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Wetland dynamics in the eastern Amazon region during the past 7000 years were studied using pollen, tex-
tural and structural analyses of sediment cores, as well as AMS radiocarbon dating. Four sediment cores were
sampled from Marajó Island, which is located at the mouth of the Amazon River. Marajó Island is covered
mainly by Amazon coastal forest, as well as herbaceous and varzea vegetation. Three cores were sampled
from Lake Arari, which is surrounded by herbaceous vegetation flooded by freshwater. One core was sampled
from a herbaceous plain located 15 km southeast of Lake Arari. Pollen preservation in the sedimentary de-
posits from this lake and from its drainage basin suggests significant vegetation changes on Marajó Island
during the mid- and late-Holocene. Between 7328–7168 and 2306–2234 cal. yr BP, mangrove vegetation
was more widely distributed on the island than it is today. During the past 2306–2234 cal. yr BP herbaceous
vegetation expanded. Sedimentary structures and pollen data suggest a lagoon system until ~2300 cal. yr BP.
The current distribution of mangroves along the Pará littoral, together with the presence of mangrove pollen
and the sedimentary structures of the cores, indicates greater marine influence during the mid-Holocene.
This may be attributed to the association between the eustatic sea-level change and the dry period recorded
in Amazonia during the early- and mid-Holocene, followed by a wet phase over the past 2000 years.
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1. Introduction

The littoral ofMarajó Island, at themouth of theAmazonRiver, is part
of the longest mud coastline in the world with ca. 13,800 km2 (Kjerfve
and Lacerda, 1993). The nature of this coastal marine mud reflects cli-
matic changes in the Amazon basin (Pujos et al., 1996), and the man-
groves which colonize this littoral are considered to be highly
susceptible to climatic change (e.g., Alongi, 2008; Cohen et al., 2008,
2009; Lara and Cohen, 2009; Versteegh et al., 2004) as it impacts multi-
ple ecological factors such as salinity, nutrients, input of fresh water, and
sea-level changes (Krauss et al., 2008; Stevens et al., 2006; Stuart et al.,
2007). Generally, these parameters are related to sea-level oscillations
due to climatic fluctuations, although tectonics might have played a
role in this geological setting (e.g., Miranda et al., 2009; Rossetti et al.,
2007a).
Regarding the hinterland of the Amazon region, several studies indi-
cate that during the early- andmid-Holocene savanna vegetation expand-
ed, likely reflecting a drier climate (e.g., Behling andHooghiemstra, 2000;
Freitas, et al., 2001; Pessenda et al., 2004). During the late-Holocene arbo-
real vegetation became more prominent in the Amazon basin due to the
return of more humid climate conditions, likely similar to the present
day. However, recent research indicates that vegetation changes in the
Amazon region may have been caused by tectonic events (e.g., Rossetti
and Valeriano, 2007; Rossetti et al., 2007a, 2008, 2010).

In terms of vegetation changes caused by climaticfluctuations, rainfall
variations in the Amazonian hydrographic region likely controlled the
volume of the Amazon River which displays the world's greatest water
dischargewith 6300 km3 yr−1 (Eisma et al., 1991). Consequently, during
the dry period of the early- andmid-Holocene the Amazon River's inflow
may have been severely reduced (Amarasekera et al., 1997; Toledo and
Bush, 2007, 2008), similar to the Younger Dryas event, when river dis-
chargewas reduced by at least 40% relative to present conditions (Maslin
and Burns, 2000). Thus, significant changes in riverwater discharge along
the littoral would be expected, and this would have affected salinity gra-
dients along the coastline of Marajó Island. This process would drive
changes in the distribution of mangrove (brackish water vegetation)
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and varzea/herbaceous vegetation (freshwater vegetation) on Marajó
Island.

Mangroves have undergone almost continuous disturbance as a
result of fluctuations in sea-level over the past 11,000 years (Behling
et al., 2001a; Blasco et al., 1996; Cohen et al., 2008; Hait and Behling,
2009). The rapid rise in global sea-level during the early Holocene is
mainly attributed to climatically controlled glacio-eustatic factors
(e.g., Fairbridge, 1962). Over the past 5000 years in the northern Bra-
zilian littoral, very little change in relative sea-level has been ob-
served (e.g., Behling et al., 2001a; Cohen et al., 2005a, 2005b; Vedel
et al., 2006). In fact, during the late Holocene local and regional con-
trolling factors becomemore perceptible. Forces such as precipitation,
which strongly influences run-off and river discharge, can result in
local “eustatic” sea-level variations (e.g., Mörner, 1996) and signifi-
cant salinity gradient changes along estuaries (e.g., Lara and Cohen,
2006).

Vegetation history during the late Holocene along the littoral of
northern Brazil is characterized by mangrove expansion/contraction
phases (e.g., Behling et al., 2001a; Cohen et al., 2005a, 2005b; Cohen
et al., 2008, 2009). These phases have been interpreted as changes
in the relative sea-level and/or river water discharge, since the cur-
rent distribution of mangrove on this littoral is mainly controlled by
fresh water discharge and substratum topography (Cohen and Lara,
2003; Cohen et al., 2005a, 2005b, 2008, 2009; Lara and Cohen, 2006,
2009).

