
Catena 133 (2015) 441–451

Contents lists available at ScienceDirect

Catena

j ourna l homepage: www.e lsev ie r .com/ locate /catena
Relative sea-level and climatic changes in the Amazon littoral during the
last 500 years
Marcelo Cancela Lisboa Cohen a,b,⁎, Igor Charles Castor Alves a,b, Marlon Carlos França a,
Luiz Carlos Ruiz Pessenda c, Dilce de Fátima Rossetti d

a Laboratory of Coastal Dynamics, Graduate Program of Geology and Geochemistry, Institute of Geoscience, Federal University of Pará (UFPA), Rua Augusto Correa 01, 66075-110 Belém, PA, Brazil
b Faculty of Oceanography, Federal University of Pará, Rua Augusto Corrêa, n 1, Guama, CEP: 66075-110 Belém, PA, Brazil
c Center for Nuclear Energy in Agriculture (CENA), 13400-000 Piracicaba, SP, Brazil
d National Institute for Space Research (INPE), Rua dos Astronautas 1758-CP 515, CEP: 12245-970 São José dos Campos, SP, Brazil
⁎ Corresponding author at: Laboratory of Coastal Dy
Geology and Geochemistry, Institute of Geoscience, Fed
Rua Augusto Correa 01, 66075-110 Belém, PA, Brazil.

E-mail address: mcohen@ufpa.br (M.C.L. Cohen).

http://dx.doi.org/10.1016/j.catena.2015.06.012
0341-8162/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 6 March 2015
Received in revised form 27 May 2015
Accepted 18 June 2015
Available online xxxx

Keywords:
Amazonia
Mangrove
Organic matter sources
Palynology
Sedimentary facies
An integrated approach focused on sedimentology, geochemistry, palynology, C and N isotopes and radiocarbon
dating of a sediment core from an herbaceous plain not flooded by tides of the Amapá littoral, near the Amazon
River mouth, allowed identification of two phases with marine and terrestrial influences. Mangroves occurred
over tidal mud flats with marine influence between N5610–5470 and 470–310 cal yr BP. The absence of
mangrove vegetation since 470–310 cal yr was followed by the transition of brackish water organic matter to
terrestrial C3 plants. Also, the geochemical data indicate a decrease in sea water influence during this last time
interval. Likely, the displacement of mangrove forest to lower surfaces was caused by a relative sea-level fall
that may be associated with drier conditions with less rainfall during the second part of the last millennium.
As suggested by this work, slight relative sea-level fluctuations caused by regional or global climatic change
may affect significantly the current mangrove area.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Recent works focusing the evolution of Amazonianmangroves have
documented an expansion during the early and middle Holocene,
followed by their replacement by freshwater vegetation along the
Marajó Island coast in areas in the Amazon River mouth (Cohen et al.,
2012; Rossetti et al., 2012). Mangroves and salt-marsh vegetation
persisted in areas with marine-influenced littoral, where brackish
water vegetation is recorded over tidal mud flats throughout the Holo-
cene. A hypothesis has been raised which considers the fragmentation
of thismangrove belt during the late Holocene as caused by the increase
in freshwater discharge associated with changes from dry into wet
climates in the late Holocene (Cohen et al., 2012; França et al., 2012;
Guimarães et al., 2012, 2013a, 2013b; Smith et al., 2012).

The Amazon River's discharge supplies about 20% of the particulate
flow reaching the coast in the form of shoreface-attached mud banks
that tend to evaluate to tidal mud flats (ANA, 2003; Gallo and Vinzon,
2005; Allison et al., 1995). Apparently, the deposition of muddy sedi-
ments and fluvial discharge were not constant during the late Holocene
(e.g. Sommerfield et al., 2004; Cohen et al., 2012; Guimarães et al., 2012,
namics, Graduate Program of
eral University of Pará (UFPA),
2013a, 2013b), and changes in the river discharge may result in signifi-
cant relative sea-level variations along the coast (e.g. Mörner, 1996,
1999). Therefore, at a regional level, rapid marine regressions may be
caused by short (century-scale) regional dry events (Mörner, 1999).

