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Long‑term carbon storage in Brazilian Cerrado soils 
– a conjunction of wildfires, bioturbation, and local edaphic 
controls on vegetation

Judith Schellekens   · Marina Justi · Rodrigo Macedo ·  
Márcia Regina Calegari · Peter Buurman · Thomas W. Kuyper ·  
Plínio Barbosa de Camargo · Pablo Vidal‑Torrado

Methods  Three 2  m soil profiles with significantly 
different total organic carbon TOC content but located 
on the same geomorphological unit were studied for 
δ13C isotopic composition to connect tree-grass pat-
terns to TOC content. To gain insight into soil car-
bon stability, C/N, δ13C and δ15N were analysed for 
functional organic matter (OM) pools: free particulate 
OM (POM), occluded POM, base-extractable OM, 
and mineral-associated OM.
Results  Small but abrupt shifts of δ13C with depth 
reflected simultaneous changes in tree-grass vegeta-
tion patterns over the past 10,000  years in all three 
profiles. These temporal changes were superimposed 
on spatial differences as indicated by consistent dif-
ferences in δ13C values between the profiles, reflect-
ing that site-specific differences in tree-grass patterns 
persisted over the past 10,000  years. Profiles with a 
historically larger contribution from trees (as evi-
denced by lower δ13C) had increased charcoal con-
tents. Downward movement of charcoal by intense 
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Highlights   
• Variation in soil C storage at the ecosystem scale was 
studied for Cerrado Ferralsols.
• Abrupt shifts in δ13C depth records reflected tree 
abundance during the Holocene.
• Local edaphic factors had higher impact on tree 
abundance than climatic changes.
• Soils with high C content had historically more trees, 
more BC, and faster bioturbation.
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Abstract 
Purpose  The objective of this study is to improve 
our understanding of soil organic matter (SOM) sta-
bility in Brazilian Cerrado, by interpreting soil prop-
erties at the ecosystem scale and elaborating on the 
interactions of biotic, climatic and edaphic controls.
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bioturbation occurred faster in the OM-rich soils as 
suggested by 14C dating.
Conclusion  We found that long-term carbon stor-
age in Brazilian Cerrado soils was a conjunction of 
wildfires, bioturbation, and local edaphic controls 
on tree-grass composition. Soils with an OM-rich 
thick A-horizon had more trees, more charcoal, and a 
higher activity of soil macrofauna, which was related 
to local differences in soil water availability.

Keywords  Cerrado ecosystems · Bioturbation · 
Black carbon · δ13C and δ15N isotopic composition · 
Umbric Ferralsols

Introduction

Savannahs play a significant role in the global carbon 
cycle with their large below-ground carbon storage, 
seasonal burning, and vegetation dynamics (Scurlock 
and Hall 1998). On a global scale, edaphic and cli-
matic factors are controls on soil carbon stocks (Luo 
et al. 2021). At the ecosystem scale, climatic factors are 
the same, but in dryland ecosystems a high degree of 
local variability in soil carbon pools was found (Smith 
and Waring 2019). Understanding variation in soil car-
bon storage at the ecosystem scale may contribute to 
improve modelling of soil-climate feedback mecha-
nisms. The Brazilian Cerrado represents the largest area 
of savannah in the Neotropics (Bueno et al. 2018), and 
harbours soils with a thick A-horizon rich in OM next 
to soils without such large carbon content. These soils, 
classified as Umbric Ferralsols (IUSS Work Group 
WRB 2015), cover 258,839 km2 of the world, of which 
the major part is on old surfaces in southern Brazil 
(Marques et  al. 2015; Silva and Vidal-Torrado 1999). 
Apart from their abundant occurrence in the (sub)trop-
ics, Ferralsols are particularly relevant in soil carbon 
storage due to their strongly weathered deep profiles, 
causing a relatively uniform distribution of carbon to 
great depth (Klamt and Van Reeuwijk 2000; Martinez 
et al. 2021).

The large contrast in soil carbon content at short dis-
tance within the Cerrado suggests important controls 
on soil carbon stability that act at a very local scale. 
The stability of soil carbon is frequently studied from 
different perspectives but mostly focussing on a sin-
gle component (e.g., mineral-association, aggregate 
protection, microbial vs plant material), resulting in a 
lack of studies with a more holistic approach (Angst 
et al. 2021). This lack of integrating disciplines is even 
reinforced in the Cerrado, with the dynamic forest-
grass vegetation patterns and wildfires that are both 
extremely sensitive to changes in climatic conditions. 
The objective of this study is to contribute to our under-
standing of soil carbon storage in Umbric Ferralsols of 
the Cerrado, by examining all of the biotic, climatic and 
edaphic controls at the ecosystem scale. Furthermore 
we aim at elaborating on the potential interactions of 
vegetation patterns, soil properties, soil biota and envi-
ronmental factors in relation to soil carbon stability in 
this ecosystem.

Information on vegetation patterns is stored in Cer-
rado soils by the intense and ongoing activity of soil 
fauna with time (Schaefer 2001). Therefore, past envi-
ronmental changes can be preserved in these soils 
and used to study the effects of vegetation on soil car-
bon (Chiapini et  al. 2018; Pessenda 1996, Pessenda 
et  al.  1998). To examine the factors that control soil 
carbon content, we studied the vertical variation in soil 
properties and soil organic matter (SOM) composition 
for three 2 m soil profiles from a preserved natural Bra-
zilian Cerrado fragment. The selected soil profiles are 
located in the same geomorphological unit and have 
a clear difference in SOM content. Bulk soil samples 
were studied for δ13C isotopic composition and com-
pared with 14C dating to reconstruct temporal changes 
in tree-grass vegetation patterns (Calegari et al. 2013; 
Dümig et al. 2008; Pessenda et al. 2004), and connect 
these to total organic carbon (TOC) content.

