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To understand variations in the vegetation of the southeastern coast of Brazil during theHolocene and to identify
roughlywhen they took place, wemake use of phytolithmorphology and carbon stable isotope analyses coupled
with 14C dating of soil profiles. The soil profile studied is located in the Sao Joao River Basin close to Cabo Frio, Rio
de Janeiro State. We evaluated the soil characteristics, which showed great variations in granulometry, with
larger texture in upper horizons that enabled the movement of particles to lower layers. The accumulation soil
horizons revealed several palaeoclimatic aspects: higher phytolith stocks, a higher density of trees, and a lower
water stress at the bottom of the profile, and a predominance of C3 grasses throughout the Holocene. Carbon
stable isotopic ratios of the soil profile confirm the predominance of C3 plants, except for E/Bt horizon which
was enriched in 13C. The soil organic matter mean residence time ranges from post-bomb (topsoil) to
10,245 years cal BP at the base of the profile. The results of this study are compatible with other evidence of a
more humid environment in the first half of the Holocene.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Brazilian Southeast was formerly occupied by Atlantic forest
before the arrival of Europeans in the 16th century, when deforesta-
tion slowly started to take place. This region has undergone impor-
tant climatic oscillations during the Quaternary (e.g. Ledru et al.,
1998; Marchant and Hooghiemstra, 2004; Cruz et al., 2005, 2006;
Wanner et al., 2008; Wanner and Brönnimann, 2012; Buso et al.,
2013).

The Sao Joao River basin, originally within the Atlantic forest
biome, is an area that is still poorly studied in terms of its
landscape and soil profile evolution. Although most of the orig-
inal Atlantic forest vegetation has been lost, some information
can still be obtained from the study of phytoliths deposited in
soil layers.

Phytoliths are microscopic particles formed as a result of absorption
of dissolved silicon (Si) from soils by roots, followed by deposition and
ghts reserved.
biomineralization. These biosilica structures can be found inside the
cells of many living plants. Furthermore, they are usually found within
the finest sand fractions, where the whole plant or tissue parts have
decayed (Piperno, 1988). After being recovered from soils, these
microfossils show configurations that can be associated with their orig-
inal vegetation. Phytoliths can be classified by taxonomy or by their
physical characteristics, and they are generally studied by analyses of
their assemblages.

After phytolith morphotypes are identified, calculation of phyto-
lith indices helps track some important environmental parameters,
such as density of trees, adaptation to drought, or water stress
(Fredlund and Tieszen, 1994; Bremond et al., 2005a,b; Messager
et al., 2010; Coe et al., 2012). Even though some phytoliths can
percolate downwards through the soil profile, statistical analysis
of phytolith assemblages can still provide valuable information on
the vegetation patterns. As Krauss et al. (1997) pointed out, as
long as the soil composition is relatively uniform with depth, it is
safe to assume that the percolation rate for a given phytolith
morphotype will not vary significantly.

Stable isotopes of carbon (12C and 13C) can also be used as a
proxy of biological processes in plants. Carbon isotopic discrimina-
tion during photosynthesis provides insight into photosynthetic
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metabolism in plants as well as its environmental influences. For in-
stance, plants that utilize the Calvin–Benson photosynthetic path-
way, which tends to prefer the lighter isotope, are referred to as C3
and have δ13C values from −32 to −22‰. The C4 plants use the
Hatch–Slack cycle and have δ13C values in the range of −9 to
−17‰ (Gleixner, 2002; Gordon and Goñi, 2003; Killops and
Killops, 2005). Consequently, the 13C/12C ratio in soil organic matter
(SOM) should remain close to the ratio of the original vegetation.
However, due to organic matter (OM) heterogeneity in soils and
sediments, δ13C values will depend on the OM original sources
(Hedges and Parker, 1976). In forest ecosystems δ13C values of soil
OM (SOM) are generally less negative than the source vegetation.
Studies show an increase of 1 or 2‰ during decomposition of vege-
table tissues (Martinelli et al., 2009).

