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The Rio Negro basin is characterized by the extensive occurrence of podzol-type soils
that store large amounts of organic matter in depth, resulting in the storage of carbon
able available to the atmosphere with climate change. The quantification of this carbon
requires determination of podzol types and their spatial distribution. Remote-sensing
techniques would be helpful in indirect spatializing and segmentation of soil groups in
Amazonian podzols. Here we associated remote-sensing images (Shuttle Radar
Topographic Mission (SRTM), Operational Land Imager sensor/Landsat 8, and
Thermal Infrared Sensor/Landsat 8) and field sample data in order to achieve carbon
stock mapping. We found that a multi-sensor approach was critical for a proper
segmentation of vegetation groups and spatial distribution of areas with different
hydrologic soil regimes.

1. Introduction

The Amazon region is in urgent need of detailed soil mapping covering hitherto relatively
undiscovered remote areas, such as those located in the high Rio Negro basin. These areas
were mapped between 1970 and 1985 within the framework of the RADAMBRASIL
project, the first effort aimed at mapping the whole Brazilian Amazon region, through a
combination of aerial Synthetic Aperture Radar (SAR) imagery and scarce soil and rock
field controls. The resulting maps were published at a scale of 1:1,000,000 and covered
the whole Brazilian Amazon forest area. In 2008, the Brazilian Institute of Geography and
Statistics (IBGE) provided a new soil mapping of the Amazon region at a scale of
1:250,000 (IBGE 2008): the RADAMBRASIL data were refined using Landsat imagery
and new field data. Although these maps represented a major advance when compared
with the RADAMBRASIL maps, they are restricted by a low level of detail, insufficient
with regard to requirements related to soil and forest protection and management
purposes.

The Rio Negro basin is located in the northwestern part of the central Amazon plain. It
mainly consists of an extensive, low-altitude peneplain, some 10-20 m above average
river levels (6090 m above sea level) with scarce relictual inselbergs and mesas.
Elementary landscape units are mainly flat plateaux with dispersed and ramified depres-
sions in their centre and, at the edge of the plateaux and in more dissected areas, flat-top to
convex hills. Narrow alluvial terraces are observed in major river corridors. Soils in the
dissected, better-drained areas are ferralsols and acrisols while the plateaux are occupied
by gleyic plinthosols and hydromorphic podzols (BRASIL 1977; Dubroeucq, Volkaft, and

*Corresponding author. Email: ojrpereira@cena.usp.br

© 2015 Taylor & Francis



International Journal of Remote Sensing 2077

Faure 1999; Nascimento et al. 2004). Such soil diversity reflects on the physiognomy and
spectral signatures of the vegetation that grades from typical evergreen forest (high
rainforest) to forest with a higher density of smaller trees (campinarana) and shrub
savannah (campina). Maps from the RADAMBRASIL project (1972-1978) reveal such
diversity and the close relationship between vegetation and soil types.

Podzolization in Amazonia has been studied by several authors (Lucas et al. 1984;
Dubroeucq and Volkoff 1998; Dubroeucq, Volkaff, and Faure 1999; Nascimento et al.
2004; Montes et al. 2007; Bueno 2009), who have shown its importance as the main
process of differentiation of Amazonian ecosystems. Podzols develop with time at the
expense of clayey soils, constituting an endmember of soil evolution in such areas. The
evolution of the soil systems in the Rio Negro basin is closely connected to the geomor-
phological pattern of the region. Red and yellow clayey ferralsols and acrisols are found at
the edge of dissected low plateaux; by contrast, podzols are found in poorly drained
depressions in the central parts of the plateaux. In podzols, the organic matter produced in
the topsoil is transferred at depth through sandy eluviated horizons and accumulates at a
depth varying from 1 m to more than 10 m, forming thick horizons rich in organic matter,
called spodic horizons (Bh). The resultant podzols can store considerable amounts of
carbon at depth and thus represent an important carbon pool at the global scale (Montes
et al. 2011).

The significant increase in CO, emissions over recent decades led in 2005 to the
introduction of the programme Reducing Emissions from Deforestation in Developing
Countries: Approaches to Stimulate Action (REDD), a mechanism developed under the
United Nations framework. This initiative establishes mitigation actions aiming to avoid
deforestation in developing countries (UNFCCC 2007; REDD 2014). With the aim of
implementing the REDD proposal, recent surveys have been searching for advanced
methods and techniques that would allow the detailed spatialization of different types of
vegetation cover in order to better understand the distribution of carbon stored in plant
biomass and in the first few centimetres of soil (Saatchi et al. 2007).

