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Abstract

The southwestern region of the Amazon has great environmental variability, presents a great complexity of pedoenvir-
onments due to its rich variability of geological and geomorphological environments, as well as for being a transition region
with other two Brazilian biomes. In this study, the use of pedometric tools (the Algorithms for Quantitative Pedology (AQP) R
package and diffuse reflectance spectroscopy) was evaluated for the characterization of 15 soil profiles in southwestern
Amazon. The AQP statistical package—which evaluates the soil in-depth based on slicing functions—indicated a wide range of
variation in soil attributes, especially in the superficial horizons. In addition, the results obtained in the similarity analysis
corroborated with the description of physical, chemical components and oxide contents in-depth, aiding the classification of
soil profiles. The in-depth characterization of visible-near infrared spectra allowed inference of the pedogenetic processes of
some profiles, setting precedents for future work aiming to establish analytical strategies for soil classification in southwestern

Amazon based on spectral data.

Keywords

Pedometrics, AQP R package, soil-depth functions, soil attributes, diffuse reflectance spectroscopy

Received 22 April 2021; accepted 7 November 2021

Introduction

The state of Rondonia is located in the southwestern portion of
the Amazon and occupies an area of 237,765.347 km” (4.7%
of Brazilian Amazon biome) (IBGE 2021), constituting part of
its southern boundary with the formations of Central Brazil.' It
is a region of transition between three of the six Brazilian
terrestrial biomes: Amazon, Cerrado, and Pantanal.? In ad-
dition to the high variability of plant physiognomy,' this
region is also characterized by a great geological and geo-
morphological diversity. The landscape oscillates from river
plains, flattened surfaces, and depressions to dissected and
sedimentary tablelands and plateaus.*> These characteristics
promote a complex diversity of pedoenvironments in this
region, with great variability of soil classes (e.g., Ferralsols,
Lixisols, Acrisols, Arenosols, Regosols, Leptosols, Fluvisols,
Plinthosols, among others).*® The most predominant soils are
Acrisols (39.12%) followed by Ferralsols (36.31%), Areno-
sols (5.96%), and Plinthosols (4.50%).”

The classification of soils by traditional methods that
involve morphological and pedogenetic description, in ad-
dition to the quantification and interpretation of chemical,
physical, and molecular attributes, is a challenge, given the
complexity of these data analyses. For the classification of a

reasonable amount of soil profiles, it is necessary to syn-
thesize information on chemical attributes, soil depth, and
horizon thicknesses, which in most cases requires experi-
enced professional for data interpretation and correct clas-
sification. However, the use of quantitative analysis for soil
classification can facilitate the interpretation and visualiza-
tion of the variability of soil attributes, being a useful strategy
to analyze the large volume of information generated from
soil profiles.® To meet this demand, the Algorithms for
Quantitative Pedology (AQP) package has been developed
and implemented in R software.” This package makes it
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possible to make standard profile sketches to highlight dif-
ferences in soil attributes between horizons. In addition, this
package also features a slicing algorithm (called slice-wise
algorithm) that allows harmonization of soil profile data and
analysis of similarity between different profiles.” "'
Another problem associated with studies of soil profile
collections is the large volume of soil samples to be ana-
lyzed physically and chemically. As an alternative to tra-
ditional laboratory methods, diffuse reflectance spectroscopy
in the visible (vis; 400—700 nm) and near infrared (NIR; 700—
2500 nm) ranges has been widely used for predicting soil
attributes in different regions of the World,lz’] 3 allowing faster,
cheaper analyses with no use of chemical reagents.'®"?
Interpretation of the visible-near infrared (vis-NIR)
spectra by chemometric tools enables qualitative and
quantitative evaluations of morphological, physical, and
chemical attributes of the soil, such as color, organic carbon
content, mineralogy, degree of crystallinity of iron oxides,
clay content and textural classes, in addition to inferences on
the action of pedogenetic processes.'”>* The attributes
mentioned above are used as diagnostic characteristics in soil
classification systems,”>® which makes vis-NIR spectros-
copy promising for classification of soil profiles.”” "
However, for a more precise and detailed use of soil
attributes for classification purposes, it is necessary to
evaluate the spectra of each horizon of the profile, seeking to
better understand its variation in subsurface. On the other
hand, the adoption of this method may result in a large
volume of information, especially in studies with soil profile
collections, making it difficult to interpret the results. In this
context, the application of soil-depth functions, harmoni-
zation, and interpolation of the data, as well as the schematic
sketches generated by the AQP package, facilitates the vi-
sualization of the variability of soil attributes in subsurface
and can help to interpret the vis-NIR spectra of the horizons.
In view of the above, the aim of this study was to evaluate
the use of the AQP package for the characterization of
physical and chemical attributes and comparison of soil
profiles. In addition, the schematic sketches created by the

AQP package were compared with the behavior of the vis-
NIR spectra of the soil profiles, seeking to provide basis for
future applications of these pedometric tools for the classi-
fication of soils in the southwestern Amazon.