Information regarding palaeovegetation changes can ultimately
be related to its possible time of occurrence by radiocarbon (14C)
dating of SOM. Although charcoal fragments and humin are the
most appropriate fractions for dating SOM (Pessenda et al., 2001),
the lack of sufficient amounts in some cases has been forcing
researchers to rely on 14C dates obtained on total SOM. Because
SOM is composed of a complex mixture of OM of different origins
in various stages of decomposition, its age is normally significantly
younger than dates obtained from more stable organic compounds
found in soil (Pessenda et al., 2001). Therefore, its bulk 14C age can
only represent a mean residence time (MRT) of the OM in the soil
sample (Martin and Johnson, 1995) and should be interpreted
with caution. Because the pool of OM in some soils can also be very
scarce, MRT is normally obtained by the 14C method performed by
the accelerator mass spectrometry (AMS) technique. The MRT ages
Fig. 1. Sao Joao hydrographic
Source: modified from Consó
http://www.micoleao.org.br
of SOM are then assumed to be the minimummean ages of phytolith
assemblage deposition in these soils.

In order to better understand the variations in the vegetation of
Sao Joao River basin during the Holocene, we performed phytolith
and carbon stable isotope analyses coupled with 14C dating of
total SOM samples.
2. Study area

The Sao Joao River basin is located between 22°20′ and 22°50′ S
and 40°00′ and 42°40′ W, covering a surface of 2160 km2 and a
perimeter of 266 km. Eight counties constitute the basin: Cachoeiras
de Macacu, Rio Bonito, Casimiro de Abreu, Araruama, Sao Pedro da
Aldeia, Cabo Frio, Rio das Ostras and Silva Jardim (Bidegain, 2005)
(Fig. 1).

This region features a humid tropical climate, with precipitation
concentrated during the summer (average annual rainfall of
2000 mm) and a mean annual temperature of 25.5 °C (Cunha,
1995).

In the past, the region was covered by a lowland rain forest with
high altitude grasslands lining the mountains, the plateau and the
hills. However, continuous deforestation for logging and/or farming
reduced the long and continuous extension of tropical forest to isolated
fragments of vegetation surrounded by areas of agriculture. The current
basin landscape consists mostly of cleared fields and secondary forests,
alluvial forests, and forested hills. Nowadays, the land in the basin
is subdivided for use as cities, farmland, and pastures, and it contains
different types of vegetation, such as forests, swamps, altitude fields,
basin map, with cities.
rcio Intermunicipal Lagos São João, 1999) in
/arquivos/mapas/bacia_sao_joao.jpg.

http://www.micoleao.org.br/arquivos/mapas/bacia_sao_joao.jpg)
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flooded fields, pastures and “restingas” (Quintela and Cunha, 1990)
(Fig. 2).

The topography of the basin is predominantly of coastal plains
and also some mountains, hills, plateaus, lowland areas that
are subject to continuous or periodic flooding, and sandbanks. The
most common soils of this region are classified as red-yellow
oxisols, cambisols, gleysols, histosols and fluvisols (Primo and
Volker, 2003).
3. Materials and methods

3.1. Sites and samples

To provide modern references for interpreting fossil phytolith
assemblages, samples were collected from soils just below the litter
of the main types of current vegetation in Sao Joao River Basin: man-
grove (one sample of Rizophora and another of Langucularia); forest
(with or without the presence of palm trees), grasses, pasture, and
marsh. In total, seven modern assemblages (MA) were collected
(Fig. 2).
Fig. 2. Areas from where modern assemblages (MA) and
Source: modified from Consórcio Intermunicipal Lagos Sã
The studied soil profile is from a lowland coastal plain in the
county of Cabo Frio (coordinates 22°49′55.54″ S, 42°00′53.85″
W; represented by a triangle in Fig. 2), less than 5 m above sea
level. It is a planesol with the following horizons: A: 0–15 cm
depth; E: 15–45 cm depth; E/Bt: 45–90 cm depth and Bt:
90–140 cm (Fig. 3). At present, its vegetative cover is composed
of grasses.

For soil profiles showing distinguishable horizons with well-
defined characteristics, any sub-sample should be representative
of the whole horizon in terms of granulometry, color andmineralog-
ical composition. Although many environmental reconstruction
studies are based on continuous sampling (usually from each
10 cm, ignoring the horizon definition), other works have shown
that horizon-based sampling can be also representative (Kelly
et al., 1998; Sedov et al., 2003; Tapia et al., 2003; Borrelli et al.,
2006; Bement et al., 2007; Coe, 2009).

