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ABSTRACT: Soil steady water infiltration rate (SIR) is a key variable in hydrological 
modeling, but its relationship to antecedent soil moisture is not yet well understood. We 
tested the hypothesis that the SIR decreases with the increase in antecedent moisture, 
and that this relationship depends on permeability to water on the soil surface, the 
measurement method, and the measurement period. We conducted an experiment in an 
Argissolo Vermelho-Amarelo Distrófico abrúptico (Psammentic Paleudult – Soil Taxonomy), 
measuring infiltration in up to 14 antecedent moisture conditions under two soil structural 
conditions (no-till and no-till with subsoiling), with two measurement methods (double 
ring and Cornell infiltrometers), and for up to 48 h, with ten replications. In addition, 
vertical effective hydraulic conductivity of the saturated profile (Kef) was determined 
with Darcy’s equation for N layers. Crop succession used in the area was black oats 
and ryegrass in the winter and soybean in the summer. The SIR decreased to as little 
as 7.7 % of its original value with the increase in antecedent moisture; it was ~200 % 
greater in the treatment with subsoiling compared to no-till alone, and ~80 % greater 
when measured with the Cornell infiltrometer than with the double ring infiltrometer. 
Nevertheless, the effects of the method and the soil structural condition declined with 
the increase in antecedent moisture, confirming our hypothesis. In soil initially nearly 
saturated (degree of saturation ~90 %), the SIR drew near Kef (12.7 mm h-1) under the 
two soil structural conditions, especially when measured with the double ring infiltrometer. 
In contrast, increasing the time for measuring infiltration (>2 h) did not generate a new 
lower SIR level. The SIR decreases with the increase in antecedent soil moisture, and 
this relationship depends on the permeability to water of the surface layers and the 
measurement method. The SIR determined with infiltrometers better corresponds to 
vertical infiltration the nearer the soil is to saturation before beginning measurement.
Keywords: surface runoff, double ring infiltrometer, Cornell infiltrometer, terraces, 
lateral flow.
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INTRODUCTION
Steady infiltration rate (SIR) of water into the soil is defined as the final value of the 
infiltration curve that occurs in a vertical and homogeneous column, and that numerically 
draws near the hydraulic conductivity of the saturated soil (Hillel, 2003). It is a key 
hydrological value, and it must be appropriately characterized to design soil and water 
conservation projects (e.g., terraces) (Pruski et al., 1997), irrigation projects (Assouline, 
2013), and civil engineering works (e.g., septic tanks for wastewater) (Fepam, 2019). 
However, in spite of the hydrological importance of water infiltration into the soil, it is 
not sufficiently clear whether antecedent moisture in the soil affects the SIR.

According to the boundary conditions and assumptions used to define the SIR (e.g., 
vertical and homogeneous column, a sufficient time for the flux density to reach the 
hydraulic conductivity of the saturated soil), it would not be affected by the antecedent 
soil moisture (Philip, 1957, 1969; Hillel, 2003). However, experimentally, Císlerová  
et al. (1988) found an inverse relationship between the SIR and antecedent moisture. In 
another study, Liu et al. (2019) found that although antecedent moisture predominantly 
affects the initial rates of the infiltration curve, the effect is also propagated in the SIR. 
Furthermore, other authors (Boeno et al., 2021; Rauber et al., 2021; Wei et al., 2022) 
have suggested more detailed investigation of the relationship between the SIR and 
antecedent soil moisture. 

A relationship between antecedent moisture and the SIR seems to be more evident in 
point infiltration measurements with infiltrometers (Rauber et al., 2021) than in plot-
scale measurements (Bertol et al., 2015). Furthermore, this relationship may depend 
on the soil surface water permeability, the method used, and the measurement period. 
Although the infiltration rate measured in the field with infiltrometers tends to exhibit 
a stable infiltration rate, the tests may not ensure the boundary conditions used in the 
conceptual definition of the SIR, such as the homogeneous structure of the porous medium 
in space and time and, above all, a solely vertical flow (Hillel, 2003). 

In a stratified soil profile with respect to water permeability, the lateral flow in infiltration 
measured with infiltrometers (Boeno et al., 2021) may be strengthened when the 
wetting front reaches more restrictive subsurface layers, especially if the single-ring 
measurement method is used (e.g., Cornell infiltrometer). In double ring infiltrometers, 
the outer ring is used to attenuate the lateral flow coming from the inner ring (in which 
measurements are taken) (Bouwer, 1986). The capacity of the outer ring to attenuate the 
flow coming from the inner ring, however, may depend on the antecedent soil moisture. 
Another problem is that the measurement time with infiltrometers (2 to 3 h) may be 
insufficient to saturate the soil profile and incorporate the hydraulic resistance of deep 
soil layers less permeable to water in the SIR. For example, even if the SIR has stabilized 
within an initial measurement interval (e.g., in the last 20 min of a 2-h test), increasing 
the measurement time may generate a new lower level of the SIR if the wetting front 
reaches more restrictive deep layers (Boeno et al., 2021). However, experimentation 
is necessary to study how antecedent moisture, the permeability to water of the soil 
surface, the type of infiltrometer, and measurement time may affect lateral infiltration 
and, consequently, the SIR.

