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Abstract

The present study aimed to investigate the dynamic of the vegetation and the occurrence of local fires during
the Mid-to-Late Holocene in the mountainous domain of the Serra do Mar (SE, Brazil). Investigation
involved the analysis of charcoal particles, pollen samples and stable isotopes in colluvial sediment cores, in
the upper portion of Macaé River's Basin (Rio de Janeiro State), in order to perceive the environmental
changes. Previous studies conducted stable carbon isotope analysis and radiocarbon dating, indicating a
timescale within the Mid-to-Late Holocene (last 6,000 cal yrs BP). Two cores were collected for
palynological and charcoal particle analyses and the results indicated three significant shifts in the
vegetation composition during this period. The analysis indicates that fires played a role in shaping the
vegetation dynamics of the montane rainforest. Around 6,000 cal yrs BP, the montane rainforest was
predominantly covered by herbaceous-shrub vegetation, characterized by an abundance of grasses and
shrubs, along with frequent fires. Between 4,500 and 2,000 cal yrs BP, a transition occurred towards a
denser canopy forest with increasing dominance of tree species such as Ilex, Alchornea and Machaerium,
accompanied by a decrease in fire activity. Despite forest expansion, fires still occurred and became frequent
in the last 900 cal yrs BP, leading to a decrease in tree density and opening of the canopy. Charcoal particles
peaks reached maximum levels over the last centuries, being related to local anthropic action.

Keywords: Paleoenvironments, Holocene fires, Brazilian highlands, paleovegetation shifts.

Resumo

O presente estudo tem como objetivo investigar a dinâmica da vegetação e a ocorrência de incêndios locais
durante o Holoceno Médio e Tardio no domínio montanhoso da Serra do Mar (SE, Brasil). A investigação
envolveu a análise de partículas de carvão, amostras de pólen e isótopos estáveis em testemunhos de
sedimentos coluviais, na porção superior da Bacia do Rio Macaé (Estado do Rio de Janeiro), a fim de
identificar mudanças paleoambientais. Estudos anteriores conduziram análises de isótopos estáveis e datação
por radiocarbono, indicando uma escala de tempo inserida no Holoceno Médio e Tardio (últimos 6.000 anos
cal AP). Dois testemunhos foram coletados para análises palinológicas e de partículas de carvão e os
resultados indicaram três mudanças significativas na composição da vegetação durante este período. As
análises indicam que os incêndios desempenharam um papel de grande influência na dinâmica da vegetação
da floresta tropical montana. Por volta de 6.000 anos cal AP, a floresta se misturava com a vegetação
herbácea-arbustiva, caracterizada por uma abundância de gramíneas e arbustos com presença de incêndios
frequentes. Entre 4.500 e 2.000 anos cal AP, ocorreu uma transição para uma floresta de dossel mais denso,
com crescente dominância de espécies de árvores como de Ilex, Alchornea e Machaerium, acompanhada por
uma diminuição na atividade de incêndios. Apesar da expansão da floresta, os incêndios ainda ocorreram e
se tornaram ainda mais frequentes nos últimos 900 anos cal AP, levando a uma diminuição na densidade de
árvores e abertura do dossel. Os picos de partículas de carvão atingiram níveis máximos ao longo dos
últimos séculos, sendo relacionados à ação antrópica local.

Palavras-chave: Paleoambientes, Incêndios no Holoceno, Região serrana do Brasil, Mudanças na
paleovegetação.

1. Introduction

The climate changes that occurred during the
Quaternary in the mountainous domain in southeast
Brazil have influenced the vegetation dynamics and fire
regimes of the montane rainforests (Behling & Safford
2010, Portes et al. 2020). The reconstruction of local

vegetation and fire history in this region, prior to
human interference, is crucial for understanding the
ecological responses to past climate oscillations and
human activities, as well as the projection of future
scenarios (Nelle et al. 2010).
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Recent paleoecological studies in the Serra do Mar
(highlands of Rio de Janeiro state) mountains have
correlated changes in the pattern and dynamics of plant
communities and paleofires during the Holocene to
drier periods associated with sparse vegetation
(Behling & Safford 2010, Portes et al. 2020). Over
time, the climatic variations have led to favorable
conditions for increased fire frequency and intensity,
which in turn have shaped the composition and
structure of the montane rainforest (Heyerdahl et al.
2001). Identifying the types of vegetation that
contribute to charcoal concentration in paleofire
records is crucial for accurately understanding the
intricate relationship between fire, vegetation
dynamics, human activity, and climate.

Charcoal analysis, along with pollen and isotopic
analysis, are valuable technics used for the historical
reconstruction of fires (Nelle et al. 2010, Rehn et al.
2022). The analysis of pollen records is a powerful tool
for reconstructing past vegetation, identifying periods
when burning events occurred by the detection of shifts
in the dominant stratum and aftermost vegetation
recovery (Whitlock & Anderson 2003). The ability to
detect past fire events can be achieved by records in
alteration of pollen grain associations, coupled with the
observation of carbonized microparticles found
alongside the pollen samples (Whitlock & Larsen
2001). In addition to pollen records, the analysis of
charcoal particles in sediment cores can provide the
frequency and intensity of past fire events (Whitlock &
Larsen 2001).

The carbon isotopes analysis has also been utilized
to elucidate paleoenvironmental changes in Southern
Brazil (Pessenda et al. 1996a). The stable carbon
isotope (δ13C) composition in soil organic matter
functions as a marker for the presence of C3 and C4
plant species in past plant communities, due to the
divergent mechanisms of photosynthesis (Boutton
1996, Jou et al. 2020). The δ13C values for C3 species
(trees) typically fluctuates within the range of -32‰ to
-20‰, averaging at -27‰. Conversely, C4 species
(grasses) exhibit δ13C values that lie between -17‰ and
-9‰, with an average value of -13‰. Therefore, it is
evident that C3 and C4 plant species possess unique
δ13C values, with a difference of approximately 14‰
between them (Boutton 1996, Pessenda et al. 2005).

