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Abstract

The Amazon rainforest is considered the most important ecosystem in the world for the global carbon balance
due to its high carbon storage in soil and in the vegetation. Unfortunately, there are few studies about organic
fraction of its soils. Thus, the present research aimed to quantify the soil organic carbon content (OC) and to
analyze its spatial distribution using 701 soil samples from minimally anthropic areas compiled from previous
studies. Descriptive statistics, Pearson correlation and spatial variability analyses of OC and other physical and
chemical soil data were performed. The high variability of OC between soil groups were attributed to the
preservation and protection of carbon by oxides, reduction process and organic-rich parent material. OC was
strongly positively correlated with total nitrogen (N) content, C:N ratio and cation exchange capacity at pH 7.0.
The maps produced showing the spatial distribution of CO and that based on C:N ratio would be support for the
creation of priority areas in the conservation of ecosystem.
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1. Introduction

About two-thirds of the terrestrial carbon is stored in the soil, with higher concentrations in upper layers
(Jobbagy & Jackson, 2000; Lal, 2004, 2005). Therefore, the knowledge of spatial variability of soil organic
matter contents serves as support for creation of priority areas for conservation, maintenance of carbon stocks in
soil and subsequent reduction of CO, emission into the atmosphere.

The Amazon rainforest represents over half of the planet's remaining forests, and stocks large quantities of
carbon in plant biomass (Asner et al., 2010; Nogueira et al., 2015) and in the soil (Batjes & Dijkshoorn, 1999;
Koele et al., 2017; Fearnside, 2018). Deforestation caused a reduction of total organic carbon of 16.7% in the
Amazonia biome (11.2 Pg C) through 2013, excluding carbon loss from the effects of fragmentation, selective
logging, fires, mortality induced by recent droughts and clearing of forest regrowth (Nogueira et al., 2015). Due
to its high carbon stored in the soil, the Amazonian biome is considered one of the most important to maintain
the global carbon balance (Houghton et al., 2009; Barros and Fearnside, 2016; Nobre et al., 2016).

The Brazilian Legal Amazon occupies approximately 6,000,000 km* (59% of Brazilian territory), where
24,000,000 people live in ten states (IBGE, 2011). The Amazon rainforest is composed of several
phytophysiognomies (IBGE, 2010). Seasonal floodplain forest (igarapé), dense ombrophile forest and
submontane open ombrophile forest are phytophysiognomies of higher biomass production than white-sand
vegetation (campinarana) and savannas (Brazilian cerrado) (J. Dematté & J. Dematté, 1993; Puig, 2001; Aduan
et al., 2003; Mendonga et al., 2017).

To have a good picture of the organic carbon stock in the soils of this biome, the study area chosen was the state
of Amazonas, since much of its forest cover is preserved and has the largest territorial extension of the region
(IBGE, 2010).

A wide range of biomass estimation, as well its correlation with soil properties and distribution, have indicated
that variability of soil organic carbon was poorly known. Basically, the amount and quality of natural soil
organic carbon is influenced by relief, vegetation type and land use (Houghton et al., 2001; Lima et al., 2005;
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EMBRAPA, 2007; Campos et al., 2011; IBGE, 2011). In fact, most studies do not consider on carbon stocks the
inherent soil variability for allowing various rates of biomass production. Therefore, the objectives of the study
were to: (i) determine the soil organic matter content of different soil classes and suborders of Amazonas State,
(1) measure its correlation with other soil properties and (iii) analyze its spatial variation.

2. Material and Methods

The State of Amazonas (2°09' N to 9°49’ S; 56°05" W to 73°49" W) (Figure 1A), is the largest federative unit in
Brazil (1,559,159.148 km?, 18% of Brazilian territory) and has 98% of its primary vegetation cover preserved
(Soares and Higuchi, 2006; IBGE, 2010, 2011). The precipitation of the state has an east-west gradient (1,700
mm’ for values greater than 4,000 mm year), with an annual mean temperature above 18 °C (Marengo and
Nobre, 2009). Amazonas state is partially covered by sedimentary rocks, distributed in the Tapajos, Amazonas
and Solimdes sedimentary basins. The Tapajos sedimentary basin has Silurian sandstones, quartz-sandstones and
siltstones. Devonian-carboniferous siltstones and Cretaceous quartz-sandstones fill the Amazon sedimentary
basin. The Solimdes sedimentary basin has Pleistocene coquina, lignite and unconsolidated sediments and
Miocene sandstones and conglomerates (Reis et al., 2006). Proterozoic acid igneous and metamorphic rocks are
found in the Guianas shield in the north, and Central Brazil shield in the south (Figure 1B).
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Figure 1. Location of study area (A). Geological provinces of Amazonas State (B). Samples collected according
to soil group (C)