For each horizon, a large amount of sample (about 10 cm thick)
was collected from the deepest part of the horizon, close to
the transition to the next horizon. The depths of the samplings
were: Horizon A: 5–15 cm; Horizon E: 35–45 cm; Horizon E/Bt:
80–90 cm; Horizon Bt: 110–120 cm. Then, about 20 g of soil was
the soil profile were collected in Sao Joao river basin.
o João, 1999) in http://www.micoleao.org.br/arquivos/mapas/bacia_sao_joao.jpg.

image of Fig.�2
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homogenized and subdivided into small aliquots to undergo phyto-
lith analyses.

3.2. Methods

3.2.1. Soil granulometry
The soil analyses were performed at the Laboratory of Physical

Geography (LAGEFIS) — UERJ. For each sample, a particle size
analysis was done. These analyses were carried out using the
EMBRAPA pipette method. The soil texture was obtained using the
Triangle American Textural Classes, described by the Soil Survey
Manual and modified by the Brazilian Society of Soil Science
(Saraiva, 2012).

3.2.2. Phytolith analyses

3.2.2.1. Chemical extraction and counting. Phytoliths were extracted
from 20 g of dry soil, slightly crushed, sieved at 2 mm, and processed
through the following stages (Kelly, 1990): (1) dissolution of
carbonates using HCl (1 N); (2) oxidation of organic matter using
H2O2 (30%) at 90 ºC; (3) solubilization of iron oxides using
sodium citrate (Na3C6H5O7) and sodium hydrosulfite (Na2S2O4);
(4) removal of the clay fraction (b2 mm) by decantation;
(5) densimetric separation of opal particles in a heavy liquid of
sodium polytungstate (density of 2.3 g/cm3). Particles were dried
and weighed after extraction. Phytoliths were then mounted on
microscope slides in glycerin for 3D observation and in Entellan
for counting at 400× magnification. At least 200 phytoliths with
taxonomic significance were counted.

3.2.2.2. Phytolith types. Phytoliths were classified following the
morphological classification schemes of Twiss (1992) and Twiss
et al. (1969). These were improved and completed by phytolith
shape descriptions in Mulholland (1989), Fredlund and Tieszen
(1994), Kondo et al. (1994), Alexandre et al. (1997b); Strömberg
(2004), Mercader et al. (2009), and named after the International
Code for Phytolith Nomenclature 1.0 (Madella et al., 2005).
Phytoliths without taxonomic significance because of their dissolu-
tion or fragmentation were gathered into an unclassified category.
Types are presented as percentages of the sum of classified
phytoliths.

3.2.2.3. Phytolith indices. Three phytolith indices were calculated as
follows: (1) the D/P index is the ratio of the dicotyledonous phytolith
type (globular granulate) over the sum of Poaceae phytolith types
(short cells, acicular and bulliform) (Bremond et al., 2005a); (2) the
hydrous stress index Bi, previously named Fs (Bremond et al., 2005b;
Messager et al., 2010) is the ratio of the bulliform type over
the sum of Poaceae phytolith types, expressed as a percentage; and
(3) the aridity index Iph (Fredlund and Tieszen, 1994; Bremond et al.,
2005b) is the ratio of bilobate type over the sum of short cells phytolith
types.

3.2.3. Stable isotope analyses
Isotopic analyses of carbon were performed by the Laboratory

of Isotope Ecology of CENA/USP. Because the carbonate fraction in
the studied soil was found to be negligible, measurements were
performed on bulk samples. The samples were weighed in tin cap-
sules using an analytical balance. The analyses of the elemental
composition of OM concentrations were carried out in a Carlo Erba
elemental analyzer model EA 1110 coupled to a mass spectrometer
Finnigan Delta Plus, allowing the simultaneous determination of organ-
ic carbon concentration and isotope signatures. Results are expressed as
δ13C relative to PDB (Pee Dee Belemnite) defined as δ13C (‰— parts per
thousand) = ([R sample / R standard] −1) × 1000. The samples were
analyzedwith a precision of 0.2‰. The limit of detection for Cwas 0.03%.
3.2.4. Radiocarbon analyses
Radiocarbon sample processing and analyses were performed

at two facilities; the Radiocarbon Laboratory at the Fluminense
Federal University (LAC-UFF) in Niteroi, RJ, Brazil, and at the
Keck-CCAMS Facility at University of California, Irvine, USA
(KCCAMS/UCI).