Material and methods

Study areas and characterization of samples via
traditional methods

Morphological, physical, and chemical data of 106 samples
from 15 soil profiles (one per horizon) were used. The
profiles are located under different pedoenvironmental
conditions, 14 profiles in the State of Rondonia and one in the
State of Amazonas, Northern Region of Brazil (Figure 1).
Morphological description of the soil profiles and disturbed
samples for physical and chemical analyses were collected
from all horizons according to Santos et al. (2015). The
region has a great geological diversity, where metamorphic
rocks such as gneiss, sedimentary rocks such as claystones
and sandstones, and sediments of Holocene and Pleistocene
age can be observed.”” The relief and landscape that the
profiles are inserted, the specific location of each soil profile
and its classification by both the Brazilian Soil Classification
System>® and the World Reference Base for Soil Resources
(WRB)* are presented in the Table 1.

Physical and chemical analyses were performed ac-
cording to Empresa Brasileira DE Pesquisa Agro-
pecuaria (EMBRAPA),*® as described by Lumbreras
et al,*? quantifying the particle-size fractions (Table 2),
coarse sand (CS), fine sand (FS), total sand (TS), Silt,
Clay, flocculation degree (FD), silt/clay, particle density
(PD), color; and the chemical attributes (Table 2), ApH
(pHkc—pHio), Ca® +Mg?*, K*, Na®, sum of bases
(SB), AI**, H', cation exchange capacity (CEC), base
saturation (V), aluminum saturation (m), P, soil organic
carbon (SOC) (Nelson and Sommers),** and soil total
nitrogen (STN). The contents of oxides (chemical
composition of important clay mineral groups), SiO,,
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Figure |. Location of the study area and distribution of the soil profiles collected.
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Table I. Location and classification of the studied soil profiles.

Abbreviation -

Profile ~ Coordinates Relief Landscape siBcs"” WRB® WRB
RO- 08° 47" 46.3" S Flat Quicuio grass Plintossolo Héplico Katostagnic Plinthosol Katostagnic
0l  63° 50 46.5" W pasture Distrofico tipico (Endoacric, Hyperdystric, PT-RO.0I

Ochric, Anosiltic, Bathyclayic)
RO- 10° 41" 20.2" S Smooth rolling Pasture Argissolo Katolixic Ferralsol (Katoclayic, Katolixic FR-
02 62°16'223"W Vermelho-Amarelo Hypereutric, Epiloamic, Ochric RO.02
Eutrofico tipico Katovetic)
RO- I1° 56 53.3"S Smooth rolling Pasture Nitossolo Vermelho Hypereutric Katolixic Katosideralic
03 61°59 346" W Eutroférrico tipico  Katosideralic Nitisol (Ochric, ~ NT-RO.03
Bathyvertic)
RO- 11° 42" 16.6"” S Flat Orchard of Cambissolo Haplico Endodystric Epieutric Episkeletic ~ Episkeletic
04 61°46' 31.0"W fruittreesand  Tb Distrofico Regosol (Epigeoabruptic, RG-RO.04
grasses saprolitico Loamic Magnesic, Ochric,
gleissélico Amphiraptic, Bathyrelictistagnic,
petroplintico Amphiferric)
RO- 12° 47 27.3" S Plateau and flat Grasses Latossolo Geric Ferralsol (Pantoclayic, Geric FR-
05 60° 06’ 2.6" W Vermelho-Amarelo Oligoeutric, Humic) RO.05
Acrico tipico
RO- 13° 08’ 02.3” S Lower third of slope Forage Argissolo Chromic Epiabruptic Lixisol Epiabruptic
06 60°29 02.5”" W  with 6-8% slope grasses Vermelho-Amarelo  (Amphiclayic, Cutanic, Loamic,  LX-RO.06
Eutréfico luvissélico Ochric Epiraptic)
RO- 13° 07 56.5” S Terrace with | to Forage Gleissolo Haplico  Endodystric Epieutric Endoacric Amphialbic ST-
07 60°29 08.0" W 3% slope grasses Tb Distrofico Amphialbic Stagnosol RO.07
planossdlico (Endoclayic Katoferralic,
Anoloamic, Ochric)
RO- 13°30'0.9”S60° Middle third to Pasture Argissolo Vermelho Lixic pretic Rhodic Ferralsol Rhodic FR-
08 33" 42.1” W lower third of slope Eutréfico abruptico  (Katoclayic, Hypereutric, Humic, RO.08
(about 800 m) with latossdlico Epiloamic, Bathypisoplinthic)
2 to 3% slope antrépico
RO- 09° 23/ 59.3” S Flat Grasses Latossolo Amarelo Geric Xanthic Ferralsol Xanthic FR-
09 62°00 589" W Acrico tipico (Pantoclayic, Orthodystric, RO.09
Ochric)
RO- 09° 56’ 54.2” S Elevation top with Secondary Latossolo Haplic Ferralsol (Pantoclayic, Haplic FR-
10 62°57'57.7" W 0-1% slope forest Vermelho-Amarelo Oligoeutric, Humic, Pantovetic) RO.10
Distrdfico tipico
RO- 08° 09' 472" S Flat Forage Plintossolo Amphialbic Katostagnic Katostagnic
Il 63°48 04.6" W grasses Argildvico Plinthosol (Endoacric, PT-RO.11
Aluminico Hyperdystric Amphiloamic,
gleissolico Ochric, Bathyclayic)
RO- 09° 57 10.0” S Third higher than Forage Latossolo Amarelo Xanthic Ferralsol (Pantoclayic, Xanthic FR-
12 62°56' 51.4” W middle third with 3— grasses Distrofico tipico  Oligoeutric, Humic, Endoraptic, RO.12
5% slope Katovetic)
RO- I1°47 565" S Plateau Cerrado ~ Cambissolo Haplico Hypereutric Katostagnic Katostagnic
13 61°03 11.6" W (interfluvium with  vegetation Ta Eutréfico Gleysol (Anoclayic, Ochric, GL-RO.I3
2% slope saprolitico Endoraptic, Uterquic,
vertissolico Amphiprotovertic, Magnesic)
epirredéxico
RO- 13° 28 26.0” S Terrace on the plain  Pasture Latossolo Amarelo Umbric Ferralsol (Endoclayic, ~ Umbric FR-
14 61°10'30.9” W of the Guaporé with Distrofico Hyperdystric, Endoferric, RO.14
0-1% slope petroplintico Anoloamic, Endostagnic,
plintossélico Endovetic)
RO- 13° 24’ 36.8” S Terrace on the plain Natural field Plintossolo Haplico Geric umbric Ferralsol Umbric FR-
I5 61°13 150" W of the Guaporé with Acrico gleissélico  (Oligoeutric, Endoferric, Humic, RO.I5