The complexity of tropical ecosystems, with their high diversity of plant species,
decreases the accuracy level of the quantification of carbon stored in vegetation and
soil. Therefore, some studies developed over recent decades have been searching for
innovative techniques to spatialize carbon with the aid of multi-criterial analysis, which
facilitates the correlation between environmental variables that can be inferred by
remote-sensing techniques and the concentration of organic carbon stored in vegetation
and soil.

Most spatialization methods disregard the occurrence of soil organic carbon (SOC)
stored at depths greater than 0.3 m. According to most studies conducted in the
Amazon, the carbon stock in soils was estimated around 6-9.4 kg C m 2 considering
the first 0.3 m of soil (Bernoux et al. 2002), but recent research (Montes et al. 2011)
showed that in hydromorphic podzols the carbon stock can exceed 66.7 kg C m 2
(0=5 m). Such values suggest that the carbon stored in hydromorphic podzols might
represent a significant part of the total organic carbon (TOC) stored in the Amazonian
biome. Thus, the carbon stored in thick spodic horizons should not be overlooked in
studies that aim to estimate CO, emissions in tropical regions while considering the
scenario of global climate change.

Taking into account the scarcity of studies that quantify and spatialize the TOC stored
in Amazon podzols, the present research aimed to propose association methods between
biophysical variables derived from remote-sensing images and field sample data to
identify areas of podzols under different hydrologic soil regimes.
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2. Methodology
2.1. Study area

The study area was selected after interpretation of spectral vegetation signatures (Landsat/
OLI) and with the aid of soil maps (IBGE 2008). It covers an area of 71 km? located north
of Barcelos City, Amazon State, Brazil, at the central coordinates 0° 15’ 18” N and
62° 46' 36" W (Figure 1). The geological substratum is the sedimentary cover of the
rivers Branco and Negro, with some younger depositional areas surrounding the Demeni
river (Holocene alluvium of Demeni river; BRASIL 1977). Three soil types developed in
the area according to IBGE (2008): ferralsols, gleysols, and podzols.

The light green region on the multispectral composition (Figure 1) indicates the soil
association podzol-ferralsol, while the darker green and reddish regions indicate podzols
at different stages of evolution (soil drainage conditions). Considering the difficulties
involved in accessing the whole study area, a representative zone of soil lateral variability
was selected for field investigations and further extrapolation.

2.2. Field data

Ten profiles representative of the three soil units were selected for detailed soil
description and sampling. Several other observation points were also selected to
determine the occurrence of podzols. Observations and sampling were done by hand-
auger drilling. Casing the auger holes with PVC tubes was necessary because of the
collapse of the sandy material overlying the spodic horizons when digging or trading.
TOC in samples was measured by the dry combustion technique using a Shimadzu
TOC-5000 apparatus.
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Figure 1. Situation of the study area. The sampled area represents the region where the soil
samples were collected. The map illustrates the extrapolation area (multi-sensor composition:
Land Surface Temperature, SAVI, and NDMI — R, G, B, respectively).



International Journal of Remote Sensing 2079

2.3. Image data and processing methods

Podzol mapping was achieved using remote-sensing images from the Landsat 8
(Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS)) and
Shuttle Radar Topographic Mission (SRTM) digital elevation models (DEMs), pro-
vided by USGS (2014). The Landsat 8 cloud-free composition (path 233, row 60) was
acquired on 25 January 2014 at the central coordinates 63° 1’ 55.81" W;
0° 3’ 33.08” N. The Landsat bands and the SRTM image were registered by image-
to-image registration, to the Landsat 7 ETM+ (Enhanced Thematic Mapper Plus)
composition corrected and orthorectified (GLCF 2009). For this composition the
positional accuracy on the final image product always has a root mean square error
(RMSE) greater than 50 m. Given the foregoing, all the derived products were
referenced according to the horizontal accuracy achieved based on the Landsat 7
ETM-+ composition systematically corrected and orthorectified. After these procedures,
the methods shown in Figure 2 were adopted.

The soil cover in the study area is a mixture of natural vegetated regions and bare
soil, mostly white sand zones, with different moisture concentrations. The soil water
content, the phytophysiognomy, and the soil type vary according to the topography
and hydrologic soil regime. Such aspects can be mapped by remote-sensing images:
the products described below were generated from the atmospherically calibrated
Landsat/OLI-TIRS bands and SRTM DEM. All derived products were generated
taking into account the lateral variation in biophysical properties of soils and vegeta-
tion (e.g. topography, surface moisture, surface temperature, and vegetation density).

