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ABSTRACT

Soil physical and hydraulic properties are interdependent, and soil-use planning and
management are complicated by the high variability of these attributes. The current study
assessed the variability of physical and hydraulic properties of soils along a toposequence
located in a forest fragment under spontaneous regeneration in the coastal lowlands of Rio de
Janeiro. Four soil profiles were selected, and samples were collected from surface and
subsurface horizons for determination of moisture content, bulk density, macroporosity,
microporosity, hydraulic conductivity, texture, and soil resistance to penetration (measured
using benchtop and field penetrometers). Exploratory and principal component analyses were
performed, and descriptive parameters and Pearson’s correlation coefficients were calculated.
In A horizons of profiles 3 (Planossolo) and 4 (Gleissolo), clay contents ranged from 59.0 to
577.0 g kgt, moisture contents from 1.5 to 16.4%, and microporosity from 10.4 to 46.2%,
respectively. Field- and laboratory-measured penetration resistances showed a stronger
association with profile 1 (Argissolo); however, values were not sufficiently high to limit root
development. The variability in soil physical and hydraulic properties in short slopes is high,
mainly in terms of hydraulic conductivity, moisture, microporosity, and clay content. The
greater variability of soil physical and hydraulic properties in lowland is attributed to clay and
silt fractions, microporosity, and moisture content. The increment in clay content with depth
increases bulk density and resistance to root penetration.

Keywords: edaphic attributes, soil-landscape relationship, soil quality indicators.

Variabilidade de atributos fisico-hidricos em uma topossequéncia na
Baixada Litoranea Fluminense

RESUMO

Os atributos fisico-hidricos do solo séo interdependentes e o planejamento e 0 manejo do
solo sdo dificultados devido a alta variabilidade desses atributos. O presente estudo objetivou
avaliar a variabilidade dos atributos fisico-hidricos em uma topossequéncia inserida em area de
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regeneragao espontanea na Baixada Litoranea Fluminense. Foram selecionados quatro perfis, e
nestas coletadas amostras nos horizontes superficiais e subsuperficiais para quantificacdo dos
valores da umidade, densidade do solo, macroporosidade, microporosidade, condutividade
hidraulica, granulometria e resisténcia do solo a penetracdo (com penetrémetro de bancada e
em campo). Foi realizada a analise exploratoria e calculados os pardmetros descritivos, o teste
de correlacéo de Pearson e a analise dos componentes principais. Nos horizontes A, o teor de
argila variou de 59,0 a 577,0 g kg*, a umidade de 1,5 a 16,4 % e a microporosidade 10,4 a
46,2%, entre os perfis P3 (Planossolo) e P4 (Gleissolo). A resisténcia a penetracdo nos dois
métodos esteve mais relacionada com o perfil 1 (Argissolo), entretanto, os valores maximos
ndo restringem o desenvolvimento das raizes. A variabilidade dos atributos fisico-hidricos em
vertentes de pequeno comprimento é alta, principalmente para os atributos condutividade
hidraulica, umidade, microporosidade, e argila do solo. Na baixada a maior variabilidade dos
atributos fisico-hidricos é explicada pelos atributos argila, microporosidade, silte e umidade. O
incremento de argila em profundidade aumenta a densidade e a resisténcia do solo a penetracéao
das raizes.

Palavras-chave: atributos edaficos, indicadores de qualidade do solo, relagdo solo-paisagem.

1. INTRODUCTION

Our understanding of water flows in natural and anthropized ecosystems depends on the
precise characterization of soil hydrological processes (Alagna et al., 2016; Pavéo et al., 2019).
Because this type of characterization requires a thorough knowledge of soil physical and
hydraulic properties, it is essential to determine the variability of these attributes in the
environment. As discussed by several authors (Cambardella et al., 1994; Santos et al., 2016;
Pavdo et al., 2019; Ferreira et al., 2020), soil formation processes and anthropogenic actions
enhance the variability in soil attributes.