The research conducted by Behling and Safford
(2010) in the Serra dos Órgãos mountains (Rio de
Janeiro state) provides evidence that the increase in
Poaceae during the Early Holocene contributed to the
expansion of herbaceous vegetation. These shifts in
vegetation dynamics were likely tied to less humid
climatic conditions that persisted until approximately
5,640 cal yrs BP. Additional records from a study by
Nehren et al. (2016), conducted in the same highlands,
support the hypothesis that from the Late Pleistocene to
the Middle Holocene, climatic fluctuations would have
induced changes in vegetation at local and regional
scales.

The interactions between climate, vegetation, and
fire in the Holocene are complex, and research on a
more detailed level for the Serra do Mar is necessary to
understand the historical changes of the Montane
Atlantic rainforest fire prior to documented human
occupation. Thus, the present study aimed to
investigate the dynamic of the vegetation and the
occurrence of local fires during the Mid-to-Late
Holocene in the mountainous domain of the Serra do
Mar (SE, Brazil), specifically on the upper course of
the Macaé de Cima River basin, in the state of Rio de
Janeiro, based on geochronological, stable isotopes
analysis (δ13C), palynological and charcoal records.

2. Study site and environment setting

The sampling site is located at an altitude of 1,040
m, between 22º19’716’’S and 42º16’58 10’’W, on a
southern slope of the Serra do Mar mountains (locally
named Serra de Macaé de Cima), in the Lumiar district
of the municipality of Nova Friburgo, in the state of
Rio de Janeiro. The stratigraphic section (Boa Vista –
SBV) was identified and described by Facadio (2023)
as being located on the upper portion of an interfluve
that drains into two headwater valleys, which converge
into the Boa Vista River, a tributary in the upper course
of the Macaé River basin (Fig. 1).

The surface terrain is delineated by a slope
predominantly composed of colluvial and talus
deposits. This gradient extends in a gentle inclination
until it intersects the escarpment of a rocky outcrop,
locally referred to as “Pico do Amargosinho”. The
upper course of the river basin has a predominance of
rugged relief with steep slopes and narrow valleys
embedded in different clastic steps (Marçal et al. 2015).
In this region, the geomorphological adjustment
processes are local, restricted by valley slopes, bedrock
erosion and the fluvial reworking of blocks and
boulders (Marçal et al. 2017).

The region's soil is mainly composed of Latosols,
Cambisols, Neosols, and rocky outcrops (INEA 2014).
In general, they are under-developed soils with low
fertility that are extremely susceptible to erosion. The
rocky substrate mainly consists of crystalline
pre-Cambrian granite and gneiss rocks belonging to the
São Fidélis unit (Tupinambá et al. 2013, Avelar et al.
2016).

The climate of the upper course of the Macaé River
basin is a high-altitude tropical climate. The
municipality of Nova Friburgo has the highest values
of annual rainfall in the state, reaching 2,500 mm in the
highest areas during the summer months from
December to February (Coelho Netto et al. 2013). The
humid climate conditions in the region and the scarped
relief with high topographic gradients favor the
predominance of one of the most phytogeographically
diverse forest compositions, the Atlantic rainforest
(Lima & Guedes-Bruni 1997, INEA 2014).

The study site was originally dominated by dense
Ombrophilous Forest (called Atlantic rainforest).
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Presently, most of the rainforest patches in SE-Brazil
are secondary and remain preserved in protected areas,
such as the Serra dos Órgãos National Park -
PARNASO in Teresópolis (RJ), and the Environmental
Protection Area of Macaé de Cima - APAMC in Nova
Friburgo (RJ) (Portes et al. 2020). The composition of
the vegetation of this forest is characterized by a
relatively dense canopy, with an abundance of fern and
palm taxa such as Euterpe (Lima & Guedes-Bruni
1997, Bohrer 2021, Bohrer et al. 2021).

3. Materials and methods

3.1 Sediment sampling, AMS 14C dating and δ 13C

The cores from the Boa Vista section are located
within a convex slope segment, forming a small divide
between two concave axes carved by intermittent
channels. Hanging valleys are conditioned by a rocky
base level along the Boa Vista stream, situated at 800
meters from the section.

Fig. 2 provides a schematic representation of the
cross-sectional profiles of the surveyed site. The
surface is covered by an extensive colluvial and talus
deposit ramp that gently slopes towards the steep
escarpment of a rocky outcrop, locally known as "Pico
do Amargosinho" (1,450 m) (Facadio 2023).

The two cores (SBV-A and SBV-B) were extracted
for palynological and macroscopic charcoal analyses
and were stored in a refrigerated environment (4ºC).
The samples from SBV-A were used for palynological
analyzes and those from the SBV-B core were used for
charcoal samples. The cores (SBV) begin at the base of
weathered rocks, and the color description of the
material was based on the Munsell color chart (Munsell
1979).

A total of six samples were collected from SBV-A
core within fixed interval depths (Table 1), in order to
conduct radiocarbon dating. These samples were
analyzed in the Accelerator Mass Spectrometry (AMS)
at Beta Analytic Inc. testing laboratory in Florida,
USA. The ages acquired were converted into
conventional calendar age through the Southern
Hemisphere calibration curve, SHCal20 (Hogg et al.
2020).

δ13C measurements were conducted on the same six
samples used for radiocarbon dating at the Laboratory
of Radioecology and Environmental Change
(LARA-UFF, Niterói, Brazil) using the EA-IRMS
system from Thermo Fisher Scientific Co. Around 1
mg and 4.7 mg of soil in each tin capsule were
subjected to analysis. The confidence interval for the
samples was established through the materials supplied
by the International Atomic Energy Agency (IAEA):
Soil (δ13C = -26.66 ± 0.24 VPDB), Caffeine (δ13C =
-27.771 ± 0.043 VPDB), Graphite (δ13C = -16.049 ±
0.035 VPDB), and Urea (δ13C = -41.3 ± 0.04 VPDB).
For the interpretation of the δ13C values, the intervals
between -32 and -22‰ were considered for C3 type
plants (Calvin cycle), while the δ13C values between -9

and -17‰ were interpreted as C4 type plants (Boutton
1996, Pessenda et al. 2004).