There are still few studies about the effects of recent climatic changes
on Amazonian coastal ecosystems (Cohen et al., 2005b, 2008). Consider-
ing only the last five hundred years, it is knowledge the periodicity and
effects of intermittent climatic phenomena such as strong El Niño events
anddroughts in theAmazon region, which are potentially devastating to
the biota of the affected regions and to the humanpopulation dependent
thereon (Meggers, 1994). Recent studies establish relations between the
El Niño/Southern Oscillation (ENSO) in the tropical Pacific and the sea
surface temperature (SST) in the South Atlantic, and the climate in
South America is significantly influenced by the South Atlantic dipole
and southwestern South Atlantic (e.g. Kayano et al., 2013). During the
drought of 2010 in Amazonia, the water levels of major Amazon tribu-
taries fell drastically to unprecedented low values. This drought started
in early austral summer during El Niño and thenwas intensified because
of thewarming of the tropical North Atlantic, which it was the strongest
of the whole 1903–2010 period (Marengo et al., 2011).

The longest calendrical chronology of E1 Niño events has been
compiled from observations of rainfall on the coast of Peru during the
past 500 years (Quinn et al., 1987). ENSO events prior to 1500 AD may
be indicated by extrapolations from tree-rings, ice cores, flood deposits,
beach ridges, varved sediments, mollusk fauna, river levels, and coral
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growth (Diaz and Markgraf, 1992; Enfield, 1992; DeVries, 1987). Addi-
tionally, archeological discontinuities ca. 1500, 1000, 700, and 400 B.P.
may reflect paleoENSO events with a periodicity of approximately
500 years (Lamb, 1988; Sandweiss, 1986; Meggers, 1994).

Little is known about the impacts ofmega El Niño on Atlantic estuar-
ies, including the interactions between Amazon discharge and theman-
grove vegetation in the last centuries. This issue is particularly relevant
to forecast the future evolution of major ecosystems for the next
decades to centuries. In addition to the climatic hypothesis, the tecton-
ics may be considered as a possible influencing factor by the relative
sea-level affecting the mangrove dynamics at the Amazon mouth (e.g.
Rossetti et al., 2007).

In order to discuss the relationship between the Amazonia man-
grove dynamics and the driving forces that may control the relative
sea-level during the last five hundred years, this work presents a
detailed description of a sediment core sampled from a herbaceous
flat currently not flooded by the tides of the Amapá coast using sedi-
mentary facies, geochemistry, mineralogy, palynology, δ13C, δ15N, C/N
and radiocarbon data. In addition, these data are compared with
previous work (Cohen et al., 2005a, 2009; Lara and Cohen, 2009,
Fig. 1) about the mangrove dynamics along the Pará littoral during the
past thousand years.

2. Study area

2.1. Geological setting

The regional geology of the State of Amapá, where the study
area is located, includes Mesoarchean–Devonian Crystalline and
Metassedimentary rocks of the Amapá Hills to the west, and Pleisto-
cene sandstones and conglomerates in the coastal plateau to the east,
the latter representing tidal depositional systems (Souza and
Pinheiro, 2009). From the Late Pleistocene to Holocene, erosional
and depositional processes due to climatic and sea-level changes,
added to tectonic processes, shaped the relief of the Amapá coast
Fig. 1. Study site. a) the northern Brazilian marine and fluvial influenced littoral (modified fro
Amapá littoral (modified from Guimarães et al., 2013a, 2013b); c) topography and vegetation
(Lima et al., 1991). Extensive north–south trending Holocene terraces
composed of sand and mud developed along the coastal plain adjacent
to the Amazon River mouth. According to Guimarães et al. (2013a,
2013b), this coastal plain includes muddy and mixed tidal flats
with elongated muddy bars, as well as modern and abandoned tide-
dominated rivers, lakes, and cheniers (Fig. 1b, c).

