
(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Holocene palaeoenvironmental history of the Amazonian mangrove belt

Marcelo Cancela Lisboa Cohen a,b,*, Luiz Carlos Ruiz Pessenda c, Hermann Behling d,
Dilce de Fátima Rossetti e, Marlon Carlos França a, José Tasso Felix Guimarães a, Yuri Friaes a,
Clarisse Beltrão Smith a

a Laboratory of Coastal Dynamics, Programa de Pós-Graduação em Geologia e Geoquímica, Instituto de Geociências, Universidade Federal do Pará (UFPA), Rua Augusto Correa 01,
66075-110 Belém, PA, Brazil
bOceanography Faculty, Federal University of Pará, Rua Augusto Corrêa, n 1, Guama, 66075-110 Belém, PA, Brazil
cCentro de Energia Nuclear na Agricultura (CENA), 13400-000 Piracicaba, SP, Brazil
dDepartment of Palynology and Climate Dynamics, Albrecht-von-Haller-Institute for Plant Sciences, University of Göttingen, Untere Karspüle 2, 37073 Göttingen, Germany
eNational Space Research Institute (INPE), Rua dos Astronautas 1758-CP 515, 12245-970 São José dos Campos, SP, Brazil

a r t i c l e i n f o

Article history:
Received 20 April 2012
Received in revised form
27 August 2012
Accepted 29 August 2012
Available online

Keywords:
Carbon and nitrogen isotopes
C/N
Climatic changes
Northern Amazonia
Palynology
Sea-level

a b s t r a c t

Wetland dynamic in the northern Brazilian Amazon region during the Holocene was reviewed using
palynological, carbon and nitrogen isotopes records, and C/N ratio previously published. The integration
of 72 radiocarbon dates recorded in 34 sediment cores sampled along the marine and fluvial littoral, and
mainly influenced by the Amazon River, reveals that marine influence and mangrove vegetation were
wider than today on the mouth of Amazon River between >8990e8690 and 2300e2230 cal yr BP,
forming a continuous mangrove belt along the northern Brazilian Amazon littoral. The establishment
of this mangrove strip is a direct consequence of the marine incursion caused by post-glacial sea-level
rise possibly associated with tectonic subsidence during the Early and Middle Holocene. In the Late
Holocene, in areas influenced by the Amazon River discharge, the mangroves were replaced by fresh-
water vegetation, and the coast morphology evolved from an estuarine dominated into a rectilinear coast
due to coastal progradation. Nevertheless, the marine-influenced littoral, which is currently dominated
by mangroves and salt-marsh vegetation, has persistently had brackish water vegetation over tidal mud
flats throughout the entire Holocene. Likely, the fragmentation of this continuous mangrove line during
the Late Holocene was caused by the increase of river freshwater discharge associated to the change from
dry into wet climates in the Late Holocene. This caused a significant decrease of tidal water salinity in
areas near the mouth of Amazon River. These changes in the Amazon discharge are probably associated
with dry and wet periods in the northern Amazon region during the Holocene.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Global mangrove distributions have fluctuated throughout
geological and human history. The area covered by mangroves is
influenced by a complex interaction involving gradients of tidal
inundation frequency, waterlogging, nutrient availability and soil
salt concentration across the intertidal area (Hutchings and
Saenger, 1987; Wolanski et al., 1990). The geomorphic setting of
mangrove systems also comprises a range of inter-related factors
such as substrate types, coastal processes, sediment and freshwater

delivery. All of these influence the occurrence and survivorship of
mangroves (Semeniuk, 1994).

Approximately 85% of Brazilian mangroves occur along 1800 km
of the northern coast in the states of Amapá, Pará and Maranhão,
which together contain 10,713 km2 of these ecosystems (Schaeffer-
Novelli et al., 1990; Vannucci, 1999), and hold one of the world’s
largest mangrove areas (Kjerfve and Lacerda, 1993). The continuity
of thismangrove littoral is interrupted by the area influenced by the
Amazon River water discharge, where várzea (seasonally flooded)
vegetation dominates (Cohen et al., 2008). Thus, climatic and
hydrological factors have mainly controlled the geobotanical units
of the Amazon coast leading to the formation of: 1) a marine-
influenced littoral, submitted to tidal water salinity between 30&
and 7& (southeastern and northwestern coastline) and dominated
by mangroves and salt-marsh vegetation; and 2) a fluvial sector,
close to the Amazon River mouth, with tidal water salinity below
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7& (Monteiro, 2009), characterized by várzea and herbaceous
vegetation (Cohen et al., 2009).

