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• SOM was assessed in thick umbric
epipedon in areas surrounded by semi-
arid region.

• Soil carbon storage contrasts with the
hot and humid tropical climate.

• The climate and recalcitrant SOM do
not determine the umbric epipedon for-
mation.

• 15N patterns suggest that the low avail-
ability of N favors the accumulation of
C.
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An understanding of the stock of soil organic carbon (SOC) in the umbric epipedon of Oxisols located in the trop-
ical forests surrounded by a semi-arid region is limited but essential because of their importance in the global
cycle of carbon (C). The purpose of this study was to assess the effects of climatic (temperature and rainfall),
soil organic matter (SOM) composition and litter on the stability of C in surfaces and subsurfaces in five Humic
Oxisols along a 475-km climosequence from 143 to 963 m a.s.l. in a tropical environment in northeastern Brazil.
We assessed vertical changes in SOC; soil total nitrogen (N); C from themicrobial biomass; δ13C, δ15N and the hu-
mified composition of SOM; the composition of the humin (HUM) fraction by Fourier Transform Infrared (FTIR);
and Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) at depth. The elemental and isotopic
nicmatter; HO, Humic Oxisols; CMB, C from themicrobial biomass; HA, humic acids; FA, fulvic acids; HUM, humin; FTIR, Fourier
etry and Thermogravimetry; TNS, total nitrogen in the soil; TCL, total C in the litter; TNL, total N in the litter; δ13CL, δ13C in the
1Exo, first exothermic reaction; 2Exo, second exothermic reaction; Exo1%, percentage loss during the first exothermic reaction
pe-Apodi National Forest.
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composition of the litter sampleswere analyzed in all areas studied. The results indicated that the current climate
and recalcitrant organic compounds are not preponderant factors in the formation of the umbric epipedon, as
suggested by the partial influence of temperature and rainfall on SOM. In addition, SOMwas dominated by easily
decomposable compounds, as indicated by the predominance of aliphatic C–H groups in the HUM fraction in the
FTIR spectra; by the thermal oxidation through DSC-TG, which revealed that approximately 50% of the HUMwas
composed easily decomposable compounds; and by the highproportion of organic C present in themicrobial bio-
mass. Values of δ13C showed a predominance of C3 plant-C in SOM whereas δ15N patterns indicated that N dy-
namics differ among the profiles and drive the accumulation of C. These findings can help to characterize the
susceptibility of these soils to changes in climate and land use and the implications for the sequestration of soil C.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Forest ecosystems account for more than 70% of terrestrial soil
organic carbon (SOC) (Jandl et al., 2007), and the majority of SOC (ap-
proximately 60%) is present in the subsoil below a depth of 20 cm
(Rumpel et al., 2002; Chabbi et al., 2009; Batjes, 2014). However, subsoil
carbon (C) has drawn increasing attention in recent years (Fontaine et
al., 2007; Sanaullah et al., 2011; Rumpel and Kögel-Knabner, 2011;
Mora et al., 2014; Marín-Spiotta et al., 2014). Studies have shown that
the stability of subsoil-C is related to the scarcity of fresh C in the subsur-
face (Fontaine et al., 2007), the physical protection of soil organicmatter
(SOM) in soil aggregates (von Lützow et al., 2006), the chemical compo-
sition influenced by pedological processes (Spielvogel et al., 2008;
Mikutta et al., 2009), and labile and resistant C pools responding simi-
larly to changes in soil temperature (Fang et al., 2005). Furthermore,
the majority of these studies were conducted on soils containing low
SOMconcentrations at depth. The chemical composition and the factors
regulating the stabilization of SOM in the umbric epipedon (N1.0 m) of
Oxisols in tropical areas has rarely been studied.

The C stocks (0–30 cm) in the umbric epipedon of Brazilian Oxisols
are in the order of 30.0 kgm−2 (Andrade et al., 2004). In contrast the ad-
jacent soils in the Brazilian northeast (NE) semi-arid region are charac-
terized by low C stocks (2.0–3.0 kg C m−2), which indicates the critical
influence of climatic on C accumulation influence (Bernoux et al., 2002).
Thus, Humic Oxisols (HO), represent an important C sink and/or source
and are a significant component of the global C (Poulter et al., 2014).

The occurrence of HO is common in southern and southeastern Brazil
(humid tropical and subtropical environments); HO are associated with
highland environments with mean temperatures below 18 °C (Lepsch
and Buol, 1986; Brasil, 1972; Ker, 1997; Silva and Vidal-Torrado, 1999).
The majority of HO studies are concentrated in these regions because
the stability of SOM in these soils has, in part, been empirically linked to
the mild climate. However, the identification of the effects of the current
climate on the C stocks in these soils has been neglected. Contrary to ex-
pectations, in the NE region of Brazil in which the semi-arid climate pre-
vails, these soils also have a thick umbric epipedon (N1.0 m), and this is
not consistent with current climate conditions. These soils are under eco-
logical tension (enclaves or ecotones) between the Dense Ombrophilous
Forest and the Seasonal Semideciduous Forest and Caatinga, commonly
located in the upper portion of a water basin/slope (Brasil, 1972). In
this region, altitudes range from 150 m to 1200 m, with orographic rain
that ensures precipitation above 1000 mm year−1 (Araújo Filho et al.,
2000; Velloso et al., 2002) and causes the emergence of tropical forests.

The variations in altitude show a variety of local climates that influ-
ence C stock (Garcia-Pausas et al., 2007). In addition, the climate deter-
mines plant communities, which can also influence SOM content and
quality (Vinton and Burke, 1997). A recent theoretical model suggests
that the limitation of nitrogen (N) to plants and to decomposingmicro-
organisms, mediated by mycorrhizal fungi, would lead to an increase in
soil C stock (Lindahl et al., 2010; Averill et al., 2014). There is also
evidence that C from the roots, which could bemore chemically recalci-
trant because of the higher lignin content, significantly contributes to
subsoil-SOM (Jobbágy and Jackson, 2000; Lorenz and Lal, 2005). In
general, the chemical recalcitrance of subsoil-C has been supported be-
cause of the increase in the mean residence time of 14C in subsurfaces
(Paul et al., 1997).

C stability in HO remains partially understood and has been related
to cold climates, acidity, high Al saturation and the association between
C and the mineral fraction of the soil, particularly poorly crystallized
forms of Al (Queiroz Neto and Castro, 1974; Lepsch and Buol, 1986;
Ker, 1997; Marques et al., 2011) and crystalline Fe (Fontes et al., 1992)
in addition to the redistribution of carbonized material (charcoal) in
the soil over time by biological activity (Silva and Vidal-Torrado,
1999). Thesematerials would be paleosoils formed during theHolocene
under conditions favorable to the accumulation of SOM in the subsur-
face (Lepsch and Buol, 1986).