It is of fundamental importance that studies involving the characterization of soils and their
potential, as well as the environmental weaknesses in view of the different types of use that can
occur in the different segments of landscapes that are special to a particular region. Studies of
this nature contribute both to the understanding of fragile ecosystems, constantly occurring to
environmental degradation, and to future work to characterize coastal plains (Coelho et al.,
2010).

When assessing the environmental vulnerability of the coastal plain of Caravelas (BA) as
a subsidy to environmental planning, the authors Souza and Vale (2016) concluded that studies
like these can be used to guide management policies for coastal areas and contribute to the new
occupations and economic and social development are compatible with environmental
preservation.

There are several challenges in assessing the variability in soil porosity, particle size,
particle size distribution, bulk density, resistance to penetration, least-limiting water range,
compression index, aggregate stability, and hydraulic conductivity. According to Oliveira et al.
(2015), most limitations arise from the large extension of study sites and the large number of
samples and high costs consequently associated with these investigations.

Considering the above-mentioned soil physical attributes, Stefanoski et al. (2013) argued
that soil hydraulic conductivity is one of the best indicators of soil quality because it can reveal
structural differences between soil profile layers. In a study investigating the physical and
hydraulic properties and organic carbon content of an Argissolo under different management
systems for 23 years, Hickmann et al. (2012) found that management effects were more
pronounced in the surface layer. Ferreira et al. (2020), in investigating the effects of 23 years
of direct planting on aggregate formation and soil organic matter in rainy and dry seasons,
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concluded that soil aggregation is a simple, low-cost, repeatable, and easy-to-understand
indicator of changes in soil physical conditions.

Despite the importance of soil physical and hydraulic properties to the understanding of
major ecosystem processes (Pavao et al., 2019), the variability of these attributes along slopes
still requires further investigation. Therefore, this study aimed to assess the variability of soil
physical and hydraulic properties along a toposequence in the coastal lowlands of Rio de
Janeiro.

2. MATERIAL AND METHODS

The study area is located on the campus of the Federal Rural University of Rio de Janeiro,
Seropédica, Rio de Janeiro Metropolitan Region, Brazil. The climate is tropical wet and dry
(Aw in the Koppen climate classification system), with rainfall events concentrated during
November to March. The mean annual precipitation is 1213 mm, and the mean annual
temperature is 24.5°C (Alvares et al., 2013). The geology of the area is dominated by acidic
rocks from the Southern Paraiba Complex, such as gneisses and granites. The region belongs
to the coastal plains of Sepetiba Bay, characterized by a slightly undulating relief with small
variations in elevation (Muehe et al., 2006).

A toposequence of soils under regenerating Atlantic forest was selected for the study. Four
trenches were opened at different locations of the landscape, each spaced about 40 m apart
(Figure 1).
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Figure 1. Location map of the study area showing the evaluated soil profiles in
the upper (A), middle (B), and lower thirds (C) of the slope and lowland (D).

Morphological characteristics of soil profiles were described according to criteria proposed
by Santos et al. (2015), and soil types were classified in accordance with the Brazilian Soil
Classification System (Santos et al., 2018) and the general information about sampling sites
and soil morphological and textural properties are presented in Table 1.

Disturbed samples were collected from surface and subsurface diagnostic horizons for
color, structural, and textural analyses. Four undisturbed samples were collected using an
Uhland soil sampler. Sampling depth was defined on the basis of horizon thickness; collections
were performed from the central part of the horizon for increased representativeness of soil
attributes.

Gravimetric moisture content, bulk density, macroporosity, microporosity, and saturated
hydraulic conductivity were determined according to Teixeira et al. (2017). Analysis of soil
penetration resistance was performed by two methods using four replications. Laboratory-
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measured penetration resistance was determined using a Tecnal Te-096 benchtop penetrometer,
and field-measured penetration resistance was assessed using an impact penetrometer,
according to Stolf (1991). Particle size analysis was performed by the pipette method (Teixeira
et al., 2017) to determine sand, silt, and clay contents.

Table 1. Morphological and textural properties of soil profiles evaluated in the study.