Landsat 8/OLI | Landsat 8 TIRS bands | I SRTM
bands: 3, 4,5, 6and 7 ‘
| Digital Number (DN) to
at-sensor radiance
DN to Top of atmosphere (TOA)
radiance
1 Normalized
Difference
TOA radiance to surface - Vegetation Fill
reflectance (FLAASH) Index (NDVI)
¥ I |
| SAVI l I NDMI | Corrected Surface
Temperature
Multisensor
Composition
)
Support Vector Machine
(SVM) Classification

l

Correlation with field samples Regional map of Carbon Stored
on Podzols

Figure 2. Flow chart showing the methodology employed in this work for generating the
regional map of carbon stock. SAVI, soil adjusted vegetation index; NDMI, normalized differ-
ence moisture index.
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2.3.1. SAVI and NDMI indices

The Landsat OLI bands were atmospherically corrected using the FLAASH Model
(ENVI®) in order to derive the surface reflectance. The parameters used in this correction
were set to the tropical model. No cloud-masking process was required since the image
used was a cloud-free scene. The 5S physically based calibration model MODTRAN
(Adler-Golden et al. 1999; Berk et al. 2002) was applied with the aerosol model set to
rural, the initial visibility set to 35 km, and an ISAACS multi-scatter model. This method
was applied for calibrating the following bands: green, red, NIR, SWIR 1, and SWIR 2
(OLI bands 3, 4, 5, 6, and 7, respectively).

After channel calibration, the SAVI and NDMI (Goodwin et al. 2008) indices were
generated from Equations (1) and (2), respectively, the resulting synthetic bands having 30
m spatial resolution and pixel values ranging from —1 to +1:

(1 + L) + (NIRpsur - Rpsur)

SAVI =
(NIRpsur + Rpsur + L)

; (1)

where L (correction factor according to vegetation cover density) is set to 0.5, and NIR
and R, are, respectively, the NIR and Red OLI bands atmospherically corrected.

LI5—OLI6
NDM] — QL5 —OLI 6 Q)
OLI 5+ OLI 6

This index contrasts the NIR band (OLI 5), which is sensitive to the reflectance of leaf
chlorophyll content, to the mid-infrared band (OLI 6), which is sensitive to the absorbance
of leaf and soil moisture.

2.3.2. Surface temperature

The thermal bands (TIRS/Landsat 8) 10 and 11 were calibrated to surface temperature as
follows. The digital numbers (DNs) of the TIRS bands were converted to the top-of-
atmosphere (TOA) radiance from Equation (3):

LTOA =M x (DN) + b, (3)

where Lroa is the cell value as radiance (Wm 2 st ' um™"), DN is the digital number, M is
the radiance multiplier (0.0003342), and b is the radiance add (0.1). The equation was
applied for both thermal raw TIRS bands (10 and 11).

After conversion of DN to TOA, the surface radiance was calculated using the Reference
Channel Emissivity (RCE) method. According to this procedure, all the pixels of the thermal
channel have a constant emissivity (¢) usually set to 0.95. According to another method
described by Sobrino, Jimenez-Munoz, and Paolini (2004), the emissivity may depend on the
soil cover. It is thus necessary to consider three different cases: (1) bare ground, (2) fully
vegetated, and (3) mixture of bare soil and vegetation. The third case was applied in this
study, and hence Equation (4) was used to calculate the emissivity (g,):

& = 0.004 P, + 0.986, @)
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where ¢, is the land surface emissivity (LSE); 0.986 is the standard emissivity value for
vegetation and soils; 0.004 is the mean standard deviation value for the emissivity of soils
included in the ASTER spectral library (http://asterweb.jpl.nasa.gov) and filtered accord-
ing to the band TM6 (Landsat 5) filter function (Sobrino, Jimenez-Munoz, and Paolini
2004); and P, is the vegetation proportion obtained from Equation (5):

_ [ NDVI — NDVIyin } 5)

NDVIpax — NDVIyin

where NDVI (normalized difference vegetation index), ranging between —1 and +1, is
calculated from Equation (6); NDVI,;, is 0.2 and NDVI,,, is 0.5 for a mixture of bare
soil and vegetation:

LI5—OLI 4
NDVI:[O O ] (6)

OLI 5+ OLI 4

where OLI 4 and OLI 5 correspond to the red and infrared channels of the OLI sensor
(Landsat 8), respectively. As indicated by Sobrino, Jimenez-Munoz, and Paolini (2004), a
more accurate measurement of NDVI can be obtained by the use of bands atmospherically
calibrated.