Most of the total SOM 14C-AMS measurements were performed
at LAC-UFF, which runs a NEC 250 kV Single Stage Accelerator
Mass Spectrometry system. Before measurements, the SOM fraction
was chemically separated using 1 N HCl at 90 °C to remove carbon-
ates. This procedure was repeated until the samples stop foaming
and the supernatant was clear, after which the SOM fraction was
rinsed with deionized water to neutral pH and dried at 90 °C.
Pretreated samples were then combusted in sealed evacuated pre-
baked quartz tubes at 900 °C, cryogenically cleaned, and converted
to graphite using zinc and titanium hydrate, with iron catalyst in
Pyrex tubes in a muffle oven at 520 °C for 7 h as described in Xu
et al. (2007).

In order to verify the distribution of 14C ages of different chemical
soil fractions (Pessenda et al., 2001), a refractory C fraction (humin)
was extracted from the topsoil horizon, following the conventional
acid–base–acid (ABA) protocol (Santos and Ormsby, in press). The
ABA pre-treatment can be summarized as repeated baths with 1 N
HCl and 1 N NaOH at ~70 °C, with the base washes repeated until
the extract labile humic acid is fully removed. Upon pretreatment,
clean samples were combusted to CO2, cryogenically cleaned, and
reduced to graphite by hydrogen reduction following established
protocols (Santos et al., 2007a,b). This procedure and 14C-AMS
measurement was carried out at UCI, as we anticipated that the
graphite target with a very low carbon mass (bb0.050 mgC) would
be produced. The KCCAMS/UCI facility runs a modified NEC 0.5MV
1.5SDH-2 AMS system, allowing it to measure graphite samples of
0.010 mgC with 1% precision when regular targets are measured at
0.2–0.3% precision for modern carbon samples (Beverly et al.,
2010). Duplicates of all soil horizons, except E, were also 14C-AMS
measured at UCI for comparison. Carbonates were removed from
soil, using just 1 N HCl rinses as described earlier.

All 14C results were corrected using the on-line δ13C AMS values
of the respective graphite aliquots measured obtained during
the respective 14C-AMS measurements by both facilities. Control
and background samples, subjected to the same chemical proce-
dures as unknown samples, were also processed to graphite and
measured.

Age calibrations were performed using CalibBomb (http://calib.
qub.ac.uk/CALIBomb/) and the Southern Hemisphere (SHCal04)
dataset (McCormac et al., 2004) in the OxCal4 software (Bronk
Ramsey, 2009).

4. Results

4.1. Phytolith analyses

We evaluated the soil characteristics, which presented great
variations in granulometry and thick texture in the top horizons
(A and E). These horizons are extremely sandy (N86%), enabling par-
ticles (including phytoliths) to move downward to the lower layers.
From E/Bt to Bt horizons the proportion of clay increased up to 54%,
reflecting the accumulation of material from higher horizons
(Table 1 and Fig. 3). The results of the phytolith assemblages and
the isotopic and grain size analyses allowed us to distinguish two
zones in the soil profile. A lower one, the Bt horizon (now called
Zone I), and another encompassing the upper horizons E/Bt, E and
A (Zone II) (Table 1 and Figs. 3, 4 and 5).

Phytolith stock was high (between 2.7 and 2.5%) and does not
show the usual trend of diminishing with depth (Alexandre et al.,
1997a). Its concentration remains fairly constant (2.6%; n = 3)

http://calib.qub.ac.uk/CALIBomb/)
http://calib.qub.ac.uk/CALIBomb/)


Fig. 3. Studied soil profile with its horizons, sampling depths and grain size.
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within the upper three horizons (Zone II) and doubles (5%) in the
bottom horizon (Zone I) as shown in Fig. 5. A similar increase in
the stock of phytoliths has been reported by Coe et al. (2012) in
soil profiles in Búzios (approximately 20 km north of the present
studied area) and also within Rio de Janeiro State (Fig. 1), where
field and petrographical observations, as well as C/N and phytolith
concentration values, suggest the occurrence of three phases of
soil development, indicated by the occurrence of a buried humic ho-
rizon, followed by an erosive phase, materialized by a petrographi-
cal discontinuity.