Horizon

Depth (cm)

Moist color

Soil structure

Profile 1 (Argissolo Vermelho-Amarelo, upper third of slope, elevation 42 m, slightly undulating 8% and well drained)

A
AB

BA
Btl
Bt2
Bt3
Bt4

0-9
9-18
18-30
30-52
52-75
75-102
102-116*

5YR 3/2
5YR 3/3

5YR 4/3
5YR 4/6
5YR 4/6
5YR 5/4
5YR 5/6

Strong, fine and medium, granular

Strong, fine and medium, granular

Strong, fine, subangular blocky
Strong, fine, subangular blocky
Strong, fine, subangular blocky
Strong, fine, subangular blocky

Strong, fine, subangular blocky

Profile 2 (Argissolo Amarelo, middle third of slope, elevation 41 m, slightly undulating 12% and moderately drained)

A
AE

El
E2
Btl
Bt2

0-7
7-17
17-44
44-80
80-102
102-134*

10YR 4/2
10YR 5/2

10YR 5/4
10YR 5/4
10YR 5/5
10YR 4/6

Weak to moderate, fine, granular

Weak to moderate, fine, granular

Weak, fine, granular

Weak, fine, granular

Moderate, fine, subangular blocky

Moderate, fine, subangular blocky

Profile 3 (Planossolo Héplico, lower third of slope, elevation 39 m, slightly undulating 4% and imperfectly drained)

Al 0-14 10YR 4/2 Weak, fine, granular

A2 14-31 10YR 4/2 Weak, fine, granular

AE 31-54 10YR 5/4 Weak, fine, granular

El 54-71 10YR 5/4 Single grain

E2 71-96 10YR 5/4 Single grain

Bt 96—-128 10YR 6/4 Moderate, fine, subangular blocky

BC 128-164* 10 YR 6/2 Weak to moderate, fine, subangular blocky

Profile 4 (Gleissolo Haplico, lowland, elevation 38 m, slightly undulating 1% and poorly drained)

A 0-7 10YR 3/1 Strong, very fine, angular blocky
AB 7-16 10YR 4/1 Strong, very fine, angular blocky
2Bgl 16—41 N5 Strong, fine, angular blocky
2Bg2 41-55 N5 Strong, fine, angular blocky
2Bg3 55-66 N5 Strong, fine, angular blocky
3Bg4 66—88 N4 Strong, fine, angular blocky
4BC 88-105* 10YR 5/1 Strong, fine, angular blocky
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All statistical analyses were conducted using the R statistical software (R Core Team,
2020). Data were analyzed for normality of distribution and homogeneity of variance by the
Shapiro—Wilk test (Shapiro and Wilk, 1965) and Bartlett’s test (Bartlett, 1937), respectively, at
p < 0.05. The following parameters were calculated: minimum, maximum, mean, median,
skewness, kurtosis, and coefficient of variation (CV). CV values were categorized according to
criteria proposed by Pimentel-Gomes and Garcia (2002): CV < 10%, low; 10 < CV < 20%,
average; 20 < CV < 30%, high; and CV > 30%, very high.

Correlations between physical and hydraulic attributes of A and B horizons were
determined by Pearson’s correlation test at p < 0.05. Hierarchical cluster analysis was
performed using a hierarchical method, using Euclidean distance (%) as a measure of similarity
between records and Ward's method, as clustering strategy. The grouping analysis was
complemented with that of principal component analysis (PCA), that was used to reduce the
dimensionality of the dataset without losing information and facilitate interpretation of data
independence. According to Hongyu et al. (2015), PCA linearly combines variables of the
original dataset into principal components (PCs). The first PC explains the greatest amount of
variance in the dataset, and each successive PC explains less.

3. RESULTS AND DISCUSSION

Descriptive statistics of physical and hydraulic properties of A and B horizons along a
toposequence in Rio de Janeiro, are presented in Table 2.

Table 2. Descriptive statistics of physical and hydraulic properties of surface and subsurface
horizons along a toposequence in the coastal lowlands of Rio de Janeiro.

PRe PRL K Macro Micro Bd GM Sand Clay Silt

Variable
MPa cmh? % Mgm3 % gkg?