The Holocene vegetation history along the littoral of northern
Brazil was characterized by mangrove establishment and expan-
sion/contraction phases (Behling, 1996, 2001; Behling et al., 2001;
Cohen et al., 2005a,b, 2008, 2009; Vedel et al., 2006; Smith et al.,
2011; Guimarães et al., 2012). These phases have been related to
changes in relative sea-level and/or river water discharge, since the
current distribution of mangrove on this littoral is mainly
controlled by substratum topography and freshwater discharge
(Cohen et al., 2005a,b; Lara and Cohen, 2006, 2009).

Rainfall variations in the Amazonian hydrographic region (Van
der Hammen, 1974; Absy et al., 1991; Desjardins et al., 1996;
Behling and Costa, 2000; Ledru, 2001; Pessenda et al., 2001)
likely control the volume of the Amazon River, which displays the
world’s greatest water discharge of 6300 km3 yr�1 (Eisma et al.,
1991; Maslin and Burns, 2000; Latrubesse and Franzinelli, 2002).
Consequently, during the drier chronologies of the Early and
Middle Holocene, the Amazon River’s inflow may have been
severely reduced (Amarasekera et al., 1997; Toledo and Bush, 2007,
2008). Thus, significant changes in river water discharge along the
littoral would be expected and would have affected salinity gradi-
ents along the coastline influenced by the Amazon River. Therefore,
this process could have affected the distribution of mangrove
(brackish water vegetation) and várzea/herbaceous vegetation
(freshwater vegetation) in the Northern Brazilian littoral.

In this framework, and based on the integration of previously
published studies such as pollen, d13C, d15N and C/N analyses

chronologically contextualized with radiocarbon data, this paper
proposes to characterize changes in the northern Amazonian
mangrove belt during the Holocene according to post-glacial sea-
level rise and dry and wet periods recorded in the region.

2. Study area

The study sites are located in northern Brazil, along the Pará and
Amapá littoral (Fig. 1). Calçoene, Amapá (Guimarães et al., 2012),
Salinópolis, São Caetano, Soure and Bragança mangroves (Behling
et al., 2001, 2004; Cohen et al., 2005a,b, 2009; Vedel et al., 2006;
França et al., in press) are part of the wetland system influenced
by tidal water salinity between 30& and 7&. This coastal mangrove
belt is interrupted by a várzea vegetation area under the Amazon
River influence (Cohen et al., 2008). Lake Arari (Smith et al., 2011,
2012) and the town of Macapá (Guimarães et al., 2012) are
located under such conditions.

The climate is a warm and humid tropical one, with a mean
annual temperature of 27 �C and mean annual precipitation of
approximately 3000 mm, concentrated between January and June
(IDESP, 1974). The mean Amazon River discharge is about
170,000 m3 s�1 (at Óbidos city), with maximum and minimum
outflow of 270,000 and 60,000 m3 s�1 (ANA, 2003). The Amazon
estuary is classified as semidiurnal macrotidal (Pugh, 1987), with
a tidal range of 4e6 m (Gallo and Vinzon, 2005). The structure of
the plume is controlled by the North Brazilian Current, which
induces a northwestern flow with speeds of 40e80 cm/s over the
continental shelf (Fig. 1) (Lentz and Limeburner, 1995), strong

Fig. 1. Location of the study areas and the sea water salinity, Amazon River plume and North Brazil Current.
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tidal currents (Beardsley et al., 1995) and trade winds (Lentz and
Limeburner, 1995). Consequently, the river discharge and hydro-
dynamic conditions allow a strong reduction of water salinity along
the Amazon River and adjacent coast (Fig. 1) (Vinzon et al., 2008;
Rosario et al., 2009).