Note. al PZ jp= Alic Podzol Hyperspodic; eu FL ax sl= Eutric Fluvisol Alcalic Siltic; fv eu GL sl= Fluvic Eutric
Gleysol Siltic; ha AR dy= Haplic Arenosol dystric; ha AC ce ‘a’= Haplic ‘Yellow’ Acrisol clayic; ha AC ce ‘b’=
Haplic ‘Red’ Acrisol clayic; ha AC ce ‘c’= Haplic ‘Red-Yellow’ Acrisol clayic; ha CM= Haplic Cambisol; ha FR
ce ‘a’= Haplic ‘Yellow’ Ferralsol clayic; ha FR ce ‘b’= Haplic ‘Red’ Ferralsol clayic; ha FR ce ‘c’= Haplic
‘Red-Yellow’ Ferralsol clayic; ha LP= Haplic Leptosol; ha PL dy= Haplic Planosol dystric; ha PT dy= Haplic
Plinthosol dystric.

Deeply weathered soils represent approximately 79.22% of Amazonas State area (Acrisols, Ferralsols and
Podzols) are dominant due to wet tropical climate (Figure 1C). On crystalline rocks occur Haplic Leptosol, ‘Red’
Haplic Ferralsol Clayic and ‘Red-Yellow’ Haplic Ferralsol Clayic and Alic Podzol Hyperspodic. In the
sedimentary areas, ‘Red-Yellow’ Haplic Acrisol Clayic occur on the Miocene sediments of the Solimdes Basin,
“Yellow’ Haplic Acrisol Clayic, ‘Yellow’ Haplic Ferralsol Clayic, Petric Plinthosol and Haplic Plinthosols and
Alic Podzol Hyperspodic on Pleistocene sediments of the Solimdes Basin and on the Amazonas and Tapajos
basins. ‘Red’ Haplic Acrisols occur in (Reis et al., 2006; CPRM, 2010; IBGE, 2015b).

The dense ombrophilous forest is the main phytophysiognomie of the state, covering 65% of the Amazonian
rainforest, on Ferralsols, Acrisols and Plinthosols in residual non-flooding plateaus of Phanerozoic and
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Pleistocene sedimentary areas. The open ombrophylous forest occurs on Acrisols in lowlands of Miocene
sedimentary areas. The white-sand vegetation, a savanna scleromorphic vegetation called “Campinarana”, occurs
on Podzols derived from Cenozoic unconsolidated sediments. The submontane open ombrophilous forest occurs
on “Red” and “Red-Yellow” Ferralsols developed on plateaus raised in the crystalline shells. The constantly
flooded areas are occupied by seasonal flooded alluvial forest (Igapds), on Fluvic Eutric Gleysol Siltic and Eutric
Fluvisol Alcalic Siltic derived from Quaternary sediments (Marques et al., 2002; Reis et al., 2006).

Soil group, chronostratigraphic unit, lithology, rock type and analytical data of 701 georeferenced surface soil
samples in the State of Amazonas were compiled (DNPM, 1975, 1976a, 1976b, 1976¢c, 1977a, 1977b, 1977c,
1978a, 1978b, 1978c, 1980) (Figure 1C). Samples were collected in minimally anthropized areas. The physical
and chemical analyzes of the samples were performed according to the suggested methods for Brazilian soils
(Donagema et al., 2011). The samples were air-dried and sieved using a 2 mm-mesh diameter sieve. The physical
and chemical properties of samples were determined according to procedures proposed by Claessen (1997)
whereby sand, silt, and clay contents were determined by the sieve-pipette method. Exchangeable Ca, Mg, and
Al contents were determined in 1 mol L™ KCI solution, while K* and Na* were determined in Mehlich-1 solution.
Potential acidity (H+Al) was determined by titration in ammonium acetate buffered to pH 7.0. Cation exchange
capacity (CEC) was calculated based on the data from the above chemical elements as follows: Ca®" + Mg*" +
Na" + K" + (H+Al). Organic carbon (OC) was determined by the oxidation of organic matter with potassium
dichromate in sulfuric medium. Nitrogen was determined by Kjeldal method. Updates in soil classification
followed the Brazilian Soil Classification System (Santos et al., 2013) and World Reference Base for Soil
Resources (IUSS Working Group WRB, 2014).