We hypothesize that C accumulation in the umbric epipedon in-
creases with an increase in altitude because microbial activity is
inhibited at low temperatures (Garcia-Pausas et al., 2007). We also hy-
pothesize that the stability of the C in this horizon is due to the complex
chemical nature of the SOM. The purpose of this study was to assess the
effects of climate (temperature and rainfall) on the accumulation and
composition of SOM and litter in the surface and subsurface HO soils
using isotopic, spectroscopic and thermal degradation techniques.
2. Materials and methods

2.1. Study areas

The selection of study areaswas based on the occurrence of HO inNE
Brazil, as indicated in previous pedologic studies (Brazil, 1972; 1973;
Araújo Filho et al., 2000; Marques et al., 2011; Embrapa, 2012) and the
knowledge of the pedologists of the region. The study was conducted
along a 475-km climosequence to encompass the bioclimatic variation
of occurrence of HO in the NE region of Brazil, extending from the
sedimentary coastline toward the inland semi-arid region in NE Brazil
and at altitude ranging from 143 to 963 m a.s.l (Fig. 1). The locations
of soil profiles, soil classification, altitude, rainfall, air temperature, par-
ent material and vegetation in the studied areas are shown in Table 1.
2.2. Sampling and processing soil and litter

The five study site were selected using the map of soils in Brazil
(Embrapa, 2012). One pit was dug at each site, after soil sampling
with an auger to identify a representative soil of the area, and studied
according to the Brazilian protocol of soil science (Embrapa, 2013)
and each profile was located on top of a slope under natural vegetation
(Table 1). Soil samples were collected from profiles at depth intervals
from 10 cm to 100 cm for SOC analysis, total soil N (TNS), δ13C and
δ15N. An identical sampling procedure was repeated to collect samples
for analysis of microbial biomass C (CMB). In the field, soil samples
were immediately cooled and then kept at 4 °C until they were ana-
lyzed. Additional soil samples was taken for morphological description
of profiles (data not shown) according to Embrapa (2013) to identify
the umbric epipedon, which was subsequently verified by chemical



Fig. 1. Location of the study areas in northeastern Brazil.
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analysis, as shown in Araujo (2014). This allowed definition of the soil
sampling depth for this study.

Soils from three profiles, P2, P3 and P4 fromdepths 0–5, 5–10, 30–40
and 80–90 cm, were selected for characterization of humic substances.
These profiles were selected based on the different climatic regions,
vegetation types and parent materials spanning the occurrence of HO,
to address themajor factors that influence the accumulation and stability
of SOM in natural ecosystems (Jenny, 1980).

All of the samples were collected when the profiles were opened.
After collection, soil samples were stored in polyethylene bags and
transported to the laboratory. The soil samples were air dried and
passed through a 2 mm sieve, except samples collected for analysis
CBM. SOC, TNS, δ13C and δ15N concentrations weremeasured in ground
soil samples and sieved (mesh b0.15 mm); samples for δ13C and δ15N
were dried in an oven (60 ° C) for 24 h before being ground and
Table 1
Soils and characteristics of the study areas.

Profile Location Soila Altitude MAPb

m mm

P1 Paudalho, PE
07°51′58″ S 35°12′17,1″ W

Humic Xanthic Hapludoxe 143 1700

P2 Itambé, PE
07°25′23″ S 35°10′51″ W

Humic Xanthic Hapludoxf 178 1200

P3 Brejão, PE
07°32′12″ S
37°13′69″ W

Humic Xanthic Hapludoxe 820 1400

P4 Crato, CE
07°14′24″ S 39°29′15″ W

Humic Xanthic Hapludoxf 947 1100

P5 Crato, CE
07°14′54″ S 39°29′50″ W

Humic Xanthic Hapludoxf 963 1100

a According to the US Soil Taxonomy (Soil Survey Staff, 2014).
b Mean annual precipitation.
c Mean annual temperature.
d Parent material.
e Latossolo Amarelo distrocoeso húmico, according to the Brazilian System of Soil Classificat
f Latossolo Amarelo distrófico húmico, according to SiBCS (Embrapa, 2013).
processed in the samemanner before drying prior to the encapsulation
of the samples.

Surface layers were defined to a depth of 30 cm; hereafter, “surface
layers” will refer to these horizons. Subsurface horizons varied from
30 to 100 cm; both correspond to the umbric epipedon in all of the pro-
files. The umbric epipedon showed the following thicknesses and se-
quence of horizons to 100 cm: P1: A1 (0–20 cm), A2 (20–50 cm), A3
(50–88 cm), AB (88–115 cm); P2: A1 (0–20 cm), A2 (20–45 cm), A3
(45–75 cm), A4 (75–97 cm), A/B (97–120 cm); P3: A1 (0–15 cm), A2
(15–35 cm), A3 (35–67 cm), AB (67–100 cm); P4: A1 (0–20 cm), A2
(20–40 cm), AB (40–70 cm), BA (70–110 cm); and P5: A1 (0–28 cm),
AB (28–55 cm), BA (55–80 cm), Bw1 (80–120 cm).

In all areas studied, a sampling area of approximately 0.5 ha (plot)
was delimited. Litter samples (organic debris reaching the forest floor,
as the leaves, branches and bark of the trees, seeds, forest floor plants
MATc PMd Vegetation

°C

25 Clayey-sandy sediments Decidual Submountainous Seasonal Forest

24 Clayey-sandy sediments Decidual Submountainous Seasonal Forest

22 Clayey-sandy sediments Dense Mountainous Ombrophylous Forest

23 Sandy sediments Savanna woodland

23 Sandy sediments Savanna woodland

ion-SiBCS (Embrapa, 2013).
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debris (Jonczak, 2013)) were collected at points randomly distributed
throughout the area of the plot (zigzag pattern), considering that the
variability of the area is uniformly distributed in the plot. Themean rep-
resentative sample comprised of at least 5 subsamples, each stored in a
polyethylene bag (3000 cm3 capacity). The litter samples were homog-
enized, air dried, ground and sieved (mesh b0.15 mm); litter samples
for δ13C and δ15N analysis were oven dried (60 ° C) for 24 h before
being milled and prior to encapsulation of the samples.