The final step involves the conversion of the radiance image to spectral emissivity
obtained from Equation (3), according to the nature of the surface. For this purpose, the
TIRS 10 and 11 radiance bands were converted to TOA temperature by the Equation (7)
(NASA 2009):

r-—— % _ (7)

K, ’
In{—+1
n(Lz ’ >
where K, is the calibration constant 1 (774.89 W m 2 ster ' um, for band 10 and
480.89 W m 2 ster | um for band 11); K, is the calibration constant 2 (1321.08 for
band 10 and 1201.14 for band 11); and L. is the at-sensor radiance calculated from

Equation (3). After this conversion, the surface temperature images were generated from
Equation (8) (Weng, Lu, and Schubring 2004):

Ty
ST il i ®
where Tp is the blackbody temperature from Equation (7); 4 is the wavelength of emitted
radiance (band 10: 10.89 pm; band 11: 12.15 um); p is the multiplication of the
Boltzmann constant by Planck’s constant divided by the velocity of light — 0.01438;
and In, is the land surface emissivity (e,) calculated from Equation (4). The resulting
images from Equation (6) are given in kelvin.

2.3.3. SRTM-filled DEM

The main purpose of this procedure was to create a SRTM DEM free of sinks, which
simplifies interpretation of the drainage pattern and the identification of the different


http://asterweb.jpl.nasa.gov

2082 O.J.R. Pereira et al.

topographic gradients in the study area. It is therefore necessary to identify the sinks and
to compare with the DEM to determine whether they have to be eliminated. Given this, a
depression-less SRTM DEM was created and the result was used to fill the original DEM.

The study area is a flat zone covered by rainforest with strongly dissected residual
hills and poorly drained depressions at the central parts of the podzol plateaux. Because
the SRTM DEM was acquired by SAR sensors on the X band, which has a low capacity
for penetration in the upper tree canopy, it is sensitive to the texture of the vegetation
canopy. Thus, the main purpose of the applied method was to remove the small sinks
associated with textural variation in the tree canopies.

The generation of drainage flow direction allowed the estimation of the sinks used to
determine the fill limit. After sink identification, their central areas were used to estimate
the pour points, allowing the generation of each sink watershed. Untimely, the minimum
elevation in each sink watershed was calculated to estimate the average fill limit. The
resulting image is a DEM of 30 m spatial resolution (1 arc second data set: SRTM GL1
provided by USGS 2014).

2.3.4. Image classification and generation of soil maps

This study attempted to classify the objects into seven regions of interest (ROIs) according
to the soil cover associated with the vegetation, surface temperature, surface moisture, and
topography: (1) ferralsol-podzol association covered by high, dense rainforest (HRF); (2)
poorly drained podzols associated with campinarana forest; (3) depositional zones (allu-
vial gleysols covered by dense forest and hygrophilous vegetation); (4) incised plains and
depressions with seasonally flooded podzols; (5) overflooded podzols covered by herbac-
eous vegetation; (6) regions of water bodies and permanent flooded areas; and (7)
sandbanks and bare soils.

The ROIs were identified in the study area from field observations, regional maps
(IBGE 2008), visual interpretation of the spectral signature of the targets (Landsat 8
multispectral composition), and visual interpretation of IKONOS II mosaics in specific
zones (where cloud-free scenes were available). The classification of the multi-sensor
composition was carried out using the Support Vector Machine (SVM) technique, accord-
ing to the seven ROIs described above.

A SVM algorithm separated the different ROIs by a hyperplane (Vapnik 1998). The
points lying on the boundaries were the support vectors and the middle of the margin was
the optimal separating hyperplane. An optimum hyperplane was determined using a
training data set (ROI), and its generalization ability was verified using a validation
data set (field-truth). The study used a polynomial kernel and employed a ‘one-against-
one’ technique to allow the multi-class classification. The SVM algorithm was imple-
mented in ENVI® software (ITT 2009).

Classified images using the SVM classifier were generated for both multi-sensor
composition (NDMI, SAVI, land surface temperature, and filled SRTM) and multispectral
OLI composition for statistical comparison. Besides, the SVM classifier was applied for
both compositions according to the ISODATA unsupervised classification procedure in
order to verify the quality of the multi-sensor composition in comparison to multispectral
data of OLI Landsat bands. This procedure does not require human intervention that
potentially biases classification and determines the differentiability among spectral
classes, giving a better comparison parameter.

Considering that ISODATA is a fully automated method, there is no possibility of
interference with the designation of the classes and thus the validation of the classified
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images was done by comparison between the automatically generated classes and the
field-truth established for the study areas.

2.4. Soil map and correlation with field sample data

For each individual profile, the organic carbon stock was estimated by the following
equation:

SOC, =) BiCiD;, ©)
i=1

where SOC; is the SOC stock (kg C m 2); B, is the soil bulk density (mg m ) of layer i;
C; is the proportion of organic carbon (g C g ') in layer i; and D; is the thickness (m) of
layer i. The average soil density for podzol horizons (D;,;) was calculated from surveys
previously carried out in the Amazon region by Du Gardin, Grimaldi, and Lucas (2002)
and Montes et al. (2011), and directly determined by the Kopeck ring method, with a
70.49 cm? cylinder (3.8 cm height and 4.86 cm diameter). The SOC for each soil map unit
was then estimated according to its corresponding area in the study site, and then
extrapolated at the regional scale.