Alternatively, under the tectonic hypothesis to explain vegetation
changes in the hinterland, the water discharge of the Amazon River
could not have been significantly affected. This follows from the fact
that tectonic activity during the Quaternary may have affected the
channel network (e.g. Martelli et al., 2009) while the river water vol-
ume is controlled by rainfall (Marengo et al., in press). Consequently,
considering only tectonic influences, no relationship between vegeta-
tion changes in the Amazon region and wetland dynamics on the lit-
toral are expected.
Fig. 1. Sediment core location and the distribution of main vegetation units on Marajó Island
2008).
Here we present pollen data, facies descriptions of sediment cores,
and AMS radiocarbon dating of lacustrine deposits located in the
mouth of the Amazon River. The aim is to contribute additional data
to the understanding of wetland dynamics at the mouth of the Ama-
zon, and to discuss different hypotheses related to vegetation changes
in the Amazon Region during the Holocene either as a consequence of
climatic alterations (e.g., Behling and Hooghiemstra, 2000; Freitas, et
al., 2001; Pessenda et al., 2004) or tectonism (e.g., Rossetti et al.,
2007a, 2008).

2. Study area

2.1. Location

The study site is located on Marajó Island, in northeastern Amazo-
nia (Fig. 1). This island is found at the mouth of the Amazon River in
the state of Pará, Brazil. Samples were collected in Lake Arari, which is
a N–S elongated feature with a depth of approximately 2–4 m and an
area of ~100 km2. The lake is located in the central-eastern part of
Marajó Island, ~70 km from the modern coastline. To the north, it
connects to the Atlantic Ocean by the Tartarugas channel which was
artificially enlarged. To the south, it forms the headwaters of the
Arari River, which runs southeast and drains into Marajó Bay (Fig. 1).

2.2. Geological, physiographical and hydrographical setting

Marajó Island is formed by sandstones and mudstones of the Bar-
reiras Formation, followed by post-Barreiras deposits which rapidly
become thicker westwards in the sub-surface, reaching up to 120 m
in the Lake Arari area (Rossetti et al., 2008). This area is dominated
by Quaternary deposits related to the latest deposition phase of the
Tucunaré–Pirarucu succession (see Rossetti et al., 2007b).

The eastern part of Marajó Island is mostly characterized by low-
lands with altitudes averaging only 4–6 m above modern sea-level
after Cohen et al. (2008). Aerial photo of Lake Arari. LA, S-1 and S-2 cores (Cohen et al.,



Table 1
Radiocarbon ages (AMS) from Lake Arari (LA) and the herbaceous plain (HP and S). Ra-
diocarbon ages are presented in conventional yr B.P. and in cal. yr BP (±2σ), obtained
with software package Calib 6.0 and the Intcal09 curve (Reimer et al., 2004).

Sample Lab. number Depth Radiocarbon age 2-Sigma calibrationa

(cm) (yr B.P.) (cal yr B.P.)

LA-A KIA34339 27 2010±25 2005–1891
LA-A KIA34340 62 3525±30 3884–3706
LA-B KIA34341 33 660±25 670–632
LA-B KIA34342 82 4020±25 4530–4423
LA-D UGAMS 6999 20 2160±25 2306–2234
LA-D KIA34344 30 5145±25 5944–5888
LA-D KIA34345 80 6335±35 7328–7168
HP-A KIA28165 32 635±20 660–626
S1b KIA28167 45 525±35 564–504
S2b KIA28168 28 540±30 562–512

a Calibration Reimer et al. (2004).
b Cohen et al. (2008).
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(Rossetti et al., 2007a, 2008), and is dominated by Holocene sedimen-
tation (Behling et al., 2004) which is slightly depressed relative to the
western side (Behling et al., 2004; Lara and Cohen, 2009; Rossetti et
al., 2007a).

The drainage basin area of Lake Arari consists of a series of den-
dritic and anastomosing channels (Cohen et al., 2008) that are super-
imposed on a palimpsest drainage system (Rossetti et al., 2007a). A
large channelized funnel-shaped morphology – related to the
paleoestuarine system, a network of paleochannels and sandy bars –
is observed in the area surrounding Lake Arari (Rossetti et al.,
2007b, 2008).

2.3. Present climate and vegetation

The region is characterized by a tropical warm and humid climate
with annual precipitation ~2680 mm and a mean annual temperature
of 27 °C. A drier period of lower rainfall occurs between July andDecem-
ber and a rainy season occurs between January and June, with monthly
rainfall averaging 87 and 340 mm, respectively (IDESP, 1974).

The lake suffers a reduction in area of approximately 80% during
the dry season, because it is mainly rainfed. Water salinity is 0 and
the pH ranges between 6 and 8.2. Mean water temperature is 27 °C,
and dissolved oxygen contents between 3.3 and 5.5 mg/L were mea-
sured in May 2009.