In contrast to the findings of Coe et al. (2012), however, no evidence
of colluviation or any other type of lithological discontinuitywas detect-
ed in the present soil profile. Moreover, the granulometry of the present
soil profile follows the same zone division of the phytolith zones.
These factors may explain the relatively good correlation between the
increased stock of phytoliths (2.5 to 5%) and the percentage of finer
soil fractions (silt and clay; from about 14% to 64%) in the bottom
horizon (Fig. 3).

Among the observed phytolith particles, most could be classified.
However, the amount of classified phytoliths decreased sharply
with depth, as the deeper ones tend to be older and consequently less
preserved as a consequence of longer exposure time to weathering
processes.

Phytoliths were predominantly from grass types (N70% in all
horizons). This large percentile was from phytoliths formed into
larger cells, such as polyhedral bulliform (from 33 to 44%), elon-
gate (from15 to 6%), and bulliform cuneiform (from 6 to 8%).
Short cells phytoliths constitute just 9% to 12%. The globular gran-
ulate phytolith showed a significant decrease from Zone I (14%)
to Zone II (6 to 8%). Fig. 4 shows the types of classified phytoliths
by depth.

Horizon Bt contains a lower fraction of bulliform phytoliths,
which are generally adapted to water stress. Moreover, this horizon
shows an increased fraction of globular granulate and globular
echinate phytoliths. These forms are characteristic of woody and
palm trees, which are normally more adapted to humid climates.
They cannot be a product of percolation of biosilica from the upper
layers, as the percentages in these layers are much lower from A to
E/Bt (Table 1 and Fig. 4). In addition, due to their morphology and
large size, these kinds of phytoliths tend to percolate less easily
from the top layers than the smaller ones, such as the short cells
(Alexandre et al., 1997a). Hence, we conclude that their presence
in this horizon must be from direct deposition from the original veg-
etation source.

The phytolith index D/P (density of trees) exhibits values char-
acteristic for open vegetation for most of the profile (between 0.1
and 0.2), increasing in the deepest horizon possibly due to in-
creased humidity. In tropical Africa, Barboni et al. (1999) found
similar D/P values in shrubland, grassland and semi-desert grass-
land areas, and Bremond et al. (2005a,b) for shrub and tall savanna
and woodland. In Brazil, Alexandre et al. (1999) found D/P values
between 0.3 and 0.8 for the cerrado vegetation of Minas Gerais
(MG) (Fig. 1) and concluded that they are associated with open
vegetation with trees and shrubs. Calegari (2009) found values
between 0.4 and 0.6 for the Salinas region, also in Minas Gerais
under cerrado vegetation. Coe (2009), while studying a xeric veg-
etation in Búzios, Rio de Janeiro (Fig. 1), found values between 0.1
and 0.8.

The short cell phytoliths are not significant (just 9% in the E
horizon to 12% in the A horizon), restricting the interpretation of
the Iph index (drought). The Iph index shows a peak in the E/Bt ho-
rizon (40%) and has its lowest value in horizon E (8.6%). In Africa,
Bremond et al. (2005b) found that high Iph values (N20–40%) record
grasslands dominated by Chloridoideae, i.e. xerophytic short grass
savannas, and hence the prevalence of warm and dry climate condi-
tions. Conversely, low Iph values (b20–40%) indicate associations in
which Panicoideae, i.e. mesophytic C4 grasses, dominate, suggesting
a warm and humid climate and/or high availability of soil moisture.
However, local association of perennial Panicoideae grasses with an-
nual Chloridoideae may occur in Saharan desert zones (Bremond
et al., 2005b). Here, the general trend suggests a predominance of
C3 plants.

image of Fig.�3


Table 1
Phytolith concentration, phytolith types, phytolith indices D/P and Bi, carbon content, isotopic results and grains size analyses.

Horizon Sampling
deptha

TOCb Phytolith
amountc

Paral.
bulliformd

Cuneiform
bulliformd

Blockyd Elongated Aciculard Gl.
granulated

Gl.
echinated

Bilobated Saddled

A 10 1.1 2.6 33 15 19 10 5 6 1 3 3
E 40 0.5 2.3 42 6 16 16 3 8 1 5 1
E/Bt 85 0.42 2.6 44 7 11 13 6 7 1 0 4
Bt 115 0.66 4.8 37 7 2 10 13 14 5 3 3

a In cm.
b In %.
c In % of dry weight b2 mm.
d In % of the sum of classified phytoliths.
e In % of counted particles.
f In‰.
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The Bi (or Fs) index (water stress) as used by Bremond et al.
(2005b) in Africa provided useful reference values that are associat-
ed with desert and woodland (15.8) and forest tall grass savanna
(6.29). By comparison, our Bi index values, which are higher in
Zone II and lower in Zone I, suggest that the climate was more
humid toward the base of the soil profile. Table 1 and Fig. 5 show
the index values against depth.