Soil mapping and segmenting at the regional scale was achieved using products
derived from the Landsat sensors and related to the soil cover: biophysical properties of
the vegetation and soils (SAVI/NDMI indices), thermal behaviour of the soil surface
(temperature images), and surface texture derived from the filled SRTM DEM for
segmentation of topographic gradients. The resulting images were applied to estimate
the regional behaviour of the biophysical characteristics related to soil type.

3. Results and discussion
3.1. Vegetation and topographic features related to lateral variation in podzols

According to field observations, changes in soil cover occur abruptly in accordance with
soil type. Given this, we identified three major soil domains related to podzols.

The first group is dominant in the landscape, and consists of seasonally flooded and
overflooded podzols. The vegetation is strongly correlated with the topography, with
herbaceous campina in depressed flooded areas and scrubland in adjacent plateaux and,
in some regions, patches of bare white sand where grasses and lichens grow according to
the seasonality of the region. According to both IBGE (2008) and field observations, bare
white sand patches can be considered as gleysols — or podzols with low SOM content in
topsoil horizons due to occasional dryness of topsoil material.

The second soil group belongs to the Rio Branco geomorphological domain, with
poorly drained podzols. According to IBGE (2008), this area is dominated by tabular
hills with vast flat interzones. Field surveys, however, have shown that this domain is a
flat landform whose elevation ranges from 50 to 60 m above sea level and covered by
campinaranam with scattered HRF patches related to better-drained podzols. Therefore,
the phytophysiognomies comprise an ecotone. Ferralsols were not observed in this
group.

The third soil group comprises well-drained podzols and ferralsols covered by HRF.
This area is characterized by a slight inclination towards the drainage network. Ferralsols
may occur punctually in scattered hills 2—10 m above flat, sandy inter-hill surfaces.
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The segmentation of the three major groups mentioned above was carried out by a
clustering group analysis, considering a Delaunay triangulated relationship between 1000
random samples for the following images: SAVI, relief (SRTM), NDMI, and land surface
temperature (arithmetic mean of approximately 186 pixels for each sample). Temperature
and SAVI demonstrated an inverse polynomial relationship (Figure 3(a)); the correlation
between relief and SAVI is better illustrated by a third-order polynomial regression
(Figure 3(b)) and by a linear relationship for the variables NDMI and SAVI (Figure 3(c)).

The inverse correlation between LST and vegetation density (SAVI) indicates that the
areas with the highest vegetation indices (HRF from Group 3 and campinarana from
Group 2) also have the lower canopy temperatures, which is consistent with their location
on hills and tabular tops. Group 2 has a spectral behaviour similar to Group 3, although it
may be found in low lands as a sclerophyllous campinarana with slightly higher canopy
temperatures. Group 1 has a wide range of temperature, moisture indices, and vegetation
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Figure 3. Scatterplot showing the relation between soil adjusted vegetation index (SAVI) and the
following variables: (a) land surface temperature (LST); () altitude; and (c) normalized difference
moisture index (NDMI). (d) Projection of the normalized factor coordinates of variables (biophy-
sical variables) in the 1 x 2 factor plane obtained by principal component analysis. Group 1:
seasonally flooded and overflooded podzols. Group 2: poorly drained podzols. Group 3: well-
drained podzols and ferralsols.
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indices, which is consistent with the variety of soil cover and the high temperatures that
can occur in herbaceous or bare sand areas under drier conditions.

Taking into account the principal component analysis of the remote-sensing variables,
the first principal component (factor 1) accounted for a variance of 84.9% and the second
of 7.2%, which corroborates the assumption of a gradual lateral variation in biophysical
parameters, from regions of HRF to zones with bare soils and grasses. We observed that
this pattern is properly modelled by a general approach involving the study area at the
regional scale. However, smaller variations associated with each group must be explained
by local models within each cluster group.

According to the distribution of the clusters, Group 1 corresponds to extensive
podzols areas located in depressed regions. Both field surveys and remote-sensing images
have shown that the surface moisture in such areas can vary laterally according to the
topography and vegetation cover (Figure 3(c)). The differences in relief were not detect-
able in the SRTM images considering that the larger height differences are around
1.5-2 m. Such height differences, however, are not negligible in the context of podzol
lateral differentiation: the wettest areas allow humic topsoil horizons that are absent in
drier areas.