2.3. Soil and litter analyses

All soil sampleswere acidic (pH from 4.8 to 5.8, data not shown) and
carbonate-free, therefore measurement of total soil C was equivalent to
the SOC concentration. The ground and homogenized samples were
placed in 8 × 5 mm tin capsules (Elemental Microanalysis Ltd.,
Okehampton, United Kingdom). The amount of each soil sample ranged
from 13 to 40 mg; litter samples were 3 mg. These provide sample
weights between 300 and 540 μg (420 μg average) of the organic C re-
quired for analysis. The samples in the tin capsules were carefully
sealed, compressed (to remove trapped CO2) and stored in cell culture
plates (Polystyrene 96-well Costar® [Corning Costar Corp., Corning,
NY]). SOC and TNS concentrations in samples of soil and litter were de-
termined by dry combustion on an elemental analyzer – LECO (furnace
at 1350 °C in pure oxygen). The isotope composition of C and N in the
soil and litter were determined by the continuous flow-isotope ratio
mass spectrometry (CF-IRMS) using a combined elemental analyzer
(ANCA-GSL). Isotope ratios are expressed in V-PDB and atmospheric N
standards (Gonfiantini, 1978; Gonfiantini et al., 1995). Reproducibility
of the determinations is better than 0.2‰ for δ13C and δ15N.

CMB was measured by the irradiation–extraction method (Brookes
et al., 1982; Islam and Weil, 1998; Mendonça and Matos, 2005). Soil
samples (20 g 60% of gravimetric SWC) were extracted in 50 mL 0.5 M
K2SO4 for 30min on automatic shaker. Simultaneously with the extrac-
tion, another sample (20 g 60% of gravimetric SWC)was irradiatedwith
a domestic microwave oven. Subsequently, irradiated samples were ex-
tracted in a manner similar to non-irradiated samples. CMB was deter-
mined from the difference between C in the extracts of irradiated and
non-irradiated samples using the colorimetric method (Bartlett and
Ross, 1988) and the recovery factor (KEC) of 0.41.

The extraction of soil humic acids (HA), fulvic acids (FA) and humin
(HUM) was performed according to Swift (1996), using 3 g of soil
samples in 30 mL 0.1 M NaOH for 16 h on automatic shaker under
inert atmosphere (N2). Total C was analyzed by dry combustion (950 °
C) in an elemental analyzer (Flash EA 1112 NCS Soil Analyzer) in
subsamples of the humic fractions. The remaining HUM fraction was
purified with 10% HF according to Gonçalves et al. (2003). The HF treat-
mentwas performed by adding 10mL of 10%HF to 1 g of HUM. The sus-
pension was shaken for 10 min, centrifuged (3000 rpm) and the
supernatant removed; this procedure was repeated 6 times. The sam-
ples were then washed 5 times with deionized H2O to remove residual
HF. The samples were oven-dried (45 °C).

The infrared spectra of the HUM fraction purified with 10% HF were
obtained in the range of 4000–400 cm−1, using KBr pellets (1 mg of
HUM +200 mg of dry KBr), using a Fourier Transform Infrared (FTIR)
spectrometer, FTIR Spectrum Two, Perkin-Elmer. Each spectrum was
obtained using 16 scans, with a resolution of 4 cm−1. Readings were
performed in Transmittance compared with Wavenumber (in cm−1).

Thermal analytical measurements were simultaneously performed
in the HUM fraction purified with 10% HF through Differential Scanning
Calorimetry (DSC) and Thermogravimetry (TG), using the thermal ana-
lyzer Netzsch STA 449. HUM samples were heated from room tempera-
ture (approximately 23 °C) to 950 °C at a linear velocity of 10 °Cmin- 1 in
N2 atmosphere. Twenty milligrams of HUM were used as samples, and
an empty alumina crucible was used as a reference sample. The amount
of more thermally labile material (associated with the first exothermic
reaction) was expressed in a percentage relative to the total loss of
organic material (1°Exo%). These measurements quantified the frac-
tions that have a different thermal stability, according to Dell'Abate et
al. (2002, 2003).

2.4. Statistical analyses

We conducted polynomial regression analysis based on a second
order model to test for effects of climatic parameters (temperature
and rainfall) on the SOC, CMB, C:N, TNS and δ15N values in surface layers
and subsurfaces. In addition, SOC, CBM, and δ13C e δ15N values were
regressed against one another and against TNS and C:N ratio; we
presented only best-fit models. All regressions were tested for
homocedasticity. STATISTICA 7.0 (Statsoft) softwarewas used for statis-
tical tests.

3. Results

3.1. Elemental composition and values of δ13C and δ15N at depths in the soil
profile

SOC concentrations in surface layers (0–30 cm) were quadratically
related to mean annual rainfall (r = 0.70, p b 0.001) and temperature
(r=0.67, p b 0.001). In the subsurface, SOC wasweakly related to rain-
fall and temperature (r=0.34, p b 0.001 and r=0.35, p b 0.001, respec-
tively) (Table 2).

The TNS concentrations decreased from 2.7 to 0.4 g kg−1 in the sub-
surface (Table 3). Temperature and rainfall explained 41% and 38%, re-
spectively, of the variation of TNS in surface layers whereas the
relation of these concentrations to the climatic parameters was even
lower in the subsurface (Table 2). SOC and TNS were linearly related
in surface layers (r = 0.77, p b 0.001) and subsurfaces (r = 0.91,
p b 0.001) (Table 4), and the slope of the model referring to the surface
layers shows a soil C:N ratio of 13.9:1. This ratio increased in subsurfaces
in all of the profiles, increased slightly in P3 and increased substantially
in P4 and P5, compared with the other profiles.

Soil δ13C values varied slightly in P1 (−24.0‰ to −25.5‰) and P2
(−27.1‰ to −26.1‰) along the depth whereas in P3, P4 and P5, δ13C
values increased from −26.4 to −21.0‰, −23.8 to −20.2‰ and
−26.0 to −17.5‰ along the depth, respectively (Fig. 2). Temperature
and C:N ratio were closely related (p b 0.001) to the changes in soil
δ13C values below a depth of 30 cm (Tables 2 and 4) whereas in surface
layers, the variation in δ13C was related only to TNS (p= 0.005) (Table
4).

In general, 15N-isotope abundance tended to increase in the subsur-
face, showing δ15N values between 4‰ and 8‰ (Fig. 3), with greater
variations in surface layers. The greatest variation amplitudes of δ15N
concentrations were equal to 4.63‰ (7.97–3.34) in P5; 3.77‰ (3.54–
7.31) in P4; and 3.33‰ (4.68–8.01) in P3. In general, 15N concentrations
were more impoverished in areas at higher altitudes than in lower
areas. δ15N values were related to rainfall, temperature and C:N ratio
(p b 0.005) in surface layers. Conversely, in the subsurface, temperature
and TNS were significantly related to the δ15N values (Tables 2 and 4).
According to the isotopic data (δ13C and δ15N), P3, P4 and P5 were the
most enriched profiles in the subsurface, compared with the other
profiles.