2.2. Vegetation

Floristic studies in the coastal plain of the State of Amapá described
geobotanical and land use units (Costa Neto, 2004; Costa Neto and
Silva, 2004; Carvalho et al., 2006; Costa Neto et al., 2007). For the
study site (Fig. 1b, c), a vegetation survey based on qualitative descrip-
tionswas carried out (Guimarães et al., 2013a, 2013b). Themodern veg-
etation is mainly characterized by herb vegetation in supratidal areas,
“várzea” (flooded freshwater forests on inter and supratidal flat), and
mangrove (flooded brackish water forest located on intertidal flat).

2.3. Climate and hydrology

The Atlantic Intertropical Convergence Zone (ITCZ) records the
boundary between the southeast and northeast Atlantic trade winds
and is associated with a zonal band of low pressure and high precipita-
tion that takes place over both the ocean basin and the South American
continent (Peterson and Haug, 2006). The seasonal migration of the
ITCZ plays a major role in controlling the patterns of rainfall over the
northern coast of South America as it transports moist air from the
Atlantic Ocean to the continent (e.g., Poveda and Mesa, 1997). There-
fore, the climate of the study site is humid tropical characterized by
well-defined dry (September to December) and wet (January to July)
seasons, with annual average precipitation and temperature around
3000 mm and 27.5 °C, respectively (Bezerra et al., 1990).

The mean discharge of the Amazon River is approximately
170,000 m3/s (at the town of Óbidos), with maximum and minimum
outflows of 270,000 and 60,000m3/s at wet and dry seasons, respectively
m Cohen et al., 2012); b) modern geomorphology and vegetation units on the northern
units of the sampling point.
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(ANA, 2003). This discharge contributes with ~1.2 × 109 tons/year of
sediment (Meade et al., 1985). However, newmean outflow estimation
is approximately 203,000m3/s and sediment discharge about 754 × 106

tons/year (Martinez et al., 2009). The Amazon estuary is classified as
semidiurnal macrotidal (Pugh, 1987), with a tidal range of 4 to 6 m
(Gallo and Vinzon, 2005).

The Amapá coast appears to be the location ofmud banks generation
for the entire northeastern coast of South America (Allison et al., 2000).
These mud banks are spaced at intervals of 15 to 25 km separated by
inter-bank areas, are up to 5 m thick, 10 to 60 km long and 20 to
30 km wide, and migrate along the Amazon-influenced muddy coast
from 1 to N5 km/year (Gardel and Gratiot, 2005) in water depths of
b5 to 20 m over a modern upper shoreface mud wedge created from
deposition of previous mud banks (Allison et al., 2000).

The sediments that escape from Amazon shelf are transported in
turbid suspension (suspended-sediment concentration N 1 g/l) along
the coastal zone. These mechanisms transport an amount equivalent
to about 15–20% of the Amazon sediment outflow (Wells and
Coleman, 1978; Eisma et al., 1991). Sediment input by local rivers
(~20 tons/year; Eisma and Van der Marel, 1971) is much smaller than
the Amazon contribution (Eisma and Van der Marel, 1971; Gibbs,
1976). Storm events are absent in this equatorial setting,which increases
the relative importance of seasonal meteorological and fluvial variations
in regulating sediment flux to this muddy coast (Allison et al., 2000).

The structure of the plume is controlled by the North Brazilian Cur-
rent, which induces a northwestern flow with speeds of 40–80 cm/s
over the continental shelf (Fig. 1b; Lentz, 1995), strong tidal currents
(Beardsley et al., 1995), trade winds and the ITCZ (Lentz and
Limeburner, 1995). Consequently, the river discharge and hydrodynam-
ic conditions allow a strong reduction of water salinity along the
Amazon River and adjacent coast (Fig. 1b; Vinzon et al., 2008; Rosario
et al., 2009).