To gain insight in soil carbon stability several 
SOM fractions were isolated, including free par-
ticulate organic matter (POM), occluded POM (i.e., 
enclosed in aggregates), base-extractable OM, and 
mineral-associated OM. These SOM fractions repre-
sent different functional pools in terms of soil car-
bon persistence (e.g., Angst et  al. 2021; Justi et  al. 
2017). The free POM is considered less stable frac-
tion, while the occluded POM is protected in aggre-
gates. The base-extractable OM represents more 
decomposed OM, which predominantly reflects OM 
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that is weakly bound to soil minerals. The mineral-
associated fraction is considered most stable because 
it is strongly bound to soil minerals and/or consists 
of  hydrophobic OM (von Lützow et  al. 2006). The 
SOM fractions were studied for δ13C and δ15N iso-
topic composition and C/N, which together provide 
information on SOM sources and its decomposi-
tion (Prietzel et al. 2020; Six et al. 1998; Wiesmeier 
et  al. 2019). Furthermore, the composition of SOM 
was compared with clay content, charcoal content 
(> 2  mm), and bioturbation (micromorphology). 
This approach allows to examine biotic, climatic and 
edaphic controls on soil carbon storage at the ecosys-
tem scale in the Cerrado.

Materials and methods

Location

The area of Grão Mogol represents natural Brazilian 
Cerrado biome (Nepstad et al. 1997) that is classified 
as Cerrado sensu stricto (IBGE 2012; Fig. 1). A list of 
species is given in Table S1. It is located on the north-
ern plateau of the Serra do Espinhaço (Minas Gerais 
state, Brazil; Fig. S2). Three Umbric Ferralsols (IUSS 
Work Group WRB 2015) were sampled in this area. 
Two profiles had a thick (> 100  cm) dark-coloured 
A-horizon and are classified as Panto Umbric Fer-
ralsol (Profundihumic), profiles P1-H (16°16′16″ S; 
42°58′50’’W) and P2-H (16°18″01’S; 43°03″22’W), 
and will be referred to as Ferralsol with deep humic 

horizon. At a distance of 0.5  km from profile P2-H 
we sampled the third profile with a thinner Umbric 
horizon, classified as Xanthic Umbric Ferralsol, i.e., 
without both Panto characteristics and Profundihumic 
qualifier (profile P3-L; 16°17″18’ S; 43°03″04’ W). 
Thus, the acronyms of the profiles refer to the TOC 
content, which is relatively high (P1-H and P2-H) or 
low (P3-L). The study area is located on a Neogenic 
geomorphic surface (850 m a.s.l.). The three profiles 
had the same topographic position on a flat summit 
(Fig. S2) and were described and sampled to a depth 
of 2 m.

Soil sampling

Samples of 0.1 kg were obtained at 10 cm depth inter-
vals (except for the interval between 150 and 200 cm 
for profile P2-H, for which samples were exclusively 
taken according to pedogenic horizon as described 
below). The air-dried and sieved (2 mm) soil samples 
were used to determine the content and isotopic com-
position of carbon.

A second sample set with samples of 1  kg was 
obtained for all pedogenetic horizons, resulting in 7 
to 9 samples per profile, making 24 samples in total. 
The SOM fractionation was performed on these sam-
ples, and these SOM fractions were analysed for ele-
mental and isotopic composition of both carbon and 
nitrogen.

The samples obtained from pedogenic horizons 
were previously studied by Justi et  al. (2017) to 
understand the long-term degradation effects on black 

Fig. 1   Representative 
image of the actual vegeta-
tion in the study area. A list 
of plant species in the area 
is given in Table S1
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carbon (BC) in these soils. Analysis included physic-
ochemical properties and the quantity of macroscopic 
charcoal (> 2  mm). The data are given in Table  S3. 
Additionally, pyrolysis–gas chromatography-mass 
spectrometry (pyrolysis-GC/MS) was performed on 
the SOM fractions by Justi et  al. (2017). The pyrol-
ysis-GC/MS equipment parameters, methodology for 
data analysis, and a list of quantified pyrolysis prod-
ucts are given in Supplementary material S4-1. In 
the present study we use the pyrolysis data to support 
interpretations from elemental and isotopic analysis. 
Thin sections of most horizons were prepared by Justi 
et  al. (2017) for micromorphological study of char-
coal. These thin sections were revisited here to exam-
ine the bioturbation process. For detailed methodol-
ogy of thin sections we refer to Justi et al. (2017).

14C dating

Charcoal layers were found in all three profiles. 
Radiocarbon dating was carried out by Beta Ana-
lytic Radiocarbon Laboratory (Miami, USA) using 
AMS on charcoal fragments (Justi et  al. 2017) and 
humin. Humin was separated according to Pessenda 
(1996) and represents the SOM that remains after i) 
(ultrasonic) wet sieving over 0.200  mm to remove 
particulate organic matter, ii) repeated treatment 
with a 0.1  M pyrophosphate and sodium hydroxide 
solution to remove humic- and fulvic acids, and iii) 
acid hydrolysis with 3 M HCl at 100 ºC to eliminate 
organic residues such as sugars and proteins. Radio-
carbon age of charcoal layers was analysed on a 
homogenised mixture of about 10 charcoal fragments 
from the layer. Ages are expressed as calibrated years 
before present (cal. years BP) with accuracy of ± 2σ. 
The calibration was performed according to the 
SHCal13 curve using the software CALIB Rev 7.0.4 
(Reimer et al. 2013).

