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Abstract: The capacity of soil to retain water and make it available to plants is an essential soil
functions for the sustainability of terrestrial ecosystems. A lot of progress has been made in estimating
water retention and availability as a function of soil texture. On the other hand, a lower effort has
been dedicated to seeking correlations between plant-available water (AW) and soil compaction.
In this study, we compiled a dataset with 2479 records from experiments conducted in Brazilian
soils to evaluate the relationship between AW and bulk density (BD). The dataset was split into
sub-datasets defined by soil textural classes to reduce the effect of texture on AW–BD relationships.
In each sub-dataset, AW–BD relationships were described by linear regression. In general, there was
a weak association between AW and BD. The strongest correlations were found in the Silty Loam
(R2 = 0.26) and Loam (R2 = 0.13) classes. However, the partitioning of the overall dataset by textural
classes was not effective to eliminate the effect of texture on AW–BD relationships. Still, the data
showed that soil compaction may increase or reduce AW. Nevertheless, more experimental research
is needed to bring a better understanding of how AW is affected by changes in BD.

Keywords: soil bulk density; pedotransfer function; water retention; soil texture

1. Introduction

The capacity of the soil to store available water (AW) directly determines the pro-
duction potential of crops in agroecosystems, irrigation scheduling and sowing [1]. Soil
compaction can limit the deepening of roots and, consequently, plant access to available
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water at greater depths in the soil [2]. Numerous studies that have investigated and de-
scribed relationships between soil water retention and basic soil properties such as texture,
organic matter, porosity and bulk density can be found in the literature. However, there is
a scarcity of research to understand the specific role of soil compaction on AW.

An example of this is the absence of a variable related to the state of soil compaction in
the set of predictors of the pedotransfer function generated to estimate the available water
content for Brazilian soils [3]. The presence of soil bulk density, the main measure of the state
of compaction, is also missing in some pedotransfer functions of water retention [4,5]. There
are cases in which bulk density is present in pedotransfer functions of water retention [6–11]
but its weight in predictions is generally lower than that of other predictors and these
pedotransfer functions are not specific for estimating AW.

However, the rapid expansion of no-tillage in Brazil [12] and the consequent increase
in the state of soil compaction in this cropping system [13] has led researchers, farmers and
technicians to question whether soil compaction is reducing AW. There is some evidence
based on predictions of pedotransfer functions [10,14,15] indicating that the effect of bulk
density can occur in the same direction on the boundaries that define AW (field capacity
and permanent wilting point), without necessarily affecting AW [2]. Still, interference from
factors that may make the relationship between AW and bulk density less noticeable could
have occurred in these studies. For example, the variability in bulk density in a dataset may
be due more to changes in texture than to that of the state of compaction of the samples.
Correlation between soil texture and bulk density and the preponderant effect of texture in
relation to bulk density on water retention are highlighted as the main complicating factors
in identifying the relationship between bulk density and water retention [10].

A solution to this problem would be to produce a comprehensive dataset and divide it
into subsets of data so that one could minimize variability in texture and preserve variability
in bulk density due to differences in the state of compaction. This would reduce the
uncertainty that texture causes in the relationship between AW and bulk density, facilitating
its identification. If this strategy proves effective, one of the possible benefits would be a
better understanding of the relationship between compaction and AW. However, as AW
is capillary water, the main parameter dominating the capillary effect is porosity size and
its arrangement or soil structure. Since bulk density is less sensitive than the distribution
of soil pores to a change in the arrangement of soil grains, a weak correlation between
AW and bulk density is expected. Although this may sound like a disadvantage, and a
correlation between AW and bulk density does not encompass the physical mechanisms
of water retention, a statistical relationship between AW and bulk density could provide
farmers with the direction that soil compaction is affecting water availability to plants in
their fields. This may be of interest while more sophisticated scientific approaches involving
the mechanisms of water retention and availability are still not easily applicable at the
field scale.

Therefore, this study aimed to (i) organize a dataset with information on AW, bulk
density and textural class and (ii) seek relationships between AW and bulk density within
each class.