Then, climatic and hydrological factors have mainly controlled the
geobotanical units of the Amazon coast leading to the formation of:
1) a fluvial sector, close to the Amazon River mouth, with tidal water sa-
linity below7‰, characterized by várzea and herbaceous vegetation; and
2) amarine-influenced littoral, submitted to tidal water salinity between
30‰ and 7‰ (southeastern and northwestern coastline) and dominated
by mangroves and salt-marsh vegetation (Fig. 1a, Cohen et al., 2012).

Regarding the marine influenced littoral of the Amapá, the increase
in rainfall during the wetter period is well-correlated with the increase
of the Calçoene River discharge (Fig. 1b) and expansion of the tidal
influence onupper surface. Considering this tidalwater salinity is yet suit-
able to the mangrove development, this process favors the development
of mangroves on muddy substrates near the coastline (Guimarães et al.,
2013a, 2013b).

3. Materials and methods

3.1. Remote sensing

The morphological aspects of the study area were characterized
based on the analysis of Landsat images 5-TM, obtained in September
1997 by the Brazilian National Institute for Space Research-INPE (for de-
tails about the image processing see Guimarães et al., 2013a, 2013b).
The topographic profile is based on the digital elevationmodel acquired
during the Shuttle Radar TopographyMission-SRTM undertaken by the
National Aeronautics and Space Administration-NASA. The software
Global Mapper 9 (Global Mapper LLC, 2009) was used to process the
topographic data (Fig. 1c).

3.2. Sampling and facies description

The sedimentary record consisted of a 1 m deep-core sampled from
a herbaceous flat not flooded by tide (02°36′52″N, 50°50′41″, Fig. 1c).
The core was drilled near the city of Calçoene using a Russian Sampler
with the geographical and topographical positions obtained from the
digital elevation model based on SRTM and Landsat/TM data analyses
presented by Guimarães et al. (2013a, 2013b). Facies analysis included
descriptions of color, lithology, texture and structures (cf. Walker,
1992). X-ray radiographs aided the identification of sedimentary
structures. The sedimentary facies was codified following Miall (1978).

3.3. Mineralogical and chemical analyses

The identification of minerals was achieved using X-ray powder dif-
fraction by a PANalytical diffractometer model PW 3040, with a copper
anode (kα1 = 1.54060 Ǻ), tension generator and current adjusted to
40 kV and 30 mA, respectively. Records were obtained in the range of
5 to 75° 2θ, with step size 0.02–10 s. The results were interpreted
using X'Pert HighScore 2.1 software and the International Center for
Diffraction Data database, and are presented as mineral symbols
following Kretz (1983) and Spear (1993).

The chemical composition was analyzed from a 0.2 g sample by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
following lithium metaborate/tetraborate fusion and dilute nitric
digestion on an Acme Analytical Laboratory. Total sulfur (TS) and total
organic carbon (TOC) were obtained from a LECO CS-300 combustion
analyzer.

The contents of major and trace elements were normalized to the
Upper Continental Crust — UCC (Wedepohl, 1995) and Post-Archean
Australian Shales — PAAS (Turekian and Wedepohl, 1961; Taylor and
McLennan, 1985). The data similarity analysis was performed by Single
Linkage and Pearson product–moment correlation coefficient (PPCC,
denoted by ρ):

ρ ¼ ∑n
i¼0� xi−xð Þ yi−yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i¼0� xi−xð Þ2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼0� yi−yð Þ2
q ¼ cov X; Yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var Xð Þ � var Yð Þp

where:

Ρ = 1 perfect positive correlation between x and y.
ρ − 1 perfect negative correlation between x and y.
ρ = 0 x and y are not linearly dependent.