It is important to highlight that lateral variations in the soil mantle in Group 1 are not
abrupt like in other areas (Groups 2 and 3). As observed in the field, all intermediaries
exist between soils with low SOM content in the topsoil (bare white sand) and those with
a high-SOM topsoil horizon (O horizon). This has to be considered for segmentation and
to estimate the soil carbon stock in different environments.

3.2. Classification of soil cover and generation of regional soil map

The land cover/soil thematic maps were produced from the multi-sensor (OLI/TIRS/
SRTM) and OLI multispectral composition according to the SVM classification. The
same method, based on ROIs selected for the same known targets (field-truth), was
applied to the Landsat OLI multispectral composition (Green, Red, Near Infrared,
SWIR 1, and SWIR 2 bands). The ISODATA classifier was applied to both multi-sensor
and OLI multispectral compositions (the ISODATA clustering method was used simply
for comparison between compositions). The accuracy assessment was then based on the
computation of the overall accuracy (OA), producer’s accuracy (PA), user’s accuracy
(UA), and kappa coefficient (Kc) (Congalton and Green 1999), in order to evaluate and
compare compositions adopting field surveys as ground truth.

The overall indices of the ISODATA classification were 53.0 % and 63.9% for the
OLI multispectral composition and the multi-sensor composition, respectively. Given this,
and taking into account an optimized unsupervised classification with identical parameters
for both compositions, we observed that the classifications were similar. The multi-sensor
composition, however, gave results closer to the reality (ROI) with a better Kc when
compared with the OLI composition (0.52 versus 0.45), and better PA and UA for most
classes (Table 1).

Both compositions were able to segment the three major clustering groups and the
variations within each group, but returned high levels of omitted targets for those classes
that were correlated to similar targets (Table 1). The unsupervised classification of the OLI
multispectral composition has areas of seasonally flooded podzols (Class 4) associated
with other targets having closer spectral behaviour, such as regions of overflooded podzol
(Class 5) and depositional zones (Class 3). With regard to the multi-sensor composition,
we observed a higher level of confusion related to Classes 2 and 3 due to their close
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Table 1. Producer’s and user’s accuracies (PA and UA, respectively) for ISODATA clustering
according to the field-truth (ROI). The classes of water bodies and bare soils are not shown.

Multi-sensor composition OLI composition
Class* PA (%) UA (%) PA (%) UA (%)
Class 1 99.90 47.41 94.11 94.47
Class 2 36.00 90.78 86.50 65.74
Class 3 28.12 16.70 19.54 15.12
Class 4 95.48 86.09 0.06 0.10
Class 5 90.09 95.23 73.03 95.14

Note: *Class 1: Ferralsol-podzol association covered by high dense rainforest (HRF). Class 2: poorly drained
podzols associated with campinarana forest. Class 3: depositional zones (alluvial gleysols covered by dense
forest and hygrophilous vegetation). Class 4: incised plains and depressions with seasonally flooded podzols.
Class 5: overflooded podzols covered by herbaceous vegetation.

M Producer's accuracy: Multi-sensor [ User's accuracy: Multi-sensor

mProducer's accuracy: OLI B User's accuracy: OLI
100 4

95 4

90 -

Accuracy (%)

85 -

80 -

Class 1 Class 2 Class 3 Class 4 Class 5 Bare soil
Regions of Interest (ROI)

Figure 4. Producer’s and user’s accuracies for the SVM classification of multi-sensor and OLI
Landsat 8 compositions. The designation of each class is shown in Table 1.

spectral similarity. ISODATA clustering was helpful in an unbiased comparison between
the two compositions. However, better results were achieved through the application of
supervised classification algorithms (Figure 4).

All of the classes in Figure 4 have a PA above 98% for the multi-sensor composition.
Such values were achieved according to ground truth observed in field surveys and
regional soil maps (IBGE 2008) and thus the classifications might be biased, which
must be considered in final maps of soil carbon stock. It is important to highlight the
enhanced efficiency of the multi-sensor composition when compared with the OLI multi-
spectral composition using the same ROI for both images (Figure 4).

To access an optimum SVM classification algorithm, a range of kernel types, penalty
parameters, pyramid levels, and classification probability thresholds was tested until
reaching the value closest to the ground truth (Shafri and Ramle 2009). The best result
was obtained through a radial basis kernel with a penalty parameter of 100, a pyramid
level of 2, and a probability threshold of 0. The OA of such classification was 99.65%



International Journal of Remote Sensing 2087

Table 2. Confusion matrix of the multi-sensor classified image, representing class similarity.