A horizons
Minimum 0.60 0.70 0.86 085 9.10 0.70 140 181.00 58.00 72.00
Mean 1.08 143 3500 2318 2052 115 9.80 631.30 234.81 133.88
Median 120 130 2415 2828 1200 125 10.25 74250 151.50 109.50
Maximum 150 240 99.20 31.08 47.70 140 18.30 861.00 578.00 242.00
CV (%) 3447 4342 100 4197 7520 2141 63.09 4479 9148 50.93
Skewness -0.33 044 0.62 -127 122 -062 -021 -092 094 0.84

Kurtosis -1.33 -163 -1.10 028 -048 -107 -161 -087 -084 -097
W 0.82™ 0.88™ 0.86™ 068 064 086™ 087" 0.72 0.73 0.76

B horizons
Minimum 1.00 170  0.00 6.20 6.40 0.90 1.10 73.00 151.00 60.00
Mean 263 418 933 1845 2214 127 17.29 456.00 430.40 113.62
Median 245 290 330 1855 1877 130 13.90 532.00 37350 11550
Maximum 5.00 880 3050 2850 46.09 160 39.90 687.00 824.00 163.00
CV (%) 61.07 5861 5860 46.10 6020 19.73 8290 5337 58.89 33.18
Skewness 0.097 0.79  1.27 084 057 -027 070 -0.84 0.70 0.70

Kurtosis -2.08 -0.96 -047 -069 -128 -069 -082 -090 -084 -1.19
W 0.87™ 0.84™ 0.65 0.90™ 0.80™ 0.89™ 0.82"™ 0.78 0.81 0.78

PR, field-measured penetration resistance; PRy, laboratory-measured penetration resistance; K,
hydraulic conductivity; Macro, macroporosity; Micro, microporosity; Bd, bulk density; GM,
gravimetric moisture content; CV, coefficient of variation; W, Shapiro-Wilk test; ns, not
significant (p > 0.05).
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Soil physical and hydraulic properties showed an asymmetric distribution (Table 3). Field-
measured penetration resistance, macroporosity, and gravimetric moisture content in A
horizons had negative skewness values, as bulk density and sand content in both horizons. This
indicates a greater proportion of values above the mean. Other parameters had positive
skewness, indicating that most values were below the mean. Symmetric distributions are those
in which mean and median values are close to each other.

Table 3. Mean physical and hydraulic properties of surface and subsurface horizons
along a toposequence in the coastal lowlands of Rio de Janeiro.
PRr PRL K Macro Micro Bd GM Sand Clay Silt
MPa cmh? % Mgm=2 % g kgt

Profile

A horizons

P1 1.3 23 863 27.9 14.2 11 143 2265 636.5 137.0
P2 15 09 432 30.1 11.2 1.4 70 76.8 848.0 753
P3 06 09 105 29.5 10.4 1.4 15 59.0 8583 8238
P4 09 16 0.0 10.3 46.2 0.8 16.4 577.0 1825 2405

B horizons

P1 39 44 299 22.9 194 1.2 16.1 416.3 4555 128.3
P2 44 79 3.2 14.2 17.2 1.6 12.1 3305 608.3 61.3
P3 12 21 3.9 28.0 7.1 1.4 15 1525 686.3 161.3
P4 10 23 0.3 8.7 44.8 0.9 395 8223 740 103.8

PRe, field-measured penetration resistance; PR, laboratory-measured penetration
resistance; K, hydraulic conductivity; Macro, macroporosity; Micro, microporosity;
Bd, bulk density; GM, gravimetric moisture content.

The Shapiro—Wilk test showed that most parameters were not normally distributed, with
the exception of sand, clay, and silt contents in both horizons; macroporosity and microporosity
in A horizons; and hydraulic conductivity in B horizons. However, according to Carvalho et al.
(2002), theoretical skewness and kurtosis values close to 0 and 3, respectively, indicate a normal
distribution. Therefore, variables showed a tendency to normality.