Studying the relationship between antecedent moisture and infiltration is experimentally 
challenging. In addition to the effect of antecedent moisture on infiltration variables, 
there is the space-time effect of dynamic factors such as the number and type of roots 
(Bodner et al., 2008; Cui et al., 2019; Liu et al., 2019) and change in the intensity and 
seasonal frequency of wetting and drying cycles, factors that affect the macroporosity 
and water flow in the soil (Bodner et al., 2013; Castiglioni et al., 2018). These factors 
can make the relationship between antecedent moisture and the SIR confusing (Rauber 
et al., 2021).
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To better investigate the relationship between antecedent moisture and the SIR, measuring 
infiltration at various times of the year with contrasting antecedent moisture conditions 
is important, which would allow the determination of the contribution of antecedent 
moisture to temporal variability of the SIR. In addition, establishing expressive variation 
in antecedent moisture over a short period (e.g., with irrigation) would make it possible to 
minimize seasonal effects on the relationship between antecedent moisture and the SIR. 

Due to their practicality and low cost, infiltrometers are the methods generally used 
to characterize infiltration variables (Lili et al., 2008; Rahmati et al., 2018). Therefore, 
understanding how the SIR measured by these devices is affected by antecedent moisture 
may have relevant implications, such as delimitation of the most suitable antecedent 
moisture conditions for minimizing lateral infiltration. For example, measuring the SIR 
under low antecedent moisture may lead to overestimation of vertical infiltration and to 
undersizing works to contain water surface runoff, such as terraces.

We hypothesized that the SIR measured with infiltrometers decreases with an increase 
in antecedent soil moisture, and that this relationship depends on the permeability 
to water of the soil surface, on the measurement method, and on the measurement 
period. This study aimed to test whether the SIR measured with infiltrometers decreases 
with an increase in antecedent soil moisture, and whether this relationship depends 
on the permeability to water of the soil surface and on the measurement method and 
measurement time.

MATERIALS AND METHODS

Study location and experimental design

The experiment was conducted in the area of the Soil Department of the Universidade 
Federal de Santa Maria, Rio Grande do Sul State, Brazil (29° 43’ 11’’ S, 53° 42’ 12’’ W, 
altitude of 86 m), in a soil classified as Argissolo Vermelho-Amarelo Distrófico abrúptico, 
according to the Brazilian classification system (Santos et al., 2018), and as a Psammentic 
Paleudult, according to the North American classification system (Soil Survey Staff, 
2022). Surrounding topography is slightly rolling. Slope at the experiment site is 6 %  
(± 0.70 %). Soil source material at the site is sedimentary (clayey siltstone). Main minerals 
are kaolinite (predominant), vermiculite, goethite, and hematite (Pedron et al., 2018). 
Historical mean annual rainfall is 1,700 mm (information obtained from the database of 
the INMET meteorological station at a distance of ~1,600 m from the experiment in this 
study). The local climate is Cfa according to the Köppen classification system.

The experiment was set up in 2021 in a representative long-term no-till area (~20 years) 
with intercropping of oats (Avena sativa), ryegrass (Lolium multiflorum), and radish 
(Raphanus sativum) in the winter, and soybean (Glycine max) or corn (Zea mays) in the 
summer. The study factors evaluated were (i) moisture conditions prior to measurement 
of infiltration (13 for the Cornell infiltrometer and 14 for the double ring infiltrometer), 
(ii) two soil structural conditions (no-till – NT, and no-till with subsoiling – Sub), (iii) two 
methods of measuring infiltration (Cornell infiltrometer and the double concentric ring 
infiltrometer), and (iv) duration of the infiltration tests (1 h for the Cornell infiltrometer 
and from 2-48 h for the double ring infiltrometer). The experiment was organized in 
split plots.

The experimental area, 30 × 20 m (600 m²), was initially divided into two to delimit the 
two soil structural conditions. After that, one of the two parts was subsoiled on April 
30, 2021, when the soil had a friable consistency, with moisture of 0.09 g g-1 in the  
0.00-0.10 and 0.10-0.20 m layers and of 0.10 g g-1 in the 0.20-0.30 m layer. To obtain 
intense soil mobilization and promote a considerable increase in the permeability to water 
in the subsoiled layer, subsoiling was performed in one direction and then in a direction 
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perpendicular to the first, using a 5-shank subsoiler operating to a depth of ~0.40 m. 
Infiltration was evaluated from 3.2 to 20.5 months after subsoiling.

Soil moisture monitoring

In both soil structural conditions, soil moisture was continuously monitored with FDR 
(Frequency Domain Reflectometer) sensors, model CS616, with 30-cm probe rod length. 
Calibration equations of the probes (relationship between period recorded by the probe and 
corresponding volumetric moisture) for the soil layers of 0.00-0.10 m (Equation 1), 0.10-
0.30 m (Equation 2), and 0.30-0.60 m (Equation 3), and the E horizon (Equation 4) and Bt 
horizon (Equation 5) are shown below. These equations were calibrated and validated 
for the same soil and experimental area of this study (Rauber, 2023).

in which: θ is the volumetric soil moisture (m3 m-3) and T is the period recorded by the 
FDR probe (µSec). All the coefficients of the equations were significant (p<0.01).