The marine influenced littoral is characterized by peninsulas
crossed by tidal channels that link wetlands with the estuaries, in
particular of the eastern coastal region of Pará State. The main
hydrodynamic features are macrotides of w4 m range and current
velocities reaching w1.5 m s�1 for spring tides (Cohen et al., 1999).
The modern vegetation is represented by the following units:
Amazon coastal forest (composed of terrestrial trees such as Coc-
coloba latifolia, Himatanthus articulata, Anacardium occidentale,
Protium heptaphyllum, Ouratea castanaefolia, Ouratea microdonta,
Tapirira guianensis, Myrcia fallax, Myrcia sylvatica, Eugenia patrisi,
Cedrela odorata, Hymenaea courbaril and Manilkara huberi),
elevated herbaceous flats (e.g., Eleocharis geniculata, Fimbristylis
spadicea, Sporobolus virginicus, Sesuvium portulacastrum),
mangroves (Rhizophora mangle, Avicennia germinans, Laguncularia
racemosa), and restinga (Chrysobalanus icaco, Anacardium oci-
dentale, Byrsonima crassifolia) (Cohen et al., 2005a, 2009).

The fluvial littoral is represented by part of the Amapá State
and the Marajó Island. The vegetation consists of natural open
areas dominated by Cyperaceae and Poaceae that widely colonize
the eastern side of the Marajó island. The várzea vegetation (a
seasonally inundated floodplain and a swamp permanently inun-
dated by freshwater, composed of wetland species such as the
palm trees Mauritia flexuosa and Euterpe oleracea, and other

species such as Hevea guianensis (Zarin et al., 2001; Junk and
Piedade, 2004; McGinley, 2007)) and Amazon Coastal Forest
occur on the western side of the island (Cohen et al., 2008).
Mangroves are restricted to a small area (100e700 m in width)
along the northeastern coastal plain of the Marajó Island (França
et al., in press).

3. Materials and methods

3.1. Sampling

In total 10 sediment cores were sampled from fluvial influenced
littoral in the Marajó Island and Macapá coastline. Twenty-four
cores were sampled along the marine littoral; the cores were sit-
uated in the northwestern Amapá, Salinópolis, São Caetano, Soure
and Bragança littoral (Table 1). The product of integration of these
34 cores is represented in the 17 sediment cores that are the longest
chronologically. The other sediment cores that were chronologi-
cally shortest confirm the trends presented in Fig. 2.

3.2. Palynological analysis

Cores were sub-sampled at intervals of 5 cm and 1 cm3 of
sediment was taken for palynological analysis. Samples were
prepared using standard techniques for the extraction of paly-
nomorphs, including acetolysis (Faegri and Iversen, 1989). Hand-
books of pollen and spores morphology were consulted (Roubik
and Moreno, 1991; Colinvaux et al., 1999; Hesse et al., 2008) as

Table 1
Sediment cores with their respective locations, marine or fluvial influence, amount of dates, type of analysis (P, palynology; I, isotope), depth and reference.

Core Location Sampling site Influence Number
of dates

Analysis type Depth (cm) Reference

R-1 S00�40026.300/
W048�29037.200

Soure Marine 1 P/I 150 França et al. (in press)

R-2 S00�40023.100/
W048�29038.800

Soure Marine 1 P/I 150 França et al. (in press)

R-3 S0�40025.200/W48�29035.700 Soure Marine 2 P/I 150 França et al. (in press)
R-4 S00�3903700/W048�2903.300 Soure Marine 6 P/I 220 França et al. (in press)
R-5 S00�5504100/W048�3904700 Arari/Soure Fluvial 5 P/I 251 França et al. (in press)
BV S0�4301000/W48�2903200 Soure Marine 4 P 140 Behling et al. (2004)
PP S0�39034.000/W48�2900000 Soure Marine 3 P 120 Behling et al. (2004)
LA-A S00�3505200/W49�0803500 L.Arari Fluvial 1 P/I 62 Smith et al. (2011)
LA-B S00�3505400/W49�0904900 L.Arari Fluvial 2 P/I 82 Smith et al. (2011)
LA-C S00�3903900/W49�0902000 L.Arari Fluvial 1 P/I 50 Smith et al. (2012)
LA-D S00�4304000/W49�1000000 L.Arari Fluvial 3 P/I 80 Smith et al. (2012)
LA-E S00�4302400/W49�0904100 L.Arari Fluvial 2 P 150 Cohen et al. (2008)
HP-

A
S00�5303400/W48�400800 L.Arari Fluvial 1 P 32 Smith et al. (2011)