Bulk density in both horizons and silt content in B horizons had high CV values (20 < CV
< 30%) (Pimentel-Gomes and Garcia, 2002). All other parameters had very high CV values
(>30%). In A horizons, the highest CV values (>60%) were observed for moisture content,
microporosity, clay content, and hydraulic conductivity, indicating heterogeneity along the
toposequence. Such results are likely associated with the pedogenesis of the environments
(Oliveira et al., 2015).

The sand content of A horizons ranged from 59.0 g kg~* in P3 (Planossolo) to 577.0 g kg
in P4 (Gleissolo); moisture content, from 1.5% in P3 to 16.4% in P4; and microporosity, from
10.4% in P3 to 46.2% in P4 (Table 3). These high variations were observed despite the short
distance between profiles (about 40 m).

The PCA biplot presented in Figure 2A shows the distribution of physical and hydraulic
attributes along axes 1 and 2. The two PCs explained together 92.20% of the variance in soil
properties. PC1 explained 68.50% of the variance, and PC2 explained 23.70%. The percentages
of variance explained were higher than the minimum recommended for soil studies (Campos et
al., 2013). This means that the variability expressed within the sample perimeter has been
sufficiently answered and expressed.
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Figure 2. Principal component analysis biplot (A), Pearson correlation matrix (B), and
Hierarchical cluster analysis for physical and hydraulic attributes of A horizons along a
toposequence. P1-P4, soil profiles; Bd, bulk density; Macro, macroporosity; Micro, microporosity
GM, gravimetric moisture content; K, hydraulic conductivity; PRg, field-measured penetration
resistance; PR, laboratory-measured penetration resistance. Correlations marked with an X are
not significant (p < 0.05).

Silt and clay content, and microporosity of A horizons were strongly associated with PC 1
with scores of high correlations of 0.99; 0.99; 0.96, respectively (Figure 2A), and P4, probably
because fine particle deposition is generally higher in lowlands than in slopes (Miotti et al.,
2013; Santos et al., 2016). This phenomenon favors the formation of small pores (Miotti et al.,
2013), which explains the high correlation (r = 0.97) between clay content and microporosity
(Figure 2B). Although P4 was located near the water table, which would favor high moisture
contents, and was associated with microporosity, gravimetric moisture content was not only
associated with P4 but also with P1. The mean gravimetric moisture contents of P1 and P4 were
similar (Table 3); however, GM showed a high positive correlation with PC1. The dark color
of the A horizon of P1 can be attributed to its high organic carbon content (Table 1), as organic
carbon favors the formation of a strongly developed granular structure, contributing to water
retention (Loss et al., 2014; Rabot et al., 2018).

The profiles P2 and P3 were plotted on the negative side of PC1. These profiles,
particularly P2, were related to sand content, bulk density, and macroporosity, with high
negative scores correlations with PC1, -0.99, -0.96, -0.95, respectively (Figure 2A). Although
P2 and P3 were positively associated with bulk density, the highest value was 1.4 Mg m (Table
3), lower than that considered critical for crop root development (Reichert et al., 2009; Collares
et al., 2011). Macroporosity and sand content were strongly correlated (r = 0.96) (Figure 2B),
whereas macroporosity and hydraulic conductivity were moderately correlated (r = 0.54)
(Figure 2B). Even though macropores facilitate the flow of water in soil, hydraulic conductivity
was more associated with P1, with high positive correlation, 0.93 with PC2 (Figure 2A). This
result is probably due to the strongly developed granular structure of P1, contributing to the
regulation of water infiltration and retention in the soil (Rabot et al., 2018). These findings
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reinforce the importance of determining the morphological characteristics of soil horizons in
physical-hydraulic studies. Field- and laboratory-measured penetration resistances were
associated with P1, but values were not high enough to affect root development (Costa et al.,
2012; Drescher et al., 2012). Both parameters contributed little to the variance in soil properties
of A horizons.