To set up the probes in the soil profile, pits were opened, and in three locations of each 
one of the two soil structural conditions, the CS616 probes were horizontally inserted at 
the depths of 0.025, 0.075, 0.15, 0.30, and 0.50 m, which represent the center of the 
soil layers of 0.00-0.05, 0.05-0.10, 0.10-0.20, 0.20-0.40, and 0.40-0.60 m, respectively. 
These layers were considered morphologically different from each other based on the 
structural characteristics (aggregate form and resistance to knife insertion into the 
profile). Soil water storage (SWS) in each layer was obtained by the product between 
volumetric moisture and the thickness of the layer. Water storage in the vertical section 
of the profile with two or more layers was determined by equation 6:

in which: θi represents the soil moisture in the center of the layer (L3 L-3) and dz is the 
thickness of each soil layer (L). The indices 1, 2, ..., n represent the soil layers from the 
top to the bottom of the soil layer.

In addition, at a fourth point in each soil structural condition, 18 probes were set up at 
the depths of 0.00625, 0.025, 0.05, 0.075, 0.10, 0.125, 0.15, 0.175, 0.21, 0.25, 0.30, 
0.35, 0.40, 0.45, 0.50, 0.56, and 0.68 (E horizon), and 0.85 m (Bt horizon). The greater 
discretization of the soil profile at this point served to monitor the advance of the wetting 
front in greater detail in the infiltration tests performed over the probes (discussed below). 

Each layer and horizon taken from the soil during the opening of the pits was placed 
separately to the side of each profile. After setting up the probes, the soil taken from 
opening the pit was returned to it, maintaining the same initial arrangement of the 
layers and horizons. In addition, each layer was carefully compacted (by trampling) to 
approximately reestablish the initial degree of soil compaction. The probes were connected 
to a CR1000 datalogger and to an AM16/32 multiplexer. The programming was set to record 
and store data every hour. The systems were reprogrammed for continuous recording of 

θ=9.946–1.946T+0.1396T2–0.004356T3+0.0000506T4 Eq. 1

θ=14.87–2.872T+0.2048T2–0.006399T3+0.00007461T4 Eq. 2

θ=9.865–1.971T+0.1445T2–0.004624T3+0.00005517T4 Eq. 3

θ=18.94–3.598T+0.2538T2–0.007892T3+0.00009194T4 Eq. 4

θ=–4.114+0.5221T–0.02197T2+0.0003227T3 Eq. 5

SWS=(θi1*dz1 )+(θi2*dz2 )+⋯(θin*dzn) Eq. 6
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moisture every minute to monitor moisture during the infiltration tests performed over 
the probes (discussed below).

Determination of infiltration

Under different antecedent moisture conditions, soil water infiltration was determined 
with a Cornell infiltrometer (hereafter “Cornell”) and a double concentric ring infiltrometer 
(hereafter “double ring”) under both soil structural conditions. Ten infiltration determinations 
were made for each combination of soil structural condition, antecedent moisture, and 
measurement method. The measurement locations were demarcated to be equidistant  
(3 m), and the successive measurements at each point with different antecedent moisture 
conditions were always made at the same demarcated locations. There was no machine 
traffic over the area throughout the period of the study (04/2021 to 02/2023). Winter 
crop (oats + ryegrass) was broadcast sown, and the summer crop (soybean) was sown 
in rows (0.45 m spacing), both sown manually.

Infiltration tests with the double ring (Bouwer, 1986) lasted two hours and were carried 
out with a constant hydraulic pressure head of 0.03 m. The outer rings (0.40 m diameter 
and 0.10 m height) and inner rings (0.20 m diameter and 0.15 m height) were inserted 
into the soil to a depth of 0.05 and 0.075 m, respectively. The infiltration measurements 
were made at 2 to 3-minute intervals at the beginning (0-10 min) and 10-min intervals 
for the remainder of the test. The SIR was considered the mean of the last two to three 
stable values of the infiltration rate.

Infiltration tests with the Cornell (Ogden et al., 1997; van Es and Schindelbeck, 2003; 
Seratto et al., 2019) lasted approximately one hour, which corresponded to the time 
for the depletion of the water from the infiltrometer under the application rate of  
~300 mm h-1; the infiltrometers were previously adjusted for this precipitation rate. Rings 
of 0.25 m diameter and 0.15 m height were inserted into the soil to a depth of 0.075 m. 
Readings of the water application rate and surface runoff rate were taken every 3 min. 
Infiltration rate was calculated by the difference between the water addition rate and 
the surface runoff rate. The SIR was considered the mean of the last two to three stable 
values of the infiltration rate.

In both soil structural conditions, the infiltration tests were carried out in 13 (Cornell) 
and 14 (double ring) antecedent moisture conditions in the period from 08/2021 to 
01/2023 (Figure 1). A wide range of antecedent moisture conditions before the soil natural 
wetting and drying cycles was analyzed. For example, the degree of saturation of the  
0.00-0.40 m layer before the infiltration tests ranged from approximately 40 to 90 %, 
which represents a wide variation of moisture around field capacity, whose corresponding 
degree of saturation is ~63 %. The mean time between the measurements under different 
moisture conditions was 38 days (±11 days) for the double ring and 40 days (±7 days) 
for the Cornell (Figure 1). In spite of the nearly regular frequency of measurement, the 
dates were defined to have antecedent soil moisture different from the previous date. Air 
temperature and rainfall during the experimental period are shown in figure 1. Natural 
annual rainfall was 1,420 mm in 2021 and 1,536 mm in 2022 (annual accumulation below 
the historic mean of 1,700 mm). In addition, the irregularity in the rainfall distribution 
throughout the period (for example, greater water scarcity from 10/2021 to 03/2022 – 
Figure 1) contributed to obtain infiltration variables over a wide range of antecedent 
moisture conditions.