In contrast to most regions of Amazonia, where dense forest domi-
nates, northeastern Marajó Island consists of open vegetation. Restinga
vegetation is represented by shrubs and herbs (e.g., Anacardium, Byrso-
nima, Annona, Acacia) that occur on sand plains and dunes near the
shoreline. This vegetation unit andmangrove, represented byRhizophora
and Avicennia, occur in such small areas along the littoral of this island
that it was not possible to show them on the map (Fig. 1). Vegetation
around the lake consists of natural open areas dominated by Cyperaceae
and Poaceae thatwidely colonize the eastern side of the island ofMarajó,
while várzea vegetation (composed ofwetland trees such as Euterpe oler-
acea (açai) and Hevea guianensis (rubber tree)) and “Terra Firme” vege-
tation (composed of terrestrial trees such as Cedrela odorata (cedar),
Hymenaea courbaril (Jatoba) and Manilkara huberi (Maçaranduba)
occur on the western side (Cohen et al., 2008). Narrow and elongated
belts of dense ombrophilous forest are also present along riverbanks
(Rossetti et al., 2008).

2.4. Mangrove development on the littoral of northern Brazil

Wetlands occur within specific topographic zone (see Cohen and
Lara, 2003; Cohen et al., 2005a, 2005b, 2008, 2009; Furukawa and
Wolanski, 1996) depending on physical (sediment type, e.g., Duke
et al., 1998) and chemical (nutrient availability and sediment salt
concentrations across the intertidal area, Hutchings and Saenger,
1987; Wolanski et al., 1990) characteristics.

In the littoral of northern Brazil, the surface salinity distribution
pattern reflects the northwestward movement of waters from the
Amazon and Pará Rivers pushed by the North Brazil Current (Santos
et al., 2008). Mangroves are distributed within specific topographic
and salinity ranges (Cohen et al., 2005a), where pore water salinity
is between 30 and 85‰ (Lara and Cohen, 2006).

Mangroves tolerant higher soil salinity than várzea vegetation
(Gonçalves-Alvim et al., 2001), and the majority of the Marajó Island
coastline is currently inundated by freshwater river inflows. Thus a
maximum pore water salinity of approximately 5‰ is recorded in
the transition zone, which is mainly colonized by Rhizophora (man-
grove) and Arecaceae (várzea) and located on the island's northeast-
ern coastline (see Cohen et al., 2008, Fig. 1). Interstitial salinity is zero
in sediments colonized by herbaceous and várzea vegetation in the
coastline and interior of Marajó Island.

Considering that pore water salinity is the main factor controlling
wetland dynamics (e.g., Alongi et al., 2000; Baltzer, 1975; Snedaker,
1982), and that salinity itself is regulated by rainfall, river water dis-
charge, energy flow, tidal water salinity and inundation frequency
(e.g., Cohen and Lara, 2003; Cohen et al., 2005a, 2008, 2009; Lara
and Cohen, 2006), changes in soil salinity gradients have been driving
wetland displacement (e.g., Cohen et al., 2008, 2009; Lara and Cohen,
2006).
3. Methods

3.1. Sampling sites and sample processing

Fieldwork was undertaken in June 2007, during the rainy season.
Sediment cores LA-A (S00°35′52.1″/W49°08′35.2″), LA-B (S00°35′
54.0″/W49° 09′49.9″), and LA-D (S00°43′40.9″/W49°10′00.4″) were
taken from the bottom of Lake Arari under a water depth of 1.5–
2.0 m. Another core (HP-A, S00°53′34.5″/W48°40′8.07″) was sampled
15 km from the margin of this lake, but within a drainage basin that
feeds the lake (Fig. 1). The distribution of sediment cores in the
study site is fundamental to verify the spatial representativeness of
the pollen records in the lake bottom, and its capacity to record veg-
etation changes. Sediment cores were collected using a “Russian”
sampler and their geographical positions were determined by GPS.
The cores were submitted to X-rays to identify internal structures.
Sediment color was described using a Munsell soil chart. Sediment
grain size distribution following Wentworth (1922), with sand (2–
0.0625 mm), silt (62.5–3.9 μm) and clay fraction (3.9–0.12 μm) was
analyzed by laser diffraction in a Laser Particle Size SHIMADZU
SALD 3101 and graphics were obtained using the SysGran Program
(Camargo, 1999).

For pollen analyses, 1 cm3 samples were taken at 2.5 cm intervals
along the cores. Preparation followed standard pollen analytical tech-
niques including acetolysis (Faegri and Iversen, 1989). Most pollen
types were identified based on published morphological descriptions
(Roubik and Moreno, 1991; Herrera and Urrego, 1996; Colinvaux et
al., 1999) and the pollen reference collection held at the Laboratory
of Coastal Dynamics (Federal University of Pará). A minimum of 300
pollen grains were counted for each sample. In specific depths, 100–
200 grains were counted. Microfossils consisting of spores, algae
and some fungal spores were also counted, but not included in the
sum. The TILIA software package was used for calculations, and CON-
ISS and TILIAGRAPH for the cluster analysis of pollen taxa and to plot
the pollen diagrams (Grimm, 1987).

Eight subsamples of ~2 g each were used for radiocarbon dating
(Table 1). Sediment samples were physically treated by removing
roots and vegetation fragments under the microscope. The residual
material was then chemically treated with 2% HCl at 60 °C during
4 h, washed with distilled water until neutral pH and dried (50 °C),
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in order to remove any younger organic fractions (fulvic/humic acids)
and carbonates. The sediments' organic matter was taken for Acceler-
ator Mass Spectrometer (AMS) radiocarbon dating, performed at the
Leibniz Laboratory of Isotopic Research at the Christian Albrechts Uni-
versity in Kiel (Germany) and the Center for Applied Isotope Studies
at the University of Georgia (USA). Radiocarbon ages are presented
in conventional yr B.P. and in cal. yr BP (±2σ), obtained using the
Calib 6.0 software and Intcal09 curve (Reimer et al., 2004).