SOM fractionation

All 24 soil horizon samples were used for sequen-
tial fractionation of SOM. Particulate OM was sepa-
rated by density before and after aggregate disrup-
tion, representing the free POM and the occluded 
POM, respectively. After removal of the POM frac-
tions, weakly bound SOM was isolated with a classi-
cal alkaline extraction (0.1 M NaOH; 1/10 w/v), i.e., 

base-extractable OM. The soil residue that remained 
after NaOH extraction was demineralised with hydro-
fluoric acid and represents the mineral-associated 
OM. Detail on the SOM fractionation procedure and 
the fractionation scheme is given in Supplementary 
material S5. In the following we use “mineral soil 
fractions” to refer to the group of base-extractable 
OM, mineral-associated OM, and bulk soil samples.

Content and isotopic composition of carbon and 
nitrogen

All bulk samples sampled at 10  cm depth intervals 
were analysed for TOC content and δ13C. Soil OM 
fractions and bulk soil of the samples that were taken 
according to pedogenic horizon were analysed for 
TOC and N content, C/N ratio, and δ13C and δ15N 
isotopic composition. Analysis was performed at 
CENA/USP (Piracicaba, Brazil) via dry combus-
tion with a CNHO elemental analyser coupled to a 
Carlo Erba® Delta Plus mass spectrometer. The iso-
tope ratios are expressed in the δ-notation with an 
analytical precision of 0.1‰: δ13C (‰) = [Rsample / 
Rstandard – 1] × 1000, where: Rsample and Rstandard refer 
to the 13C/12C ratios of the sample and the standard. 
Similarly, δ15N (‰) = [Rsample / Rstandard – 1] × 1000, 
where: Rsample and Rstandard refer to the 14 N/15 N ratios 
of the sample and the standard.

The δ13C depth records sampled at 10  cm depth 
interval were used to evaluate temporal changes and 
spatial differences in the relative contribution of C3 
and C4 plants, as they differ in δ13C (C3 plants range 
from -32‰ to -22‰, while C4 plants range from 
-17‰ to -9‰). In savannah ecosystems the woody 
component is exclusively of the C3 photosynthetic 
pathway, while the C4 component is mainly repre-
sented in grasses (Boutton et  al. 1998). Therefore, 
δ13C values of SOM can be used to asses tree-grass 
dynamics in the Cerrado. Variations in soil δ13C can 
be influenced by other factors than vegetation changes 
(e.g., decomposition), therefore a limit of 4‰ is gen-
erally used to reflect vegetation changes (Desjardins 
et  al. 1996). However, because the studied profiles 
are located in the same Cerrado ecosystem, shifts in 
δ13C depth records that are lower than 4‰ will also 
be linked to past changes in vegetation composition 
when they are both abrupt and consistent for several 
consecutive samples.
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Data analysis

Because the profiles are located within a distance of 
10  km from each other it can be assumed that the 
response of the vegetation cover to climatic changes 
was into the same direction. Based on the direction 
of abrupt shifts in δ13C (enrichment or depletion) 
and taking into account the age of the charcoal lay-
ers, depth intervals of the different profiles were 
assigned to a time period (Dümig et al. 2008). Within 
a profile, each selected depth interval thus represents 
a time period with similar vegetation cover (accord-
ing to δ13C). We are aware that the samples within a 
given time period cannot be considered as repetitions 
because they were not independent. However, the 
means of δ13C and TOC content of bulk samples were 
analysed for significant differences by ANOVA. This 
was done to provide statistical support for the selected 
time periods, and to compare the corresponding depth 
intervals within and between profiles.

The properties of bulk soil that was sampled per 
pedogenic horizon were statistically analysed by prin-
cipal component analysis to visualise the main factors 
that influenced carbon storage (Supplementary mate-
rial S6). Depth records are used to visualise minor 
but consistent differences between profiles, between 
SOM fractions, or with depth. If mentioned, relation-
ships between variables are given as coefficient of 
determination (r2) and were considered significant at 
P < 0.05.

Results

14C dating of charcoal and humin

The results of 14C dating of charcoal fragments 
and humin are given in Fig.  2 and Table  S7. All 
three profiles contain charcoal fragments of dif-
ferent size in the soil matrix and two visible char-
coal layers. Radiocarbon age of charcoal indicates 
maximum ages of at least 7897 ± 58  cal. years BP, 
7620 ± 45 cal. years BP and 9603 ± 65 cal. years BP 
in profiles P1-H, P2-H and P3-L, respectively. Ages 
of both charcoal layers from profile P1-H correspond 
to those in profile P2-H (with a maximum differ-
ence of 290 years), while ages from those in profile 
P3-L are between 2182 and 1700  years older. Ages 
of charcoal increased with depth within each profile. 

The increase of age with depth was strongest in the 
sequence P3-L > P2-H > P1-H, indicating that profile 
P1-H had relatively younger charcoal at similar depth 
than profile P3-L (Fig.  2). Humin 14C values reflect 
mean residence times instead of absolute ages, which 
explains its relatively low 14C values compared to 
charcoal (Fig. 2).