2. Materials and Methods
2.1. Organization of a Dataset

A dataset with variation in texture and bulk density was formed by compiling data
provided by several authors who perform measurements for dissertations, theses and other
type of projects with Brazilian soils (S1). All authors shared their individual measurements
(repetitions) in as much detail as possible. A dataset is normally comprised of rows and
columns. Each row is termed as a record, in which a particular set of variables is stored.
Each record of our dataset can store qualitative variables, as the owner’s name, reference of
publication, geographic coordinates, soil class, soil use, soil management, soil depth, year
of measurement, and quantitative variables, as sand, silt, clay, bulk density, particle density,
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total porosity, organic matter, saturated hydraulic conductivity and water retention as well
as their correspondent suctions.

Of all data shared by the authors, we considered only those that were measured in
undisturbed samples (except permanent wilting point) and that could generate a record
having at least sand, silt, clay, bulk density and water retention at 1 and 150 m of suction.
These are the key variables for this study, as it will be seen in the next sections. We
standardized bulk density in kg m−3, sand, silt and clay in %, water retention in m3 m−3

and water suction in m. Thus, an initial dataset with 4546 records was formed. Although all
records had the key variables, many of them were lacking data on particle density, organic
matter and hydraulic conductivity.

To reduce interferences in the porous system that could biases the evaluation of our
objective, like dense root systems, soil disturbances and high organic matter, we removed
the records from areas cultivated with eucalyptus, peach and native grassland, records
with organic matter higher than 5% and records of depths lower than 5 cm. This initial
screening eliminated 719 records, resulting in a dataset with 3827 records, in which the
plant available water content was estimated.

2.2. Estimating of Plant Available Water Content in the Dataset

The definition of plant-available water content (AW) is a controversial matter in the
literature [1,16,17]. Its upper limit has been defined by the field capacity, whose value
depends on the chosen criterion (drainage rate, matric suction or drainage time) and the
value considered for it (1 mm d−1 or other values for drainage rate; between 0.6 and 33 m
of matric suction; on average 1 to 3 days for drainage time). However, there is less conflict
regarding the lower limit, most commonly defined by the permanent wilting point at a
matric suction of 150 m. In our dataset, the AW was estimated by the range of water
retained between matric suctions of 1 and 150 m (AW = θ1m − θ150m), as this is commonly
used [16,17] in the absence of more accurate information from monitoring or modeling the
processes of drainage and water uptake by plants [2,16]. Thus, θ1m and θ150m are estimates
of field capacity (FC) and permanent wilting point (PWP), respectively. Another reason for
choosing θ1m as FC is that the availability of water retention data at a suction of 1 m in our
dataset was much greater than it was at other lower or higher suctions.

2.3. Splitting the Dataset by Textural Classes

The state of the art on the development of pedotransfer functions has highlighted the
significant effect of texture on soil water retention. Due to this, the relationships between
AW and bulk density are commonly unclear [10]. As the objective of this study was to seek
relationships between AW and bulk density, we partitioned the dataset according to the soil
textural classes in other to create sub-datasets with less heterogeneity in texture, and, thus,
reduce the texture perturbation on the relationships between AW and bulk density. Thus,
the dataset was split into the textural classes of the Brazilian Soil Classification System [18],
with an EXCEL-VBA algorithm (S2). As there were no records in the Silt class, a total of
12 sub-datasets were formed.

Before evaluating the relationship between AW and bulk density, an analysis of outliers
in FC, PWP and AW was performed within each sub-dataset. Any value of each variable
(FC, PWP and AW) below its lower limit [Lw = quart_1 − (quart_3 − quart_1) × 1.5] or
above its upper limit [Up = quart_3 + (quart_3 − quart_1) × 1.5] was considered an outlier,
where quart_1 and quart_3 are the quartiles calculated for each series (FC, PWP and AW)
within each sub-dataset. The records containing at least one outlier (in FC, PWP or AW)
were removed. This was done because the three variables are interdependent.