4. Results

4.1. Radiocarbon dates and sedimentation rates

The dates are shown in Table 1 and range from 660–626 cal. yr BP to
7328–7168 cal. yr BP, and no age inversions were observed. Sedimenta-
tion rates were based on the ratio between depth intervals (mm) and
the mean time range. The calculated sedimentation rates for the Lake
Arari core are between 0.03 and 0.47 mm/yr. Core LA-A presents rates
of 0.2 (62–27 cm) and 0.13 mm/yr (27–0 cm), while core LA-B shows
rates of 0.13 (82–33 cm) and 0.47 mm/yr (33–0 cm). Core LA-D exhibits
rates of ~0.37 mm/yr (80–30 cm) and relatively lower rates of
~0.03 mm/yr (30–20 cm) and0.09 mm/yr (20–0 cm). Rates in the herba-
ceous plain were calculated to 0.46 (HP-A), 0.8 (S1 core, Cohen et al.,
2008) and 0.5 mm/yr (S2 core, Cohen et al., 2008).

4.2. Facies description

4.2.1. LA-A
The sediments studied here include mostly dark gray and light

brown, either muddy or sandy silt that is locally interbedded with
fine-grained sand (Fig. 2). These deposits are massive, parallel lami-
nated or heterolithic bedded (mostly wavy).

The base of core LA-A (62–45 cm, 3884–3706 cal. yr BP until
~2800 cal. yr BP) presents a transition from light gray muddy silt (8%
sand, 71% silt, 21% mud) with discontinuous lenses of fine-grained
sand to muddy silt (4% sand, 71% silt, 25% mud) with thin parallel lam-
inae of fine-grained sand. The 45–35 cm interval (~2800–~2300 cal. yr
BP) exhibits greenish gray sandy silt (29% sand, 55 silt, 16 mud) layers
interbeddedwith fine-grained sand formingwavy structures and filling
the upper portion of this section is a light brownmassivemuddy silt (5%
sand, 72 silt, 23 mud). The 35–20 cm interval (~2300–~1600 cal. yr BP)
Fig. 2. Sediment core Lake Arari-A (LA-A). Sedimentary structure, sediment grain size, summ
most frequent pollen taxa.
exhibits a gradual transition, with massive muddy silt that grades up-
ward into parallel laminated muddy silt (5% sand, 70% silt, 25% mud).
Parallel laminated muddy silt between 30 and 20 cm gives rise upward
to massive muddy silt (8% sand, 69 silt, 22 mud) that grades progres-
sively into massive sandy silt (20% sand, 65% silt, 15% mud).

4.2.2. LA-B
Core LA-B between 82 and 72.5 cm (4530–4423 cal. yr BP until

~3700 cal. yr BP), displays light gray muddy silt (17% sand, 64% silt,
19% mud) with parallel lamination. Wavy heterolithic deposits
occur between 72.5 and 67.5 cm. The 67.5–20 cm (~3300–~350 cal.
yr BP) interval is marked by the grain size gradient along the
muddy silt with thin parallel lamination of fine-grained sand. This
trend continues to the upper edge of the core (20–0 cm, ~350 cal. yr
BP–today) with massive muddy silt (2% sand, 73 silt, 25 mud).

4.2.3. LA-D
The base (80–60 cm, 7328–7168 cal. yr BP until ~6700 cal. yr BP)

of the LA-D core presents light brown muddy silt (8% sand, 71% silt,
21% mud) with thin parallel lamination of fine-grained sand, while
the 60–40 interval (~6700–~6200 cal. yr BP) exhibits reddish gray
muddy silt (10% sand, 70% silt, 20% mud) and layers interbedded
with fine-grained sand forming wavy structures. Between 40 and
20 cm (~6200 until 2306–2234 cal. yr BP) a greenish gray muddy
silt (9% sand, 69 silt, 22 mud) is found with thin parallel lamination
of fine-grained sand that gives rise upward to dark brown and dark
gray massive muddy silt (12% sand, 66 silt, 22 mud).

4.2.4. HP-A
This sediment deposit (Fig. 1) exhibits homogeneous massive,

dark gray, muddy silt (8% sand, 65% silt, 27% mud) sediments with or-
ganic matter along its entire depth of 32 cm. The base is marked by a
rigid layer of white sandy material.

4.3. Pollen data

The first palynological study of Lake Arari was undertaken by Absy
(1985), whom identified mainly Alchornea, Anacardiaceae, Protium,
Didymopanax, Mauritia, Euphorbiaceae, and Mabea along a core of
5 m depth. In the present study a total of 38 pollen taxa were
ary diagram of pollen proportion for different vegetation groups and proportions of the

image of Fig.�2
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identified which, at the family level, represent 55% of the current veg-
etation distribution in and surrounding the drainage basin of Lake
Arari.