Due to the low frequency of rainfall events able to saturate or nearly saturate the 
soil, irrigation was used on one of the evaluation dates (September 21, 2022) so that 
infiltration could be measured under nearly saturated soil conditions. The total area 
of each soil structural condition was initially irrigated (until the moisture in the profile 
reached maximum values), and the infiltration tests were immediately carried out.
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Infiltration rate after extending the measurement time

To analyze the response of the infiltration rate upon extending the measurement time 
beyond 2 h (the maximum time of the measurements described above), infiltration 
tests over a 48-h period were carried out with the double ring under each soil structural 
condition (setting up the rings and hydraulic pressure head described above). These tests 
were carried out on October 01, 2021 and April 19, 2022, with three to five replications. 
On the first and second assessment dates, the antecedent soil moisture expressed by 
storage in the 0.00-0.40 m layer was above (12 %) and below (13 %) field capacity, 
respectively. The infiltration rate was measured manually at approximately 2-min intervals 
at the beginning of the test (0-10 min), every 10 min up to the 2-h duration, and every 
10 min from 23-24 h and from 47-48 h. The effect of extending the measurement time 

Figure 1. Mean daily air temperature (Air temp) (10-day moving mean) and cumulative rainfall of 
each natural rainfall event throughout the experimental period (a); water storage in the 0.00-0.40 m 
layer (SWS40) and corresponding degree of saturation (DS) in no-till (NT) and no-till with subsoiling 
(Sub) areas (b); DS at different depths of the soil profile in a no-till area (c). In figure “a”, asterisks 
in red and in black refer to the dates of infiltration assessment using the Cornell infiltrometer and 
the double ring infiltrometer, respectively. The numbers (1 to 8) in figure “a” indicate the position 
(date) of different management operations carried out in the area: 1 – subsoiling, 2 – sowing of 
oats + ryegrass, 3 – first soil collection, 4 – soybean sowing, 5 – second soil collection, 6 – sowing 
of oats + ryegrass, 7 – soybean sowing, 8 – third soil collection. Rainfall and temperature data were 
obtained from an INMET meteorological station at a distance of ~1,600 m from the experiment. 
FC: field capacity (10 kPa) (mean value).
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was analyzed, comparing the mean infiltration rate obtained in each time interval. To 
maintain the hydraulic pressure head in the infiltration rings in the time intervals in 
which infiltration was not being monitored (i.e., from 2-23 h and from 24-47 h), floats to 
regulate the level were used in the outer ring, connected by a hose to a water reservoir 
of approximately 10,000 liters at the highest level of the area. A siphon was used to 
transfer water from the outer ring to the inner ring, thus maintaining the same water 
level in both.

On each assessment date and under each soil structural condition, one of the replications 
was placed where the FDR moisture monitoring sensors with high-profile discretization 
(18 probes) had been placed. Time intervals for reading infiltration after two hours were 
shorter at these points than at the other points. Readings were more discretized to better 
detect the relationship between the infiltration rate and the advance of the wetting front 
monitored with the FDR sensors that were installed below the projection of the rings and 
that monitored soil moisture every minute. 

Changes in point infiltration resulting from additional soil moistening 
through irrigation

To try to isolate the effect of antecedent moisture on the SIR in the face of possible 
autocorrelated seasonal effects (e.g., changes in soil structure, pore obstruction by roots), 
the total area of the soil was wetted with an irrigation system (at intervals of up to two 
days) with concomitant assessment of the SIR. For example, the aim was to analyze 
whether expressive changes in antecedent moisture in a short period of time would 
change the SIR, or if successive soil-wetting cycles would be necessary to significantly 
decrease the SIR.

Initial infiltration tests at five points under each soil structural condition were carried 
out, of 2-h duration, on October 21, 2022. The initial degree of soil saturation in the  
0.00-0.40 m layer was 51 % (mean between the soil structural conditions). One point in 
each soil structural condition was placed over the high discretization moisture monitoring 
profile (18 probes). After the end of the tests, the total area of the experiment was 
immediately irrigated for 3.3 h, for cumulative precipitation of ~155 mm. The constant 
intensity of the precipitation (47 mm h-1) corresponded to the maximum intensity obtained 
from the irrigation system, and it was enough to nearly saturate the soil. Infiltration was 
once more evaluated immediately after irrigation, at the same points, for approximately 
1 h. On 22 and 24 Oct. 2022, infiltration was once more evaluated, also under previous 
moistening of the total area of soil with the irrigation system for 1 h.  On October 26, 
2022, infiltration was also evaluated, but with moistening of the soil in the total area after 
finishing the tests. Finally, on October 28, 2022, infiltration was evaluated once more, but 
without prior or subsequent irrigation of the area. Soil moisture below (high discretization 
profiles) and beside (other moisture profiles) the infiltration rings was monitored every 
1 min over the period. The irrigation system consisted of 180° SempreVerde/Fabrimar 
sprinklers well distributed across the area. Collection cups were distributed in the area 
to measure the irrigation depth and the precipitation rate. The water drops fell from a 
height of ~2.5 m.