3.2. Elemental composition, δ13C and δ15N in the litter

The concentrations of total C in the litter (TCL) ranged from 427 to
506g kg−1 in all of the studied areas (Table 5). Themean concentrations
of total N in the litter (TNL)was equal to 15.2 g kg−1, and the amount of
N in the litter added to the soil tended to be higher in P2 and P3, 18 and
19 g kg−1, respectively (Table 5). The values of δ13C in the litter (δ13CL)
ranged from −28.77‰ to −30.62‰, and the profiles P4 (−30.62‰)
and P5 (−30.38‰), located in the Araripe Plateau, showed δ13C values
more impoverished than the values in the other areas. The values of



Table 2
Regression analysis between qualitative variables of SOM and climatic parameters in sur-
face layers and subsurface.

Depth X Model R2

Surface
layers

Rainfall SOC = 19.899 − 8.376⁎⁎⁎x + 3.98x2 0.70
CMB = 546.878 − 301.785⁎⁎⁎x − 92.749x2 0.66
C:N = 13.01 − 1.394⁎⁎x + 1.91x2 0.54
TNS = 1.586 − 0.401⁎⁎x + 0.0015x2 0.38
δ15N = 5.902 + 0.789⁎⁎x − 0.227x2 0.30

Temperature SOC = 31.615 − 3.330x − 13.765⁎⁎⁎x2 0.67
CMB = 758.836 − 194.633⁎⁎x − 405.086⁎⁎⁎x2 0.66
TNS = 2.04 − 0.086x − 0.705⁎⁎x2 0.41
δ15N = 0.345 + 0.344⁎⁎x − 0.644x2 0.48

Subsurface Rainfall SOC = 12.54 − 3.77⁎⁎⁎x − 0.514x2 0.34
CMB = 178.536 − 83.54⁎⁎⁎x − 44.465x2 0.35
C:N = 17.682 − 1.747⁎⁎⁎x − 0.460x2 0.51
TNS = 0.729 − 0.152⁎⁎⁎x − 0.044x2 0.19

Temperature SOC = 16.22 − 1.290x − 6.155⁎⁎⁎x2 0.35
CMB = 207.380 − 87.070⁎⁎⁎x − 80.638⁎⁎x2 0.43
C:N = 18.597 − 1.90⁎⁎⁎x − 1.664⁎⁎⁎x2 0.66
δ13C = −23.860 − 4.041⁎⁎⁎x + 1.731⁎⁎⁎x2 0.85
TNS = 0.883–0.007x–0.287⁎⁎⁎x2 0.22
δ15N = 6.264–0.580⁎⁎⁎x + 0.855⁎⁎⁎x2 0.41

⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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δ15N in the litter (δ15NL) ranged from −2.97‰ to 4.39‰. The C:N ratio
in the litter (C:NL) was higher in the areas of the profiles P1, P4 and P5
(Table 5).
3.3. CMB, microbial quotient and humic substances

CMB was considered an estimate of labile C to assess the contribu-
tion of that fraction C in depth, which was higher in the majority of
the umbric epipedon and decreased in subsurface in all of the profiles,
withmean values of 806mg kg−1 for the layer of 0–20 cm, disregarding
P1 (221.8 mg of CMB kg−1 soil in the layer of 0–10 cm) (Table 3).

Regression analyses indicated that CMB concentrations in the entire
profile were related to rainfall, temperature (Table 2), SOC (p b 0.001)
and TNS (p b 0.001) (Table 4). CMB variability is more influenced by
the climatic conditions in surface layers, as evidenced by the values of
temperature (r = 0.66, p = 0.016) and rainfall (r = 0.66, p b 0.001),
and weakly affected in subsurface horizons (r = 0.35, p b 0.001 for
rainfall and r = 0.43, p b 0.001 for temperature).

The relation between CMB and SOC can represent a simple, efficient
indicator of the impoverishment of the soil with respect to biological
quality. The values of the microbial quotient (CMB:SOC) in the profiles
varied substantially in an interval of 3.6%–0.2% (Table 3).

The highest values of microbial quotient were observed in surface
layers in all of the profiles, except P1, which showed the lowest values
(1.1% and 0.2%) in all evaluated layers, comparedwith the other profiles,
following the low values of SOC. The contribution of the microbial bio-
mass to SOC was noticeable in the entire umbric epipedon, particularly
in profiles P3, P4 and P5, inwhichCMB represented approximately 2% of
soil C in themajority of the umbric epipedon, and this value reached the
depth of 90 cm in P4.

HUMwas themost significant fraction as a reserve of organic C in all of
the evaluated profiles (Table 6). The C concentration in the HUM fraction
(C-HUM) ranged from 5.6 to 27.3 g kg−1 in the studied profiles, corre-
sponding, on average, to 49% of SOC in P2whereas in P3 and P4, this pro-
portion tended to be slightly higher, reaching up to 57% of SOC. The C
concentrations in the extracts of humic acid (C-HA) decreased with
depth in P4 and P3, ranging from 3.3 to 12.6 g kg−1 and 3.3 to
9.9 g kg−1, respectively. Conversely, in P2, the C-HA fraction increased
from 2.3 to 9.7 g kg−1 in the middle portion of the umbric epipedon
(5–10 and 30–40 cm). Among the analyzed fractions, FA showed the low-
est concentrations of C (C-FA). The concentrations of C-FA were, on
average, 3.0 g kg−1 in profiles P2 and P3, and 5.3 g kg−1 in P4, decreasing
in the subsurface of all of the profiles (Table 6).

The C-HA/C-FA ratio is an indicator of humus quality. Except for the
most superficial layer of P2, C-HA/C-FA values were higher than 1.0 in
all of the studied layers and profiles, indicating a predominance of the
HA fraction over FA.

3.4. FTIR of HUM

The FTIR spectra of HUM in all analyzed profiles were quantitatively
similar and are shown in Fig. 4. The interpretation of FTIR spectra was
conducted according to numerousy authors (Stevenson, 1994;
Silverstein et al., 2005; González-Pérez et al., 2004). HUM showed
stronger aliphatic peaks in all of the evaluated profiles and layers at
absorptions of approximately 1082 cm−1 and peaks at 1261 cm−1, at-
tributed to the C–O stretch and vibration of groups COOH and C–N of
amines. These compoundswere absorbedmore intensely in the surface
layers of P2, unlike P3, in which they appeared with higher expression
in the subsurface, and P4, between layers of 5–10 and 80–90 cm. Ab-
sorptions from 1172 to 1164 cm−1 can be attributed to C–O stretches
of polysaccharide structures and Si–O vibrations of mineral impurities
(Stevenson, 1994), indicating the presence of mineral materials that
were not completely removed during the purification process. Another
strong peak at approximately 797 cm−1 can be attributed to out-of-
plane bends of aromatic C–H compounds, which showed frequencies
between 900 and 690 cm−1. The most intense signals were observed
between 80 and 90 cm of depth, except for P2, in which the signals
occurred more intensely between 30 and 40 cm.