0-1% slope

petroplintico
himico

Pantoloamic, Katostagnic)

Legend: (1) SiBCS = Brazilian Soil Classification System; (2) WRB = World Reference Base for Soil Resources.

Al,O3, Fe,03, TiO,, P,0s, and MnO, were also quan-
tified by sulfuric attack’> and were used to calculate the
weathering indices Ki [(Si0,/Al,05)x1.7] and Kr
{(Si0,/0.6)/[(Al,05/1.02)+(Fe,05/1.60)]} and Al,05/Fe,04
ratio (Table 2).

Aggregation of soil horizons by depth slices

Numerical models were created to describe the variability in
subsurface of physical attributes, chemical attributes, and
oxide contents in each profile (Table 2). This procedure was
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Table 2. Physical, chemical, and oxides (chemical composition of important clay mineral groups) attributes and molecular ratio properties

of the complete set of soils from the State of Rondonia, Brazil.

Physical attributes Units Chemical attributes units Oxide attributes units
(& gkg ! ApH — SiO, gkg!
FS gkg™ Ca®"+Mg** emol, kg™ AlLO; gkg™
TS g kg™ K emol, kg™ Fe,O; g kg™
Sile g kg™ Na* cmol, kg™ TiO, g kg™
Clay gkg™ SB cmol, kg™ P,Os g kg™
FD % AP emol, kg™ MnO g kg™
Silt/Clay — H* emol, kg™ Ki —
PD Mg m~? H +AR* cmol, kg™ Kr —
hue — CEC emol, kg™ Al,O5/Fe,04 —
value — \ %
chroma — m %
P mg kg™
sOC gkg™!
STN g kg™

CS = coarse sand; FS = fine sand; TS = total sand; FD = flocculation degree; PD = particle density; SB = sum of bases; CEC = cation exchange capacity; V = base
saturation; m = aluminium saturation; SOC = soil organic carbon; STN = soil total nitrogen; Ki = [(SiO»/Al,O3)x1.7]; Kr = {(SiO»/0.6)/[(Al,O3/1.02)+(Fe, O3/

1.60)]}.

performed using the slice-wise algorithm,” which uses the
soil profiles database to model the behavior of its attributes
in subsurface, creating a soil-depth function.

Numerical classification of soil profiles

From the database generated for 1-cm-thick layers, the
dissimilarity matrix between the profiles was calculated,
allowing the evaluation of similarity.” The dissimilarity
between the studied soils was calculated using the “profile
compare” function, based on the comparison of the
abovementioned oxides, physical, and chemical attributes,
considering the maximum depth and weighting coefficient
equal to 0.01. The number of profiles used in the calculation
is represented by the contribution fraction, whose value can
be considered as an aggregate measure of probability for
each depth of the soil. Additionally, a function was used to
render the schemes of the profiles, according to the soils.
The algorithm is useful for standardizing the visualization
of soil profile sketches, allowing analyses and comparisons
for taxonomic and/or utilitarian purposes.”'" All statistical
procedures and application of soil-depth functions were
performed using the AQP package,” using R software.*®

Acquisition and analysis of vis-NIR spectra

The NIRS™ DS2500 spectrometer (FOSS, Hillered, Den-
mark) was used to acquire vis-NIR spectra from 400 to
2500 nm, with spectral resolution of 1 nm. Before spectral
acquisition, the spectrometer was calibrated using standard
white plate, repeating this procedure every 20 samples.
Spectral analyses were performed in dry samples, with
particle-size of less than 2 mm, following the preparation of
samples adopted by the Spectral Soil Library of Brazil.*
Three spectral readings were applied at different positions
of the sample surface in order to consider the analytes
micro-heterogeneity, and then the mean of the spectra was
obtained for the following analyses. All measurements were
made under a controlled environment (laboratory).