Pollen diagrams (Figs. 2–5) show the most abundant pollen taxa
and the sums for different ecological groups. Marked changes in pol-
len assemblages identified by cluster analysis (Coniss) allow the es-
tablishment of pollen zones, as described below.

4.3.1. LA-A core
This core, which is 63 cm long, contains herbaceous pollen (60–100%,

Fig. 2), mainly represented by the Poaceae and Cyperaceae. Four pollen
zones were distinguished: Zone LA-AI (62–45 cm, ~3884–3706 cal. yr
BP until ~2800 cal. yr BP, 7 samples), Zone LA-AII (45–30 cm, ~2800–
~2100 cal. yr BP, 6 samples), Zone LA-AIII (30–7.5 cm, ~2100–~500 cal.
yr BP, 10 samples) and Zone LA-AIV (7.5–0 cm, ~540 cal. yr BP–modern,
3 samples).

In zone LA-AI, families Poaceae (40–72%) and Cyperaceae (10–
30%) are the most common. Mangrove pollen has a low occurrence
(0–22%), and is composed of Rhizophora (0–20%) and Avicennia (0–
5%). Restinga vegetation also represented a low percentage of ob-
served pollen (5–25%), and was predominantly characterized by
Fabaceae (5–25%) and Anacardiaceae (0–7%). Low percentages of
palm pollen (3–7%) were found, with the predominance of the Maur-
itia genus.

Zone LA-AII contains few pollen grains and spores (b80), thus it is
not included in the pollen diagram. In the upper section of this zone,
the percentage of herbaceous pollen increases upward. However,
zone LA-AIII has a relatively low pollen content (100–200 pollen
grains counted), predominately represented by herbaceous pollen of
the Poaceae (65–100%) and Cyperaceae (0–40%).

Zone LA-AIV is characterized by a significant increase in pollen
content (N300 pollen) with a predominance of Poaceae (40–90%)
and Cyperaceae (5–50%) pollen.

4.3.2. LA-B core
Pollen diagram LA-B (Fig. 3) begins at a core depth of 82 cm, and is

characterized by the predominance of herbaceous pollen (30–100%).
Poaceae (0–100%) is the dominant family, followed by Cyperaceae
(0–70%) and Asteraceae (0–50%).

Sediment core LA-B is composed of four zones (Fig. 3): LA-BI (82–
77.5 cm, 4530–4423 cal. yr BP–~4100 cal. yr BP, 3 samples); LA-BII
(77.5–65 cm; ~4100–~3100 cal. yr BP, 5 samples); LA-BIII (65–30 cm,
Fig. 3. Pollen records from Lake Arari-B (LA-B
~3100–~600 cal. yr BP, 14 samples); and LA-BIV (30–0 cm, ~600 cal.
yr BP–modern, 11 samples).

The LA-BI zone was found to contain 100–150 pollen grains. Her-
baceous (~42%) and mangrove (10–40%) pollen dominates and is
represented by the Poaceae (25–30%), Cyperaceae (10–15%), Rhizo-
phora (0–15%) and Avicennia (10–30%). Zone LA-BII contains small
amounts of pollen characterized by Poaceae (22–80%), Cyperaceae
(0–70%) and Asteraceae (0–10%). The proportion of mangrove pollen
decreases, and is represented only by Avicennia (0–25%).

Along zone LA-BIII, pollen content remains low, the proportion of
herbaceous pollen (30–100%) increases, and is composed mainly of
pollen from the Poaceae (30–100%), Cyperaceae (0–40%) and Astera-
ceae (0–35%), while mangrove pollen was not found.

4.3.3. LA-D core
This pollen record started at a core depth of 80 cm (Fig. 4), and

consists of two pollen zones: 80–20 cm, 7328–7168 cal. yr BP until
2306–2234 cal. yr BP, 26 samples; and 20–0 cm, 2306–2234 cal. yr
BP–modern, 7 samples. The main feature of this core is the relative
importance of mangrove pollen (0–95%) in zone LA-DI and its re-
duced presence in zone LA-DII. In zone LA-DI, mangrove pollen repre-
sents a larger proportion of the total than herbaceous pollen (0–60%).
This zone is dominated by Rhizophora (3–84%) and Avicennia (5–
61%), while Poaceae (0–60%) and Cyperaceae (0–25%) occur at a
lower percentage. Low pollen predominance (0–10%) of typical Ama-
zon Coastal Forest-ACF taxa, such as Myrtaceae (0–10%), Anacardia-
ceae (0–5%), Acanthaceae (0–10%), Malpighiaceae (0–7%), Sapium
sp. (0–5%), Bombacaceae (0–3%) and Euphorbiaceae (0–3%) occurs
along the LA-DI zone.

Zone LA-DII contains a high proportion of herbaceous pollen (85–
95%), represented by the Poaceae (75–92%), Cyperaceae (0–15%) and
Asteraceae (0–5%). The proportion of mangrove pollen (2–15%)
shows a significant decrease, and is characterized by Rhizophora (1–
10%) and Avicennia (0–15%).