3.2 Current vegetation

In the Macaé de Cima APA, floristic and
phytosociological surveys were conducted to identify
plant associations across different physiognomic
aspects. This information provides a reference for
identifying the past vegetation strata.

In the inventory by Lima & Guedes-Bruni (1997),
the families with the greatest species richness included
Orchidaceae, Melastomataceae, Rubiaceae, Fabaceae
(Leguminosae), Myrtaceae, Bromeliaceae, Lauraceae,
Asteraceae, Solanaceae, Piperaceae, and Begoniaceae.
More recently, Nunes et al. (2021) identified a similar
list of the ten most important families in the Macaé de
Cima APA, which comprised Melastomataceae,
Myrtaceae, Fabaceae, Asteraceae, Orchidaceae,
Rubiaceae, Lauraceae, Bromeliaceae, Solanaceae, and
Sapindaceae.

Among the families representing tree species,
Melastomataceae, Rubiaceae, Solanaceae, and
Asteraceae are the most commonly found on slopes,
with most individuals classified as early successional
species. In contrast, families such as Myrtaceae,
Lauraceae, and Fabaceae are typically associated with
environments dominated by more advanced
successional stages (Leitão Filho et al. 1987)

In the most humid areas, where dense forest is fully
developed, the families Lauraceae, Euphorbiaceae,
Palmae, Myrtaceae, and Meliaceae are the most
frequent. In preserved forest sections, Nunes et al.
(2021) identified Myrtaceae,Lauraceae,
Melastomataceae, Rubiaceae, Solanaceae, Fabaceae,
Monimiaceae, and Asteraceae as the predominant
families.

Within the Pteridophyte group (ferns), most species
are epiphytes and are particularly common in the
humid montane forests, especially those without a dry
season. The families with the highest richness in terms
of individual species are Dryopteridaceae,
Polypodiaceae, and Cyatheaceae, which are frequently
found in the Macaé de Cima region (Sylvestre 1997).

In the disturbed sections, the families Asteraceae,
Melastomataceae, Myrtaceae, Sapindaceae,
Solanaceae, and Rubiaceae are the most common, with
young individuals and small trees being particularly
representative (Lima & Guedes-Bruni 1997).
According to Nunes et al. (2021), the most important
families in the shrub strata include Asteraceae,
Arecaceae, Anacardiaceae, Euphorbiaceae,
Cyatheaceae, Fabaceae, Melastomataceae, Primulaceae
(Myrsinaceae), Rubiaceae, Salicaceae (Flacourtiaceae),
and Solanaceae.

According to phytosociological information, the
botanical groups were classified as follows: (A) Open
Land Vegetation (HS), consisting of associations
among herbaceous and shrubby plants; (B) Dense
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Rainforest (AR), characterized by associations in
exclusively arboreal strata; (C) Wide Distribution

(WD), encompassing associations among shrubs and
pioneer or generalist trees; and (D) Ferns, which
includes various types of ferns.

Figure 1 - Location map of the Boa Vista section (SBV), situated on the upper course of the Macaé River basin. This basin drains a large part of the
municipality of Nova Friburgo (Rio de Janeiro), at Serra de Macaé de Cima (local name of Serra do Mar).
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Figure 2 - Core location within the Boa Vista section, Lumiar district, Nova Friburgo (RJ), and longitudinal and transversal profile of the slope,
highlighting the convex morphology, forming a small divide between two concavity axes. The photos illustrate the "Pico do Amargosinho," the
colluvial and talus deposit, as well as the profile where geochronological survey was conducted (elaborated by Ana Facadio).

3.3 Palynological Analysis

For Quaternary sediments, the manual extraction of
cores from exposed stratigraphic profiles allows the
reduction of contamination and alteration of the
original stratigraphic sequence of the material (Ybert et
al., 1992). The collection avoids oxidized material and
contamination by modern fungi by cleaning the
exposed surface of the profile SBV (Fig. 2.C).

Ten samples were collected at a constant vertical
interval of 10 cm, adhering to the maximum distance
recommendation between palynological samples as
described by Ybert et al., (1992). The samples were
packaged in airtight bags (zip-locks), pre-labeled, and
stored in a refrigerated environment to preserve the
sample content.

The samples were processed according to the
classic parameters established by Ybert et al. (1992),
which consist of chemical treatment with acids (40%
hydrofluoric acid, 10% hydrochloric acid) in a sample
of 8 cm³. This was followed by the standard procedures
of Erdtman's (1960) Acetolysis method. Two pastilles
of exotic spore marker Lycopodium clavatum were
added to each sample to determine the pollen grain
concentration (Stockmarr 1971). Permanent slides were
mounted with glycerinated gelatine and read under an
optical microscope.

A minimum of 300 pollen grains were counted in
each sample. The pollen grains were also quantified
and qualified in regard to the type of deterioration in
accordance with the classifications described by
Delcourt & Delcourt (1980). Pollen and spore

identification was based on pollen catalog references
for Brazil (Moore et al. 1997, Melhem et al. 2003,
Barreto et al. 2007, Ybert et al. 2016, 2017, 2018,
Rossi et al. 2020) and on the reference collection of the
Palynology Laboratory of the Federal University of Rio
de Janeiro. The nomenclature of the botanical taxa was
revised according to the Flora e Funga do Brasil
(Jardim Botânico do Rio de Janeiro).

A tabulation was constructed encompassing the
pollen grains and spores identified within the SBV-A
core specimens. The palynomorph groups were
classified in Table 2 according to the phytosociological
surveys carried out in Macaé de Cima, Nova Friburgo,
Rio de Janeiro, Brazil (Lima & Guedes-Bruni 1997;
Coelho et al. 2008, Fraga 2014, Nunes et al. 2021).