S1 S01�0002600/W48�5601800 L.Arari Fluvial 1 P 45 Cohen et al. (2008)
S2 S00�5604100/W48�4204400 L.Arari Fluvial 1 P 28 Cohen et al. (2008)
MAC N00�0401500/W51�0201500 Macapá Fluvial 3 P/I 200 Guimarães et al. (2012)
AM N02�0300800/W50�4802100 Amapá Marine 2 P/I 100 Guimarães et al. (2012)
GV N02�3403800/W50�5301700 Calçoene Marine 1 P/I 70 Guimarães et al. (2012)
GA N02�3505900/W50�5200800 Calçoene Marine 1 P/I 127 Guimarães et al. (2012)
GP N02�3604800/W50�5004100 Calçoene Marine 1 P/I 137 Guimarães et al. (2012)
M1 S0�5302400/W46�4002400 Bragança Marine 1 P 10 Cohen et al. (2005a)
M3 S0�5305300/W46�4002700 Bragança Marine 1 P 30 Cohen et al. (2005a)
M2 S0�5305300/W46�4002700 Bragança Marine 1 P 27.5 Cohen et al. (2005a)
M9 S0�54003.900/W46�4004000 Bragança Marine 1 P 32 Cohen et al. (2005a)
M5 S0�54015.200/W46�4005900 Bragança Marine 2 P 57 Cohen et al. (2005a)
RKS3 S0�5104800/W46�3900400 Bragança Marine 1 P 351 Cohen et al. (2005b)
M6 S00�5402800/W46�4102500 Bragança Marine 1 P 57.5 Cohen et al. (2005a)
CS S05�4004600/W46�4006300 Bragança Marine 3 P 135 Cohen et al. (2005b)
BA S05�5006500/W46�4000000 Bragança Marine 3 P 540 Cohen et al. (2005b)
FC S00�5202500/W46�3900000 Bragança Marine 3 P 179 Cohen et al. (2005b)
TAP S00�5801800/W46�4702400 Bragança Marine 6 P 385 Vedel et al. (2006)
APL S00�360/W47�170 Salinópolis Marine 2 P 40 Cohen et al. (2009)
AB S00�380/W47�180 Salinópolis Marine 2 P 230 Cohen et al. (2009)
SC S00�430/W48�010 S. Caetano Marine 3 P 600 Cohen et al. (2009)
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well as the reference collections of the “Laboratório de Dinâmica
Costeira e UFPa” and of Hermann Behling to identify pollen grains
and spores. A minimum of 300 pollen grains were counted per
sample.

3.3. C/N, carbon and nitrogen isotopes

The d13C, d15N and elemental C and N (C/N) concentrations were
analyzed from samples (6e50mg) taken at 5 cm intervals along the
cores sampled from Amapá and Marajó Island. The stable carbon
and nitrogen isotopes as well as the total organic carbon (TOC) and
nitrogen (TN) were determined at the Stable Isotopes Laboratory at
the Center for Nuclear Energy in Agriculture (CENA), University of
Sao Paulo (USP), using a Continuous Flow Isotopic Ratio Mass
Spectrometer (CF-IRMS). Further details may be found in Smith
et al. (2012).

3.4. Radiocarbon dating

Seventy-two bulk samples of w2 g each were used for radio-
carbon dating (Table 2). Samples were checked and physically
cleaned under the microscope. The residual material was then
extractedwith 2% HCl at 60 �C over 4 h, washedwith distilled water
until pH was neutral and dried (50 �C). The sediment organic
matter was analyzed by Accelerator Mass Spectrometry (AMS) at
the Center for Applied Isotope Studies (Athens, Georgia, USA), at the
Leibniz Laboratory of Isotopic Research at Christian-Albrechts
University in Kiel (Germany), at the Physic Institute at the Univer-
sity of Erlangen (Germany), and at the Van der Graaff Laboratory at
the Utrecht University (The Netherlands). Radiocarbon ages are
reported in years before AD 1950 (yr BP) normalized to d13C of
�25&VPDB and in cal yr BP with a precision of 2s (Reimer et al.,
2009).

Fig. 2. Comparative diagram of climatic change records in the Amazon region, sea-level rise in eastern South America during the Holocene and pollen diagrams from the littoral of
Pará and Amapá.
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4. Wetland dynamic during the Holocene

As described previously, Marajó Island and Macapá town
present a regional low water salinity produced by the larger
freshwater discharge from the Amazonas river as compared to the
rivers from southeastern Pará and northwestern Amapá littoral
(Kjerfve et al., 2002). This produced a fluvial sector and a marine-
influenced littoral (Fig. 1).