Descriptive statistics were performed for all 701 samples and combined by soil class. Due to absence of
normality, the high number of samples and the heterogeneity of OC contents, the data set was submitted to the
non-parametric Kruskal-Wallis hypothesis test at 5% probability using IBM SPSS Statistics 24.0 software (IBM,
2016). Correlations between organic carbon other soil physical and chemical properties were analysed.

Principal Component Analysis (PCA) was performed to elucidate the relationship between soil properties. Data
were transformed into logarithmic scale and standardized to assume a normal distribution (Wackernagel, 2003;
McKillup & Dyar, 2010).

Spatial distribution of organic carbon and that of C:N ratio were interpolated to whole study area by ordinary
kriging. Autocorrelation, anisotropy and tendency were fittted to semivariogram. Maps were performed using
PASSaGe v.2 and ArcGIS 10.1" (Rosenberg & Anderson, 2011).

3. Results

Fluvisols and Gleysols presented the lowest OC contents (1.16%+81% and 1.68% and+107%) and C:N ratio
values (5+67% and 5+68%). On the other hand, Ferralsols, Acrisols, Planosols and Podzols presented the highest
OM contents (2.18%, on average) and higher C:N ratio (14, on average), in addition to high coefficient of
variation values (13+44%). Despite the differences between OC contents, there is no significant statistical
difference between the mean OC contents of Ferralsols, Acrisols and Gleysols according to the non-parametric
Kruskal-Wallis hypothesis test at 5% probability. In general, soils are dystrophic, with low potential CEC, except
for Fluvisols and Gleysols Ferralsols has clayic texture, whereas the Podzols, Planosols and Arenosols have a
sandy-loam texture (Table 1).
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Table 1. Descriptive statistics (mediantcoefficient of variation %) of topsoil properties for soils in Amazonas
State and comparative data

Soil group (n) OC (%) C:N N (%) CEC (cmol,dm™) Clay (%) Silt (%) Sand (%)
ha AC ce ‘a’ (335) 2.09+67 9455  0.10£153 10.1+62 21452 28+66 47+£52
ha AC ce ‘b’ (10) 1.62+45 10£41  0.08+68 15.1£34 34433 42436 1678
ha AC ce ‘¢’ (6) 1.86+55 23431 0.08+£101 7.1£55 46120 9+89 41+26
ha AR dy (27) 1.91£69  6£72  0.06£84  5.3£78 6+153 16+87 74+40
ha CM (29) 1.91490 7446  0.06£103 10.0£56 20+54 36+61 47463
eu FL ax sl (26) 1.16£81 5+67  0.10£99 10.2+42 13+£70 43+57 29+73
ha FR ce ‘a’ (67) 2.32448 10+£34 0.10£64  9.5+£39 38+48 11+£96 45+54
ha FR ce ‘b’ (2) 3.25+41 1041 0.09+41 11.0+41 73+10 11+38 15+£22
ha FR ce ‘c’ (64) 1.91+61 23424  0.08+97 10.1£54 29+£55 17+£60 48+48
fv eu GL sl (46) 1.68+107 5+58  0.16£94 18.2+63 37440 48+37 5124
ha PL dy (11) 2.38+79 15+ 0.08+106 5.9+56 10+46 34+42 54427
ha PT dy (53) 1.80£85 8+48  0.10+£80 10.1+68 19+61 37+63 34+69
al PZ jp (25) 2204102 12462 0.06+£176 5.0+151 3£150  10£110 87436
AllL (701) 2.03£75 9435  0.09£136 10.0+69 26165 25+71 45+59
‘Data comparison

Indonesian rainforest soils® (7) 3.65¢73 - - 12.76+69 2777 39+45  34+86
Phillipine rainforest soils* (4) 331823 - - 18.95+52 50+37 25452 25427
Atlantic tropical forest soils® (4)  9.6+45 141 - - 20+£57 13+64  67+22
Brazilian savana soils® (11) 2.0£61 - - 55.4+52 25+69 4+6 71£266
Pantanal soils’ (150) 2.30+47 - - 9.31432 13424 28+23 59+14
Xeric shrubland soils® (12) 220448 - - + 16558 14467 70422