The TILIAGRAPH software was employed to
statically articulate the data derived from the
palynological analyses (Grimm 2011). The pollen data
were graphically represented within the software,
predicated on the habit of the discerned plants and
categorized in accordance with their respective floristic
units.

The results generated by this graphical program
included percentage and concentration diagrams,
displaying representative curves of the collected
sediment samples. These diagrams aimed to identify
variations in vegetation by highlighting shifts in taxon
dominance over the analyzed time interval.

The percentage graphs provide a detailed view of
plant formations, while the concentration graphs
highlight variations among the defined vegetation
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groups. Pollen assemblages from the samples were
represented in both percentage (%) and concentration
(grains/cm³) graphs.

Percentages were calculated based on the total
pollen sum, incorporating only identified pollen groups
(HS, AR, WD). Other groups, such as ferns, mosses,
fungi, and non-pollen palynomorphs, were excluded
from these calculations.

3.4 Macrocharcoal Analysis

Macroscopic charcoal analyses (>150 µm) were
conducted to investigate the historical fire regime and
its potential impact on vegetation. Samples from the
SBV-B core were collected at continuous 1 cm
intervals throughout the entire core (100 samples).

The process of charcoal formation, as well as the
characteristics under which it occurs, is directly
influenced by both the temperature of the fire and the
duration of combustion (Clark 1988). Furthermore, fire
characteristics impact the quantity, size, and deposition
patterns of charcoal particles (Finsinger et al. 2014).

In this study, we will make generalized inferences
about fire intensity and frequency by quantifying
charcoal particles of varying sizes throughout the
sediment core, guided by the following main premises:
low-intensity fires produce significant charcoal
quantities due to incomplete combustion, while
frequent low-intensity fires accumulate large amounts
of carbonized material (Umbanhowar 1996). In
contrast, temperatures above 500ºC lead to minimal
charcoal preservation as particles are reduced to ash,
and high-intensity fires yield fewer charcoal particles
due to rapid combustion (Cope & Chaloner 1985).

In the SBV-B core, the microcharcoal analysis
consisted of a quick and low-cost chemical preparation
based on the adaptation proposed by Stevenson &
Harberle (2005). The chemical preparation of the
samples aimed to remove the dark organic material
from the sediments to facilitate charcoal fragment
identification and differentiation from other types of
material (Mustaphi & Pisaric 2014).

Samples from the SBV-B core were collected at
continuous 1 cm intervals throughout the entire core.

The procedures were carried out, in which 2 cm³ of
sediment was treated with hydrogen peroxide (H2O2).
The wet sieving technique was carried out using a 150
μm mesh. The particles retained in the mesh were then
transported to a Petri dish and analyzed under a
stereoscopic microscope with a camera and 20x zoom.
In order to analyze the charcoal particles, the software
CharTool was used, a set of tools for charcoal
quantification, designed for use as a set with the Image
J program (Snitker 2020). The charcoal particles
concentration was calculated and expressed as particles
per cm³.

This analysis combined visual protocols with digital
methods to assist in charcoal quantification. Charcoal
fragments exceeding 150 µm were discerned based on
their physical attributes, encompassing a black hue
with a silky luster and commendable anatomical
preservation. The particulates possess inherent fracture
characteristics, which under applied pressure, result in
planar and angular fragments (Scott 2010).

The palynological and charcoal results were
presented in percentage and concentration diagrams.
Data from these analyses were processed using the
same software TILIA and TILIAGRAPH, enabling the
zoning of pollen assemblages based on the total pollen
count and CONISS clustering (Grimm 2011).

4. Results

4.1 AMS 14C dating and δ 13C

The sediment layers were described with colors
ranging from yellowish red (5 YR 5/8) to very dark
brown (7.5 YR 2.5/2). For the interpretation of the δ13C
values, the intervals between -32 and -22‰ were
considered for C3 type plants (Calvin cycle), while the
δ13C values between -9 and -17‰ were interpreted as
C4 type plants (Boutton 1996, Pessenda et al. 2004).

The dating results suggest that the local temporal
scale for the cores is encompassed within the Middle to
Upper Holocene (last 5,939 cal yr BP), as can be
observed in Table 1. The obtained dates indicate that
the older colluviums were likely transported
downstream of the valley, leaving only the more recent
deposits intact.

Table 1 – AMS radiocarbon dates of the Boa Vista section (SBV) and carbon stable isotopes (δ13C)
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Nº Lab. code Depth
(cm)

AMS date
(14C age BP)

Cal yrs BP
SHCAL 20 (95,4%)

Cal yrs BP
SHCAL 20 (99,7%)

Mean
(µ)

δ13C
(‰)

SBV01 Beta
598861 15 100 ± 0.38

pMC Modern - 24,2

SBV03 Beta
598860 35 1,930 ± 30 1,735 - 1,893 1,708 – 1,929 1,821 - 25,8

SBV05 Beta
598859 50 2,640 ± 30 2,700 - 2,782 2,681 – 2,852 2,722 -25,5

SBV07 Beta
598858 70 4,070 ± 30 4,415 - 4,618 4,401 – 4,657 4,510 -24,9

SBV09 Beta
598862 90 5,030 ± 30 5,601 - 5,763 5,597 – 5,898 5,731 -23,6

SBV10 Beta
598857 105 5,160 ± 30 5,842 - 5,939 5,720 – 5,999 5,850 -23,7
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4.2 Classification of past vegetation

In the analyzed samples, a total of 23 pollen taxa
and 3 spores (ferns) taxa were identified (Tables 2 and
3). Of these, 10 were classified as arboreal, 6 as shrubs,
and 6 as herbs. Micrograph prints featuring some of the
primary identified pollen types can be found in Fig.s 3
and 4.