The analysis of outliers eliminated a total of 1348 records, resulting in a final overall
dataset (all sub-datasets) with 2479 records. Figure 1 shows the texture triangle distribution
of the 2479 records, while Tables 1 and 2 show the number of records in each sub-dataset
and descriptive statistics for the most relevant variables used in this study.
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Figure 1. Distribution in the soil texture triangle of the 2479 records used to evaluate the association
between available water content and soil compaction.

Table 1. Number of records of each sub-dataset (textural class) for Sand, Loamy Sand, Sandy Loam,
Sandy Clay Loam, Loam classes and descriptive statistics for the most relevant variables used in this
study (units at the bottom of the table).

Sub-Dataset Statistics Sand Silt Clay BD FC PWP AW

Sand (n = 147) Average 90 7 4 1.54 0.14 0.04 0.10
SD 3 4 2 0.13 0.05 0.01 0.05
Min 86 1 2 0.99 0.05 0.02 0.00
Max 96 12 8 1.89 0.25 0.07 0.22

Loamy Sand (n = 215) Average 84 10 7 1.58 0.20 0.07 0.13
SD 3 5 4 0.12 0.05 0.02 0.05
Min 80 1 2 1.00 0.05 0.02 0.01
Max 89 17 14 1.89 0.31 0.10 0.24

Sandy Loam (n = 25) Average 61 27 12 1.66 0.25 0.08 0.17
SD nv nv nv 0.07 0.01 0.00 0.01
Min 61 27 12 1.47 0.24 0.07 0.16
Max 61 27 12 1.74 0.28 0.08 0.20

Sandy Clay Loam (n = 299) Average 62 12 25 1.52 0.25 0.12 0.13
SD 6 6 5 0.14 0.05 0.05 0.05
Min 45 0 20 0.96 0.12 0.04 0.02
Max 78 26 35 1.84 0.38 0.25 0.27

Loam (n = 216) Average 46 38 16 1.62 0.29 0.18 0.11
SD 4 4 3 0.11 0.03 0.04 0.04
Min 31 28 12 1.18 0.21 0.08 0.04
Max 53 48 28 1.92 0.37 0.28 0.23

Sandy clay (n = 81) Average 50 10 40 1.45 0.31 0.21 0.10
SD 3 3 3 0.17 0.06 0.04 0.04
Min 45 5 35 0.79 0.19 0.13 0.03
Max 59 17 46 1.73 0.44 0.31 0.19

BD is soil bulk density (Mg m−3); FC, PWP and AW (m3 m−3) are field capacity, permanent wilting point and
plant-available water, respectively; clay, silt and sand in %. SD is the standard deviation; Min and Max are the
minimum and maximum values, respectively; n is the number of records in each textural class of the final DB;
nv = no variability in the data.
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Table 2. Number of records of each sub-dataset (textural class) for the Clay Loam, Silty Loam,
Silty Clay Loam, Silty Clay, Clay, Very clayey classes and descriptive statistics for the most relevant
variables used in this study (units at the bottom of the table).

Sub-Dataset Statistics Sand Silt Clay BD FC PWP AW

Clay Loam (n = 102) Average 34 32 34 1.41 0.33 0.19 0.15
SD 6 7 3 0.22 0.04 0.03 0.05
Min 20 16 28 0.46 0.24 0.13 0.05
Max 45 49 40 1.67 0.41 0.28 0.26

Silty Loam (n = 191) Average 20 57 23 1.44 0.37 0.15 0.22
SD 3 2 2 0.17 0.03 0.03 0.04
Min 15 54 18 1.00 0.31 0.08 0.11
Max 29 63 26 1.83 0.44 0.20 0.33

Silty Clay Loam (n = 8) Average 13 52 34 1.30 0.39 0.22 0.17
SD 3 2 4 0.14 0.02 0.08 0.07
Min 9 50 29 1.11 0.36 0.12 0.11
Max 16 56 40 1.53 0.43 0.30 0.27

