line with this, Santos et al. (2021) emphasize the importance of high-

resolution temporal data to capture short-term variations in infiltration processes.

In this context, test duration plays a critical role in detecting true differences between soil groups. Short 

duration tests that do not allow for water level stability in the infiltrometer can limit the ability to detect 

significant differences, requiring a greater number of samples to reveal subtleties that might otherwise go 

unnoticed. This is consistent with the work of Alves da Silva et al. (2020), who found that short-term tests 

often fail to capture the complete infiltration dynamics, particularly in soils with variable structure.

While the automated system performed adequately in determining steady-state infiltration rates, it is 

important to consider the effects of manually adding water to the infiltrometer during testing. The reliability 

of this method depends on maintaining stable water levels over time, and manual replenishment can 

introduce variability into the results. The inconsistent amount of water added manually can affect the 

stability and accuracy of measurements, resulting in discrepancies between tests. Short-term tests may not 

capture the stability needed to detect significant differences between soil groups, especially if manual 

recharges are not standardized. This limitation underscores the need for more automation or additional 

controls to ensure consistency in water recharges. In addition, potential inaccuracies associated with the 

ultrasonic sensor, as well as interference from external factors such as environmental conditions, must be 

considered as they may affect the reliability of the measurement. Previous work by Masseroni et al. (2016)

highlights the role of automation in minimizing such variability in field experiments.
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The results of the infiltration tests provide detailed insights into the intrinsic properties of the soils being 

studied, with the automated infiltration system providing continuous and accurate data collection that 

reduces the variability typically introduced by manual methods. Understanding these processes is critical for 

guiding sustainable management strategies, particularly in agricultural and environmental contexts. 

However, translating these findings into practical applications requires an effective transition from 

conventional methods to automated measurement systems that not only enable continuous and accurate 

data collection but also reduce the variability introduced by manual processes, such as refilling water in 

infiltrometers. This recommendation aligns with Pereira et al. (2020), who found that automation 

significantly improved data consistency in similar hydrological studies.

Automation increases the robustness of data collection and allows for more nuanced analysis of the 

hydrologic characteristics of each soil type. This improved understanding of soil hydraulic properties is 

essential for informed, targeted decision-making, even in cases where apparent differences in infiltration rates 

are not immediately apparent. As a result, automated systems not only improve measurement accuracy but 

also create opportunities for more effective and adaptive management of water and soil resources, which is 

fundamental to conservation and long-term resource sustainability. Studies such as Karami et al. (2018)

support this notion, demonstrating how automated systems can enhance the precision and efficiency of 

water resource management.

Despite the benefits, there are challenges to implementing automated systems. Factors such as cost, 

maintenance, calibration, and the need for technical training must be carefully considered. Manual 

replenishment of water during testing introduces variability, and maintaining consistent water levels over 

extended testing periods remains a challenge. Overcoming these barriers requires a comprehensive approach 

that includes both technological innovations and the necessary training and infrastructure to ensure a 

smooth and efficient transition to automated systems. This perspective is essential to fully realize the 

potential of these solutions to improve water and soil resource management.
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However, the study presents certain limitations. The reliance on manual water refills during the tests 

introduced some variability, and environmental factors such as wind or temperature may have influenced the 

accuracy of the ultrasonic sensor. Additionally, the focus on a specific toposequence limits the generalization 

of findings to other regions or soil types with differing characteristics. Future research should address these 

limitations by developing fully automated systems that eliminate manual interventions and expanding the 

study to include a wider range of geographical areas and climates.

Future studies could focus on designing a fully automated system that maintains consistent water levels 

throughout the infiltration process, further reducing variability. Expanding the research to other climates 

and soil types would also offer valuable insights into the broader applicability of the system. Moreover, 

integrating remote sensing technologies with the automated infiltration system could enhance large-scale 

monitoring and improve data collection in environmental research.

Materiales suplementarios

suppl1.pdf (pdf)

4. CONCLUSIONS

This study aimed to investigate the role of automated systems in improving the accuracy of soil water 

infiltration measurements, contributing to more efficient strategies for water and soil management. The 

findings indicate that the automated system, consisting of a ring infiltrometer connected to an Arduino 

microcontroller and an ultrasonic sensor, delivered precise and continuous measurements across various soil 

types. The reduction in observer bias and variability in measurements confirms the effectiveness of the 

system when it comes to achieving the study’s objective of enhancing the accuracy and efficiency of 

infiltration data collection.

The research contributes to the field of environmental management by demonstrating how automation 

can improve the reliability of hydrological measurements, supporting more informed decision-making in 

water conservation and land use planning. The integration of technology into soil infiltration studies 

provides a refined approach to monitoring, which is increasingly relevant in addressing contemporary 

challenges in environmental management, particularly in agricultural and urban settings.

Practically, the automated system offers a viable solution for reducing the time and labor associated with 

traditional manual measurements. This efficiency makes it an attractive option for large-scale environmental 

monitoring initiatives, with the flexibility to be adapted to different soil conditions. The system’s potential 

to streamline data collection highlights its practical application in various environmental contexts.
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