Ground truth ROI (%)

Class* Class 1 Class2 Class3 Class4 Class5 Class 6 Class 7

Classified (SVM) Class 1 99.8 0.0 0.3 0.0 0.0 0.0 0.0
Class 2 99.7 0.3 0.0 0.0 0.0 0.1
Class 3 99.5 0.0 0.0 0.0 0.0
Class 4 99.0 0.0 1.0 0.0
Class 5 98.0 0.0 1.0
Class 6 99.0 0.0
Class 7 99.0

Note: *Class 1: Ferralsol-podzol association covered by HRF. Class 2: poorly drained podzols associated with
campinarana forest. Class 3: depositional zones (alluvial gleysols covered by dense forest and hygrophilous
vegetation). Class 4: incised plains and depressions with seasonally flooded podzols. Class 5: overflooded
podzols covered by herbaceous vegetation. Class 6: bare soils. Class 7: water.

with a Kc of 0.99. For the SVM classification of the OLI multispectral composition,
obtained OA and Kc were 96.87% and 0.96, respectively.

The SVM algorithm returned refined results when compared with the ground truth
(Table 2), with all classes having a similarity above 98%. However, the ground truth data
may be biased due to difficulty in processing detailed field surveys and the low spatial
scale of the reference soil map (1:250,000). A detailed visual inspection over the classified
image was thus carried out to verify errors and occurrences of incorrect classification.
Errors were corrected by changing the pixel values of the original GRID. The regional soil
map was then elaborated on the basis of the classified image, with a nominal spatial
resolution of 30 m.

3.3. Mapping the depth of carbon stock in podzol regions

Our studies have shown that topsoil and deep SOM-rich podzol horizons can vary
laterally in both thickness and carbon content, which means that the carbon stored in
podzols is sensitive to local environmental variables such as soil moisture, topography,
hydrological regime, geologic substratum, and vegetation cover, as well as regional
variables such as temperature and rainfall. The most refined maps available for this region
(IBGE 2008) do not consider local variables as relevant factors in regard to the lateral
distribution of podzols. The local environmental variables are considered hereafter to
allow correlation between soil carbon stocks and biophysical features.

The lateral and vertical variation in carbon content in podzol profiles is related to
the relief and the hydrological regime of the region. The first area we investigated was
designated as a HRF over podzols and ferralsols. Detailed study of a range of profiles
gave a good approximation of the average carbon stock in this domain (Figures 5 and
6). The better-drained areas (HRF over low-hill ferralsols and well-drained podzols)
have a large amount of carbon in the first few centimetres of soil (O and A horizons).
Deep Bh (depth 1.5-4.5 m) was observed but with a low content of organic carbon
(Figure 5). At the transition between this area and the poorly drained podzol region,
the deep SOM-rich layers increase and show a higher content of carbon. The third
main area comprises extensive regions of overflooded podzols where the presence of
Bh was observed.
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Figure 5. Average carbon stock for the three main podzol groups described in the study area.

The final group consists of herbaceous and flooded areas. The presence of podzols in
such areas was disregarded in previous studies (Batjes and Dijkshoorn 1999; Bernoux
et al. 2002; Cerri et al. 2007; Saatchi et al. 2007). The topsoil horizons comprise high
SOM content. Podzols with bare topsoil store some carbon in their deep Bh, although in
smaller quantities than more vegetated podzols, probably because of low production in the
topsoil horizons of humic substances likely to accumulate in deep Bh. The high level of
moisture in such areas allows the accumulation of a considerable amount of SOC in the
topsoil. In this domain we observed that topsoil (first 5 ¢cm) may store more than
200 t C ha ' (Figure 5).

From vegetated podzol areas to bare soil, the amount of carbon stored decreases
gradually, until the zones of open sandy fields. According to Stropp et al. (2011), white
sand fields have a sparse distribution over the region of the Rio Negro Basin. In the study
area, however, these zones follow an insular pattern with highly weathered bare soils in
the depressed centre surrounded by SOC-rich podzols on flat areas, then ferralsols at the
slightly incised, low-hill borders. Similar patterns were previously observed in other
podzol areas (Boulet et al. 1997; Nascimento et al. 2004; Montes et al. 2007, 2011).
These authors pointed out that the lateral organization of the ferralsol-podzol soil system
indicates its stage of evolution, which is important in estimating carbon stock.

The average carbon stock for each soil group was estimated taking into account the
clustering analysis and the soil map derived from the multi-sensor image composition
(Figure 6). The greatest amount of carbon stored in depth horizons was found in the
poorly drained podzol areas, the lowest in podzols—ferralsols, and intermediate amounts in
flooded podzols (Table 3).