Note. n = sample number; CEC = cation Exchange capacity; OC = soil organic carbono content; Haplic ‘Yellow’
Acrisol clayic (ha AC ce ‘a’); Haplic ‘Red’ Acrisol clayic ha AC ce ‘b’; Haplic ‘Red-Yellow’ Acrisol clayic (ha
AC ce ‘c’); Haplic Arenosol dystric (ha AR dy); Haplic Cambisol (ha CM); Eutric Fluvisol Alcalic Siltic (eu FL
ax sl); Fluvic Eutric Gleysol Siltic (fv eu GL sl); Haplic “Yellow’ Ferralsol clayic (ha FR ce ‘a’); Haplic ‘Red’
Ferralsol clayic (ha FR ce ‘b’); Haplic ‘Red-Yellow’ Ferralsol clayic (ha FR ce ‘c’); Haplic Planosol dystric (ha
PL dy); Haplic Plinthosol dystric (ha PT dy); Alic Podzol Hyperspodic (al PZ jp); 3 = (Anda, 2012); 4 =
(Navarrete et al., 2009); 5 = (Martins, 2010, 2011); 6 = (Santos & Alleoni, 2013); 7 = (Duarte, 2007); 8 =
(Preston et al., 2014).

Organic carbon content was strongly and positively correlated with total N content, C:N ratio and CEC (Figure
2). The PC analysis showed that the first two principal components (PCs) accounted for 64% of the data variance
(Figure 3). PCs with eigenvalues below 1.0 do not reflect the variability of data and provide little explanatory
power beyond original variables, so they were excluded from the following interpretations.
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Figure 3. Eigenvalues of correlation and explained variance per PC (A). Projection of variables on the factor
plane PC1 x PC2 (B)

The first component (PC1) explained 38% of the total variation of the data. Clay, silt and sand contents has the
highest eigenvalues of PC1. The second component (PC2) explained 28% of the total variation and is strongly
correlated with total organic carbon content and with the C:N ratio. PC1 can be associated with variability of
source materials and pedogenetic processes, which combined, result in granulometric variation between soils.
The low eigenvalues of organic carbon content and C:N ratio in relation to the CP1 indicate that the organic
fraction of soils is not associated with soil texture. The strong relationship between OC values and C:N ratio in
PCA is also evidenced with maps created from ordinary kriging (Figure 4).
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Figure 4. Ordinary kriging of C:N ratio (A) and OC content (B)

The spatial distribution of OC and C:N ratio were influenced by parent material and other soil formation factors.
High C:N ration values occur in soils derived from organic and clastic rocks in Solimdes basin and clastic rocks
in Tapajos basin. High OC values also occur in soils derived from rocks and sediments in Solimdes Basin,
although they presented a different spatial pattern. Besides that, OC values above 1.74% presented similar spatial
distribution pattern to the dense rainforest distribution and a high spatial contiguity of contents.

4. Discussion

The high levels of OC in Ferralsols and Acrisols in Amazonas State confirm previous studies that indicate the
importance of these soil groups in the global carbon stock (Lal, 2004; Fidalgo et al., 2007). Soils derived from
crystalline rocks in Indonesia and Philippines has the highest organic carbon stock (Navarrete et al., 2009; Anda,
2012), as well in Amazonian rainforest.