4.3.4. HP-A
In this core, only one pollen zone was preserved (32–0 cm, 660–

626 cal. yr BP–modern, 14 samples). Herbaceous pollen (80–100%)
prevails throughout this core (Fig. 5), and is mainly represented by
the Poaceae (26–75%), Cyperaceae (10–50%) and Fabaceae (0–25%).
A slight increase in Rhizophora pollen (0–20%) content occurs toward
the bottom (5–27.5 cm), while pollen in the upper part is representa-
tive of the herbaceous vegetation that currently colonizes this area.
), sedimentary structure and grain size.

image of Fig.�3


Fig. 4. Pollen records from Lake Arari-D (LA-D), sedimentary structure and grain size.
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5. Discussion

According to Miranda et al. (2009), facies analysis, radiocarbon
dating, δ13C, δ15N, and C/N of a 124 m long core from Marajó Island
suggested the prevalence of estuarine conditions, with the dominance
of fluvial deposition between 50,795 and 40,950 (±590) 14C yr B.P.,
and a rise in relative sea-level that commenced between 39,079
(±1114) and 35,567 (±649) 14C yr B.P. An overall transgression
took place until 29,340 (±340) 14C yr B.P., after which the relative
sea-level dropped, favoring valley rejuvenation and incision. From
this time up to 10,479 (±34) 14C yr B.P., a rise in relative sea-level
filled up the valley with estuarine deposits. After 10,479 (±34) 14C
yr B.P., the estuary was replaced by a lagoon.
Fig. 5. Pollen records from the
5.1. Lagoon phase

According to our data, mangroves occurred in the drainage basin
area of Lake Arari at least between 7328–7168 cal. yr BP and 2306–
2234 cal. yr BP. Mangrove pollen accumulation occurred mainly dur-
ing the formation of lamination and wave ripple structures. The
greater concentration of mangrove pollen in the lower portions of
core LA-D (7328–7168 and 2306–2234 cal. yr B.P.), core LA-B
(4529–4423 cal. yr BP–~3400 cal. yr BP) and core LA-A (3794–
3706 cal. yr BP–~2700 cal yr B.P.) suggests higher tidal water salinity
on Marajó Island relative to the present.

In core LA-D, the wavy structures and parallel laminations (Fig. 4)
suggest low energy flow with intermittent sand input during
herbaceous plain (HP-A).

image of Fig.�5
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relatively higher energy flow that evolves to wave structures. In core
LA-B, the thin parallel lamination of fine-grained sand and sandy silt
with wave structures in the lower section (82–67.5 cm, 4529–
4423 cal. yr BP–~3400 cal. yr BP) indicate low energy flow with epi-
sodic increases in energy flow (Fig. 3). The lower section (63–
45 cm, 3884–3706 cal. yr BP–~2800 cal. yr BP) of core LA-A records
episodic sand input and the deposition of laminated sand during
muddy silt from suspension under low energy flow. Therefore, these
sedimentary structures (lenticular, wavy ripples and parallel muddy
silt/sandy silt deposits) could be attributed to a lagoon phase, when
the effects of marine phenomena such as waves, wind-driven cur-
rents and tidal currents have a more evident impact on the distribu-
tion and reworking of sediments, and mangrove development.
5.2. Herbaceous phase

During the past 2306–2234 cal. yr BP, the absence of mangrove
pollen and the prevalence of herbaceous pollen indicate similar vege-
tation to what is currently found at the site, which is typical of fresh-
water flooded environments. The mangrove/herbaceous transition
phase occurs along sedimentary structures that suggest significant
fluctuating low and relatively higher energy flow. The interval 67.5–
33 cm of core LA-B (~3300 until 670–632 cal. yr BP) is characterized
by a decrease in the energy flow evidenced by the grain size gradient
along the muddy silt (Fig. 3), with thin parallel lamination of fine-
grained sand and the presence of only herbaceous pollen. This trend
continues to the upper section of the core with massive muddy silt
and only herbaceous pollen.

Core LA-A records fluctuating low and relatively higher energy flow,
with an equilibrium between muddy silt deposition from suspension
and sandy silt from migrating ripples (45–35 cm, ~2800–~2300 cal. yr
BP). No preserved pollen has been found in the 42.5–32.5 cm interval,
probably due to the increase in sediment grain size. In the 35–20 cm in-
terval (~2300–~1600 cal. yr BP), herbaceous pollen predominates
which is preserved in parallel lamination of fine-grained sand in
muddy silt. This indicates the deposition of muddy silt from suspension
under very low energy flow and the sand laminations record episodic
sand input during relatively higher freshwater energy flow.

Herbaceous pollen continues to be observed until the upper ex-
tremity of the LA-A core, but the pollen content increases, as does
the sediment grain size which includes massive sandy silt. The ab-
sence of structures may suggest the absence of material transported
by traction during sediment deposition, and the lack of mangrove
pollen indicates a decrease in water salinity, which likely resulted
from an increase in freshwater input to the lake.

At the study site – a lake system affected by seasonal influx of
freshwater from its drainage system – the transition of sand lamina-
tions to massive structures likely reflects the change from fluctuating
high and relatively lower energy flow, as the sheetfloods decelerate.
These depositional differences may reflect variations in energy flow
of surface runoff controlled by the drainage system of the lake.

Therefore, during the first phase (7328–7168 and 2306–2234 cal
yr B.P.), sediment accumulation suggests a greater influence of wave
and tidal currents than during the last phase (2306–2234 cal. yr BP–
modern). This caused a change from a lagoon system to a lake with
vegetation, and the sedimentation process was mainly controlled by
its drainage system.