TOC and δ13C of bulk soil sampled at 10 cm intervals

Records of δ13C isotopes for bulk soil samples are 
given in Fig.  3. In the upper 30  cm, all three pro-
files showed a gradual decrease towards the surface 
of δ13C (5‰ in profile P3-L, 3‰ in P1-H, and 2‰ 
in P2-H), which is probably due to recent environ-
mental changes such as shrub encroachment, result-
ing in more negative δ13C. Below 30 cm, δ13C varied 
between -23‰ and -18‰ and showed some abrupt 
shifts within each profile, with maximum differences 
of 2.3‰, 1.7‰ and 0.7‰ for profiles P3-L, P2-H, 
and P1-H, respectively; these shifts are marked by the 
dashed lines in Fig. 3. Accordingly, depth ranges that 
correspond to the same time periods in the three pro-
files are indicated by periods I–V in Fig. 3.

The ranges of time periods and correspond-
ing depth intervals, and mean values of δ13C and 
TOC content for each time period are provided in 
Table  1. Because the range of the decrease in the 
surface (5‰ to 2‰) is much larger than that of 
the shifts deeper in the profile (2.3‰ to 0.7‰), 

Fig. 2   14C ages of charcoal and humin plotted against depth. 
Note that open symbols reflect humin samples, while filled 
symbols reflect charcoal samples. The profiles are indicated by 
P1-H, P2-H and P3-L, in which H and L stand for relatively 
high or low TOC content
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the upper 30  cm will be excluded for comparison 
of the means of period V. Average δ13C values sig-
nificantly differed between profiles, with -21.2‰, 
-20.5‰, and -19.5‰ in profiles P1-H, P2-H, and 
P3-L, respectively. In addition, mean δ13C val-
ues increased in the same profile sequence for 
equally aged layers (Table 1; periods I and V were 
not compared among profiles, because period I is 
not present in the sampled depth range of profiles 
P1-H and P2-H, while period V fully coincides 
with the upper 30  cm in profile P3-L). TOC con-
tent decreased with depth, and for equally aged 
layers it was systematically higher in the sequence 

P1-H > P2-H > P3-L (Table  1, Fig.  4a). Irrespec-
tively of the gradual decrease of TOC with depth, 
the shifts observed in 13C records were also identi-
fied for TOC content (Table 1).

Composition of SOM fractions

C/N, δ15N and δ13C records of SOM fractions and 
bulk soil samples for pedogenic horizons are given in 
Fig. 5. A positive correlation for δ15N and δ13C was 
found for bulk samples within each profile (r2 = 0.80, 
0.31 and 0.75 for profiles P1-H, P2-H and P3-L, 
respectively). Bulk samples of profile P3-L showed 

Fig. 3   Depth records of δ13C isotopes for bulk soil samples. 
The profiles are indicated by P1-H, P2-H and P3-L, in which H 
and L stand for relatively high or low TOC content. Note that 
because of the relatively large increase in δ13C from 0–30 cm, 
this depth interval is not taken into account by calculating 
averages that are presented in Table  1 (see "TOC and δ13C 
of bulk soil sampled at 10  cm intervals" section). The lower 

limit of period V in profile P3-L falls entirely within the upper 
30 cm, while in the other profiles the lower limit of this period 
is at larger depth; thus for period V, mean values of δ13C were 
not interpreted in profile P3-L, while calculation of the mean 
of this period in the other profiles started below the 30  cm 
limit. Furthermore, periods I and II were not present in all pro-
files within the depth of 2 m
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significantly higher values of δ15N and δ13C, and sig-
nificantly lower C/N values than both P-H profiles 
(Table  2). Within each profile there was no signifi-
cant negative correlation between C/N and δ13C and 
between C/N and δ15N (r2 < 0.15).

Values of C/N, δ13C and δ15N of the base-extracta-
ble and mineral-associated SOM fractions were simi-
lar to bulk soil, while the POM fractions clearly dif-
fered from those of the mineral soil fractions (Fig. 5). 
δ13C varied from -25.6‰ to -17.7‰ in the mineral 
soil fractions, while the POM fractions showed about 
4‰ lower values over the whole depth range and var-
ied from -27.9‰ to -23.9‰. Similarly to δ13C, δ15N 
also showed consequently lower values for POM frac-
tions compared to mineral soil fractions; δ15N var-
ied between -1.3‰ and 4.9‰ in the POM fractions 
(except for one occluded POM sample with 7.5‰), 
and between 3.9‰ and 9.8‰ in the mineral soil 
fractions. C/N and δ15N showed a negative correla-
tion among all fractions (r2 = 0.64, Fig. S8). For the 
base-extractable and mineral-associated SOM frac-
tions, profile P3-L showed significantly lower C/N 
and higher δ13C and δ15N values compared to the P-H 
profiles (Table 2), and the POM fractions systemati-
cally showed lower values for C/N in profile P3-L for 
equally aged layers (Fig. 5).

The δ13C depth trend within each profile in the 
bulk samples was maintained in the POM frac-
tions (0.28 < r2 < 0.76). Contrary to δ13C, δ15N depth 
records of the POM fractions did not exhibit a signifi-
cant positive correlation with those of bulk samples 
(except for the occluded POM in profiles P2-H and 
P3-L; Fig. 5).

The mean abundance of groups of pyrolysis prod-
ucts for each profile and fraction is given in Table S4-
2. Compared to both P-H profiles, profile P3-L had 
a lower contribution from aromatics in all fractions 
except base-extractable OM, a lower contribution 
from aliphatic products in mineral-associated OM, 
and a larger contribution from carbohydrates in min-
eral-associated OM and POM fractions.