4.2. Total organic carbon (TOC) and isotopic analyses

The TOC values range from 1.1% (A horizon) to 0.4. Values decrease
with depth, except in Zone I, where the value increases to 0.7 (Table 1
and Fig. 5). This increase may be due to the fact that this is a textural
horizon having more than 50% clay, a texture in which organic matter
typically accumulates.

No significant isotopic differences with depth are observed in
the soil profile studied here (Table 1). Overall, the δ13C values ranged
narrowly from −23.7‰ in the surface to −22.1‰ in Bt horizon,
suggesting the presence of C3 vegetation (Boutton, 1991; Desjardins
et al., 1996; Pessenda et al., 1996, 1998). The δ13C increase of 1.6‰
with depth could be due to isotope effects occurring during decomposi-
tion of OM (Pessenda et al., 2004; Buso et al., 2013). The predominance
of C3 plants during the Holocene at this site is corroborated by thework
of others (Pessenda et al., 1996, 1998; Gouveia et al., 1999, 2002;
Calegari, 2009; Coe, 2009; Chueng, 2012) on open forest vegetation in
the Brazilian southeast region. Conversely, the E/Bt horizon is slightly
enriched in 13C (δ13C = −19‰), indicating a possible mixture of C3
and C4 plants. The difference, however, is not significant enough to
indicate a strong shift of vegetation type.

4.3. Radiocarbon analyses

The resulting MRT ages of the total SOM samples and one humin
fraction are reported both as conventional 14C ages (Table 2) and as
mean calendar ages (Fig. 6).

Several duplicates were produced for each horizon. The 14C ages
are quite variable within a single horizon (Table 2), and as expected
they reflect a large variability of OM sources of different ages in this
profile. The SOM chemical extraction applied removed only carbon-
ates. In addition, the low carbon content in these soil horizons
(b1.1%) limited us to break down the SOM fraction into its several
active and passive carbon pools. Just one sample at KCCAMS, topsoil
horizon A, was split into two aliquots to undergo SOM and humin
extraction. Their ages are consistent with their respective fractions
(i.e. the humin fraction is older than the SOM). Both age results are
from the post-bomb era (e.g. ~1958 for UCIAMS113020 and
1956–1957 for UCIAMS113021, respectively), as they contain
bomb 14C from atmospheric nuclear weapon testing carried out in
the north hemisphere during the 50s and 60s (Santos, 2012). For
convenience, the two post-bomb values of horizon A are not
shown in Fig. 6. These 14C results are clearly from the very topmost
topsoil layers, which typically receive continuous input of recent or-
ganic matter from plants and roots (Wang et al., 1996). Although
these ages deviate from the LACUFF 11001 age result (30 ±
100 yrs BP) from the same horizon, one of them is still within 2σ
of their uncertainties. In order to disclose the large variability of
the 14C dating results, we chose to calibrate the individual 14C ages
rather than averaging 14C ages per horizon prior to calibration
Although soil samples were homogenized prior to phytolith analy-
ses, the material selected for 14C dating was not. Nevertheless, the
MRT results show a remarkable trend (Fig. 6) that appears to be a
match between stratigraphy and age of soil formation, except
for one result at horizon E, which is an inversion. Unfortunately, be-
cause these data are associated with total SOM rather than humin
or charcoals, these ages should be interpreted as representing
minimum ages and hence considered with caution (Pessenda et al.,
2001).

From the MRT results, the studied soil profile appears to cover most
of the Holocene, and therefore it should be important to inferring
plaleoclimatic changes that have occurred in this small area of Atlantic
Forest biome.
5. Discussion

To understand the complex past climate of the southeastern
Brazilian region, researchers have based their investigations
mostly on palynological studies (Ledru et al., 1998 and references
therein). Only a few researchers have investigated the paleoenvi-
ronmental scenarios by incorporating phytoliths in their analyses
(Alexandre et al., 1999; Borba-Roschel et al., 2006; Calegari, 2009;
Coe, 2009).