Determination of soil physical properties

Hydraulic conductivity of the saturated soil and soil bulk density and pore distribution 
were determined according to the methodology described in Teixeira et al. (2017) on 
September 16, 2021, April 01, 2022, and February 24, 2023, which corresponded to 4.6, 
11.2, and 22.2 months since subsoiling, respectively. Stainless steel rings with diameter 
of 6 cm and height of 4 cm were used to collect undisturbed samples in the 0.00-0.05, 
0.05-0.20, 0.20-0.40, and 0.40-0.60 m layers using ten replications distributed in two 
soil profiles opened in each soil structural condition. The rings were inserted vertically 
into each soil layer. Furthermore, on September 16, 2021, 20 samples per horizon  
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(E, Bt1, and Bt2) were collected in a soil profile representative of the area, disregarding 
the effect of the soil structural condition. The purpose of this was to determine some 
physical hydric characteristics of the subsurface pedogenetic horizons.

In the laboratory, all the samples were saturated by capillarity and evaluated for hydraulic 
conductivity of the saturated soil under a constant hydraulic pressure head of 0.02 m. 
Subsequently, the samples were placed under tensions of 1, 6, and 10 kPa on a sand 
tension table (Reinert and Reichert, 2006) and 100 kPa in a Richards pressure chamber 
to determine pore distribution (Teixeira et al., 2017). Finally, the samples were dried in 
a laboratory oven for 48 h to determine soil bulk density. Total porosity was determined 
by the relationship between soil bulk density and particle density (2.61 Mg m-3). Field 
capacity was attributed to moisture corresponding to the tension of 10 kPa (Teixeira 
et al., 2017). With the mean hydraulic conductivity of the saturated soil of each layer, 
time period, and soil structural condition, the effective vertical hydraulic conductivity 
of the saturated profile (Kef) was determined according to Darcy’s equation for N layers 
(Equation 7):

in which: Z is the depth of the profile (L), dz is the thickness (L), and K (L T-1) is the 
hydraulic conductivity of the saturated soil of each layer, represented by the indices 1, 
2, ..., n. The thicknesses of the soil layers and horizons are shown in table 1. The Kef 
estimate was made considering an effective soil profile depth of 1.4 m.

Hydrological characteristics of the soil

The mean Kef between the two soil structural conditions and the three evaluation times 
was 12.7 mm h-1 (± 4.7 mm h-1), which is relatively low (Table 1). For example, considering 
the four soil hydrological groups (scale from A to D) used to estimate excess rain by the 
curve number method adapted to Brazil (Sartori et al., 2005a,b), the soil of this study 
fits in Group C. Group A represents soils with low surface runoff potential, whereas 
Group D represents soils with high surface runoff potential. The main characteristic that 
determines the relatively high risk of surface runoff in this soil is the low permeability to 
water of the 0.20-0.40 m layer and of the Bt horizon (Table 1). In addition, these layers 
remain with a relatively high degree of water saturation compared to the other layers 
throughout most of the year (Figure 1c), which generates a low hydraulic gradient for 
water infiltration into the soil.
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Table 1. Physical hydric characteristics of the studied soil (Argissolo Vermelho-Amarelo Distrófico abrúptico)

Hz Layer Total sand Corse sand Fine sand Silt Clay
Ksat(1)

NT Sub

m  g kg-1 mm h-1

Ap 0.00-0.05 648 239 409 262 90 134 218

A1
0.05-0.20

624 230 394 268 108
21 191

0.20-0.40 4 11

A2 0.40-0.60 586 176 410 293 121 29 19

E 0.60-0.80 604 164 440 341 55 35(2)

Bt1 0.80-0.90 525 144 381 347 128 8(2)

Bt2(3) 0.90+ 417 128 289 290 293 15(2)

Hz: horizon; Ksat: hydraulic conductivity of the saturated soil (mean of the three collection dates); (1) NT – no till; Sub – no till with subsoiling; (2) Mean 
values in each horizon; (3) Thickness of at least 0.50 m.
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Statistical analysis

The Pearson Correlation between the infiltration and antecedent moisture variables 
was initially carried out to detect which variable representing soil moisture prior to the 
infiltration tests would be better correlated with the SIR. Results indicated better correlation 
between the SIR and water storage of the 0.00-0.40 m layer (SWS40). Subsequently, linear 
regression analysis SIR = f (SWS40) was carried out for each soil structural condition 
and infiltration measurement method. The effect of extending the measurement time 
(2, 24, and 48 h) in the SIR measured with the double ring was analyzed with analysis of 
variance (ANOVA), followed by comparison of means by Tukey’s test (p<0.05) for each 
date and soil structural condition. ANOVA, followed by comparison of means by Tukey’s 
test (p<0.05), was carried out for each soil structural condition to analyze the effect of 
the SIR evaluation period, concomitant with additional moistening of the soil through 
irrigation. Furthermore, the effect of soil moisture variables at different infiltration stages 
(mean infiltration rate in the periods of 0-10, 10-30, 30-60, 60-90, and 90-120 min) and 
in cumulative infiltration was analyzed through ANOVA, followed by linear regression. The 
effect of the soil structural condition and of the measuring period on bulk density, pore size 
distribution, and hydraulic conductivity of the saturated soil was analyzed through ANOVA, 
followed by multiple comparison of means by Tukey’s test (p<0.05). The assumptions of the 
analyses of variances were appropriately checked and met. All the statistical procedures 
were carried out in the R environment (R Development Core Team, 2022).