The marine littoral is mainly dominated by mangrove and
herbaceous flats, typical of brackish waters, while the fluvial littoral
is mainly characterized by várzea and herbaceous vegetation,
typical of freshwaters. The relationship between mangrove and
sediment geochemistry has been widely investigated (Hesse, 1961;
Baltzer, 1975; Lacerda et al., 1995; Alongi et al., 2000). Wetlands
from northern Brazil follow well-known patterns in which salinity
excludes certain species (Snedaker, 1978), leading to characteristic
patterns of species zonation (Menezes et al., 2003) where the
mangroves are more tolerant to soil salinity than the várzea forest
(Gonçalves-Alvim et al., 2001; Cohen et al., 2008), and, considering
the Amazon River, the salinity is basically controlled by position
along the estuarine gradient (Lara and Cohen, 2006).

4.1. Marine littoral

The intertidal area of the marine littoral presents 3090 km2 of
mangroves and 90 km2 of herbaceous flats (Cohen et al., 2009).
These wetlands have occurred continually over tidal mud flats
along the marine littoral of the Pará State during the Holocene and
with deposition of marine organic matter during at least the Late
Holocene along the marine littoral of the Amapá State (Fig. 1)
(Cohen et al., 2005b, 2009; Vedel et al., 2006; Guimarães et al.,
2012). During the Early Holocene, the mangrove establishment
was marked by dominance of Avicennia trees in the Bragança
littoral, while the Rhizophora expanded relative to Avicennia during
the Middle and Late Holocene (Vedel et al., 2006). The pollen
records indicate that mangrove areas on the Bragança Peninsula
have been mainly controlled by the relative sea level during the
Holocene (Cohen et al., 2005a,b), and themangroves havemigrated
to higher elevated zones during the last decades, suggesting
a relative sea-level rise (Cohen and Lara, 2003; Cohen et al., 2005b).

Regarding the consequences of rainfall changes during the
Holocene on the marine littoral, it should have caused changes in
tidal water salinity with consequences for the mangrove structure,
since the mangrove vegetation height presents an inverse rela-
tionship with substrate salinity (Lara and Cohen, 2006). In addition,
the upper mud flats with porewater salinity between 90 and 50&
consist mainly of Avicennia and sectors with porewater salinity
around 36& are dominated by Rhizophora (Cohen and Lara, 2003).

Considering the eastern Venezuela, in situ mangrove commu-
nity was established at 6960 � 70 year old (7936e7674 cal yr BP)
(Rull et al., 1999). In the early Holocene, mangroves were domi-
nated by Avicennia or co-dominated by it and Rhizophora. Since
then, a relative sea level rise of about 13.2 cm/100 year has been the
most important natural disturbance suffered by the mangrove
community in Venezuela (Vilarrúbia and Rull, 2002). According to
Van der Hammen (1988), during the Early Holocene the rise in sea-

Table 2
Radiocarbon ages (AMS). Radiocarbon ages are presented in conventional yr BP and
in cal yr BP (�2s), obtained with software package Calib 6.0 and the Intcal09 curve
(Reimer et al., 2009). UGAMS e AMS Laboratory at the University of Georgia-USA,
KIA e Leibniz Laboratory of Isotopic Research at the University in Kiel (Germany),
ERL e Physic Institute at the University of Erlangen (Germany) and UTC e Van der
Graaff Laboratory at the Utrecht University (Netherland).