Silty Clay (n = 171) Average 12 42 46 1.22 0.38 0.22 0.17
SD 2 1 2 0.13 0.03 0.05 0.04
Min 4 40 41 0.46 0.28 0.11 0.09
Max 17 51 52 1.51 0.46 0.34 0.28

Clay (n = 475) Average 25 26 49 1.29 0.36 0.23 0.13
SD 9 10 4 0.17 0.05 0.05 0.05
Min 8 6 40 0.76 0.25 0.08 0.03
Max 45 40 60 1.83 0.47 0.34 0.27

Very clayey (n = 549) Average 13 22 65 1.27 0.39 0.26 0.13
SD 5 5 6 0.13 0.04 0.03 0.03
Min 2 1 60 0.85 0.29 0.18 0.04
Max 33 35 96 1.61 0.49 0.34 0.22

BD is soil bulk density (Mg m−3); FC, PWP and AW (m3 m−3) are field capacity, permanent wilting point and
plant available water, respectively; clay, silt and sand in %. SD is the standard deviation; Min and Max are the
minimum and maximum values, respectively; n is the number of records in each textural class of the final DB.

2.4. Relationships of AW with Bulk Density, Particle Size Fractions and Organic Matter

In each sub-dataset, regression analysis was used to evaluate whether a mathematical
function would correlate AW with BD significantly. After visual examination and compari-
son of the R2 values of the linear and quadratic equations, we found that the linear model
fit well to relationship between AW and BD, and no relevant statistical gain was obtained
by using a quadratic equation. Therefore, the function AW = aBD + b was adjusted in
each sub-dataset.

In addition, the linear regression analysis AW = aX + b, where X is sand, silt or clay
(%) content, was also performed to examine how much variability in AW associated with
variability in texture remained in each sub-dataset. In cases where there were data of
organic matter, we also used linear regression to assess the relationship between organic
matter and AW.

Pearson’s correlation analysis was carried out between FC, PWP and AW. The correla-
tion coefficient was interpreted according to [19,20]: 0.00 to 0.10 (negligible correlation);
0.10 to 0.39 (weak correlation); 0.40 to 0.69 (moderate correlation); 0.70 to 0.89 (strong
correlation); and 0.90 to 1.00 (very strong correlation).

3. Results

With the dataset formed for this study, it was possible to gather between 102 and
549 records in most of the sub-datasets, with fewer data only in the Sandy Loam, Sandy
Clay and Silty Clay Loam classes (Tables 1 and 2).

Considering the low amount of data with more than 40% of silt (470 records) (Figure 1),
the ordering of the textural classes shown in Figure 2 generally represents an increase in
clay content and a decrease in sand content from left to right. Therefore, the average FC
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ranged from 0.14 to 0.39 m3 m−3, and the average PWP ranged from 0.04 to 0.26 m3 m−3.
AW was less sensitive to changes in soil texture, with an average value ranging from 0.10
to 0.22 m3 m−3.
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Figure 2. Distribution of FC (a), PWP (b) and AW (c) in the data subsets defined by soil textural
class. The numbers represent the average, the ends of the boxes represent the first and third quartiles
and the ends of the dashes represent the minimum and maximum values. FC = field capacity,
WP = permanent wilting point and AW = available water.

The existence of variability in FC, PWP and AW in each sub-dataset (Figure 2c) was
necessary to investigate whether variability in AW would be associated with variability
in BD. However, there was a low correlation between AW and BD in every sub-dataset
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(Figures 3–5), and only five regressions between AW and BD were significant (Table 3). The
greatest correlations were found in the Silt Loam (R2 = 0.26) (Figure 4) and Loam (R2 = 0.13)
classes (Figure 5). In the other textural classes, the R2 value was between <0.01 and 0.07.
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Figure 3. Association of field capacity (FC), wilting point (WP) and available water (AW) with
bulk density in the data subsets defined by the Sand, Loamy Sand, Sandy Loam and Sandy Clay
Loam classes.