Here, we used phytoliths in a multiproxy approach. We identified
some general morphotypes (Fig. 4) and made use of the indices D/P,
Bi and Iph of the phytolith assemblages recovered from the soil layers.
In order to identify possible vegetation coverage changes through
the Holocene, we then compared the indices calculated with those
found for African phytolith studies in tropical regions that are similar
to southeastern Brazil.

Alexandre et al. (1997b, 1999) have demonstrated that the propor-
tion of globular granulate morphotypes produced by dicots, which are
relatively resistant to dissolution in well drained and very weathered
soils, versus morphotypes typical of grasses – the D/P index – can be
useful for distinguishing forest from grassland and savannas. Here, the
tree cover density D/P indices calculated for the soil profile (0.1 to 0.2)
record conditions similar to those found in tropical Africa (Alexandre
et al., 1997b; Barboni et al., 1999) and in a soil profile in Búzios, Rio de
Janeiro, Brazil (Coe, 2009). The D/P values are lower than those found



Polylobated Trapeziformd Crossd Rondeld Classifiede Unclassifiede D/P Bid δ13Cf Coarse
sandd

Fine
sandd

Siltd Clayd

0 2 0 4 72 28 0.1 74.5 − 24 65 22 9 5
0 1 0 3 63 37 0.1 81 − 23 67 20 9 5
0 1 0 5 60 40 0.1 75.6 − 19 62 22 9 7
0 2 0 3 51 49 0.2 64.5 − 22 27 9 10 54
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by Alexandre et al. (1999) in a savanna area in Minas Gerais (MG),
south-central Brazil (Table 1, Fig. 1).

The Bi (water stress) index is always very high (64 to 81%), like the
values found by Coe (2009) in four soil profiles in Búzios (from 66 to
94%). The minimum Bi value is found in Zone I, indicating a reduction
of the water stress conditions.

Our isotopic data coupled with the phytolith indices suggest that
these conditions would be favorable to the development of vegeta-
tion with a mixture of C3 and C4 plants, with a predominance of
C3 plants.

As mentioned earlier, the D/P and Bi indices help in defining the
two delimitating zones (I and II) in the soil profile. Within these
zones there were variations in phytolith stock and morphotypes
(Figs. 4 and 5). In Zone I, there was an increase in the proportion of
woody plant phytoliths and a decrease of the bulliform type, which
can indicate a greater tree cover. The increase in tree density and
the slight decrease of water stress seem to indicate a more humid
environment during this period (at least until 6 cal ky BP). In Zone
II (from 3 cal ky BP to the present), the vegetation cover exhibits
no major variations, with a tree density slightly lower than that of
Zone I. The Iph index also has its maximum value at the bottom of
Fig. 4. Types of ph
Zone II. Increased aridity probably limited the expansion of some
dicotyledonous plants in this environment and promoted an
increase in grassy openings.

The increase in phytoliths in Zone I may be explained by changes
in grain size; an increase in the fine fraction would facilitate the
accumulation of organic matter and phytoliths. This zone is represented
by a textural horizon that would reinforce the hypothesis of accumula-
tion for pedological causes. However, changes in the types of phytoliths
and in the values of D/P and Bi indices could indicate variation in
the vegetation or at least in the production of phytoliths. Because
an increase occurs in the globular granulate morphotype, which is
characteristic of eudicotyledonous plants that produce fewer phytoliths
than Poaceae, this could have led to a decrease in total phytolith produc-
tion. In addition, a decrease in the production of phytoliths did not
necessarily mean a decrease in their stock, because the texture of the
horizon favored the accumulation of phytoliths, potentially offsetting
the reduction in their production.

The present findings, while preliminary, seem to be consistent with
the work of Coe (2009) who used phytoliths to study the evolution of
the vegetation of the Búzios/Cabo Frio region. Coe (2009) noticed
that before 13 cal ky BP, there were no major changes in the type of
ytoliths (%).

image of Fig.�4


Fig. 5. Results of phytolith, and carbon content analyses of the studied soil profile.
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vegetation (xeric forest). From 13 to 6 cal ky BP, the trend was an
increase in tree cover, followed by a decrease from 6 to 1.5 cal ky BP.
The lowest tree density period, which was associated with low D/P
index values (0.2), ocurred between 6 and 5 cal ky BP. In addition to
the low D/P index found for this period, less negative δ13C values were
also found, suggesting an opening of vegetation (grassy savanna).
From 1.5 cal ky BP onwards, the phytolith signal no longer registered
variations.