For the cluster analysis for A horizon along the toposequence (Figure 2C), the formation
of three large groups with a connection distance of around 1000% was observed. In this horizon,
P4 distanced itself (~ 1000%) from the other profiles forming an isolated group, while the
profile P1 with dissimilarity of approximately 400%, formed a second group; profiles P2 and
P3 joined in a third group with a maximum distance between them of approximately 100%.

PCA of physical and hydraulic properties of B horizons revealed two PCs, which together
explained 85.80% of the variance in the dataset. PC1 explained 57.10% of the variance; and
PC2, 28.70% (Figure 3A). P4 was plotted far from other profiles, on the negative side of PC1,
and was associated with clay content, microporosity, and gravimetric moisture content, with
high score correlations, -0.98, -0.99 and -0.99, respectively. These parameters were almost 2-
fold higher than those of the other profiles (Table 3). Such results are attributed to the high
deposition of silt in lowlands and the proximity to the water table.
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Figure 3. Principal component analysis biplot (A), Pearson correlation matrix (B), and Hierarchical
cluster analysis for physical and hydraulic attributes of B horizons along a toposequence. P1-P4,
soil profiles; Bd, bulk density; Macro, macroporosity; Micro, microporosity GM, gravimetric
moisture content; K, hydraulic conductivity; PR, field-measured penetration resistance; PRy,
laboratory-measured penetration resistance. Correlations marked with an X are not significant (p <
0.05).

Correlations between microporosity, moisture content, and clay content were very strong,
ranging from 0.99 to 1 (Figure 3B). Hydraulic conductivity was negatively associated with P4,
in agreement with the low value observed in the profile (0.3 cm h™). The parameter was more
associated with P1 because of the profile’s well-developed structure. Nevertheless, hydraulic
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conductivity contributed little to the PCs, with the highest correlation value associated with the
PC1 (0.25).

Sand content was related to P2 and P3, as both profiles had similar sand contents, with
high positive scores correlation with PC1 (0.98). However, macroporosity was more strongly
associated with P3 and PC1, with positive score correlation of 0.79. Silt content was also
associated with P3; silt and sand contents in P3 added to 850 g kg%, whereas, in P2, the sum of
silt and sand fractions was 670 g kg*. Furthermore, silt and macroporosity were strongly
correlated (r = 0.75), explaining the high association between macroporosity and P3.

Laboratory-measured penetration resistance was higher than field-measured resistance in
all B horizons, but parameters were strongly correlated (r = 0.87). Penetration resistance was
associated with P2, in which resistance values were considered critical to root development
(Costa et al., 2012; Drescher et al., 2012). Although bulk density was moderately correlated
with laboratory-measured (r = 0.64) and field-measured (r = 0.55) penetration resistance, the
parameter was also associated with P2. These parameters were correlated positively with the
PC2, 0.92 and 0.77, respectively. The mean bulk density in P2 was 1.6 Mg m?3. The
high bulk density and penetration resistance observed in P2 is likely associated with
translocation and deposition of clay in the pores of subsurface layers, as evidenced by the
difference in clay contents between A and B horizons (76.8 and 330.5 g kg2, respectively). The
densification process is responsible for increasing root penetration resistance (Cortez et al.,
2011), which explains the association of penetration resistances with P2. The Bd showed a
positive correlation with PC1 (0.85).

For the cluster analysis for A horizon along the toposequence (Figure 3C), the formation
of three large groups with a connection distance of around 1000% was observed. In this horizon,
P4 distanced itself (~ 1000%) from the other profiles forming an isolated group, while the
profile P3 with dissimilarity of approximately 400%, formed a second group; profiles P1 and
P2 joined in a third group with a maximum distance between them of approximately 100%.

4. CONCLUSIONS

1. Soil physical and hydraulic properties vary greatly along short slopes, particularly
hydraulic conductivity, moisture content, microporosity, and clay content.

2. The high variability in soil physical and hydraulic attributes can be explained by
differences in clay content, microporosity, and silt content in A horizons and clay content,
microporosity, and moisture content in B horizons.

3. An increase in clay content with depth leads to an increase in density and penetration
resistance.

4. Among the profiles analyzed, P4 showed greater dissimilarity from the others, for both
depths studied.
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