The arboreal taxa classified as dense forest (AR)
include families such as Apocynaceae, Aquifoliaceae,
Araliaceae, Arecaceae, Euphorbiaceae, Fabaceae,
Lauraceae, Myrtaceae, Moraceae, and Sapindaceae.
The open vegetation (HS), consisting of
herbaceous-shrub taxa, includes families such as
Amaranthaceae, Asteraceae, Cyperaceae, Iridaceae,
Lythraceae, Malvaceae, Poaceae, and Rubiaceae.
Lastly, the identified fern taxa (spores) were
Polypodiaceae, Aspleniaceae, and Blechnaceae

Table 2 - Botanical taxa of identified palynomorphs according to a phytoecological classification of vegetation in Macaé de Cima, Nova Friburgo
(RJ).

Open Land Vegetation /
Herbaceous-shrubby

(HS)

Gomphrena (Amaranthaceae), Baccharis (Asteraceae), Vernonia
(Asteraceae), Cyperaceae, Iridaceae, Cuphea (Lythraceae), Sida (Malvaceae),

Poaceae, Psychotria (Rubiaceae), Borreria (Rubiaceae), Alibertia
(Rubiaceae)

Dense Rainforest /
Arboreal
(AR)

Peschiera (Apocynaceae), Ilex (Aquifoliaceae), Schefflera (Araliaceae),
Euterpe (Arecaceae), Alchornea (Euphorbiaceae), Machaerium (Fabaceae),
Nectandra (Lauraceae), Moraceae, Myrtaceae, Allophylus (Sapindaceae)

Wide Distribution
(WD)

Euphorbiaceae, Phyllantus (Phyllantaceae), Rubiaceae

Ferns Polypodium (Polypodiaceae), Aspleniaceae, Blechnum (Blechnaceae), other
fern spores

4.3 Palynological and macrocharcoal analysis

IBased on the analyses of the CONISS tool
(TILIAGRAPH), three pollen zones were established
for the analyzed record (SBV-I, SBV-II e SBV-III). A
total of 23 pollen taxa (75,61% ) and 3 taxa of ferns
spores (24,39%) were identified in the analyzed
samples.

The pollen percentage diagram (Fig. 5) illustrates
the pollen types in each association group. The
summary diagram (Fig. 6) displays the total
concentration for each phytophysiognomic group (HS,
AR, WD, ferns). Among the total pollen counted
(10461 grains/cm³), HS (open land vegetation) is
dominant, representing 80.67% with 8439 grains/cm³.
This is followed by AR (Dense Tropical Forest) at
11.73% with 1227 grains/cm³, and WD (wide
distribution) at 7.60% with 795 grains/cm³.

The summary diagram also highlights the
concentration of total intact pollen grains (9170
grains/cm³) and those showing deterioration (1291
grains/cm³). It details the primary types of taphonomic
deterioration observed in the analyses: mechanical
damage (888 grains/cm³), degradation (322
grains/cm³), and corrosion (81 grains/cm³).
Furthermore, it indicates the total charcoal
concentration (particles/cm³).

4.3.1 Zone SBV-I (100-65 cm; 5,939-4,618 cal yrs
BP)

The SBV-I zone includes the analysis of 4
stratigraphic levels (12 palynological samples). The

herbaceous-shrubby vegetation (HS) is dominant with a
mean of 87.6%, varying from 82.9% to 94.9%. Poaceae
is the dominant taxon with 55.4% (31.6% and 79.4% at
90 cm), followed by Asteraceae, which represents over
13% of the sum total of all the pollen. The highest
representation values of this family are of the taxon
Baccharis with a mean of 25.6% (13.2% - 51.6%).
Other taxa that compose the HS group are Cyperaceae
2.2% (0.3% - 4.9%), Malvaceae ~1% (0.5% - 1.4%),
and taxa with less than 1% representation, such as
Amaranthaceae, Iridaceae, Lythraceae, and Rubiaceae.

Arboreal pollen grains of the Dense Rainforest
vegetation group (AR) are rarer at the beginning of the
zone (Fig. 5), with a mean presence of arboreal taxa of
7.9%, varying between 3.3% and 12.4%. In this zone,
the AR group has its lowest representation value,
although it shows growth in the middle of the zone.
This group is dominated by common taxa of dense
Ombrophilous forest, mainly represented by Alchornea
with ~2% (1.1% - 3.2%), followed by Moraceae with
1.3% (1% - 1.6%), Machaerium with ~1% (0.4% -
2.3%), and other taxa with 1% or less representation,
such as Aquifoliaceae, Araliaceae, Arecaceae,
Myrtaceae, and Sapindaceae.

The taxa that represent the wide distribution group
(WD) also have their lowest representation values
among the analyzed zones with 4.6% (1.6% - 7.5%).
The dominant family is Euphorbiaceae 2% (~1% -
5.6%), followed by Phyllanthus with 1.4% (~1% - 3%),
and Rubiaceae with less than 1% representation. Fern
spores are also frequent in this zone despite presenting
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low percentage values with 14.4% (6% - 22.5%). The
dominant family in this group is Polypodiaceae with
69.7% (52.1% - 86.3%), followed by Blechnaceae with
8.2% (2% - 12.4%), and Aspleniaceae with 2.7% (1.2%
- 5.1%). Other fern spores not identified at the
taxonomic level of species were highly representative
(14.4%).

This zone had the highest average percentage of
intact grains of 82.2% (76.0% - 88.7%), being the zone
with the lowest average percentage of deteriorated
grains 17.8% (11.3% - 24%). Pollen grains with
deterioration through mechanical damage were
predominant with a presence of 69.8% (31.4% -
86.2%), followed by degraded grains with 26.2%
(10.3% - 65.7%), and damage by corrosion with 4%
(2.3% - 7.4%) of representation.

This zone encompasses a 38-level count of
sedimentary charcoal (Fig. 6), with an average
concentration of charcoal particles of 31 particles/cm³.
The concentration of charcoal escalated to its peak at
5,900 cal yrs BP, averaging 101 particles/cm³ (88 – 297
particles/cm³), marking the highest charcoal peak
across the analyzed zones.