Alexandre et al. (1999), who also studied the phytolith assem-
blages in an oxisol on the boundary between rainforest and savanna
in southeastern Brazil, found a savanna phase associated with a
drier climate during the late Holocene (6.5 to 4.5 cal ky BP). This
dry phase was followed by two periods represented by tree commu-
nities developed between ~4.5 and ~3 cal ky BP and around
900 cal ky BP that led to the formation of the present savanna/forest
association.

Buso et al. (2013), who studied the Atlantic Forest biome
at Espírito Santo (ES) (Fig. 1), southeastern Brazil using carbon
isotopes and palynological analysis, also suggest the predominance
of a humid period during midle Holocene (~7 to 4 cal ky BP) follow-
ed by a dry period from ~4 cal ky BP onwards. This change may
be explained by the establishment of the modern position of the
Intertropical Convergence Zone. This interpretation is in agreement
Table 2
The MRT ages of SOM from the four horizons are shown as 14C. Laboratory identification numb

Samples Sample size (mgC) 14C age (yrs

Horizon A
A 1 0.80 (0.3 ± 1.0) 1
A 2 0.25 (−5.35 ± 0
A 3 (humin) 0.025 (−1.80 + 0

Horizon E
E 0.30 (2.379 ± 0.0

Horizon E/Bt
E/Bt 1 0.40 (4.036 ± 0.0
E/Bt 2 1.10 (2.72 ± 0.12
E/Bt 3 0.35 (8.95 ± 0.15

Horizon Bt
Bt 1 0.66 (8.81 ± 0.18
Bt 2 0.90 (8.568 ± 0.0
Bt 3 0.58 (5.520 ± 0.0
with Ledru et al. (1998), who suggested that during this period
polar air masses became largely restricted to southern latitudes,
contributing to a cooling/drying phase. This change seems also to
be in agreement with δ18O from speleothems from southern and
southeastern Brazil that indicate that during the mid- to late Holo-
cene summer monsoons became more intense (Cruz et al., 2005,
2006). Furthermore, the establishment of modern climate condi-
tions in South America by ~4 cal ky BP has also been postulated by
Marchant and Hooghiemstra (2004), Wanner et al. (2008), and
Wanner and Brönnimann (2012).

6. Conclusions

In this work we combined phytoliths and stable isotope analyses of
soil sampleswith 14C-AMSdates of SOM fractions from a soil profile col-
lected in the region of Cabo Frio, on the southeast coast of Brazil. Those
analyses were performed in order to infer the Holocene paleoclimate
history of this region, which was completely occupied by the Atlantic
Forest before the arrival of European colonists.

Phytolith and isotope analyses indicate the presence of open vegeta-
tion with few trees and predominance of C3 grasses from 3 cal ky BP to
the present. Stable isotopic signatures of the soil profile confirm the pre-
dominance of C3 plants, except for E/Bt horizon that was less depleted
ers are provided for reference.

BP) Cal BP (2 sigma) Lab code

02 281–present LACUFF 11001
.15) 102 (Post-bomb) UCIAMS 113020
.45) 102 (Post-bomb) UCIAMS 113021

29) 103 2459–2181 LACUFF 12070

32) 103 4567–4296 LACUFF 12069
) 103 3065–2365 LACUFF 11002
) 102 789–728 UCIAMS 113023

) 103 10245–9459 LACUFF 11003
50) 103 9551–9435 LACUFF 12068
20) 103 6308–6207 UCIAMS 113022
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Fig. 6. Calibrated BP dates of each horizon. Note that the output of OxCal4 software package showing the calculated probability distribution of the event to have occurred between the
considered periods.
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in 13C, indicating a shift towards more C4 vegetation. Moreover, the
deepest horizon shows a greater D/P index, indicating amore humid en-
vironment in the first half of the Holocene (before 6 cal ky BP) than
today. These findings, while preliminary, support previous research on
pollen and phytoliths in southeastern Brazil that links drying/cooling
conditions and vegetation shifts from woody plants to grassy openings.
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