Differences between spatial distribution of OC and C:N ratio and correlation of OC with CEC texture suggest
various mechanisms of C stock in soil. Positive correlation between OC and C:N ratio indicates that some of the
highest organic carbon reserves in the Amazonian soils are maintained in fractions more resistant to
decomposition (Figures 2 and 3).
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Positive correlation between OC and CEC and low correlation with texture in Amazonas can be attributed to
distinct pedogenetic processes in the region. High correlation value between OC and CEC is attributed to the
high specific surface of organic matter, which may be responsible for 50% to 90% of the CEC, mainly in clayey
soils of clay fraction dominated by Al/Fe (hydr)oxides and kaolinite (Silva & Mendonga, 2007). High levels of
OC in clayey and oxidic soils, such as Ferralsols, can be attributed to preservation of OC by complexes formed
with mineral fraction of soil (Telles et al., 2003; Dalmolin et al., 2005). Humus is not readily decomposed in
clayey soils because it is either physically protected inside soil aggregates or it is chemically too complex to be
used by most organisms (Carter, 2000; Six et al., 2002; Simansky & Bajcan, 2014). On the other hand, the high
OC contents in sandy soils, such as Podzols, can be associated with reducing conditions generally associated
with the podzolization process, its position in landscape and its proximity to water table (IUSS Working Group
WRB, 2014; Mendonga et al., 2014). Aerobic organisms can not act under low levels of O,, so that in
environments with poor drainage only anaerobic organisms can decompose organic compounds. Under these
conditions, decomposition of organic materials is lessened and incomplete. Consequently, the overall organic
compounds decomposition rates are slower in flooded soils than those in aerobic soils and this results in net
accumulation of organic carbon.

The highest OC levels were observed in Amazon rainforest soils, the Atlantic Forest and the tropical forests of
Indonesia and Philippines. Similar OC contents between Amazonian and Atlantic rainforests and tropical forests
in Indonesia and the Philippines suggest that the content is conditioned by the humid tropical climate. The OC
level is controlled by supply of organic, C:N ratio and rate of decomposition (Puig, 2001; Ryan & Law, 2005;
Barros & Fearnside, 2016).

The absence of a similar spatial pattern between distribution of phytophysiognomies and OC content indicates
that, in tropical humid conditions with intense organic matter decomposition, differences in the amount of
biomass produced by the different phytophysiognomies (Dense forest = 533.4 t/ha; Open forest = 517.3 t/ha;
white-sand vegetation = 15.9 t/ha (Woortmann, 2010; IBGE, 2011) do not produce different soil organic carbon
stock (Figure 4). On the other hand, high levels of organic matter in soils derived from Pleistocene organic
sedimentary rocks of the Solimdes Basin suggest that the OC content in Amazonas can be associated to parent
material of soil. Soils derived from organic rocks have part of their soil organic carbon content attributed to
parent material incorporated into the soil during pedogenesis (Rumpel et al., 2001a, 2001b).

In Brazil, it is estimated that organic C stocks in the soil under native vegetation, between 0 and 30 cm deep,
total 36.4 Pg (Bernoux, 2002). The total organic carbon stock in the soil surface horizon in the Legal Amazon is
27.7 x 100 t. The state of Amazonas is responsible for approximately 9.0 x 100 t of this organic carbon (IBGE,
2011). However, removal of vegetation on these soils favors the emission of greenhouse gases and the decrease
of carbon stock (Dias, 2010; Lal et al., 2012; Nobre et al., 2016).

The last years are marked by an increase in the deforestation rate in the Amazonas State, especially in public
lands not destined or without land information (IMAZON, 2014). Occupation of the Amazon rainforest has been
concentrated on Ferralsols and Acrisols, soils with large carbon stocks and prone to the emission of the highest
CO;, rates after deforestation (Bernoux et al., 2001; Dalmolin & Caten, 2013; IBGE, 2015a). Forest conversion to
agricultural ecosystems can result in the loss of 20-50% of soil carbon (Lal, 2005). The proximity of the
Ferralsols to the deforestation arc and the state capital, Manaus, causes concern due to possible changes in soil
use and potential anthropogenic pressure.

5. Conclusion

The high variability of OC and clay contents in soils of the State of Amazonas was attributed to the diversity of
the parent material and pedogenesis. It was verified that the Haplic ‘Yellow’ Ferralsols have the highest values of
OC, followed by Haplic “Yellow’ Acrisols and Podzols, representing an area of more than 70% of the state. The
dominance of very weathered clayic soils or under strong influence of the water table contributes to the
accumulation of OC. The highest values of OC and C:N ratio in the Solimdes Basin are attributed to the presence
of organic rocks. The results highlight the urgent need for appropriate polices for C stocks according to soil
variability.

Amazon rainforest is responsible for storing large amounts of organic carbon in the soil due to its extension and
preservation of the native forest. The state of Amazonas gains importance in this issue because it owns a large
part of its territory with the preserved forest and is the largest state in Brazil. This study serves as a support for
managers and environmental agencies in creation of priority areas for conservation of ecosystems and soil, as
well as being the first step to map the areas with the highest levels of organic carbon in tropical forest soils.
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