The broad band at 3400 cm−1 is associated with the OH stretch of
OH groups. Peaks at approximately 2922 cm−1, characteristic of the ab-
sorption ofmethylene andmethyl groups, are present in P2 and P3 in all
of the studied layers, and the intensity of the peaks increased slightly in
the layers of 5–10 and 30–40 cm. In P4, the peaks occurred only in sur-
face layers andwere alsomore expressive in the layer of 5–10 cm. Addi-
tionally, there was absorption at 2851 cm−1, also attributed to aliphatic
C–H but characteristic of CH2 groups, such as the alkanes. The occur-
rence of these compounds followed the same tendency observed for
the groups at 2922 cm−1.

Bands between 1632 and 1620 cm−1 are generally attributed to
vibrations of aromatic C_C bonds from C_O groups of amines, qui-
nones and conjugated ketones and to the asymmetric stretch of –
COO– groups (Rovira et al., 2002). The intensity of absorption in these
regionswas higher in the subsurface in P3 and P4, and the latter showed
the highest intensities in the layers of 30–40 and 80–90 cm, indicating
that the humification is higher in the subsurface. However, P2 showed
a similar pattern of intensity of absorption in this region, with lower in-
tensity in the layer of 80–90 cm.

Only in P2 and P3 were peaks at approximately 1384 cm−1 ob-
served, which were more expressive in the subsurface, particularly in
the layer of 80–90 cm in P3. Lumsdon and Fraser (2005) attributed
such absorptions to lignin fragments whereas Rovira et al. (2002)
claimed that such absorptions are a deformation of –OH groups and
stretches of C–O groups of phenolic groups andmost such asly is the de-
formation of C–H bonds of CH2 and CH3 groups and asymmetric defor-
mation of —COO– groups.

3.5. Thermal stability of HUM

The reactions evidenced by the low temperatures (~65 °C) corre-
spond to loss of water. In the temperature interval between approx-
imately 200 and 500 °C, two primary exothermic reactions occur,
resulting from the thermal oxidation of organic compounds. The
first reaction generally occurs because of the decomposition of ali-
phatic chains and functional groups, revealing an exothermic peak
with a maximum of 344.3 °C (1Exo) whereas the second exothermic
reaction of molecules containing aromatic rings occurred at higher



Table 3
Concentrations of soil organic carbon (SOC), total nitrogen in the soil (TNS), C:N ratio in
the soil (C:N), C:N ratio in the litter (C:NL), carbon from the microbial biomass (CMB)
and CMB:SOC ratio of studied soils.

Depth SOC
TNS

C:N

CMB CMB:SOC

(cm) g kg−1 mg kg−1 %

P1 – Paudalho (143 m)
0–10 21.3 1.8 12 221.8 1.0
10–20 13.9 1.0 13 109.7 0.8
20–30 11.0 0.7 15 115.9 1.1
30–40 10.0 0.7 15 79.7 0.8
40–50 10.0 0.6 16 70.9 0.7
50–60 9.4 0.6 17 75.3 0.8
60–70 7.9 0.5 15 14.6 0.2
70–80 8.1 0.5 16 36.8 0.5
80–90 6.9 0.5 14 15.0 0.2
90–100 6.6 0.5 14 15.1 0.2

P2 – Itambé (178 m)
0–10 32.8 2.7 12 885.2 2.7
10–20 23.4 1.8 13 846.0 3.6
20–30 22.8 1.7 14 305.5 1.3
30–40 23.3 1.5 15 250.7 1.1
40–50 21.6 1.3 17 109.7 0.5
50–60 19.2 1.1 18 235.0 1.2
60–70 16.3 0.9 18 125.3 0.8
70–80 12.9 0.7 18 164.5 1.3
80–90 10.3 0.6 17 101.8 1.0
90–100 9.9 0.6 16 109.7 1.1

P3 – Brejão (820 m)
0–10 24.3 1.8 14 736.1 3.0
10–20 18.4 1.3 14 550.7 3.0
20–30 18.2 1.3 14 388.3 2.1
30–40 13.7 0.9 16 245.9 1.8
40–50 13.9 0.8 18 315.5 2.3
50–60 12.5 0.7 19 255.0 2.0
60–70 12.9 0.7 19 189.5 1.5
70–80 10.6 0.5 20 229.9 2.2
80–90 10.1 0.5 19 133.4 1.3
90–100 8.4 0.4 19 97.8 1.2

P4 – Crato (947 m)
0–10 34.8 2.2 16 859.1 2.5
10–20 31.8 1.9 17 794.5 2.5
20–30 26.9 1.5 18 561.1 2.1
30–40 24.6 1.2 20 343.9 1.4
40–50 21.9 1.1 20 281.0 1.3
50–60 17.5 0.9 20 370.3 2.1
60–70 13.9 0.7 19 50.9 0.4
70–80 12.0 0.6 19 290.7 2.4
80–90 11.8 0.6 19 241.0 2.0
90–100 9.9 0.5 19 94.8 1.0

P5 – Crato (963 m)
0–10 26.0 1.5 17 942.1 3.6
10–20 38.7 2.3 17 833.7 2.2
20–30 36.9 2.3 16 591.9 1.6
30–40 22.4 1.2 19 375.2 1.7
40–50 18.0 0.9 19 350.1 1.9
50–60 17.4 0.8 21 291.8 1.7
60–70 14.6 0.7 19 141.7 1.0
70–80 12.2 0.6 19 241.8 2.0
80–90 10.2 0.5 20 116.7 1.1
90–100 9.5 0.5 19 83.4 0.9

Table 4
Relation among qualitative variables of SOM in surface layers and subsurface.

Depth Model R2

Surface layers SOC = 25.413 + 13.948(TNS) 0.77⁎⁎⁎

SOC = 26.245 + 8.759⁎⁎⁎(CMB) − 4.279(CMB)2 0.58
SOC = 26.450 − 9.145⁎⁎⁎(δ15N) + 1.450(δ15N)2 0.48
CMB = 625.344 + 368.706⁎⁎⁎(TNS) − 163.864(TNS)2 0.49
δ13C = −25.073 − 1.606⁎⁎(TNS) − 0.777(TNS)2 0.50
δ15N = 5.101 − 0.974⁎⁎(C:N) + 0.812(C:N)2 0.39

Subsurface SOC = 17.764 + 9.774(TNS) 0.91⁎⁎⁎

SOC = 14.035 + 5.731⁎⁎⁎(CMB) + 0.052(CMB)2 0.50
SOC = 13.604 − 4.330⁎⁎⁎(δ15N) 0.28
CMB = 277.969 + 85.983⁎⁎(TNS) − 151.489⁎⁎⁎(TNS)2 0.47
δ13C = −23.259 + 3.766(C:N) 0.43⁎⁎⁎

δ15N = 6.025 − 0.773⁎⁎⁎(TNS) + 0.788(TNS)2 0.42

⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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temperatures, with a maximum peak of 527.1 °C (2Exo) (Czimczik et
al., 2002) (Table 7).