The degradation state of SOM was examined in the 
plant-derived component by the composition of lignin 
phenols in the mineral-associated OM fraction (Sup-
plementary material S4-3, Fig.  S4c). The mineral-
associated OM fraction was chosen because the POM 
fractions (free and occluded POM) are not considered 
appropriate to judge SOM degradation state as it con-
sists of relatively undecomposed litter and charcoal, Ta
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while the extremely low lignin content in the base-
extractable fraction (< 0.3%, Supplementary material 
S4-2, Table  S4-2) makes this fraction less reliable 
to interpret the composition within the lignin group. 
Support was provided by indices of polyaromatic 
pyrolysis products that reflect the degradation state of 
BC (Supplementary material S4-3, Fig. S4ab).

Micromorphology

Thin sections demonstrate intense bioturbation in 
all profiles and at all depths (Fig.  S9), by abundant 
i) rounded and oval microaggregates with well-
developed microgranular structure in an enaulic rela-
tive distribution, and ii) features ascribed to faunal 
activity including biological channels with dominant 
loose and both continuous and discontinuous infill-
ings. A visual comparison of these features showed 
no clear difference between profiles in the intensity of 
bioturbation.

Discussion

Differences in vegetation composition(δ13C of bulk 
samples, and charcoal)

Temporal differences (climatic changes)

The presence of charcoal over the whole depth of 
all three profiles (Table  S3) suggests frequent wild-
fires over the whole time period, while layers with 

concentrated charcoal represent intense fire events. 
The increase in 14C age of charcoal with depth 
(Fig.  2) reflects an ongoing input of charcoal with 
time (Marques et al. 2015; Pessenda et al. 2004; Silva 
and Vidal-Torrado 1999) because relatively coarse 
material, such as charcoal and stones, sinks down-
wards due to the active upward transport of fine par-
ticles by termites and other soil macrofauna (Schaefer 
2001; Wilkinson et al. 2009).

δ13C varied between -26‰ and -19‰, in agree-
ment with a mixed vegetation of C3 (trees and shrubs) 
and C4 (grasses) plants in natural Cerrado systems 
(Calegari et  al. 2013; Jantalia et  al. 2007; Pessenda 
et  al. 1998; Roscoe et  al. 2000; Table  S1). Water 
availability is one of the main drivers that control 
tree density both between and within Cerrado eco-
systems, with drier conditions limiting tree growth 
(Eiten 1972). Both spatial differences and temporal 
changes in tree-grass composition (as indicated by 
δ13C) thus likely reflect changes in water availability. 
Drier conditions are suggested by enrichment in δ13C 
from periods II (before 8000  years BP) < III (from 
8000–4000  years BP) < IV (from 4000–2000  years 
BP). These changes in vegetation cover were rela-
tively minor (δ13C ranging from -18.0‰ to -21.7‰ 
in periods II–IV) but in most cases abrupt, suggest-
ing periods with stable tree-grass composition, i.e., 
strong fire-vegetation feedbacks (Oliveras and Malhi 
2016). The δ13C enrichment from period III to IV was 
clearly present in all profiles and indicates an increase 
of C4 grasses, suggesting relatively drier condi-
tions. Drier conditions during period IV are in good 

Fig. 4   Depth records of (a) 
TOC content of bulk soil 
samples (sampled at 10 cm 
intervals), and (b) clay con-
tent (sampled per horizon). 
The profiles are indicated 
by P1-H, P2-H and P3-L, 
in which H and L stand for 
relatively high or low TOC 
content
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agreement with a clear shift towards drier conditions 
found at 4180 cal. years BP in a peatland at 200 km 
distance from our study area (Schellekens et  al. 

2014). The change from period II to III corresponds 
to pollen and charcoal records in the area that indi-
cate the start of Cerrado vegetation at 7000 years BP, 

Fig. 5   Depth records of δ13C and δ15N isotopes and C/N for 
bulk samples and SOM fractions in the three profiles. The pro-
files are indicated by P1-H, P2-H and P3-L, in which H and L 

stand for relatively high or low TOC content. See Figure S5 for 
the fractionation scheme
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due to increasing temperature and increase of season-
ality (Ledru 2002). The corresponding shifts in δ13C 
records among the three profiles thus indicate a cli-
matic control on δ13C in these profiles, with changes 
in the relative contribution from trees and grasses 
during periods I–V. The result that shifts in TOC and 
δ13C records occurred at the same depths (Table  1) 
suggests a link between the nature of the inputs and 
their long-term decomposability.

Spatial differences (soil properties)

In addition to temporal changes during the Holocene 
(Temporal differences (climatic changes) section), spa-
tial variation in plant cover was evident by different 
average δ13C values between profiles, with -22.0‰, 
-21.4‰, and -19.7‰ in profiles P1-H, P2-H, and 
P3-L, respectively (Table  2; Fig.  3). Mean δ13C val-
ues within each time period were consistently larger 
in the same profiles (P3-L > P2-H > P1-H). The clearly 
higher δ13C values in profile P3-L suggest a lower con-
tribution from woody material to the OM in this pro-
file. The abundance of charcoal in the same sequence 
(P1-H > P2-H > P3-L) supports this different tree cover 
(Table  S3). The lower contribution from aromatic 
products to all fractions in profile P3-L (Table  S4-2) 
reflects a lower amount of BC in this profile, further 
confirming a lower contribution from trees and shrubs 
that form charcoal during fires. These consistent differ-
ences between profiles suggest an additional control on 
vegetation composition by a local edaphic factor.