To assist in understanding the response of the spectra in
relation to the different characteristics of the soil profiles,
spectra of each profile were subjected to descriptive anal-
ysis in order to characterize the intensity, shape, and ab-
sorption features present in the spectral curves.’®

Results and discussion

Physical, chemical, and oxide attributes

The vertical variability of soil attributes tends to be con-
tinuous in a soil profile and, for this reason, soil-depth
functions are usually used to represent this perspective of
the profile.!"***! The functions for representing the
particle-size, chemical, and oxide compositions in sub-
surface of the set of soil profiles are presented in Figure 2.
The percentage values plotted (to the right of each chart)
along the profile show the relative number of profiles used
in the soil-depth function to calculate the statistics (median
and quartiles, with distribution between 25 and 75 per-
centiles) for each depth. The contribution of 100% of the
profiles used in the calculation extends up to approximately
1.25 m deep, although up to 1.50 m deep there is a con-
tribution of 87% of the profiles to all attributes (Figure 2).

The total sand and fine sand contents decrease in sub-
surface with high variability around the median value, with
a behavior generally inverse to that of clay content
throughout the profile (Figure 2A). These results are
consistent with those found by Pinheiro et al.** especially
when peaks occur in the curves, especially of 50-175 cm
(probably related to transitions between horizons, and/or
the presence of diagnostic horizons).

The clay content ranges from about 200 to 500 g kg™
near the surface, increasing linearly up to about 60 cm and
approaches a median value of the entire collection of about
400 g kg~ ' (Figure 2A). The variability in clay content is
lower near the surface and usually increases in subsurface,
reaching 700 g kg~ ' at 175 cm. As for silt contents, it is
possible to observe a reduction in the median value up to
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Figure 2. Soil-depth functions to represent the vertical variability from the State of Rondénia, Brazil. Medians of physical (A), chemical (B), and
oxide (chemical composition of important clay mineral groups) attributes and molecular ratio properties (C) from the complete set of soils.
CS, FS, TS = coarse, fine, and total sand, FD = flocculation degree, PD = particle density, SB = sum of bases, CEC = cation exchange capacity, V
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100 cm, with high variability up to 150 cm depth, followed
by increments of two times in its content.

It was observed that the attributes showed a continuous
trend along the depth, with greater variability for the particle-
size composition and lower variability for the flocculation
degree (FD) and particle density (PD) (Figure 2A). FD varies
up to 0.50 m, with values below 40% in surface and of 100%
from 0.25 m onward. This is probably due to the smaller
contribution of organic matter in the deeper layer than in the
surface, since the surface is more benefited by organic matter
from the deposition of plant residues.*> The dispersion—
flocculation phenomenon is influenced by soil organic
matter,** which affects the development of the structure and
is related to the balance of electrical charges in the soil.** The
high FD found in most horizons is coherent for the class of
Ferralsols, which are usually associated with values close to
100%.

Most chemical attributes decrease linearly up to about
170 cm and others such as Ca2++Mg2+, K", SB, and CEC
increase after that point (Figure 2B). On the other hand, the
variability of ApH, Ca**+Mg*", K*, Na', SB, V, and P is
lower near the surface and usually increases in subsurface
(Figure 2B). The values of sum of basis (SB) and cation
exchange capacity (CEC) followed the distribution of the
Ca**+Mg?" ions, the predominant cations in the soils.
Similar results were observed for vertical variability in-
depth in Amazonian Dark Earths soils in Rondénia State.*®
However, contrary to the results of this study, the variation
and depth of the contents of Ca?*, K*, and Na' increase in-
depth in soils from a Brazilian semi-arid environment.'!

It was possible to observe that the median values of SOC
and STN, represented by the soil-depth function, tend to
decrease from 20 cm, as observed for SOC by Minasny
et al.,*” with a zone of greater variability between 0 and
20 cm (Figure 2B), and for H" and CEC the values decrease
from 50 cm (Figure 2B). The aggregate trend in SOC and
STN in subsurface follows the typical exponential decay
curve.” The most widely used model for soil-depth func-
tions is the exponential or power model, which is mainly
used to describe soil organic matter distribution or organic
carbon content in subsurface. The function describes the
decrease of soil organic matter or total carbon and nitrogen
in subsurface (higher in the A horizon and lower in the
subsequent horizons),” as well as for H", CEC, and P, a
pattern verified in this study (Figure 2B).