Linear regressions of AW with sand, clay and organic matter within sub-dataset
detected a significant effect of such variables on AW (Table 3). In certain sub-datasets, the
determination coefficient R2 was higher in AW regressions with sand, silt and clay than
in those with BD. In addition, the number of significant regressions between AW and BD
(five) was lower than those with sand (six), silt (eight) and clay (seven), which highlights
the close relationship between particle size fractions and soil water retention even within
the sub-datasets.

Positive and significant correlations between FC and PWP, AW and FC and AW and
PWP are shown in Figure 6, which will complement the discussion about the low correlation
between AW and BD.
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Sandy Loam (n = 25) 0.03 nv nv nv nd
Sandy Clay Loam (n = 299) 0.01 <0.01 0.04 * 0.06 * 0.02 (n = 83)
Loam (n = 216) 0.13 * <0.01 <0.01 <0.01 0.09 * (n = 202)
Sandy Clay (n = 81) 0.04 <0.01 0.03 <0.01 0.05 (n = 58)
Clay Loam (n = 102) 0.02 0.10 * 0.14 * 0.04 * 0.38 * (n = 7)
Silty Loam (n = 191) 0.26 * 0.34 * 0.11 * 0.39 * nd
Silty Clay Loam (n = 8) nv nv nv nv nd
Silty Clay (n = 171) <0.01 <0.01 0.11 * 0.04 * <0.01 (n = 11)
Clay (n = 475) 0.07 * 0.23 * 0.28 * 0.04 * 0.01 (n = 79)
Very Clayey (n = 549) 0.06 * 0.02 * 0.18 * 0.06 * 0.09 * (n = 98)

* Significant at p ≤ 0.05; nd = no data; nv = no predictor variability. The value of n next to the textural classes
indicates the amount of data used in regressions of AW with BD, sand, silt and clay. As for organic matter (smaller
amount of data), the n value of the regressions is next to the R2 value.
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4. Discussion

The analysis of the data presented in the previous section showed a low degree
(R2 ≤ 0.26) of association between AW and BD (Figures 3–5) and a significant one in only
five of the 12 sub-datasets (Table 1). In general, the association between AW and BD
weakened with the decrease in data in the sub-datasets (Table 1). Although the Silty Loam
and Loam classes showed relatively higher R2 values, it is not clear what factors the higher
R2 values could be attributed to. Any supposition may be biased by the differences in
several factors (amount of data and variability in sand, silt and clay) among the regressions.
This indicates that there is a need to expand the dataset to identify more accurately the
association between AW and BD, especially in textural classes with more than 40% silt, for
which there are few data (Figure 1).

The low degree of association between AW and BD is partly due to the insufficient
reduction that the sub-dataset caused on the effect of texture on the AW–BD relationship.
Linear regressions of AW with sand, silt and clay showed that not-negligible variability in
texture remained within each sub-dataset (Table 1). This confounding effect, which even
excludes BD in pedotransfer functions [3–5,10], would need to be further reduced so that
the variability in BD within a sub-dataset is due more to variation in the state of compaction
than to variation in texture. However, increasing the number of sub-datasets to lower
the textural variability within each sub-dataset would reduce the data for each regression
of AW and BD. Thus, an increase in the number of sub-datasets without impairing the
regression of AW and BD should be accompanied by an expansion in the overall dataset.

A high reduction in the variability of texture and other variables that impact AW, such
as mineralogy and organic matter, could be obtained by using data from less heterogeneous
soil areas, such as experimental plots. There is a greater likelihood of identifying the
relationship between AW and BD at specific sites [21]. Although site-specific data with
compaction experiments may contain sufficient variability in soil bulk density [22–24], the
amount of data in each experiment is typically small, hardly exceeding 50 to 100 records.
This would not be enough to accurately investigate the relationship between AW and BD
via regression analysis. Because of the scarcity of data with sufficient control of confounders,
more comprehensive tests of the relationship between AW and BD will require expanding
the dataset and/or conducting experiments with a high control of confounders and a large
set of BD and AW data.