Site‑specific ecological characteristics

δ15N isotopic composition and C/N of bulk samples

δ15N values of bulk samples varied between 5.2‰ 
and 9.8‰ (Table  2), which is within the range of 

other Cerrado soils (Bustamante et al. 2004; Coletta 
et al. 2009; Craine et al. 2015). Open Cerrado shows 
generally δ15N enriched values compared to the 
wooded Cerradão (Bustamante et  al. 2004). Plant 
δ15N values are often characteristic for an ecosystem, 
with higher values reflecting lower water availability 
(Handley et al. 1999). Thus, higher values of δ15N in 
bulk samples of profile P3-L (Table 2) are consistent 
with lower soil water availability at this site.

The lower mean values for C/N in profile P3-L 
indicate an overall larger relative contribution from 
microbial material to this profile (Table  2). There-
fore, an additional explanation for the higher values 
of δ13C and δ15N in profile P3-L could be a relatively 
larger contribution from microbial necromass caus-
ing an enrichment of the heavier isotopes (Craine 
et al. 2015; Dijkstra et al. 2006; Kramer et al. 2017). 
Although, the enrichment with depth in the upper 
30 cm probably indeed reflects a relative increase of 
microbial necromass with depth (Fig. 2), this cannot 
explain the abrupt shifts in δ13C deeper in the profile.

Composition of SOM fractions (δ13C and δ15 N 
isotopic composition, C/N, and pyrolysis‑GC/MS)

Comparing C/N, δ13C and δ15N between the SOM frac-
tions showed that values in base-extractable OM and 
mineral-associated OM were similar to those in bulk 
samples (Fig. 5), reflecting a low contribution from the 
POM fractions to SOM. The C/N ratio varied from 21 
to 79 in the POM fractions and from 12 to 24 in the 
mineral soil fractions, in agreement with similar frac-
tions from Cerrado Ferralsols (Dick et al. 2005; Marín-
Spiotta et al. 2008; Roscoe and Buurman 2003). Similar 
values for δ13C and δ15N in base-extractable OM, min-
eral-associated OM and bulk samples are in agreement 
with other studies from tropical soils (Balieiro et  al. 
2012; Spaccini et al. 2006). The lower δ13C and δ15N 

Table 2   Average (Ave) C/N, δ13C and δ15N values of the mineral soil fractions of the three profiles (P1-H, P2-H, and P3-L); differ-
ences between profiles were significant (P < 0.02 for the ANOVA test).a

a  Standard deviation between brackets; upper 30 cm not considered; n = 7 for P1-H and P2-H, and n = 5 for P3-L

Ave. C/N Ave. δ13C (‰) Ave. δ15N (‰)

Fraction P3-L P2-H P1-H P3-L P2-H P1-H P3-L P2-H P1-H

Base-extractactable OM 16.1 (1.9) 20.3 (2.3) 19.5 (1.0) -19.2 (1.0) -20.9 (0.6) -22.5 (1.1) 8.2 (0.5) 5.4b (1.0) 5.4b (0.4)
Mineral-associated OM 17.3 (2.2) 21.0 (1.4) 19.9 (0.8) -20.9 (1.0) -21.6b (0.8) -22.0b (0.4) 8.5 (1.0) 6.7 (0.5) 6.5 (0.7)
Bulk soil 18.5 (1.6) 21.3 (2.2) 21.1 (0.8) -19.7 (0.8) -21.4 (0.5) -22.0 (0.4) 8.6 (0.9) 7.2 (0.8) 7.3 (0.5)
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values in the POM fractions compared to bulk samples 
agree with other studies that determined the isotopic 
composition of POM fractions in (Cerrado) Ferralsols 
(Dümig et al. 2008; Kramer et al. 2017; Roscoe et al. 
2001), and is attributed to abundant microbial necro-
mass in SOM compared to plant tissues. A substantial 
contribution from microbial material to the mineral 
soil fractions of SOM is also indicated by the gener-
ally large contribution from N-containing compounds 
and carbohydrates in both the base-extractable OM and 
mineral-associated OM (Table S4-2), and by the nega-
tive correlation observed between C/N and δ15N among 
all fractions (r2 = 0.64, Fig. S8; Craine et al. 2015).

The similar depth trends of δ13C observed in bulk 
samples and POM fractions (0.28 < r2 < 0.76; Fig. 5) 
was also found by Dümig et al. (2008). This may be 
explained by the canopy effect that is reported to be 
important for Cerrado (Coletta et al. 2009) and con-
sidering that during wetter conditions there are more 
trees providing a larger contribution from leaves with 
more depleted δ13C values. Contrarily to δ13C, δ15N 
depth records of the POM fractions did not show a 
similar trend to that of the bulk, and in profiles P1-H 
and P3-L δ15N in the free POM even showed an 
opposing depth trend (Fig. 5). In particular in profile 
P3-L the δ15N depth record of the free POM clearly 
differed, both from other fractions in the same profile 
and from the same fraction in other profiles, which 
may point towards site-specific differences in the con-
tribution from woody vegetation. This hypothesis of 
site-specific differences in vegetation composition 
can be examined using the pyrolysis data of the free 
POM that best reflects intact material. Correlations 
between δ15N and pyrolysis products in the free POM 
fraction that were opposed between profiles (i.e., 
a positive correlation in one profile and a negative 
correlation in another profile) were found within the 
group of N-containing pyrolysis products (Supple-
mentary material S4-4). This different behaviour of 
N-containing products and their relation to δ15N sug-
gests a different microbial community in profile P3-L.