With the exception of the RO-13 profile, the soils are
deep with horizons extending to depths greater than 150 cm.
The variability in SiO,, Al,O3, and Fe,O3 contents is lower
in surface and generally increases in subsurface. SiO,
content ranges from about 100 to 150 g kg~ ' near the
surface, and the median increases linearly up to about
150 cm and approaches a median value of the entire col-
lection of about 200 g kg ™', reaching 250 g kg~ ' at 200 cm
(Figure 2C). Al,Oj; content ranges from about 100 to
250 gkg ™" in surface, increases linearly up to about 100 cm,
and approaches a median value of about 200 g kg ™' Fe,05
content ranges from about 5 to 100 g kg™ ' in surface,
increases linearly to about 75 cm, and approaches a median
value of about 100 g kg~' (Figure 2C).

The median contents of TiO, and P,O5 virtually do not
vary in subsurface, but the content of MnO decreases in

surface and increases from 150 cm. The median values of Ki
and Kr decrease near the surface and remain constant in
subsurface horizons (Figure 2C). However, the variability
of the Al,O3/Fe,O5 ratio is high near the surface and de-
creases in subsurface horizons, with little variation of the
median.

Despite the similar behavior of some of the evaluated
attributes, in general, a great variability is observed, which
may be related to the geological diversity of the region32
and the intense dynamics of pedogenesis in tropical en-
vironments. Due to this, other analysis tools are necessary
for a better characterization and comparison of the par-
ticle-size,'® chemical, and oxide composition of these
profiles. SB, CEC, SOC, clay content, Fe,03, and Ki per
horizon of each of the soil profiles were selected
(Figure 3).

Standardized sketches for representation of soil profiles
are useful for pedologists, since they portray the stratig-
raphy of horizons and their transitions.” The visualization of
the sketches makes it possible to highlight predominance in
the particle-size, chemical, and oxide compositions, as
observed for the horizons of the different soil orders of the
State of Rondonia (Figure 3), and also verified for the
particle-size in studies of hydromorphic soils,'® Ferral-
sols,** and collection of soil profiles of the Brazilian semi-
arid region.'! Thus, the particle-size analysis showed higher
values for clay in the Ferralsols, in surface and subsurface;
in addition, these soils have higher clay content than those
presented by Pinheiro et al.**

The highest SB contents throughout the profile were
observed in Rhodic FR, followed by Hypereutric Katos-
tagnic Gleysol, Katosideralic Nitisol, and Katolixic Fer-
ralsol (Figure 3A). On the other hand, the Umbric Ferralsol,
followed by the Amphialbic Katostagnic Plinthosol and
Katostagnic Plinthosol had lower SB (Figure 3A).

The values of CEC (15 cmol, kg_l) in Geric Umbric
Ferralsol and Ferralsols, especially Geric Ferralsol, were the
lowest ones (Figure 3B). On the other hand, Hypereutric
Katostagnic Gleysol showed high values of CEC, which
reached 25 cmol, kg™

However, the CEC values in Geric Umbric Ferralsol and
Ferralsols, especially Geric Ferralsol, were the lowest ones
(Figure 3B), suggesting a greater weathering of these
profiles and consequently lower clay activity. Despite the
sandy texture and lower CEC (15 cmol, kg™ ') of Geric
Umbric Ferralsol, the total organic carbon contents
(Figure 3C) reached 60 g kg, and the organic fraction is
therefore the main responsible for the charges of the soil. On
the other hand, the Hypereutric Katostagnic Gleysol had
CEC values that can reach 25 cmol, kg~' and higher Ki
values (Figure 3F). Low SOC values were observed in the
profile, and the greatest contribution to the charges of the
profile came from high-activity clays.

The highest clay contents were observed for the Fer-
ralsols (Geric Xanthic Ferralsol, Haplic Ferralsol, Geric
Ferralsol, and Xanthic Ferralsol; Figure 3D). On the other
hand, the Plinthosols, Geric Umbric Ferralsol, and Plin-
thosols (Amphialbic Katostagnic Plinthosol and Katos-
tagnic Plinthosol) were the ones with the lowest clay
contents, followed by Amphialbic ST and Katolixic Fer-
ralsol and Chromic Epiabruptic Lixisol, which showed an
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Figure 3. Standardized sketches of the attributes SB (A), CEC (B), SOC (C), clay content (D), iron oxide (E), and Ki index (F) of the

horizons of |5 soil profiles of RO, Amazon, Northwestern Brazil.

increase in clay content in subsurface sufficient to char-
acterize the textural gradient®® (Figure 3D).

The highest contents of Fe,O3 were observed throughout
the profile for Katosideralic NT, followed by Haplic Fer-
ralsol (Figure 3E). On the other hand, the lowest contents of
Fe,0O53 were quantified in the profiles Amphialbic Stagno-
sol, Amphialbic Katostagnic Plinthosol, Umbric Ferralsol,
and Geric Umbric Ferralsol.