RESULTS
Significant linear association between the SIR and SWS40 was found, in which the angular 
regression coefficient was dependent on the soil surface permeability to water and on 
the measurement method (Figure 2). The SIR was ~200 % greater in the treatment with 
subsoiling compared to no-till, and ~80 % greater when determined with the Cornell 
compared to the double ring (Figure 2). However, the effect of surface permeability and 
of the measurement method on the SIR decreased with an increase in SWS40. With 
antecedent moisture near saturation (degree of saturation of ~90 %), and especially in the 
evaluations with the double concentric ring, the SIR in the two soil structural conditions 
tended to exhibit minimum values, near the Kef (12.7 mm h-1) (Figure 2). In contrast, 
for the same antecedent moisture (above or below field capacity), extending the test 
from 2 to 24 h and 48 h did not create a new lower level of the SIR and nearness to Kef 
(Figure 3), although it was enough for the vertical infiltration flow to reach subsurface 
layers of difficult permeable, such as the 0.20-0.40 m layer and the Bt horizon (Figure 4).

DISCUSSION
The results of this study confirmed the hypothesis that the SIR decreases with an increase 
in antecedent moisture and that this relationship depends on the permeability to water 
of the soil surface and on the measurement method. However, the hypothesis that there 
would be an effect from the extension of the measurement time on the SIR (e.g., a new 
lower SIR level) was rejected. The results also suggest that measuring infiltration with 
infiltrometers does not ensure the boundary conditions used to define the SIR (e.g., 
homogeneous structure and solely vertical flow), and they suggest that antecedent 
moisture is a key variable that must be characterized to complement measurement of 
the SIR with infiltrometers.

The effect of antecedent moisture on the SIR in this study (Figure 2) was greater than 
that found experimentally by other authors. For example, Cui et al. (2019) found that for 
a silty soil in China, the SIR was more greatly affected by the weight of fine roots than 
by the antecedent soil moisture. To determine infiltration, the authors used a method 
of constant water supply on the soil, which consists of measuring infiltration according 
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to the advance of the wetted area, assisted by a digital camera. The SIR was obtained 
at 75 min of testing. A study conducted in a Cambissolo Húmico in a natural highland 
pasture area in the south of Brazil found correlation of only -0.39 between gravimetric 
antecedent moisture (0.00-0.20 m layer) and the SIR measured with a double ring 
(Rauber et al., 2021). The demarcation of fixed points to assess infiltration in this study 
may have made it possible to isolate the effect of antecedent moisture on the SIR better 
than the other reported studies did. The coefficients of determination (0.52 to 0.74) of 
the relationship between antecedent moisture and the SIR in this study (Figure 2) show 
that for the same method and soil structural condition, antecedent soil moisture explains 
most of the temporal variability of the SIR.

The increase in the initial infiltration rate and in the cumulative infiltration as a result 
of reduction in antecedent moisture is in accordance with the increase in the initial 
hydraulic gradient and in the degree of opening of the macropores (Cui et al., 2019; 
Liu et al., 2019; Yang et al., 2020; Wei et al., 2022). This is corroborated by the higher 
angular coefficient (in modulus) of the antecedent moisture with the initial infiltration 
rates than with the SIR. However, the significant effect of antecedent moisture on the 
SIR is noteworthy (Figure 2). For example, for the double ring method and the subsoiled 
area, the SIR obtained for the lowest antecedent moisture (degree of saturation of  
~40 %) was ~13 times greater than the SIR obtained under soil that was initially nearly 
saturated  (Figure 2). For the same soil and experimental area as this study, Boeno  
et al. (2021) estimated that 90 % of the SIR obtained with the double ring (no-till area; 
antecedent soil moisture around field capacity) came from the lateral component of 
infiltration. However, that study did not measure the effect of antecedent moisture on 
the magnitude of lateral flow. This study shows displacement across the entire length 
of the infiltration curve obtained experimentally with infiltrometers as the antecedent 
moisture changes. For example, higher antecedent moisture decreased the infiltration 
rate of all the stages of the infiltration curve.