Sample Lab. Number Depth (cm) Cal yr BP

R-1 UGAMS4924 147e150 560e520
R-2 UGAMS4925 147e150 1160e1120
R-3 UGAMS4927 107e110 70e30
R-3 UGAMS4926 147e150 680e640
R-4 UGAMS4931 3 Modern
R-4 UGAMS5316 44e46 Modern
R-4 UGAMS5317 65e69 614e552
R-4 UGAMS4932 190e192 1518e1453
R-4 UGAMS5318 209e211 1419e1334
R-4 UGAMS4933 218e220 1739e1567
R-5 UGAMS4928 22e24 1947e1813
R-5 UGAMS8209 78e83 6633e6579
R-5 UGAMS4929 142e146 6737e6597
R-5 UGAMS8208 234e240 6772e6768
R-5 UGAMS4930 248e251 7521e7433
BV20 KIA19811 20 Modern
BV40 KIA19812 40 537e493
BV100 KIA19813 100 1843e1793
BV140 KIA19404 140 4023e3933
PP20 KIA19809 20 Modern
PP60 KIA19810 60 Modern
PP120 KIA19402 120 647e597
LA-A KIA34340 62 3795e3706
LA-B KIA34341 33 670e632
LA-B KIA34342 82 4530e4423
LA-C KIA34343 50 8990e8691
LA-D UGAMS6999 20 2306e2234
LA-D KIA34344 30 5944e5888
LA-D KIA34345 80 7328e7168
LA-E KIA28165 100 592e542
LA-E KIA28166 150 1228e1164
HP-A KIA28165 32 660e626
S1 KIA28167 45 564e504
S2 KIA28168 28 562e512
MAC 20 UGAMS5311 20 600e560
MAC 145 UGAMS5312 145 5290e5150
MAC 200 UGAMS5313 200 5560e5470
AM 60 UGAMS5314 60 1260e1080
AM 100 UGAMS5315 100 2350e2300
GV KIA28169 70 2160e2040
GA KIA28170 127 1005e935
GP KIA28171 137 3630e3350
M1/10 cm KIA 10 Modern
M3/30 cm KIA 30 440e340
M2/27.5 cm KIA 27.5 490e350
M9/32 cm KIA 32 510e370
M5/15 cm KIA 15 530e480
RKS3/351 cm KIA 351 710e670
M5/57.5 cm KIA 57 870e730
M6/57.5 cm KIA 57.5 890e750
CS/30 cm UtC-8724 30 490e350
CS/90 cm UtC-8725 90 970e930
CS/135 UtC-8737 135 5913e5888
BA40 UtC-8722 40 Modern
BA240 UtC-8723 240 1818e1713
BA540 UtC-8724 540 2119e1994
FC30 UtC-8719 30 Modern
FC120 UtC-8720 120 1260e1196
FC179 UtC-8721 179 1349e1297
TAP KIA21248 35 Modern
TAP KIA21247 85 Modern
TAP KIA21972 115 6814e6726
TAP KIA19405 185 6520e6460
TAP KIA21973 290 7413e7327
TAP KIA19406 385 11,771e11,393
APL1 KIA21274 40 445e339
APL2 Erl-9452 27 400e76
AB1 KIA21275 230 890e786
AB2 KIA27245 125 705e615

Table 2 (continued)

Sample Lab. Number Depth (cm) Cal yr BP

SC1 KIA21277 600 7567e7509
SC2 KIA27244 290 6780e6658
SC3 Erl-9451 95 1168e1044

M.C.L. Cohen et al. / Quaternary Science Reviews 55 (2012) 50e5854
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level in the nearby coasts of Guyana caused the replacement of
savannah by mangrove vegetation, and Avicennia was the first
mangrove-forming tree to become established.

4.2. Fluvial littoral

Pollen and isotopic data from fluvial littoral indicate that marine
influence and mangrove vegetation was wider than today on
Marajó Island (Smith et al., 2011) and the Macapá littoral
(Guimarães et al., 2012) between >8990e8690 and 2300e2230
and >5560e5470 and 5290e5150 cal yr BP, respectively. In addi-
tion, recent isotopic and pollen data from Marajó Island confirm
this marine influence and the presence of a tidal mud flat colonized
bymangroves between>7520e7430 cal yr BP andw3200 cal yr BP
in the central area of this island (França et al., in press). During the
last 2300e2230 cal yr BP the freshwater vegetation expanded on
the Marajó Island (Smith et al., 2012), and the mangroves were
isolated in a limited area (100e700 m width) along the north-
eastern coastal plain of Marajó Island during the Late Holocene
(França et al., in press). Similarly, the freshwater vegetation
expanded along the littoral of Macapá, on the edge of Amazon
River, during the Late Holocene (Guimarães et al., 2012). Therefore,
the data indicate higher marine influence near the mouth of
Amazon River during the Early and Middle Holocene. The temporal
transition between the marine to fluvial littoral produced signifi-
cant geomorphologic changes, such as the replacement of old
lagoons by lakes (Miranda et al., 2009; Smith et al., 2011). The
different chronology between Macapá and the Marajó Island
coastline, showing the transition from brackish to freshwater
vegetation may be justified by the position of sampling sites along
the estuarine gradient. The littoral of Macapá, where mangroves
have occurred up to 5290e5150 cal yr BP, is on the edge of the
Amazon River, while Lake Arari in Marajó Island, where the
mangroves resisted until 2300e2230 cal yr BP, is positioned at the
mouth of the Amazon (Fig. 1).