Edaphic factors that may cause ecological and/or 
chemical spatial differences

Plant water availability

The clearly lower clay content in profile P3-L 
(Fig.  4b) may explain the lower contribution from 

trees to this soil. Comparison of the texture in soils 
of Cerradão (higher tree cover) and Cerrado sensu 
stricto indeed showed a significantly higher clay per-
centage in Cerradão soils (Marimon Junior and Hari-
dasan 2005). Clay content influences subsoil water 
availability in the water-limited Cerrado biome (Assis 
et al. 2011; Leite et al. 2018; Souza et al. 2017; Zinn 
et al. 2007), and deep soil layers contribute > 80% of 
the total water used by vegetation in Cerrado (Oliveira 
et  al. 2005). However, both P-H profiles had similar 
high clay content but clearly different TOC content 
(Fig. 4a, b). This is statistically supported by princi-
pal component analysis applied to properties of the 
bulk samples (Supplementary material S6). Almost 
all variation of TOC was explained by PC1 with load-
ings of -0.92, while the clay content had significant 
contributions from the first three components (load-
ings of -0.65, -0.40 and -0.51 for PC1, PC2 and PC3, 
respectively, Table S6). This finding is supported by a 
recent study on texture and TOC content of over 200 
Ferralsol soil profiles, which suggested that protec-
tion by minerals is not the controlling factor on SOM 
stability in these soils (Martinez et al. 2021).

Because of the limited amount of water available 
in the topsoil during the dry season, arboreal species 
develop extensive root systems that reach an average 
of 15 m depth. Therefore, within a water-limited envi-
ronment like Cerrado, physical characteristics in the 
subsoil may also influence water availability for roots 
(Jiang et  al. 2020) and thereby considerably influ-
ence tree abundance in Cerrado (Leite et  al. 2018). 
The subvertical oriented large quartz veins found at a 
depth of about 4 to 6 m near profile P3-L (Table S10) 
may favour deep drainage (Vepraskas 2005) and 
consequently cause lower water availability for deep 
roots. Furthermore, the different texture between pro-
files (Fig. 4b; Table S3) is likely due to local varia-
tion in saprolite type; the larger contribution of sand 
in P3-L is then explained by a coarser saprolite, and 
more clayey saprolite provides longer water storage 
at the saprolite-solum contact during the dry season 
(Jiang et al. 2020; Van der Hooven et al. 2003).

The isotopic and pyrolysis results indicate that 
site-specific tree-grass dynamics persisted over the 
past 10,000 years during which considerable temporal 
changes in environmental conditions occurred. It is 
thus very likely that the presence, depth and character 
of physical barriers (for water and/or roots) in the sub-
surface locally controlled tree cover. The amplitude 
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in δ13C values of the shift from periods III and IV—
periods that were present in all profiles—was largest 
in the profile sequence P1-H < P2-H < P3-L (Table 2, 
Fig.  2). This is the same profile sequence as that of 
a decreasing contribution from trees, which supports 
a relation between vegetation composition and water 
availability, considering that the soil with the largest 
contribution from trees is less sensitive to drought. 
Also, the larger differences in δ13C values between 
profiles in period IV compared to other periods sup-
ports this interpretation, i.e., in the driest period 
(period IV) the effect of limiting water availability is 
strongest.

Bioturbation

The relation between depth and age of charcoal frag-
ments is different in the three profiles, with older ages 
at the same depth in the sequence P3-L > P2-H > P1-H 
(Figs.  2 and 3); this is the same profile sequence as 
that of the decrease in average δ13C values, suggest-
ing a faster and/or deeper downward movement of 
charcoal in profiles with a larger contribution from 
trees to the plant cover, and thus stronger bioturba-
tion (i.e., upward transport of soil particles, see "Dif-
ferences in vegetation composition (δ13C of bulk 
samples, and charcoal)" section) in profiles with a 
deep humic horizon. Although the extremely intense 
bioturbation observed at all depths in all profiles 
(Fig. S9) evidences the importance of macrofauna in 
these soils, micromorphology provides a cumulative 
snapshot and cannot confirm dynamics. Considering 
that bioturbation is mainly carried out by termites in 
Cerrado (Araujo 1958; Oliveira et al. 2013), and the 
preference of termites for fine-textured material for 
construction of their nests in search of moist soils 
(Lamoureux and O’Kane, 2012), their activity may 
underlie this hypothesised local difference in biotur-
bation dynamics, i.e., the more compressed P3-L pro-
file had a lower clay content (Fig. 4b), lower termite 
activity, and thus less bioturbation.

Decomposition

The lower C/N and higher isotope ratios in the min-
eral soil fractions of profile P3-L (Table  2) indicate 
a larger contribution from microbial material to this 
profile ("δ15N isotopic composition and C/N of bulk 
samples" section). It is generally accepted to link C/N 

to the degradation state of SOM. However, microbial 
material is not necessarily derived from decompos-
ers. To test whether the higher amount of microbial 
material in profile P3-L is related to decomposers, the 
degradation state of plant-derived SOM was exam-
ined in pyrolysates of the mineral-associated OM 
fraction. Lignin pyrolysis products with a C3 alkyl 
side-chain are indicative for unaltered lignin (van 
der Hage et al. 1993). The consistently higher values 
of the ratio of C3-guaiacol to the summed guaiacyl 
pyrolysis products in profile P3-L suggests a gener-
ally lower degree of decomposition in this profile 
(Fig. 4d). Degradation of BC as a function of depth 
was studied for these profiles by Justi et  al. (2017), 
and resulted in two degradation indices composed of 
ratios of polyaromatic pyrolysis products, indicative 
for i) the degree of depolymerisation of BC and ii) the 
relative accumulation of condensed structures of BC 
(see for an explanation Supplementary material S4-
3). Here, these indices are compared between profiles 
for the mineral-associated OM fraction (Fig.  S4ab). 
In agreement with the lignin degradation, the degree 
of decomposition of BC was consistently lower in 
profile P3-L compared to both P-H profiles.