3.4. Pollen and spore analyses

1 cm3 of sediments were picked in 5 cm intervals. One tablet of ex-
otic Lycopodium spores was added to each sample for the calculation
of pollen concentration (grains/cm3). All samples were prepared using
standard techniques of pollen analysis including acetolysis (Faegri and
Iversen, 1989). Handbooks of pollen and spores morphology were
consulted (Roubik and Moreno, 1991; Colinvaux et al., 1999; Hesse
et al., 2008) to identify pollen grains and spores. Samples were counted
to aminimumof about 300 pollen grains. The total pollen sum excludes
algae, micro-foraminifers, fungal and fern spores. Pollen and spore data
are presented in pollen diagrams as percentages of the total pollen
amount. Thirty pollen taxa were identified, but the pollen diagram
show only themost abundant pollen taxa (N5% pollen sum) and the dif-
ferent ecological groups (Fig. 3). Taxa were grouped into Mangrove,
Herbaceous plain, and “Várzea”. Regarding the significant changes of
sedimentation rates along the cores sampled from tidal flats, which it
causes changes in pollen concentrations, and consequently a misinter-
pretation of the pollen profile, we used percentages of pollen grains
along the studied core. The softwares Tilia and Tilia Graph were used
to the calculation and plotting of pollen diagrams. The pollen diagrams
were statistically subdivided into zones of pollen and spores assem-
blages based on square-root-transformation of the percentage data
and stratigraphically constrained cluster analysis by the method of
total sum of squares (Grimm, 1987).
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3.5. C/N, carbon and nitrogen isotopes

The δ13C, δ15N and elementar C and N (C/N) amounts were analyzed
from sediment samples (6–50 mg) taken at 5 cm intervals along the
sedimentary facies. The stable carbon and nitrogen isotopes as well as
the total organic carbon (TOC) and nitrogen (TN) were determined at
the Stable Isotopes Laboratory of Center for Nuclear Energy in Agricul-
ture (CENA), University of Sao Paulo (USP), using a Continuous Flow
Isotopic Ratio Mass Spectrometer (CF-IRMS). Organic carbon and nitro-
gen are expressed as percentage of dry weight and 13C results are given
with respect to VPDB standard and atmospheric N2, respectively, using
the conventional δ (‰) notation. Analytical precision is ±0.1% and
±0.2‰, respectively.

The organic matter source will be environment-dependent with
different δ13C, δ15N and C/N compositions (e.g. Lamb et al., 2006), as
follows: The C3 terrestrial plants shows δ13C values between −32‰
and−21‰ and C/N ratio N 12, while C4 plants have δ13C values ranging
from−17‰ to−9‰ and C/N ratio N 20 (Deines, 1980; Meyers, 1997).
Freshwater algae have δ13C values between −25‰ and −30‰
(Meyers, 1997; Schidlowski et al., 1983) and marine algae around
−24‰ to −16‰ (Meyers, 1997). Thornton and McManus (1994) and
Meyers (1997) used δ15N values to differentiate organic matter from
aquatic (N10.0‰) and terrestrial plants (~0‰).

3.6. Radiocarbon dating

Two bulk samples of ~2 g each were used for radiocarbon dating
(Table 1). The sediment samples were checked and physically cleaned
under the microscope. The residual material was then extracted with
2% HCl at 60 °C during 4 h, washed with distilled water until neutral
pH and dried (50 °C). The samples were analyzed by Accelerator Mass
Spectrometry (AMS) at the Center for Applied Isotope Studies (Athens,
Georgia, USA). Radiocarbon ages are reported in years before AD 1950
(yr BP) normalized to δ13C of −25‰VPDB and in cal yr BP with a
precision of 2σ (Reimer et al., 2004).