The highest Ki values were observed throughout the
profile for Hypereutric Katostagnic Gleysol (Figure 3F). On
the other hand, Geric Umbric Ferralsol, Geric Ferralsol, and
Rhodic FR showed the lowest Ki values. The variations
observed are related to the greater or lesser degree of pe-
dogenesis. Ferralsols are more weathered soils, and with
this there was greater removal of silica contributing to a
decrease in Ki, on the other hand, the conditions in which
Gleysol are formed, disfavor weathering, due to the limited
removal of products being observed, therefore higher Ki.

The horizontal axis (X) in Figure 4 organizes the dif-
ferences between the profiles based the Gower distance,*®

while the vertical component (Y) represents the depths of
the horizons according to the field description. The den-
drogram scale on the upper left side of Figure 4 corresponds
to the numerical dissimilarity in relative (percentage) terms,
based on particle-size, chemical, and oxide composition
(Table 2).

Thus, Ferralsols with higher clay fraction contents along
the profile show greater similarity or likeness in relation to
one another, especially the profiles Haplic FR-RO.10,
Xanthic FR-RO.12, Xanthic FR-RO.09, and Geric FR-
RO.05 (Figure 4).

Next, another cluster was formed between the soils
Katostagnic PT-RO.11 and Katostagnic PT-RO.01, which
are similar to each other, showing the same contents clay
and silt fractions and lower contents of coarse sand fraction.
Additionally, Umbric FR-RO.14, Amphialbic ST-RO.07,
and Episkeletic RG-R0O.04 are also grouped. On the other
hand, Umbric FR-RO.15, with lower clay fraction content
and the lowest Ki values along the profile, was isolated from
the other profiles.
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Figure 4. Soil profiles of the State of Rondonia, Brazil, arranged according to the distance of dissimilarity and grouped by the hierarchical
clustering method. The dissimilarity values were based on physical attributes, chemical attributes, and oxides (chemical composition of important

clay mineral groups).

In opposition, another cluster was formed by the soils
Epiabruptic LX-R0O.06 and Katolixic FR-R0.02, followed
by Katosideralic NT-RO.03, Rhodic FR-RO.08 with higher
values of SB and pH along the profile and high values of
CEC, K", Ca**+Mg?", and P in surface. These were fol-
lowed by Katostagnic GL-RO.13 with high values of SB,
pH, CEC, K', Ca2++Mg2+, and P in subsurface and the
highest values of Na" and Ki along the profile (Figure 4).
The total depth of the horizon as a function of the data
collected in the field influences the calculation of the dis-
similarity between profiles,”'” bearing in mind that in soils
with less total depth, the absence of data in deeper layers
does not allow their comparison with high depth soils. This
can be observed in the dendrogram before the grouping of
soils that are sometimes taxonomically distinct.

The pedometric tools allowed a quantitative comparative
analysis between soil profiles of the state of Rondonia,
supported by morphological characteristics, as observed in
the dissimilarity dendrogram (Figure 4). However, more
research is needed to better understand the variability of soil
properties in subsurface.'®

Spectral behavior of soil profiles

Changes in the physical, chemical, and mineralogical
properties of the soil affect its spectral curve, with effects on
the (i) intensity of reflectance of the spectrum as a whole

(albedo), (ii) intensity and amplitude of absorption features,
and (iii) shape of the spectrum.*’ The main spectral features
observed in the profiles evaluated in this study are sche-
matically presented in Figure 5. The following features are
observed: of iron oxides and hydroxides (Fe]-OH) at 425,
480, 513, 650, 903, and 1000 nm (from one to six in
Figure 5); of hydroxyl groups (O-H) close to 1400 and
1900 nm (7 and 8), which are related to residual water and/
or structure 1:1 and 2:1 minerals; of aluminol (Al]-OH)
groups at 2205 nm (9), present in kaolinite and in some 2:1
minerals; of aluminol groups related to the presence of
gibbsite at 2260 nm (10); and subtle features of aluminol
groups at 2355 and 2448 nm (11 and 12), malnly related to
present in ten of the studied soils.”’ Changes in
the shape of the spectrum are also commonly observed,
caused by the smoothing of the features due to the presence
of organic matter,’>> clearly observed in Figure 5 when
comparing the spectra of the surface and subsurface hori-
zons of Katostagnic.

The albedo variation indicates changes in the scattering
of reflected energy and is closely related to the particle-size
characteristics of the soil.>® Spectra with greater scattering,
and consequently greater albedo, are related to sandy
textures. The inverse behavior is characteristic of more
clayey textures. This pattern is clear in soil profiles with
contrasting texture. For example, the profiles Geric FR-
RO.05 and Haplic FR-RO.10, with clay content greater than
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800 g kg~ in all horizons (Figure 3D), showed maximum
reflectance intensity ranging from 40 to 50%. In turn, the
profiles Umbric FR-RO.14 and Umbric FR-RO.15, with
clay content between 100 and 400 g kg™, showed maxi-
mum reflectance intensity ranging from 60 to 70%. Con-
sidering horizons of the same profile, these albedo
oscillations are smoother. In this case, texture oscillations
can also be more pronounced in the final region of the NIR
range (e.g., 2495 nm).>*?! These relationships make it
possible to infer about the presence of textural gradient
between horizons. The profiles Katostagnic PT-RO.01,
Katosideralic NT-RO.03, Epiabruptic LX-R0O.06, Am-
phialbic ST-RO.07, and Katostagnic PT-RO.11 showed a
significant increase in clay content in subsurface
(Figure 3D), and all of them showed reduction of albedo in
spectra of subsurface horizons (Figure 6).