The combination of relatively higher microbial 
necromass (indicated by C/N; Table  2) but less 
decomposed SOM in P3-L than in P1-H and P2-H 
seems paradoxical, and challenges the assumption 
that a relatively larger contribution from microbial 
necromass exclusively relates to higher decomposi-
tion rates. Possible explanations include differences 
in the ratio of fungi to bacteria, and differential con-
tribution by symbiotic microbes such as rhizobia 
and arbuscular mycorrhizal fungi in different soils. 
Plants that form symbioses with rhizobia and arbus-
cular mycorrhizal fungi are widespread in the Cer-
rado, and their composition is influenced by veg-
etation type and environmental conditions within 
the Cerrado biome (Marinho et  al. 2019). More 
mycorrhizal fungi and/or rhizobia in profile P3-L 
would be consistent with the deviating δ15N record 
in the free POM fraction in this profile (Fig.  5) 
because plants with mycorrhizal fungi are more 
δ15N-depleted than plants without such symbiosis 
(2‰ on average for arbuscular mycorrhizal fungi; 
Craine et al. 2015). Similarly, N2-fixing plants have 
lower δ15N signatures than non-fixers. A larger con-
tribution from mycorrhizal fungi in profile P3-L 
is in agreement with drier conditions at this site 
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as indicated by δ13C, because plants with mycor-
rhizal symbioses are more drought tolerant (Frosi 
et  al. 2016). The plant, in turn, provides the fungi 
with carbohydrates, that were significantly higher in 
the mineral-associated OM fraction of profile P3-L 
(43.2% carbohydrates) compared to both P-H pro-
files (< 35%; Table S4-2).

Implications for future research

An overview of the results that relate to input and 
decay of SOM are given in Table 3a, and their com-
bined interpretation (Table  3b) provides directions 
for further research.

Environmental reconstruction

Our data indicate that Cerrado soils contain infor-
mation on Holocene environmental conditions. 
Comparison of the δ13C records sampled at rela-
tively high- and low-resolution (10 cm intervals vs. 
pedogenic horizons) demonstrates the importance 
of high-resolution sampling to identify temporal 
changes in vegetation composition (Calegari et  al. 
2013; Chiapini et  al. 2018): i.e., the abrupt shifts 
are exclusively evidenced in the high-resolution 
records (Fig.  3; Table  1). This sampling at 10  cm 
intervals allowed reconstructing changes in veg-
etation composition with differences in δ13C as low 
as 0.3‰, greatly extending the generally accepted 
limit of 4‰ for this purpose (Desjardins et  al. 
1996). This is in particular valid with an increase 
of trees because depletion of δ13C can exclusively 
be linked to a vegetation change, while enrichment 
may be additionally influenced by other factors such 
as microbial reworking.

Methodological recommendations for environ-
mental reconstruction from Cerrado soils include 
high-resolution sampled δ13C records (10  cm inter-
vals) to visualise shifts in δ13C, a minimum profile 
depth of 2 m, and 14C dating of both humin and char-
coal. Ferralsols with low TOC content (i.e., without 
deep Umbric horizon) best reflected environmental 
changes because of their compressed age (i.e., older 
charcoal for similar depths), and their lower water 
availability and corresponding larger sensibility for 
water stress in trees (larger ranges in δ13C), reflecting Ta
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that growth of woody vegetation in these water-lim-
ited ecosystems is near threshold values.

Carbon sequestration

The consistently higher TOC content in the 
sequence P1-H > P2-H > P3-L, indicates that the 
differences in TOC content between the soil profiles 
have persisted over thousands of years. The fact that 
soils with a deep humic horizon in the study area 
were persistently present next to Ferralsols without 
such horizon, notwithstanding the climatic variation 
during the Holocene, clearly indicates that site char-
acteristics must underlie their formation, in agree-
ment with a dominant control of local differences 
in edaphic factors on soil carbon storage found 
for Bolivian (Maezumi et  al. 2015) and Guyanese 
(Black et  al. 2021) savannah. The consistent spa-
tial differences in long-term δ13C records at a local 
scale suggest that soil carbon storage in Cerrado is 
controlled by water availability, and may indicate 
relatively large sensitivity of soil carbon storage 
to minor changes in climatic conditions in Cerrado 
ecosystems. Knowledge of such edaphic thresh-
old behaviour for the carbon cycle is extremely 
important because a small change in environmental 
forcing, e.g., global warming, will result in a large 
response (Scheffer et al. 2001).

Conclusions

Long-term carbon storage in Brazilian Cerrado soils 
was caused by site-specific differences in tree-grass 
composition and bioturbation. Soils with an OM-rich 
thick A-horizon had more trees, more charcoal, and 
a higher activity of soil macrofauna. Both spatial and 
temporal differences in the contribution from arboreal 
vegetation were controlled by water availability, with 
relatively wet conditions causing an increase of trees 
and thereby an increase of charcoal during fires. This 
larger contribution of charcoal together with its rela-
tive persistence to degradation and faster downward 
movement by bioturbation caused the larger TOC con-
tent in the profiles with profundihumic properties. For 
the Cerrado soils of the study area, climate determined 
the boundary conditions (i.e., water deficiency and 
fire-dependent ecosystems) for the formation of the 

deep A-horizon, within which edaphic factors locally 
controlled tree-grass dynamics by water availability.
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