5. Controlling factors of the wetland dynamic

Deciphering the main factor responsible for the mangrove
dynamic recorded in the Holocene at the mouth of the Amazon
River is not straightforward. This is stated particularly considering
that the region might have been undergone to the complex inter-
action of several factors, mostly consisting of changes in sea level,
subsidence rates, and climate, the latter with potential to have
affected the Amazon River discharge. The most likely is that all
these factors acted together and controlled the distribution of
mangrove in this region over the Holocene.

The contraction of the mangrove area during the Late Holocene
at the mouth of the Amazon River could be a natural response to
the progradation of coastline, following the stabilization and
accumulation of mud to new mangrove colonization. However, it is
notable that this process should necessarily have occurred
throughout the Macapá and Marajó coastline, but rather than
mangroves, freshwater vegetation (várzea) was established (Cohen
et al., 2008; Smith et al., 2011; Guimarães et al., 2012).

The mangroves along the southeastern Pará and northwestern
Amapá littoral (marine littoral) occurred continually during the
Holocene and at least the Late Holocene, respectively. The greater
tidal water salinity during the Early and Middle Holocene in the
fluvial sector could be attributed to the episode of Atlantic sea-level
rise recorded in other parts of South America (e.g., Suguio et al.,
1985; Tomazelli, 1990; Rull et al., 1999; Hesp et al., 2007; Angulo
et al., 2006, 2008) (Fig. 2). This event could also have produced
a marine incursion along the Pará and Amapá littoral, where the
relative sea-level-RSL stabilized at its current level between 7000

and 5000 yr BP (e.g., Behling and Costa, 2001; Behling et al., 2001;
Behling, 2002, 2011; Cohen et al., 2005a; Souza Filho et al., 2006;
Vedel et al., 2006). A transgressive phase occurred on Marajó
Island in the Early to Middle Holocene. Subsequently, there was
a return to themore continental conditions that prevail today in the
study area (Rossetti et al., 2008). This history of RSL fluctuations on
Marajó Island seems to have been affected by tectonic activity
during the Late Pleistocene and Holocene. Hence, transgressionwas
favoured during increased subsidence, when space was created to
accommodate new sediments. Tectonic stability seems to have
prevailed during the Middle to Late Holocene, leading to coastal
progradation that culminated with more continental conditions
prevailing on the island, and with the detachment of Marajó Island
frommainland. It contributed to the change in coastal morphology
from an estuarine dominated one into a rectilinear coast. In this
process, areas with marine influence located circa 45 km inland in
this island became freshwater dominated during the Late Holocene
(Rossetti et al., 2008, 2012).

Hence, the post-glacial sea-level rise, combined with tectonic
subsidence, caused a marine transgression. The tidal water salinity
should have further increased due to low river discharge resulting
from increased aridity during the Early and Middle Holocene. If
river systems are considered to be integrators of rainfall over large
areas (Amarasekera et al., 1997), variations in the discharge of the
Amazon River during the Holocene may be a consequence of
changes in rainfall rates, as recorded in many different regions of
the Amazon Basin (e.g., Bush and Colinvaux, 1988; Absy et al., 1991;
Sifeddine et al., 1994; Desjardins et al., 1996; Gouveia et al., 1997;
Pessenda et al., 1998a,b, 2001; Behling and Hooghiemstra, 2000;
Freitas et al., 2001; Sifeddine et al., 2001; Weng et al., 2002; Bush
et al., 2007; Guimarães et al., 2012) (Fig. 2).