Another spectral characteristic of sandy soils is the shape
of the curve with positive upward trend, compared to the
horizontal shape of curves of clay soils.*’ This behavior is
evident in the Rhodic FR-RO.08 profile (Figure 60), in
which the surface horizons Aup and Au, with clay content
around 300 g kg ', showed a more upward shape and with
higher reflectance intensities from 1250 nm when compared
with the spectra of the subsurface horizons (2Ba, 2Btl,
2Bt2, 2Bw, and 2wcB), with clay contents greater than
500 g kg™ "'. In turn, the textural differentiation observed in
Rhodic FR-RO.08 is probably related to lithic discontinuity
and not to the action of pedogenesis®®.

The smoothing of Fe oxide features due to the presence
of organic matter in the surface horizons was observed for
all 15 profiles evaluated. This effect is evident in the profiles
Rhodic FR-RO.08 (Figure 60), Katolixic FR-R0O.02
(Figure 6M), and Epiabruptic LX-RO.06 (Figure 6N),
and occurs less significantly as the SOC gradient decreases,
that is, a subtle effect on Haplic FR-RO.10 (Figure 6H) and
Xanthic FR-RO.12 (Figure 61). Figure 6 also shows that the
influence of organic components is quite significant in
curves of soils with umbric surface horizon (Umbric FR-
RO.14 and Umbric FR-RO.15) and pretic surface horizon

(Rhodic FR-RO.08). This highlight is due to the consid-
erable contrast between the organic matter contents of the
different horizons, in which the SOC contents ranged
from >40 g kg~ ' in the surface horizons to values close to
0 g kg~ ! in the subsurface horizons (Figure 3C). In the
Umbric FR-RO.15 profile, which showed greater contrast
of SOC between horizons (>50 g kg™"), the influence of the
organic components of surface horizons was so high that
they reduced the absorption intensity of virtually all spectral
features present (e.g., features of 1:1 and 2:1 clay minerals
at 1400, 1900, and 2200 nm). This behavior is typical in
soils with high presence of organic materials, so that its
masking effect reduces the intensity, slope, and intensity of
absorption features in the entire spectrum.>® This behavior
is similar to that observed in soil weathering processes, in
which low albedo and absorption features with reduced
intensity are also observed, which may generate skewed
interpretations.>*

The soils with high Fe,O5 contents (Figure 3E) were the
ones that showed a more pronounced Fe oxide feature at
900 nm (Figure 6), such as the Ferralsols (Xanthic FR-
RO.09, Haplic FR-RO.10, Xanthic FR-RO.12, Geric FR-
RO.05, and Katolixic FR-R0O.02), Nitisol (Katosideralic
NT-RO.03), and the subsurface horizons of Lixisol (Epi-
abruptic LX-R0.06). This is a spectral characteristic that
may be associated with soils with higher pedogenetic
evolution and the high degree of crystallinity of iron
oxides.*>> Additionally, the narrow convexity of Fe oxide
between 450 and 480 nm, observed in almost all soils
(Figure 6), is typical of the predominance of goethite over
hematite,”® corroborating the predominance of yellowish
colors of the studied soils. In this same band, a wider
convexity is observed for the profiles Katosideralic NT-
RO.03 and Rhodic FR-RO.08, indicating the predominance
of hematite,”® which in turn corroborates the reddish colors
of the soils of these profiles.

In Ferralsols (Xanthic FR-RO.09, Haplic FR-RO.10,
Xanthic FR-RO.12, Geric FR-RO.05, and Katolixic FR-
RO.02), the Fe oxide feature is associated with a low
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Figure 6. Reflectance of the vis-NIR spectra of samples from each horizon of the respective soil profiles of the State of Rondénia, Brazil.
The Y-axes of the graphs were presented in percentage of reflectance.

albedo, rectilinear aspect of the curve up to approximately
2000 nm and downward aspect between 2000 and 2500 nm,
spectral characteristics typical of soils of very clayey texture
with absence of quartz minerals.”® Moreover, the spectral
behavior of these soils is very similar in subsurface, indi-
cating little textural and mineralogical difference between
horizons.>® The only exception is observed for Katolixic
FR-RO.02, which has a greater spectral variation in sub-
surface, related to the slight textural gradient due to the

presence of Bt horizons. The association between Fe oxide
features, spectral aspects of clay soils, and the spectral
similarity of the curves of the different profiles confer
spectral characteristics typical of a profile with high ped-
ogenetic evolution.”’