More comprehensive datasets would also make it possible to separate sub-datasets
based on measurement techniques. The use of variables measured with different techniques
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in the same sub-dataset often introduces variability created by the techniques and even the
measurement sites [25]. It is possible to observe subgroups of data in the Sandy Clay Loam
and Silt Clay classes (Figures 3 and 5), especially for PWP. In most of the data sources in
S1, PWP was determined using a dew point psychrometer, but a pressure plate extractor
was used in others [26]. Some studies have previously shown that there is a difference in
determination between the two devices [14,27]. In controlled experiments, this problem can
be eliminated with the use of a single measurement technique for the same variable. In a
larger dataset, it would be possible to separate sub-datasets using measurement techniques
as a criterion, although there may be confounders arising from different origins (locations,
operator of the techniques, etc.) where the measurement was made [25].

It is also reasonable to assume that the effect of BD on AW is small, as indicated by the
regressions (Figures 3–5 and Table 1). Increased compaction implies a direct increase in
BD and a decrease in total porosity. However, the increase in soil bulk density may be due
solely to the decrease of large pores, which can be reduced to sizes that are still larger than
those that retain water between the FC and PWP. Evidence of a weaker association between
microporosity and BD compared to that between macroporosity and BD [28] suggests that
AW may change slightly with compaction, unless the degree of compaction is high enough
to decrease soil microporosity to the point of having a greater impact on AW. Also, several
studies that have determined the Least Limiting Water Range show that FC and PWP are
generally affected in the same direction, both increasing (e.g., [22]) or decreasing (e.g., [29])
with the increase in BD. The data from this study proved that FC and PWP are directly
correlated (Figure 6). Although they may display differing levels of sensitivity to the BD
variation, the fact that they are directly correlated means that the difference between them,
i.e., AW, is less sensitive to BD variation due to compaction. Therefore, AW has a weaker
correlation with FC and PWP (Figure 6). The correlation was considered weak (r = 0.10 to
0.39) between AW and FC as well as between AW and PWP, but it was strong between FC
and PWP, according to the correlation ranges indicated by [19,20].

In general, the results of this study showed that soil compaction affects AW to a low
degree, but it may increase or decrease AW depending on the textural class of the soil
(Figures 3–5). On the other hand, the relationship between texture and AW (Figure 2,
Table 3) is more significant and proven with a larger set of experimental data that made it
possible to propose pedotransfer functions in the numerous studies previously mentioned.
Soil compaction and AW may be weakly correlated because the ratio of solids mass to its
aggregated volume (soil bulk density) does not fully integrate the distribution of adsorptive
and capillary forces and permeability, which are the key factors determining water retention.
This is due the fact that the complex geometry of soil porosity (affecting capillary water
and permeability) and variations in specific surface and its electrical charge (affecting
adsorptive forces) may not be well correlated with soil bulk density. Thus, the effect of
compaction on AW is weak and still unclear but seems to depend on the texture.

It is important to consider that this work is a collection of data from several experi-
ments that were performed separately and were not designed to be joined in one paper.
Although the same methodology was used to determine soil texture, bulk density and
water retention, more experimental research considering the parameters of porosity size,
soil structure and grain density is needed to clarify the relationship between plant-available
water and bulk density. This article constitutes a preliminary approach to understand the
relation of AW to bulk density.

5. Conclusions

There was a low association between plant-available water content and bulk density
(measure of the state of compaction). The strongest correlations were found in the Silty
Loam (R2 = 0.26) and in Loam class (R2 = 0.13), respectively. An increase or decrease in
plant available water can be noticed due to soil compaction depending on soil texture.

The splitting of the dataset by textural classes was not enough to reduce the effect
of texture on plant-available water content to a level that could clarify the relationship
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between plant-available water and bulk density. Nevertheless, new attempts to reduce the
confounding effects caused by texture are opportunities for future studies. For instance, one
could expand the dataset and/or carry out experiments with varying degrees of compaction
on soil classes that are homogeneous in terms of texture and other intervening factors (e.g.,
organic matter and mineralogy).
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