The intensity of exothermic reactions is expressed by the release
of energy during such a reaction. Table 7 shows the energy released
in the first exothermic reaction (1Exo) in μV/min, which, despite
representing higher absolute values, indicates lower energy release
compared with the second exothermic reaction (2Exo), which repre-
sents negative values. Thus, the greatest energy release is associated
with the highest resistance to thermal degradation of SOM. Energy
variations in the subsurface showed a slight increase in the resistance
to thermal degradation of the more labile compounds in all of the pro-
files, evidenced by the lower energy values in 1Exo.

In profiles P3 and P4, the more labile compounds of HUM showed
higher resistance to thermal degradation, particularly in the superficial
layers, which is evidenced by higher temperatures of the peaks. The
highest mass loss in the thermal interval at approximately 300 °C was
observed in P2 (1.21%) in the layer of 0–5 cm, which indicates that
this profile has a higher proportion of labile compounds in surface layers
compared with the other profile. According to the mass loss, P3 never-
theless showed a higher amount of labile compounds compared with
P4. However, P3 was considered more humified, followed by P2 and
P4, because of the greater amount of aromatic compounds, evidenced
by the higher mass losses in the temperature interval at approximately
450 °C. The parameter Exo1% showed that the percentage loss during
thefirst exothermic reactionwas higher than 50 for P2 and P3 in surface
layers whereas more recalcitrant structures prevailed in surface layers
in P4. This parameter also showed that the most easily decomposable
compounds decreased in the subsurface, except for P4.

4. Discussion

4.1. Effects of climate on the stability of C in surface and subsurface

The SOC accumulation not increase with altitude, since the highest
SOC concentrations in the umbric epipedon were observed in profiles
under lower rainfall (b1200 mm) located in coastal area (P2, at 178 m
a.s.l) and uplands (P4 and P5, at 947 and 963 m a.s.l., respectively). In-
termediate SOC concentration were observed in P3, at 820 m a.s.l.,
also with intermediate rainfall (1400mm). The lowest C concentrations
observed in P1 are attributed to the climate (As′), as reported by
Marques et al. (2011). Furthermore, the anthropic action in this area,
which shows secondary vegetation with signs of degradation, must be
considered (Table 3). These accumulation is lower than most previous
studies have suggested (Calegari, 2008), which shows that themajority
of these soils are on hilltops, between 800 and 1200m of altitude. How-
ever, the concentrations observed in the present studywere higher than
some HO of southeastern and northeastern Brazil (Fontes et al., 1992;
Simas et al., 2005; Marques et al., 2011).

δ13C values can be related to an interaction of processes influenced
by the mean annual temperature and rainfall of a region (Farquhar et
al., 1989; Schuster et al., 1992). Soils under high temperatures showed
a low δ13C enrichment (r = 0.85, p b 0.001) (Table 2), as in the profile
P2, located in an area with a high mean annual temperature (25 °C),
showed enrichment lower than 1.0‰ to a depth of 100 cm. Conversely,
P3, located in an area with a lower mean temperature (22 °C), showed
high enrichment in δ13C value (from −26.41‰ to −21.01‰) in
depth, suggesting sparser vegetation with a predominance of C4 plants,
which vary from −17‰ to−9‰ (O'Leary, 1988), before the establish-
ment of the current forest. The profiles P4 and P5, located in areas with



Fig. 2. Values of δ13C at depth in the soil profiles.

Table 5
Values of litter δ13C (δ13CL), litter δ15N (δ15NL), total carbon in the litter (TCL), total
nitrogen in the litter (TNL) and C:N ratio in the litter (C:NL) of all studied areas.

Profile δ13CL δ15NL TCL TNL C:NL

‰ g kg−1

P1 – Paudalho (143 m) −29.40 3.37 434.4 12.9 34
P2 – Itambé (178 m) −28.77 4.39 427.8 17.8 24
P3 – Brejão (820 m) −29.43 3.02 447.6 18.9 24
P4 – Crato (947 m) −30.62 −2.97 472.8 12.8 37
P5 – Crato (963 m) −30.38 −0.86 506.7 10.6 48
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an intermediate mean temperature (23 °C), showed higher 13C enrich-
ment in the subsurface. δ13C variations in the profiles located in the
Araripe-Apodi National Forest (FLONA), P4 and P5, also reflected chang-
es in vegetation, suggested amixture of C3 and C4 vegetation (Pessenda
et al., 2010). The presence of C4 plants in areas currently covered by for-
ests suggests that the climate was drier than the present conditions
(Pessenda et al., 2010).

The C:N ratio of the soil, as an indicator of substrate decomposability,
was strongly related to δ13C values in the subsurface (Table 4), which in
turnwas related tomean annual temperature, indicating changes in the
decomposability of subsurface SOM influenced by temperature. Brunn
et al. (2014) observed that the 13C enrichment in SOM at a depth
10 cm of forests is related to temperature and rainfall and that vertical
changes in δ13C values combinedwith soil and litter C:N ratios indicated
tendencies of decomposition driven by the climate. In the present study,
although is not possible to clearly evaluate the effect of climate on δ13C
enrichment because the evaluated areas contained different plant
species, the relationships between climatic parameterswith the relation
soil C:N and the CMB concentrations in surface and subsurface (Table 2)
reinforce that there is an influence of climate on the decomposability of
SOM.

It is interesting to note that in the P2, the SOM is easily decompos-
able, as suggested by the low values of C:N ratio and δ13C in the soil pro-
file. However, this profile has the highest accumulation of C in the
Fig. 3. Values of δ15N at depth in the soil profiles.
studied profiles, despite of climate (hot and humid) and relative lability
of SOM, which could favor high rates of decomposition of SOM and low
C stock (Sanchez and Logan, 1992). Thus, changes in the decomposabil-
ity of SOM induced by climate, does not seem to clearly explain the
greater stability of C in this soil. However, the relations between the
15N isotope and climatic parameters suggests that these areas, including
P2, have N limitations, which could reduce the activity of free-living
decomposers on SOM, according to Averill et al. (2014), and contribute
to C accumulation.