4. Results

4.1. Radiocarbon date and sedimentation rates

The radiocarbon dates are shown in Table 1 and no age inversions
were observed. The sedimentation rates were based on the ratio be-
tween the depth intervals (mm) and the time range. The calculated sed-
imentation rates are 0.13 mm/years (100–30 cm) and 0.67 mm/years
(30–0 cm). Although the rates are nonlinear between the dated layers,
they are the same magnitude order with the vertical accretion range
of 0.1 to 10 mm yr−1 of mangrove forests reported by other authors
(e.g. Cahoon and Lynch, 1997; Bird, 1980; Spenceley, 1982; Behling
et al., 2004; Cohen et al., 2005a, 2008, 2009; Guimarães et al., 2010;
Vedel et al., 2006).

4.2. Facies descriptions

The bulk of the sediment record consists of bioturbatedmuds. Pollen
and spore records, δ13C, δ15N and C/N values were added to facies
characteristics in order to define two environments, which include
mangrove and herbaceous plain.
Table 1
List of radiocarbon dates (AMS) calibrated by CALIB 5.1 Beta (Reimer et al., 2004).

Sample ID Lab. number Depth
(cm)

Radiocarbon age
(yr B.P.)

2σ calibration
(cal yr B.P.)

G1 30 UGAMS 8201 30 320 ± 30 470–310
G1 100 UGAMS 8196 100 4810 ± 40 5610–5470
4.2.1. Mangrove facies
The mangrove facies is present at the base of the studied core

(5610–5470 cal yr BP until 470–310 cal yr BP). It consists of mud with
abundant roots, root marks and dwelling structures produced by the
benthic fauna (Fig. 2).

This facies corresponds to the G1A palynological zone that is mainly
composed by Avicennia (5–75%) and Rhizophora (5–30%), characteriz-
ing themangrove vegetation. The herbaceous plain is mainly represent-
ed by Poaceae (20–70%) and Cyperaceae (0–35%), while the várzea
forest is mainly characterized by Papilionoideae (0–20%), Mimosoideae
(0–20%), Pseudobombax (0–13%), Ilex (0–10%) and Mauritia (0–10%)
(Fig. 3a).

The sediment δ13C values ranging between −23.2‰ and −25‰
suggest the contribution of C3 plants, probably associated with marine
and freshwater organic matters. The δ15N values (1.3‰ to 5‰) indicate
a mixture of terrestrial and aquatic influences. The C/N values between
5 and10 are consistentwith a higher influence of aquatic organicmatter
(b10 algae dominance and N 12 vascular plants; Meyers, 1994; Tyson,
1995) (Fig. 3b). The relationship between δ13C and C/N confirms the
contribution of marine and freshwater organic matters (Fig. 4).

4.2.2. Herbaceous plain facies
This facies occurs in the upper segment of the G1 site from 470 to

310 cal yr BP until the present. It presents mud with many fine root
marks, herbaceous roots and oxidized features (Fig. 2). Pollen assem-
blages are dominated by herbaceous plain pollen and correspond to
Zone G1B that is represented by Poaceae (40–75%) and Cyperaceae
(15–30%) pollen. Monolete (50–70%) and trilete psilate (0–50%) spores
also occur in relatively high percentages (Fig. 3a).

The relationship between δ13C (−21.5‰ to −23‰) and C/N
(11–15) (Fig. 3b) suggests contribution of C3 plants (−32‰ to
−21‰; Deines, 1980) (Fig. 4). The δ15N (−0.8‰ to 1.5‰) (Fig. 3b)
values indicate higher influence of terrestrial organic matter than the
mangrove facies.

4.3. Distribution of minerals, major and trace components along the
mangrove and herbaceous plain facies

The minerals included quartz, kaolinite, anatase, muscovite, albite
and K-feldspar. The major components were SiO2 (59–65%), Al2O3

(15–17%), Fe2O3 (5–8, 6%), K2O (2.3–2.6%), MgO and Na2O (1.2–1.5%),
TiO2 (~0.8%), CaO (0.4–0.6%), P2O5 (~0.1%) and MnO (0.3%) (Fig. 5). In
general, the trace elements occurred in a homogeneous pattern along
the G1 core, except for Ba and Sr that slightly decreased from the man-
grove to the herbaceous plain facies. Total organic carbon and sulfur
were found at low concentrations (~0.3% and 0.05%, respectively) in
the mangrove facies, slightly increasing to 1.3% and 0.7%, respectively,
in the herbaceous plain facies.