Figure 2. Relationship between antecedent soil moisture and the steady infiltration rate (SIR) 
measured with the double ring infiltrometer (a) and the Cornell infiltrometer (b) in a no-till (NT) 
area and in a no-till with subsoiling (Sub) area. Each point on the graphs represents the mean 
of ten replications. Error bar represents the standard deviation (spatial variability of infiltration). 
SWS40: water storage in the 0.00-0.40 m soil layer prior to the infiltration tests. Kef: effective 
vertical hydraulic conductivity of the saturated profile determined using equation 7 (mean value). 
SIR/Kef: relationship between the SIR and Kef. FC: field capacity (-10 kPa) (mean value). SWS40 
max: maximum water storage observed in the 0.00-0.40 m layer throughout the experimental 
period (mean value between the soil structural conditions). DS: degree of saturation by water 
corresponding to water storage in the 0.00-0.40 m soil layer.
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Figure 3. Water infiltration rate into the soil (i) determined with the double concentric ring infiltrometer at 2, 24, and 48 h after the 
beginning of the infiltration test under different soil structural conditions and assessment dates (a, b), and the respective antecedent 
soil moisture (c, d). NT: no-till. Sub: no-till with subsoiling. SWS40: water storage in the 0.00-0.40 m soil layer lateral to the infiltration 
points (outside of the projected flow area below the projection of the rings). FC: field capacity (-10 kPa) (mean value); SWS40 max: 
maximum water storage observed in the 0.00-0.40 m layer throughout the experimental period (mean value between the soil structural 
conditions); DS: degree of saturation by water corresponding to water storage in the 0.00-0.40 m soil layer. For each soil structural 
condition and date, mean values with different letters (green for NT and orange for Sub) statistically differentiate the assessment 
periods by Tukey’s test (p<0.05). Error bar in the infiltration graphs (a, b) represents the standard deviation.
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Soil pore distribution was not clearly affected by the evaluation time. The effects of 
subsoiling on soil structure, which are generally temporary (Drescher et al., 2016), 
were maintained for at least 22 months in this study. Seasonal changes in soil structure 
that could obscure the relationship of antecedent moisture with the SIR (Rauber  
et al., 2021) were, therefore, not observed in this study. Nevertheless, changes in the level 
of pore obstruction by roots may have occurred between the time periods. In any case, 
the SIR decreased significantly due to the quite sudden increase in soil moisture below 
and beside the projection of the infiltration rings through additional wetting of the soil 
with irrigation. That reinforces a direct and important effect of antecedent moisture on 
the SIR. For example, during the short time interval in which these tests with additional 
wetting of the soil were carried out (i.e., interval of up to 5 h between the beginning of 
irrigation and subsequent evaluation of the SIR), there was probably no change in soil 
structure and/or in the level of pore obstruction by roots. The results also suggest there 
is no need for several successive soil moistening cycles to significantly decrease the SIR.  

The reduction in antecedent soil moisture increased the amplitude of the difference in the 
SIR between the soil structural conditions (Figure 2). That shows infiltration becomes more 
dependent on the permeability to water of the surface layers as the antecedent moisture 
decreases. Subsoiling, for example, led to a ~9-fold increase in hydraulic conductivity of 
the saturated soil in the 0.05-0.20 m layer (Table 1), which may have increased lateral 
infiltration, although we did not directly measure whether the horizontal hydraulic 
conductivity is similar to the vertical hydraulic conductivity (degree of anisotropy). Lewis 
et al. (2021) also found a strong association between point infiltration (measured with 
the double ring and the Cornell) and the hydraulic conductivity of saturated soil on the 
soil surface, but did not relate this to antecedent moisture.

The higher SIR measured with the Cornell than with the double ring is likely due to the 
greater lateral flow in the former compared to the latter method. For example, due to 
the absence of an outer ring in the Cornell, lateral infiltration may increase. However, 
if only the vertical component of infiltration of the Cornell tests were estimated with 
strategies proposed in the literature (e.g., Reynolds and Elrick, 1990; Stewart and Abou 
Najm, 2018), it would be similar to the SIR measured with the double ring, corroborating 
Lewis et al. (2021). Yet, Zwirtes et al. (2013) found the SIR measured with the double ring 
was greater than the SIR measured with the Cornell. That may have occurred because 
the hydraulic pressure head used in the double ring methodology by these authors 
(hydraulic pressure head = 0.04 to 0.05 m) was greater than the hydraulic pressure head 
used in the double ring methodology in this study (hydraulic pressure head = 0.03 m).

Regardless of the measurement method, the SIR obtained under antecedent moisture 
at or below field capacity was significantly higher than the Kef. At field capacity, for 
example, a condition in which recent studies measured infiltration with infiltrometers under 
tropical conditions (Boeno et al., 2021; Rauber et al., 2021), the relationship between 
the SIR and the Kef (SIR/Kef) in the areas with no-till and no-till with subsoiling was 3.1 
and 8.2 in the double ring measurements and 5.7 and 15 in the Cornell measurements, 
respectively (Figure 2). 

Our results suggest that under antecedent moisture at or below field capacity, the outer 
ring in the double concentric ring methodology does not completely eliminate the lateral 
flow from the inner ring (in which the infiltration readings are taken), which corroborates 
the assumptions of Bouwer (1986). However, the increase in antecedent soil moisture 
increased the efficiency of the outer ring in controlling the lateral flow from the inner ring 
(Figure 2). For example, for the subsoiled area and under nearly saturated soil (degree of 
saturation ~90 %), the SIR measured with the double ring drew near the Kef (Figure 2). In 
contrast, for the same structural condition and moisture level, but under measurement 
with Cornell (single ring), the SIR was ~ 8 times greater than the Kef (Figure 2).
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The fact that extending the time of the test with the double ring (2 to 24 h and 48 h) 
does not generate a new lower level of the SIR (Figure 3) – especially at the points of 
high infiltration rate (such as the subsoiled area on April 19, 2022) – suggests that the 
main limiting factor for point infiltration measured with infiltrometers is the lateral flow 
component, especially if the antecedent moisture is sufficiently low (i.e., below field 
capacity) and/or the surface permeability to water is sufficiently high (e.g., in recently 
subsoiled areas) (Figures 2, 3, and 4). For example, in a soil profile with surface layers 
more permeable to water than the subsurface layers, when the vertical flow in infiltration 
measured with infiltrometers reaches the more restrictive layers (such as 0.20-0.40 m, 
Table 1), the lateral flow in the immediately higher layer (more permeable) is enhanced 
if the lateral hydraulic gradient – determined by antecedent moisture (matric potential) 
– is sufficiently high. For soil that is initially saturated or nearly saturated, in contrast, 
lateral infiltration is minimized, due to the low lateral hydraulic gradient.