It is likely that during the late Holocene, mangroves in the drainage
basin area of Lake Arari were not completely replaced by freshwater
wetlands, since pollen data indicate the presence ofmangroves between
700 and 500 cal. yr BP (Cohen et al., 2008). During this time interval,
mangrove pollenwas not found in cores LA-A, LA-B and LA-D. This likely
reflects differences in sedimentation rates, with rates of 0.8–1.6 mm/yr
for LA (Cohen et al., 2008) and of 0.03–0.47 mm/yr for LA-A, LA-B and
LA-D.
The pollen profile of the herbaceous plain (HP-A) includes herba-
ceous pollen during the past 660–626 cal. yr BP, with pulses of Rhizo-
phora pollen. A previous study (Cohen et al., 2008) recorded the
predominance of herbaceous pollen in cores sampled from substratum
nearly 15 km to the east of Lake Arari over the past 564–504 cal. yr BP
(see S1 and S2 in Fig. 1).

Therefore, the integration of these data indicates the predomi-
nance of herbaceous vegetation during the past 2306–2234 cal. yr
B.P. on the limit of the Lake Arari drainage basin, with some remain-
ing Rhizophora indicating short phases with mangroves. The low Rhi-
zophora pollen signal in the HP-A core may be attributed to the
difference in the spatial representativeness of the vegetation between
the cores sampled from the bottom of the lake and the herbaceous
plain. The sediment of the HP-A core represents a relatively lower
spatial representativeness, and thus they document the isolated pres-
ence of Rhizophora trees near the HP-A site.

5.3. Relationship between tectonic and vegetation changes

The sharp contact between forest and savanna occurs along a major
NW–SE to NNW–SSE fault zone reactivated during the latest Quaternary
(Rossetti et al., 2007a). A number of other studies have addressed the
importance of tectonics in the latest Tertiary and Quaternary in Marajó
Island (e.g., Rossetti and Valeriano, 2007). Following subsidence, eastern
Marajó Island progressively stabilized, promoting a complex history of
channel/bar establishment and abandonment (Rossetti et al., 2008).
This tectonic subsidence favors seasonal flooding, making it unsuitable
for forest growth. However, this area displays slightly convex-up, sinu-
ous morphologies related to paleochannels, covered by forest.

Terra-firme lowland forests are expanding from west to east, pref-
erentially occupying paleochannels and replacing savanna. Slack, run-
ning water during channel abandonment leads to the disappearance
of varzea/gallery forest at channel margins. Long-abandoned chan-
nels sustain continuous terra-firme forests (Rossetti et al., 2010).
Therefore, considering the influence of topography (Tuomisto et al.,
1995; Vormisto et al., 2004), soil (Tuomisto and Ruokolainen, 1994)
and geology (Räsänen et al., 1990; Van der Hammen et al., 1992) to
explain species distribution, Rossetti et al. (2010) proposes that the
history of drainage abandonment played crucial roles in tree growth
in Marajó Island and in Amazonia region.

The coexistence on Marajó Island of periodically wet and perma-
nently dry open areas covered with herbaceous vegetation, as well
as “Terra Firme” vegetation, may be explained by vegetational succes-
sion (Whitmore, 2009), where herbaceous stands have been progres-
sively replaced by “Terra Firme” vegetation following vegetation
adaptation to the topography. According to Odum (1988), ecological
succession includes changes in species structure and community pro-
cesses over time, which cause changes in the physical environment of
the community, competition interactions and coexistence at the pop-
ulation level.

Therefore, only physical processes may be used to explain the
transition of Terra Firme to várzea vegetation in Marajó Island. How-
ever, these mechanisms cannot be used to explain the migration of
certain wetlands (e.g., várzea/mangrove or herbs/mangrove) when
the sediment surface is flooded by freshwater from river discharge
or rainfall, because there is no saline source whereby salt may be con-
centrated in the sediment, and salinity is an essential physicochemi-
cal component for the survival of mangrove (e.g. Alongi et al., 2000;
Baltzer, 1975; and Snedaker, 1982).

5.4. Relationship between tectonic control and relative sea-level

Mangroves have undergone significant changes in distribution as
a result of sea-level fluctuations during the Holocene (e.g. Alongi,
2008; Behling et al., 2001a; Cohen et al., 2008). Tectonic movements
can produce considerable subsidence or uplift of the coastal zone on a
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local to regional scale that generate, jointly with other variables, rel-
ative sea-level changes (e.g., Emery and Aubrey, 1991; Möner,
1999). Tectonics may have controlled the evolution of the paleoestu-
ary, and this has large implications for reconstructing the paleogeog-
raphy and the history of relative sea-level changes in northern Brazil.
Recent research (Rossetti et al., 2007a, 2008) revealed that the Marajó
paleoestuary was active until the Pleistocene–Holocene boundary,
when the island was detached from the mainland due to the reactiva-
tion of tectonic faults. Studies have demonstrated that this area has
been affected by episodes of fault reactivation even during the Holo-
cene (Rossetti and Valeriano, 2007; Rossetti et al., 2007a).