This concentration then declined until 5,700 cal yrs
BP, averaging at 7 particles/cm³ (1 – 21 particles/cm³),
signifying the period of the lowest charcoal particle
concentration in all three zones. Following this period,
the charcoal particle concentration stabilized at an
average of 25 particles/cm³ (10 – 40 particles/cm³).

Table 3 - Palynomorphs identified according to a phytoecological classification of vegetation in Macaé de Cima, Nova Friburgo (RJ)

Types of Palynomorphs
Vegetation Habit

HS AR WD Ferns Herbs Shrubs Trees Variable
habit

P
o
l
l
e
n

Amaranthaceae (Gomphrena) X X
Apocynaceae (Peschiera) X X

Aquifoliaceae (Ilex) X X
Araliaceae (Schefflera) X X
Arecaceae (Euterpe) X X
Asteraceae (Baccharis) X X

Asteraceae (Dasyphyllum) X
Asteraceae (Vernonia) X X X

Cyperaceae X X
Euphorbiaceae (Alchornea) X X

Euphorbiaceae X X
Fabaceae (Machaerium) X X

Iridaceae X X
Lauraceae (Nectandra) X X
Lythraceae (Cuphea) X X
Malvaceae (Sida) X X

Moraceae X X
Myrtaceae X X

Phyllanthaceae (Phyllanthus) X X
Poaceae X X

Rubiaceae (Psychotria) X X
Rubiaceae X X

Rubiaceae (Borreria) X X
Rubiaceae (Alibertia) X X

Sapindaceae (Allophylus) X X
S
p
o
r
e
s

Polypodiaceae (Polypodium) X

Aspleniaceae (Asplenium) X

Blechnaceae (Blechnum) X
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Figure 3 - Some of the main pollen families for the core SBV-A. A-C: Asteraceae, D. Euphorbiaceae, E. Phyllanthaceae, F. Fabaceae, G.
Aquifoliaceae, H. Euphorbiaceae, I. Amaranthaceae, J-K: Myrtaceae, L. Araliaceae, M. Moraceae, N. Apocynaceae, O. Cyperaceae. Scale bar: 10µm
(40x magnification).
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Figure 4 - Some of the main pollen and spores families for the core SBV-A. A. Malvaceae, B-C: Poaceae, D. Rubiaceae, E. Iridaceae, F.
Polypodiaceae, G. Blechnaceae, H. Aspleniaceae. Scale bar: 10µm (40x magnification).

4.3.2 Zone SBV-II (65-35 cm; 4,515-1,735 cal yrs
BP)

The SBV-II zone is characterized by the analysis of
3 stratigraphic levels (9 palynological samples).
Despite the herbaceous-shrubby vegetation (HS) being
dominant with a mean of 64%, varying between 52.9%
and 71.3%, it presents a decrease in relation to the
previous zone (Fig. 5). Poaceae is represented with its
lowest percentages of the three zones with 38.4%
(26.3% - 45.3%), followed by Asteraceae with 8.7%
(8.05% - 9.3%). The Asteraceae family is mainly
represented by the taxon Baccharis with a mean of
12.2% (9.1% - 16.5%). Other taxa that make up the HS
group are similar in all zones and consist of Cyperaceae
with 2.2% (0.2% - 4.7%), Malvaceae with 2.2% (0.4%
- 4.9%), Psychotria with 1.2% (0.1% - 2.2%), and taxa
with less than 1% representation such as
Amaranthaceae, Iridaceae, Lythraceae, and Rubiaceae.

The arboreal vegetation group (AR) had its highest
representation in this zone, with a mean of arboreal
taxa of 20.6%, varying between 18.3% and 23.5%. This

group is mainly represented by Alchornea with 8% (4%
- 12.8%), followed by Machaerium with 3.8% (1.4% -
6.1%), Schefflera with 2.4% (0.5% - 5.6%),
Apocynaceae with 2.1% (0.4% - 4.9%), Aquifoliaceae
with 1.7% (0.7% - 2.6%), Moraceae with 1.4% (~1% -
2.2%), and other taxa with 1% or less representation
such as Myrtaceae, Sapindaceae, and Arecaceae. The
taxa that represent the wide distribution group (WD)
also have their highest representation value with 15.4%
(10.4% - 26.5%). The family Euphorbiaceae (11.1%) is
dominant in this group, varying from 6.3% to 19.7%,
followed by Rubiaceae with 2.7% (1.9% - 3.3%), and
Phyllanthus with 1.7% (1.6% - 1.8%).

Similarly, the ferns group has a high representation
value with 35% (25.3% - 51.4%). In this group, the
family Polypodiaceae is that with the highest
representation with 65.1% (60.7% - 67.6%), followed
by Blechnaceae with 5.7% (~2% and 9.8%), and
Aspleniaceae with 2% (1.7% - 2.2%). Other fern spores
not identified at taxonomic level were also notable
(27.2%).
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Figure 5 - Diagram of the pollen percentage of the taxa found in the stratigraphic profile of the Boa Vista section (SBV), separated by vegetation.
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Figure 6 - Diagram of the pollen concentration (grains/cm³) with the ecological groups of the vegetation (HS, AR, WD, ferns), the main types of
deterioration found in the pollen grains (mechanical damage, degradation and corrosion), and the concentration of macroscopic particles of charcoal
(particles/cm³).
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In this zone, the proportions of intact and
deteriorated grains showed minimal variation between
levels, with intact grains averaging 78.2% (range:
77.0%–80.2%) and deteriorated grains averaging
21.8% (range: 19.8%–23.0%) (Fig. 6). Among the
deteriorated grains, those with mechanical damage
averaged 50.2% (43.8% - 61.3%), peaking at level 6.
Grains damaged due to degradation accounted for
41.5% (29.0% - 50.0%), with the least representation at
level 6. Corrosion damage averaged 8.4% (6.3% -
9.7%).