In general, 2 h of the infiltration test with the double concentric ring was enough for the 
wetting front to reach the more restrictive layer of the water flow profile (0.20-0.40 m) 
(Figure 4). This measurement time was also enough for the wetting front to reach the 
Bt horizon at some points (Figure 4). Possibly some type of preferential flow through 
macropores (Nimmo, 2021) contributed to the relatively quick advance of the wetting 
front (Figure 4). Other authors (Boeno et al., 2021), for example, estimated that the time 
for the flow to reach the Bt horizon in soil with stratification and permeability to water 
similar to that of this study (and under antecedent moisture at field capacity), would 
be longer than 5 h. In any case, even increasing the testing time from 2 to 24 h and  
48 h, there was not large enough dissipation of the lateral hydraulic gradient for the SIR 
to decrease in levels and tend towards the Kef (Figures 3 and 4). At a specific measuring 
point, the infiltration rate even increased after 15 h of testing (Figure 4c), perhaps through 
some type of disaggregation and increase in pore continuity during the test. However, 
that was an outlier in the database.

Another important observation from this study is that the saturation of the layers underlying 
the 0.20-0.40 m layer (except for the Bt horizon) during the infiltration process was 
incomplete (Figure 4). Furthermore, the changes in moisture at different depths during 
infiltration were more gradual than we expected (Figure 4). This may have resulted from 
the considerable hydraulic resistance of the 0.20-0.40 m layer (Table 1). For example, the 
flux density in this layer is not large enough to saturate the more permeable underlying 
layers (Figure 4). That also seems to occur in infiltration under natural rainfall. For 
example, the 0.30-m depth was frequently nearly saturated in natural rainfall events 
(Figure 1c). However, the 0.20-0.40 m layer limited the infiltration and saturation of the 
underlying layers (Figure 1c). Whereas at the depths of 0.15, 0.30, and 0.85 m (Bt) the 
degree of saturation frequently reached values around 90 to 100 % during infiltration, 
at the depths of 0.50 and 0.68 m (E), the degree of saturation reached values of at most 
80 % (Figure 1c and Figure 4).

Several technical and practical implications can be obtained from this study. For 
example, measurement of infiltration with infiltrometers under antecedent moisture 
at or below field capacity (degree of saturation of ~63 %) leads to overestimation of 
vertical infiltration, especially if the permeability to water of the soil surface is high and 
the measurement method is single ring (e.g., Cornell infiltrometer). Consequently, this 
may lead to underestimation of the surface runoff depth and undersizing of surface 
runoff containment or channeling works. The maximum degree of saturation observed 
in the 0.00-0.40 m layer and under which the SIR potentially coincided with the Kef was  
~90 %. Thus, the range of the degree of saturation of 90 and 100 % seems to be the most 
suitable for the SIR measured with infiltrometers to correspond to vertical infiltration. 
The SIR measured under antecedent moisture at or below field capacity better detects 
the effect of the soil structural condition on permeability to water of the soil surface. 
Disregarding the effect of antecedent moisture on the SIR, however, can confuse analysis 
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of the effect of the structural condition on permeability to water of the soil surface. That 
is because, in addition to affecting the soil pore system (Table 1), the structural condition 
also affects the antecedent soil moisture (Figure 1).

CONCLUSIONS
Steady infiltration rate (SIR) of water into the soil decreases with an increase in antecedent 
soil moisture, and this relationship depends on the permeability to water of the soil 
surface layers and on the measurement method. However, extending testing time with 
the double ring infiltrometer from 2 to 48 h did not lead to a new lower level of the SIR, 
regardless of the antecedent moisture.

In soil that is stratified regarding permeability to water, an initially saturated or nearly 
saturated (degree of saturation >90 %) soil profile is necessary for the SIR measured 
with infiltrometers to correspond to vertical infiltration. Without this condition, the water 
flow in saturated soil and in a single direction is best characterized by the effective 
vertical hydraulic conductivity for a saturated profile determined with Darcy’s equation 
for N layers. 

Subsoiling in no-till significantly increased the soil surface permeability to water and 
reduced water storage in the soil. These effects remained for at least 20 months. 
Nevertheless, subsoiling had little effect on the effective vertical hydraulic conductivity 
of the saturated profile.

The SIR measured with a double ring infiltrometer better corresponds to vertical infiltration 
than the SIR measured with a Cornell infiltrometer, especially if the permeability to water of 
the soil surface is high (e.g., no-till areas recently chiseled or subsoiled). However, despite 
their considerable capacity to detect soil surface permeability to water, measurement of 
point infiltration with infiltrometers has important limitations in adequately characterizing 
vertical infiltration of water into the soil.
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