For example, the climatic conditions in the tropical Andes were
significantly drier than today between 9200 and 4400 cal yr BP
(Seltzer et al., 1995; Thompson et al., 1995, 2000; Moy et al., 2002;
Paduano et al., 2003; Niemann and Behling, 2008). Baker et al.
(2001) demonstrated that the maximum aridity and lowest level
of Lake Titicaca occurred from 8000 to 5500 cal yr BP. In the eastern
Bolivian Andes, a replacement of cloud forest by open, grass-
dominated ecosystems occurred between w11,500 cal yr BP and
w4500 cal yr BP (Mourguiart and Ledru, 2003). Palaeoecological
records from lakes in the Peruvian Amazon indicate a dry event
from 7200 cal yr BP to 3300 cal yr BP (Bush et al., 2007). In lowland
Amazonian Ecuador, periods of severe drought caused significant
tree mortality between 8700 and 5800 cal yr BP, and after
5800 cal yr BP more uniform conditions allowed the development
of mature forests (Weng et al., 2002). In the Colombian Amazon,
drier Early Holocene and wetter Late Holocene conditions have also
been reported (Behling and Hooghiemstra, 2000). Concomitantly,
the drier period caused the replacement of forest by open savannah
in the Amazon region, which in turn gave way to forest again when
precipitation increased in the Late Holocene (Bush and Colinvaux,
1988; Absy et al., 1991; Desjardins et al., 1996; Pessenda et al.,
1998a,b; Freitas et al., 2001; Sifeddine et al., 2001; Behling, 2011).
This trend is similar to other documented forest-savannah vege-
tation changes in the Amazon basin during the Early and Middle
Holocene (Sifeddine et al., 1994; Gouveia et al., 1997; Pessenda
et al., 1998a,b; Behling and Costa, 2000).

On the Maranhão littoral in the eastern Amazon region, isotopic
analyses of soil organic matter collected in forested and woody
savannah areas indicate that from approximately 10,000 and
9000 cal yr BP to 4000 cal yr BP a woody savannah expanded,
probably reflecting a drier climate (Pessenda et al., 2004). From
4000e3000 cal yr BP to the present, there was a moderate and
progressive increase in arboreal vegetation in the southern Amazon
basin, due to the return to more humid climate conditions that
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were probably similar to the present day (Freitas et al., 2001;
Pessenda et al., 2004). Other isotopic studies in the southern
Amazon region and on a 1600 km transect covering three states of
the northeastern region, w3000 km away from the study site,
indicate a drier climate during the Middle Holocene, while the data
reflect forest expansion associated with a wetter period for the last
3000 years (Pessenda et al., 1998a,b).

These climatic fluctuations in the Amazonian hydrographical
region control the volume of the Amazon River’s inflow (Haberle
and Maslin, 1999; Harris and Mix, 1999). Consequently, during
the Early and Middle Holocene the Amazon River’s inflow was
severely reduced (Maslin and Burns, 2000; Maslin et al., 2000).
Irion et al. (2009) suggest that during the dry period, the sea level
rise caused a backwater effect which reached far upstream, with
the silting up of the Amazon valley and the inflow of the tributaries.
This allowed the development of the Amazon River floodplain in its
modern setting around w5800 cal yr BP, when the sea level
reached its present level. Afterwards, with the return of a more
humid climate in the region, the greater discharge of the Amazon
River promoted the progressive reduction of water salinity. At
present, the littoral of Macapá and Marajó Island is flooded by tidal
freshwater (Santos et al., 2008; Vinzon et al., 2008; Rosario et al.,
2009) that favours the development of freshwater vegetation
(Cohen et al., 2008).

The modern mangrove vegetation on the fluvial sector occurs in
narrow zones fed by brackish waters carried from the southeastern
Pará coastline by the northern Brazil current (Fig. 1). This water
influx produces a relatively higher tidal water salinity, and is
probably the cause for the permanence of mangroves in the fluvial
littoral, for example, in a narrow zone on the northeastern part of
theMarajó Island (Behling et al., 2004; França et al., in press), where
tidal water salinity is close to w6& (Santos et al., 2008).

6. Conclusions

Pollen, C/N ratios, d13C and d15N data obtained from 34 sediment
cores and with a time control of 72 radiocarbon dates allowed the
authors to identify the establishment of a continuous marine
influenced littoral along northern Brazil during the Early and
Middle Holocene as a consequence of the post-glacial sea-level rise
that was favoured by tectonic subsidence. The tidal water salinity
should have increased due to low river discharge resulting from
increased aridity during the Early and Middle Holocene. However,
during the Late Holocene, the littoral near the Amazon River
underwent a significant increase in fluvial influence that frag-
mented this mangrove belt. As a consequence, the mangrove was
replaced by várzea vegetation, and themarine organic matter in the
sediment changed to freshwater organic matter. Likely, it was
caused by the increase of river freshwater discharge during the Late
Holocene, which caused a significant decrease of tidal water
salinity in Marajó Island and part of the Amapá coastline (Macapá).
In Marajó Island, the coast morphology evolved from an estuarine
dominated into a rectilinear coast due to coastal progradation. Most
likely these changes in the Amazon discharge were caused by dry
and wet periods recorded in the Amazonia region during the
Holocene.
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