The soils that were observed poor drainage conditions
(Stagnosol RO.07, Katostagnic PT-RO.01, Katostagnic PT-
RO.11, Umbric FR-RO.14, and Umbric FR-RO.15) have
very low values of Fe,0O3, as observed in Figure 4B. This
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characteristic is due to the environment that favors the re-
duction and loss of iron and is remarkable in the spectral
response of these horizons, with changes in all features of Fe
oxides between 425 and 1000 nm. The absence of iron leaves
this region with a more linear aspect, without the presence of
its characteristic features, especially the absorption with a
“shoulder”-like aspect at 650 nm and the concavity at
900 nm. In these profiles (Figure 6), horizons close to the
parent material, typically less weathered, start showing again
iron features and absorption features of 1:1 and 2:1 minerals
(e.g., 1400, 1900, 2200, and 2350 nm), as well as a higher
intensity of albedo (Katostagnic PT-RO.01, Katostagnic PT-
RO.11, Umbric FR-RO.15, and Rhodic FR-RO.08).

The profiles Katostagnic GL-RO.13 and Episkeletic RG-
RO.04 show spectral behavior with very contrasting in-
tensity and shape at different depths (Figure 6). In Epis-
keletic RG-RO.04 soil, the discordant behavior is observed
in the spectrum of the 2BCr and 2Cr horizons, which
showed an abrupt reduction of intensity, and the 3Cg ho-
rizon, which had higher albedo and clearly more nitid
features that were not observed in the surface horizons. In
turn, in Katostagnic GL-RO.13, the 2Cr and 2R horizons
are the most contrasting in this profile, also due to its abrupt
reduction of intensity, rectilinear aspect, and reduction of
spectral features that were observed in the spectra of the
surface horizons. In both profiles, the discordant charac-
teristic of these spectra reflect significant changes in soil
characteristics, signaling the presence of layers of depo-
sition of material from other relief positions.

In summary, the vis-NIR spectral evaluation in sub-
surface, analyzing different horizons of the same profile,
allowed the qualitative characterization of mineralogical
components and pedogenetic processes of the different soil
profiles. The following characterizations are highlighted: (i)
profiles in flooded environments with reduced Fe oxide
contents, followed by spectral behaviors characteristic of
the parent material in deep horizons; (ii) profiles with
similar spectral response throughout its length and presence
of iron oxide features, which characterize deep and highly
weathered soils, typical of Ferralsols; (iii) profiles with
lithological discontinuity with deposition of parent mate-
rials of different natures, marked by spectral behavior with
very contrasting intensity and shape at different depths; and
(iv) textural changes along the profile, typical of Lixisols.
These inferences obtained via vis-NIR sensors can provide
guidance for a probable soil classification. In cases in which
indicating the probable soil classification is not possible, the
vis-NIR system could at least point out the complexity of
pedogenetic processes occurring in such soil profile, re-
quiring a detailed look of the pedologist.

Thus, the results obtained in this study make it possible
to assume that the use of vis-NIR spectroscopy, opportunely
associated with pedological algorithms,”” has great po-
tential to discriminate different soil classes and assist pe-
dologists in surveys in southwestern Amazon. Pedological
algorithms might enable automated analysis of vis-NIR
data, which in turn allows to increase the sampling den-
sity of characterized profiles without making data analysis
more difficult.?*>® It is also worth pointing out that the
instrumentation of penetrometers with vis-NIR sensors that
allow characterization in subsurface, offering spectral

response of profiles in operations directly in the field, is
recent.”™>? The availability of these tools can be extremely
useful for more accurate detailed mappings, even in regions
with complex characteristics of pedoenvironments, as ex-
plored in the present study.

Conclusion

The functionalities of the AQP package (e.g., graphical plots
showing the variations of attributes’ concentrations and the
colors of soil horizons in-depth) allowed to visualize the
variations of physical, chemical, and oxide attributes of the
different profiles. In addition, the similarity analysis (clustering
analysis) of the AQP package applied to the soil profiles
grouped the most clayey Ferralsols and soils formed in poorly
drained environments, especially Plinthosols and Stagnosol.
These inferences made in a fast and automated way via the
AQP package allow a synoptic view of the data set by the
pedologist, simplifying his work of classifying the soil profiles.

The evaluation of spectral characteristics in-depth allows
infering about pedogenetic processes (e.g., textural changes
along the profile, profiles in flooded environments with re-
duced contents of Fe oxide, profiles with similar spectral
response throughout their extension, and profiles with lith-
ological discontinuity). In this sense, our results showed that
the inferences obtained via spectral data can complement
those obtained with the AQP package, as they allowed for
insights into the classification of soils in a region with a
complex diversity of pedoenvironments. The recent techno-
logical advances that enabled in-situ operations using vis-NIR
spectrometers for soil profile evaluations should encourage
future studies to evaluate the association of vis-NIR spec-
troscopy with pedological algorithms (e.g., AQP package) in
order to create pedometric tools for simplifying soil surveys.
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