The average charcoal particle concentration is 16
particles/cm³ (ranging from 7 to 26 particles/cm³).
Higher charcoal concentrations in this zone were
observed briefly at the beginning of the zone (65–55
cm) (Fig. 6), with an average of 13 particles/cm³ (7–17
particles/cm³), and then remained relatively stable,
averaging 18 particles/cm³ (12–26 particles/cm³) at the
end of the zone.

4.3.3 Zone SBV-III (35-10 cm; 1,893-present cal yrs
BP)

The SBV-III zone includes the analysis of 3
stratigraphic levels (9 palynological samples). In Fig. 5,
the representation of herbaceous-shrubby vegetation
(HS) is high, with an average of 74.5%, varying from
65.5% to 80.4%. Poaceae remains the dominant taxon
with 42.5% (36.2% - 48.4%) followed by Asteraceae
with 11%, represented with its highest value by the
taxon Baccharis with 16% (11.3% - 19.5%). Other taxa
that make up the HS group are represented by
Cyperaceae with 2.8% (1.2% - 5.2%), Malvaceae with
2.2% (2.1% - 2.3%), Borreria with 1.3% (0.8% -
1.8%), and Iridaceae with ~1% (0.5% - 1.7%). The taxa
with less than 1% representation were Amaranthaceae,
Lythraceae, and Rubiaceae.

The arboreal vegetation group (AR) was also
present in this zone, with an average of 13.7%, varying
between 12% and 16.4%. Among the arboreal taxa,
Alchornea was the dominant taxon with 3.3% (1% -
5.4%), followed by Apocynaceae with 2% (~1% -
2.5%), Moraceae with 1.8% (1.4% - 2%),
Aquifoliaceae with 1.6% (0.5% - 3%), Fabaceae with
1.4% (0.7% - 2.3%), Myrtaceae with 1.3 (~1% - ~2%),
and Araliaceae with 1.2% (~1% - 1.4%). Other taxa
with 1% or less representation were Sapindaceae and
Arecaceae. The arboreal taxa that represent the wide
distribution group (WD) had a lower representation
value with 12% (7.5% - 20%). The family
Euphorbiaceae was dominant with 5.8% (2.9% - 10%),
followed by Rubiaceae with 3.6% (1,8% - 6.8%), and
Phyllanthus with 2.4% (2.2% - 2.7%).

The ferns group was represented by increasing
values in this zone of 34% (29,3% - 43,4%). The

standout taxon in this group was also Polypodiaceae
with 47.4% (34.6% - 61%), followed by Blechnaceae
with 15.3% (1.3% - 24.8%), and Aspleniaceae with
1.5% (0.3% - 3.2%). Other ferns spores that were not
identified also had high representation values with
35.8% (32.5% - 37.4%).

In this zone, the proportion of intact pollen grains
was 79.8% (68.2% - 94.2%) (Fig. 6). The mean
proportion of deteriorated pollen grains was 20.2%
(5.8% - 31.2%), with the third level exhibiting the
highest preservation among all the samples. Among the
damaged grains, those with mechanical damage
constituted 69.8% (56.3% - 81.5%). The proportion of
degraded grains was less significant, averaging 26.2%
(10.8% - 37.5%). Corroded grains composed an
average of 8.2%, with a range of 6.3% to 10.7%.

4.4 Carbon stable isotopes (δ13C)

All the δ13C values obtained are within the range of
C3 plants (Table 1 and Fig. 7), with values ranging
from -25.8 ‰ (35 cm) to -23.6 ‰ (90 cm), indicative
of the C3 plant cycle.

In this core, no values corresponding to C4 plants
were detected (Fig. 7). However, a decrease in δ13C
values towards the C3 range is noticeable, from 90 cm
(-23.6 ‰) at 5,731 cal yrs BP to 35 cm (-25.8 ‰) at
1,821 cal yrs BP. From this depth towards the top of the
core, the δ13C value starts to increase again, reaching
-24.2 ‰, corresponding to modern age (100 ± 0.38
pMC).

5. Discussion

Based on the pollen occurrences indicating
vegetation types observed in this study, it is suggested
that during the Middle Holocene, around 6,000 cal yrs
BP, the local vegetation was more open in the Serra de
Macaé de Cima, dominated by herbaceous-shrubby
taxa, from Poaceae and Asteraceae families. Although
the δ13C signals represent C3 values, variations are
observed throughout the core, which may possibly be
associated with mixtures of C3 and C4 vegetation
responding to changes in climate and fire frequency.

Similar vegetation behavior was found by Portes et
al. (2020) in the Serra dos Órgãos. In the study
conducted by these authors, the early-to-mid Holocene
would have been drier (less humid) compared to the
current climate, with dominant taxa representing
herbaceous-shrub vegetation. The presence of charcoal
in studies on the Serra do Mar and Serra da
Mantiqueira Mountain ranges from the end of the
Pleistocene to the Holocene, prior to the documented
arrival of humans in southeast Brazil, indicate recurrent
natural fires (Behling & Lichte 1997, Behling 1997).
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Figure 7 - Profile of the Boa Vista core, with a description of the layer colors, textural classes, stable carbon isotope values (δ13C), and radiocarbon
ages (14C).

As in the SBV record, the results found by Behling
and Safford (2010) and Portes et al. (2020) indicate that
in the transition to the Middle Holocene, the charcoal
particle concentrations in the Serra dos Órgãos were
also high, with the presence of frequent paleofires.
Furthermore, arboreal and fern taxa were rarely
present, with a notable reduction in arboreal taxa of
wide distribution (WD) at approximately 5,100 cal yrs
BP. Large concentrations of pollen grains with
mechanical damage can be observed up to 5,100 cal yrs
BP, indicating an environment of physical stress to
which these grains were subjected.