The accumulation of 15N, consistentwithMartinelli et al. (1999) and
Bustamante et al. (2004) for soils of tropical regions, has been appointed
as ameasure of the openness of the N cycle (Austin and Vitousek, 1988;
Silfer et al., 1992; Eshetu and Högberg, 2000; Viani et al., 2011), a more
open cycle having higher losses of the lighter isotope (14N). The reduc-
tion of natural abundance of δ15N in the subsurface in the soil profiles is
possibly a result of the decomposition of organic residues. Because of
SOM mineralization and the successive N assimilations by plants and
microorganisms, the isotopic fractionation leads to higher losses of the
lighter isotope (14N), leaving the remaining SOM enriched in 15N. This
N loss in the subsurface is suggested by the relation between TNS and
δ15N (r = 0.42, p b 0.001) (Table 4). In surface layers, this enrichment
is not clearly visualized although the reactions of mineralization, nitrifi-
cation and denitrification may occur with greater intensity because of
the constant supply of SOM.

The quadratic relation between temperature and δ15N values in sur-
face layers and subsurface (Table 2) indicates that soils under interme-
diate temperatures, as P4 and P5, has more closed cycle N, meaning less
N loss, indicating restrictions N these soils, whichmay lead to increased
C accumulation (Lindahl et al., 2010; Averill et al., 2014). This is also
shown by the relations between SOC and δ15N values in the entire soil
(Table 4). Whereas the soils under higher and lower temperatures (P1
e P3), have more open N cycles and that in these soils, N losses are
higher. This is consistent with the relation between soil δ15N values
and C:N ratio in surface layers (Table 4), which suggests that soils
with low C:N ratios havemore openN cycles and higher N losses. A neg-
ative relation between C:N ratio and soil 15N values was reported by
Amundson et al. (2003). These results were also indicated by the δ15N
values in the litter, which proved to be useful in expressing N dynamics
in the soil. Martinelli et al. (1999) posited that systems without N limi-
tations are subjected to higher N losses because of the open cycling,
with higher δ15N values, as observed in the areas of P1 and P3, with
15N values of 3.37‰ and 3.02‰ in the litter, respectively. Conversely,
the negative δ15N values observed in the litter of Cerrado areas,
−2.97‰ for P4 and −0.86‰ for P5, indicated systems with N restric-
tions (Fig. 3). In northeastern Brazil, in general, the isotopic patterns of
soil N under montane forest and deciduous forest subhumid, are higher
than in soils under coastal semideciduous forest (Freitas et al., 2015), in
accordance with our study.

P2 showed high δ15N values in surface layers in agreementwith high
value δ15N litter (4.39‰) in this area, suggesting further loss of C sur-
face. Whereas in the subsurface, this profile had the lowest δ15N values
between the studied profiles, which can be related to the stability of C,
leding this profile to present the greatest accumulation of SOM. Mean
annual temperature and total annual rainfall most likely affect N cycling



Table 6
Carbon concentrations of fulvic acids (C-FA), humic acids (C-HA), humin (C-HUM), and
the C-HA/C-FA ratio in the studied profiles.

Profile Depth C-FA C-HA C-HUM C-HA/C-FA

Cm g kg−1

P2 – Itambé (178 m) 0–5 3.29 2.26 16.50 0.69
5–10 3.57 6.78 14.01 1.90

30–40 3.38 9.72 11.57 2.88
80–90 1.72 5.10 6.58 2.97

P3 – Brejão (820 m) 0–5 3.59 9.88 16.05 2.75
5–10 3.49 9.15 13.61 2.62

30–40 2.77 4.66 7.13 1.68
80–90 2.11 3.28 5.59 1.56

P4 – Crato (947 m) 0–5 7.77 12.58 27.26 1.62
5–10 6.61 10.91 22.29 1.65

30–40 3.79 6.38 13.30 1.68
80–90 2.63 3.35 6.56 1.28

Fig. 4. FTIR spectra of humin at depth in the profiles.
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rates (Eshetu and Högberg, 2000); however, in the present study, a
small effect of rainfall on δ15N valueswas observed (Table 2). In a review
performedbyAmundson et al. (2003), the influence of temperaturewas
stronger than the influence of rainfall on δ15N values, even in colder
environments.

Considering that SOM deposition is proportional to shoot biomass
(Marín-Spiotta and Sharma, 2013) and that plant biomass above the
soil in the deciduous forest is higher than in the savannah (Sampaio,
1996), in addition to other factors not considered in this study such as
the high clay concentration in P2 (data not shown), these elements
can be also related to the high C accumulation in this profile. However,
even with a lower supply of organic residues in the soil compared with
the other areas, the high C accumulation in profiles under savannah (P4
and P5) can be favored also by SOMquality, as indicated by the high C:N
ratio in the soil (Table 3) and in the litter (Table 5), and themore recal-
citrant SOM observed by spectroscopic and thermal gravimetric tech-
niques (Sections 3.4 and 3.5, respectively). The P3, under humid
montane forest, the lower temperatures compared with the other
areas can reduce microbial activity (Kirschbaum, 1995), justifying the
lower relative cycling and accumulation of C in this area. These results
indicate that the current climate partially determines the balance be-
tween SOM deposition and mineralization.

These results show that the climate-C accumulation interaction ob-
served along the climossequência shows that colder environments
such as highlands or wet islands (Price et al., 2013) may be more sus-
ceptible to loss of soil C as a result of the intensification of the process
of decomposition of SOM in land use changes or climate change, con-
tributing to the emission of greenhouse gases to the atmosphere
(Cerri and Cerri, 2007). This is particularly important for the Northeast
region of Brazil, since these highland environments have privileged con-
ditions as soil moisture and air, when compared to the surrounding
semi-arid region, and therefore are under strong anthropic pressure.
In addition, these environments constitute a large part of the Atlantic
Forest remaining in this region (Brasil, 1972). At the national scale, al-
though further studies are required to address the complexity of factors
that control the stability of C in the soil, it is concerning that in a scenario
of global climate change, the more unstable environments in relation
the loss of soil C coincidewith the soils with larger store of this element
as a result of the colder climatic influence (Bernoux et al., 2002).

4.2. Characteristics of humified SOM on the stability of C in surface and
subsurface

Our study shows that the contribution of aromatic-C is not the pri-
mary formation mechanism of the umbric epipedon in the studied
soils. The HUM, as the most significant fraction of humified SOM in all
studied profiles and the most important in terms of C sequestration
(Stevenson, 1994), was dominated by aliphatic C–H groups that include
carboxylic and polysaccharide groups (Stevenson, 1994) in the surface
layers and subsurface soil throughout the climosequence according to
FTIR spectra (Fig. 4). These results are consistent with the DSC-TG
data (Table 7), which are characterized by the prevalence of the oxi-
dized fraction of the first exothermic reaction (1 Exo% approximately
50%), the thermally less stable fraction; thus, HUM was characterized
by the substantial presence of a less stable fraction (100% – 1°Exo%).
The HA fraction distinguished the profiles with regard to humification,
which was lower in surface layers of soils developed in hotter areas
(P2 and P4). The fastest cycling in a humid tropical environment
(Sanchez and Logan, 1992)may explain the lower relative amount of al-
iphatic-C in this profiles. This lower humification is confirmed by the
values of the C-HA/C-FA ratio, which, in general, are higher than 1.0 in



Table 7
DSC-TG data of humin extracted from profiles.