Facies analysis, radiocarbon dating, and isotopic data from Marajó
Island indicate a progressive increase in marine inflow contribution
during the Holocene, suggesting a maximum transgression. This in-
terpretation is consistent with the overall rise in sea-level during
the past interglacial period, when a barred lagoon system developed.
The lagoon remained active in the Holocene, but the coastline pro-
graded approximately 45 km northward; consequently, the lagoon
was replaced by the present Lake Arari (Miranda et al., 2009).

However, this coastline progradation alone cannot justify the tran-
sition of mangrove/herbaceous vegetation from about 2306–2234 cal.
yr BP on the drainage basin area of Lake Arari, because Marajó Island's
current littoral is mainly colonized by freshwater wetlands. There-
fore, it is likely that during lagoon development, not only was the
center of Marajó Island more exposed to the sea, but water salinity
was also greater than it is today.

5.5. Sea-level and climatic change

Greater water salinity in the lake during the mid-Holocene may be
attributed to the rapid Atlantic sea-level rise during the early Holo-
cene in South America (e.g., Angulo et al., 2008; Hesp et al., 2007;
Fig. 6. Comparative diagram of climatic change records in the Amazon region, sea-level rise
Rull et al., 1999; Suguio et al., 1985; Tomazelli, 1990) which produced
a marine incursion into the continent, since the relative sea-level
along the Pará littoral settled at the current level between 7000 and
5000 yr B.P. (Cohen et al., 2005a; Vedel et al., 2006). The stratigraphic
framework of Lake Arari and nearby areas shows a transgressive
phase taking place in the early to mid-late Holocene. Subsequently,
there was a return to the more continental conditions that prevail
today in the study area (Rossetti et al., 2008).

A sea-level rise alone was likely not sufficient to produce a rise in
tidal water salinity and, consequently, a significant expansion of man-
groves. Indeed, during the past 5000 years the sea-level did not show
significant oscillations along the Pará littoral (Cohen et al., 2005a).
Additionally, freshwater discharge from modern rivers near Marajó
Island has been kept at low tidal water salinity (0–6‰). Consequent-
ly, mangroves are restricted to a few occurrences in northeastern
Marajó Island (Cohen et al., 2008). It is thus likely that, between
7328–7168 cal. yr BP and 2306–2234 cal. yr BP, freshwater discharge
from rivers was lower than it is today, and the post-glacial eustatic
sea-level rise produced a rise in tidal water salinity.

The proposed relatively low freshwater discharge during 7328–
7168 cal. yr BP and 2306–2234 cal. yr BP may be a consequence of the
dry periods recorded in different parts of the Amazon region (Fig. 6).
For example, δ13C analysis of soil organic matter collected in forested
and woody savanna areas from the coast of Maranhão indicates that
from approximately 10,000 and 9000 yr B.P. to 4000 yr B.P., awoody sa-
vanna prevailed, likely reflecting a drier climate (Pessenda et al., 2004).
From 4000–3000 yr B.P. to present, there was a moderate and progres-
sive increase in arboreal vegetation in the southern Amazon basin, due
to the return to more humid climate conditions, likely similar to the
present day (Freitas, et al., 2001; Pessenda et al., 2004). Isotopic studies
in the southern Brazilian Amazon region indicate a drier climate during
the mid-Holocene, while the data reflects forest expansion associate to
in eastern South America during the Holocene, and the pollen diagram from Lake Arari.
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the wet period of the past 3000 years (Pessenda et al., 1998, 2001a). In
the Colombian Amazon, drier early Holocene and wetter late Holocene
conditions are also reported (Behling and Hooghiemstra, 2000). This
trend is similar to other documented forest-to-savanna vegetation
changes in the Amazon basin during the early and middle Holocene
(Behling et al., 2001b; Desjardins et al., 1996; Pessenda et al., 2001b).

Paleoecological records from lakes in the Peruvian Amazon indi-
cate a dry event from ~7200 yr B.P. until c. 3300 yr B.P. (Bush et al.,
2007). Palynological and paleolimnological studies in eastern Amazo-
nia have shown that savannas appeared, with the development of a
drier climate, beginning 8000 years B.P., reaching a maximum distri-
bution from 6000 to 5000 yr B.P. (Absy et al., 1991). Dry periods dur-
ing 8000–4000 yr B.P. in areas close to and in the Amazon region have
also been documented (e.g., Absy et al., 1991; Desjardins et al., 1996;
Servant and Fontes, 1978; Wirmann et al., 1988).

6. Conclusion

Pollen preservation in sedimentary deposits from Lake Arari and
its drainage basin suggests significant vegetation changes on Marajó
Island during the mid and late-Holocene. Between 7328–7168 and
2306–2234 cal. yr BP, mangrove vegetation was more widely distrib-
uted than it is today on the island, while during the past 2306–
2234 cal. yr BP herbaceous vegetation expanded. Sedimentary struc-
tures and pollen data suggest a lagoon system until ~2300 cal. yr BP.
The current distribution of mangroves along the Pará littoral, the
presence of mangrove pollen and sedimentary structures of the
cores indicate a greater marine influence during the mid-Holocene
than in the late-Holocene. This may be attributed to the association
between the post-glacial eustatic sea-level rise and the dry period
recorded in Amazonia during the early and mid-Holocene, followed
by a wet phase over the past 2200 years.
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