During the transition to the Late Holocene in the
Serra de Macaé de Cima, around 4,600 cal yrs BP, the
arboreal taxa become more frequent, with the
dominance of Alchornea and Machaerium, indicating
an environmental change to a period of more humid
conditions. The analyses suggest that the largest
expansion of forest cover, with a strong presence of
ferns, occurred around 2,700 cal yrs BP, indicating a
progressive transition to more humid climate
conditions. Regarding the δ13C values, humidity
increases toward the end of the Middle Holocene and
into the Late Holocene, reaching a minimum of -25.8
‰ at a depth of 35 cm, corresponding to 1,821 cal yrs
BP (Fig. 7). For Portes et al. (2020), the climate would
have become more humid at around 1,400 cal yrs BP,
with the increased representation of forest taxa.

As the climate became even more humid in the last
1,000 cal yrs BP, as indicated by Portes et al. (2020)
and Behling et al. (2020), forest taxa with lower
diversity came to dominate, which is typical of forests
in the initial successional stages. Associated with this,
the accentuated increase of the presence of charcoal
particles indicated a higher frequency of fire events.

The hypothesis that fire altered the vegetation,
impeding the establishment of a more developed forest,
is supported by the high presence of Baccharis
(Asteraceae), which is a species commonly found in the

burnt areas of Campos (Boldrini 1997). This species is
characterized by benefitting from the disturbance
caused by fire and its great capacity for reproduction
(Fidelis 2008). A representative timeline scheme based
on the analyses of the SBV-A core can be seen in Fig.
8, and it succinctly illustrates the main events upon
which the discussions are based.

In the studies carried out by Behling and Safford
(2010) on the most recent period in the Serra dos
Órgãos, the forest taxa are also more frequent and are
represented by a more open forest with the presence of
pioneer species of Ilex, Myrtaceae, and
Melastomataceae. In the studies by those authors, the
herbaceous-shrubby taxa do not suffer alterations, as in
the case of those analyzed in the present study. A
similar pattern for fires is also observed in the two
areas of the Serra do Mar (Serra dos Órgãos e Serra de
Macaé de Cima). The fires would have been more
frequent, demonstrated by the high concentration of
charcoal particles, and this would have impeded the
expansion and stability of the forests, even with more
humid climate conditions.

Jeske-Pieruschka et al. (2010) point out that the
presence of low-diversity forest taxa and charcoal in
the same palynological sample could be evidence that
fire may be the main cause of alterations to the
vegetation. In the Serra de Macaé de Cima, the
charcoal particles became even more frequent with the
expansion of herbaceous taxa, suggesting that fire was
an important factor for the maintenance of
herbaceous-shrubby vegetation. In pollen analyses, the
strong presence of an herbaceous assemblage in a
period of forest taxa may also indicate a poorly
advanced successional stage of the vegetation due to
degradation by fire (Whitlock & Anderson, 2006).

Thus, even with the presence of charcoal particles
throughout the period analyzed in the SBV record, it is
observed that in the last 1,000 years, there has been an
even more accentuated increase in fire events. This is
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corroborated by the δ13C signals, which exhibit
enrichment from 35 cm to the top of the core (1,821 cal
yrs BP to modern age), potentially indicating a mixture
of C3 and C4 plants, even within the C3 plant range.
This may suggest a shift toward more open vegetation
compared to the previous period, which could be
attributed to frequent fires related to changes in land
use and cover, as suggested by the dating that spans the
modern era. Despite the obtained results indicating

possible alterations in the local climate conditions in
the last 6,000 cal yrs BP, it is understood that the fire
dynamic for these regions may have played a relevant
role in the alterations to slope vegetation. Higher
resolution studies on these fire events may reveal more
detailed information about the spatial patterns and
temporal recurrence of these phenomena, their
repercussions on vegetation transformations, and the
hydroerosive dynamics of slope systems

Figure 8 - Illustrative diagram of the chronology derived from the analysis of the SBV-A core sample. The image highlights the temporal occurrences
of significant shifts in vegetation cover and fire events, as identified in the study.

6. Conclusions

In the Middle Holocene, in the study area in Serra
de Macaé de Cima, around 6,000 cal yrs BP, the
climate would have been less humid, with a
predominance of herbaceous-shrub vegetation. The
arboreal taxa were rare, ferns were less present, and the
occurrence of fires was very frequent. In the transition
to the Late Holocene, the herbaceous-shrubby
vegetation was less present and the arboreal taxa that
were rare related to periods of vegetation recovery, in
which herbaceous-shrub strata (HS) predominated in
initial successional stages.

Approximately 4,500 cal yrs BP, a rise in the
diversity of arboreal taxa was observed, concurrent
with a reduction in herbaceous-shrub and fern taxa.
This trend indicates the evolution of a forest ecosystem
that was both denser and more varied in its
composition. Notably, during this interval, while fires
did occur, their intensity was likely insufficient to cause
significant degradation to the vegetation.

At 2,160 cal yrs BP, there was a noted increase in
the prevalence of ferns, even with a significant

presence of arboreal taxa. This suggests the
preservation of forest cover and enhanced
environmental stability during this period, potentially
linked to more humid weather conditions. In the
interval from 1800 to 900 cal yrs BP a dense, but less
diverse forest cover persisted. Despite the expansion of
the forest, the recurrence of fire events intensified,
amplifying the trend towards a more open and less
diverse forest, dominated by herbaceous-shrub taxa and
ferns.

On the other hand, despite the expansion of the
forest signifying a rise in humidity within the climatic
conditions, incidents of fire have occurred frequently
over the past 900 cal yrs BP. This has amplified the
tendency for the forest to become increasingly
degraded and less variable. Peaks in charcoal levels
have reached great values in recent centuries. Despite
being considered the period of greatest humidity, the
recurrent presence of fires may have altered the forest
vegetation due to diverse processes of ecological
succession.
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It is projected that this trend will escalate until the
end of the century, with an increase in the incidence of
fires, presently exacerbated by human interventions,
occurring at an average frequency of 350 cases per year
in the city of Nova Friburgo (Bolsas 2023). This
process signifies an accelerated rate of transformation
in forest cover, reverting to the dominance of
herbaceous-shrub vegetation.
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