Profile Depth DSC TG 1°Exo%a

Peak temperature °C Energy (μV/min) Mass loss %

Cm End1 1Exo 2Exo 1Exo 2Exo 1Exo 2Exo Total

P2 0–5 71.0 328.6 455.6 – – 1.21 1.17 2.38 50.84
5–10 68.7 329.3 465.4 0.04 −1.24 0.86 1.21 2.07 41.55

30–40 66.5 326.7 462.6 −0.03 −0.98 0.51 0.94 1.45 35.17
80–90 66.9 325.2 429.6 −0.50 −0.63 0.38 0.43 0.81 46.91

P3 0–5 66.7 340.0 469.6 0.07 −0.95 0.82 1.89 1.23 51.22
5–10 66.0 337.5 489.2 0.07 −0.93 0.80 0.91 1.40 50.71

30–40 67.9 337.4 440.7 −0.57 −0.49 0.53 0.47 0.90 46.67
80–90 67.6 336.5 441.9 −0.73 −0.37 0.42 0.29 1.45 46.90

P4 0–5 68.5 344.0 527.1 0.23 −1.76 0.63 0.60 2.71 30.26
5–10 74.9 344.3 458.3 0.19 −1.84 0.71 0.69 1.71 46.78

30–40 66.4 340.1 455.7 −0.13 −1.14 0.42 0.48 1.00 53.00
80–90 68.6 338.0 423.8 −0.72 −0.44 0.68 0.77 1.45 59.15

a Percentage loss during the first exothermic reaction relative to the total loss of organic material.
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all of the studied layers and profiles, indicating greater condensation of
humic compounds (Leite et al., 2003). These results are consistent with
the high values of the ratio CMB:SOC, which reinforce the concept that
organic matter of epipedon umbric is dominated by easily decompos-
able compounds.

Previous studies identified polyaromatic hydrocarbons from char-
coal degradation (black C) as an relevant factor for the C stability in
HO under Cerrado (savanna), subtropical forests and tropical forests in
southern and southeastern Brazil (Marques et al., 2015), in which the
presence of coal in depth is identified in most profiles. These authors
also suggested that the bioturbation and unfavorable conditions for de-
composition determine the high reserve of subsoil-C. The soils de-
scribed in the present study have not charcoal macroscopic lines in
depth, which may indicate a different genesis of umbric epipedon, par-
ticularly the chemical nature of the organic material. This difference is
suggested by the different chemical composition of the organicmaterial
in the surface layer of HO studied byMarques et al. (2015), in which the
contribution of black C appears to be important only in depth, or even
on HO (other) with small amounts of coal in the same study cited.

The general chemical composition of HUM in umbric epipedon pro-
vided by FTIR andDSC in this study is consistentwith the results obtained
by other methods of SOM analysis and confirms the high concentration
on alkyl-C and polysaccharides in the subsoil-SOMmentioned by several
authors (Skjemstad et al., 1992; Baldock and Skjemstad, 2000; Rumpel et
al., 2004; Lorenz et al., 2007; Vancampenhout et al., 2012).

Considering the growing interest in C sequestration and the mitiga-
tion of climate change processes, our findings highlight the high con-
centration of easily decomposable HUM compounds, a significant
fraction of C in umbric epipedon, suggesting the vulnerability of these
C stocks and their potential to act as a source of CO2. This finding may
be relevant because C concentrations of HO are up to 5 times higher
than Oxisols without umbric epipedon, and HO with a thick epipedon
rich in SOM cover the 258,839 km2 of the world (Lepsch and Buol,
1986; Andrade et al., 2004). In northeastern Brazil, in which 62% of
the territory is semi-arid, the HO occur in areas of privileged climate,
primarily favored by the orographic rain. Therefore, the HO are exten-
sively used for agriculture and livestock, are extremely important to
the regional economy (Andrade-Lima, 1966; Araújo Filho et al., 2000)
and can increase the decomposition of SOM and compromise the C se-
questration in these environments. Moreover, in the northeast, these
soils have clay and Fe2O3 values significantly lower than HO located in
other regions of Brazil (Araujo, 2014; Calegari, 2008), indicating that
the association of SOMwith the mineral phase may be an organic-mat-
ter-protection mechanism with less importance than in other HO in
Brazil, reinforcing the idea of the susceptibility of these C stocks
discussed previously because of the low chemical recalcitrance of HUM.
5. Conclusions

TheHumic Oxisols have the potential to sequester larger amounts of
C with thick umbric epipedons (N100 cm thickness). However, the
occurrence of these soils in northeastern Brazil generates great interest
because these soils are in tropical areas that favor the rapid decomposi-
tion of SOM in addition to composing privileged environments
surrounded by semi-arid areas and being intensively used for agriculture
and livestock. Thus, these soils are quite susceptible to degradation
resulting in a potential source of C for the atmosphere.

C accumulation in the umbric epipedon of Oxisols in northeastern
Brazil was not determined by the increase in altitude, the increase in
rainfall and the reduction in temperature, as suggested by the high
SOC concentrations in the majority of the studied profiles, including
soils under hot and humid climates (P2 profile at coastal area). The
abundance of the 15N isotope (δ15N) was related to temperature and
the C:N ratio, indicating N restrictions in soils at high temperatures.
This result suggests that the greater accumulation of C in the profiles
P2 (178ma.s.l.), P4 and P5 (N900ma.s.l.) is influenced by the low avail-
ability of soil N. In general, δ13C values showed a predominance of C3
plants at greater depths. CMB concentration was influenced by the cli-
mate in surface layers and the subsurface, indicating that the effect of
temperaturewas greater than the effect ofwater availability. Themicro-
bial quotient (CMB:SOC) indicated that a high proportion of soil organic
C is present as microbial biomass in the majority of the umbric
epipedon. SOM aromaticity increased in the subsurface. FTIR spectra
showed that HUM was dominated by aliphatic C–H groups in all of the
evaluated profiles. The thermal gravimetric analysis revealed that ap-
proximately 50% of theHUM in theumbric epipedon composes aliphatic
compounds in all of the studied soils.

This research area may be classified as poorly studied, and these re-
sults provide insights into the stability of SOMat surface layers and sub-
surfaces to provide a substantial soil C sink and to promote the health of
the tropical forests remaining in South America.
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