The areas of alluvial gleysols and ferralsols have a small amount of carbon stored in
horizons deeper than 0.50 m, mostly located in the first few centimetres in the organic layer
according to our investigations and values provided by IBGE (2008) for soil samples
collected in areas of ferralsols and alluvial gleysols (0-0.5 m: 70.9 + 27 t C ha" for ferralsols
and 89.9 + 35.4 t C ha ' for gleysols; below 0.5 m: 31.5+ 10.7 t C ha " for ferralsols and
25.8+8.5tC ha ' for gleysols). In flooded podzols we observed a large amount of carbon
stored as poorly decomposed organic matter on the surface (Table 3), due the low microbial
activity in this domain. These zones are strongly related to wetlands covered by grasses and
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Figure 6. Soil map illustrating the spatial distribution of the soil types. The numbers for the soil
units represent the cluster groups described in Figure 3.

Table 3. Average carbon stock in podzols.

0-0.50 m 0.504 m
Soil group Carbon (t ha ') Carbon (t ha ')
Poorly drained podzols* 62.80 £ 10.03 477.75 + 63.9
Flooded podzols 249.12 + 18.83 161.22 + 45.35
Podzol—ferralsol association 84.35 £ 124 188.77 + 38.5

Note: *The average thickness observed for surface and depth horizons was considered according to soil type.
This class comprises seasonally flooded podzols and overflooded podzols.
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Table 4. Total carbon stock, by soil unit. The stock is represented in teragrammes (Tg; 10'? g) and
the area in hectares (ha).

Class* C stock (Tg) Area (ha) Area (%)" C stock (%)
Class 1 17.9 = 6.4 6.47 10* 26.8 21.7
Class 2 16.1 £2.5 3.07 10* 12.8 19.6
Class 3 4.0 +0.4 2.81 10* 11.7 5.0
Class 4 21.8+57 7.88 10* 32.7 26.5
Class 5 9.7+0.7 3.19 10* 13.2 11.8
Class 6 - 3.70 10° 1.6 -
Class 7 - 3.17 10° 1.3 -

Note: *The designation of each class is shown in Table 2. "The percentage values indicate the range of each unit
relative to the total area and carbon stock.

scrubs. Finally, we did not identify a significant amount of carbon stored in areas of bare soil.
The range of the soil units and their carbon stock are shown in Table 4.

Previous carbon stock maps for these regions (Bernoux et al. 2002) estimated that
podzol areas store about 275 t C ha™' (0—1 m soil thickness), which is lower than our
estimation of 415 t C ha ' as average carbon stock in the podzol areas (0—4 m soil
thickness) when we take into account the deep SOM-rich podzol horizons.

The most detailed map available for this area (IBGE 2008) shows generalized classes
of podzols, ferralsols, and alluvial gleysols (IBGE limits are also reported in Figure 6).
The subunits within each soil unit are not designated due to the low level of detail in the
soil map. The definition of soil units, according to surveys carried out in previous studies
(IBGE 2008), was based on a small number of soil samples. Extrapolation was performed
by interpretation of topography (SAR) and the spectral behaviour of vegetation (passive
remote-sensing systems). The lack of soil samples and the absence of detailed biophysical
data are the main reasons for the misclassification of some soil units. As an example,
some ferralsol-podzol associations mapped on Figure 6 were defined by IBGE (2008) as
ferralsols. According to our observations, ferralsols in these areas occur as scattered, well-
drained hills that can only be mapped at a local scale.

Taking into account the carbon soil contents defined in this study and using the IBGE
(2008) soil delimitation, the calculation of soil carbon stored in the study area yields
0.65 Pg when using the IBGE (2008) soil delimitations and 0.81 Pg when using the soil
map derived from the multi-sensor image composition. Such a discrepancy highlights the
need for mapping the high Rio Negro basin at a regional scale, allowing for a more
accurate estimation of the carbon stored in soils. The correct estimation of SOC stock at a
regional scale in such a complex environment depends on both the availability of soil
samples suitable to represent both the lateral and vertical variability of the soil units and
the association with biophysical parameters inferred by remote-sensing data.

4. Conclusions

A multi-sensor approach proved crucial to mapping the soil carbon stock at the regional
scale in regions of hydromorphic soils in the high Rio Negro basin characterized by wide
lateral and vertical variability in carbon stock. The quantity of carbon stored in soils is
related to environmental aspects such as topography, vegetation type, and soil surface
moisture, which can be indirectly inferred by remote-sensing images through a range of
data sets collected by various sensor systems and orbital satellite platforms. The
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combination of these data sets allowed a better understanding of the aspects related to soil
variability, when combined with field sample data.

According to our study, podzols from depressed overflooded and poorly drained areas
of sclerophyllic vegetation store considerable amounts of carbon in deep horizons that can
range from 2 m to more than 10 m. Pre-existing maps have only a low level of detail, and
field-truth was based on scarce soil observations. Moreover, the soil profiles used in
previous field surveys are limited to depths of no more than 1 m, which is inadequate to
investigate the level of SOC stored in podzol Bh horizons.
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