The correlation coefficient between SiO2/Al2O3 (−0.72) indicates a
quartz/clay antagonism. Additionally, the coefficient between SiO2/Zr
(0.78) indicates the presence of zircon in the sand fraction of the sedi-
ment. SiO2 and Al2O3 are the most abundant components, comprising
quartz, diatom shells (Costa et al., 2004) and clay minerals (kaolinite).
The slight upward depletion of Na2O, MgO, CaO, Ba and Sr from the
mangrove to the herbaceous plain facies likely indicates a decrease in
seawater influence. The high contents of Fe2O3 andweak coefficient be-
tween Fe2O3/Cr (0.44) and Fe2O3/total sulfur (−0.04) are consistent
with iron oxyhydroxides, most likely goethite, as suggested by the
yellowish hues, formed during prolonged subaerial exposure, especially
observed in the herbaceous plain facies (Berrêdo et al., 2008).

The presence of albite and muscovite indicates a contribution of
Precambrian crystalline rocks from the Guiana Shield, which occurs
near the coastal plain of the State of Amapá (Guimarães et al., 2013a,
2013b). Other studies focused on the tidal flats of the northern
Brazilian coast have also shown the predominance of quartz and kaolin-
ite, but also with occurrences of smectite, illite, pyrite, jarosite, halite,



Fig. 2. Sedimentary data from the study core.
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muscovite, feldspar, albite, vermiculite and vermiculite–chlorite (Costa
et al., 2004; Berrêdo et al., 2008; Vilhena et al., 2010).

5. Discussion

Mangroves are considered as indicators of coastal changes (e.g.
Blasco et al., 1996) as the development of mangroves is controlled by
land–ocean interaction (e.g. Woodroffe, 1982; Cohen et al., 2005b),
and their expansion is determined by the topography of the pre-
Holocene sediment surface and prevailing wave and current energy
conditions (Woodroffe, 1982). The mangrove community is often strik-
ingly zoned parallel to the shoreline, with a series of different species
dominating from open water to the landward margins (Snedaker,
1982). These zones are the response of individual mangrove species to
the gradients of tidal inundation frequency, nutrient availability, soil
salt concentration across the intertidal area, substrate types, and
sediment and freshwater delivery (e.g. Hutchings and Saenger, 1987;
Wolanski et al., 1990; Semeniuk, 1994; Lara and Cohen, 2006). An
empirical model based on an ecohydrological approach, which allowed
the integration of hydrographical, topographical and physicochemical



Fig. 3. Integrated graphics, (a) pollen diagram and (b) interproxy records.
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information with vegetation characteristics of mangroves and marshes,
indicates that changes in pore water salinity are displacing the vegeta-
tion boundaries (Cohen and Lara, 2003; Lara and Cohen, 2006).

Several studies based on mangrove development around mean
sea-level have proposed historical sea level fluctuations (e.g. Scholl,
1964; Fujimoto et al., 1996; Beaman et al., 1994; Woodroffe et al.,
1993; Fujimoto and Miyagi, 1993; Bryant et al., 1992; Chappell, 1993;
Caratini and Fontugne, 1992; Clark and Guppy, 1988; Mildenhall and
Brown, 1987; Cohen et al., 2005a, 2012).
Fig. 4. Binary diagram between δ13C × C/N for
Modified from Meyers, 1997; Lamb et al., 2006
Considering the present Amazonian mangrove development
between 1 and 3.3 m above the mean sea-level (amsl) (Cohen et al.,
2005a; Guimarães et al., 2013a, 2013b), it is reasonable to suggest that
the mud deposits mostly with mangrove pollen were formed in a man-
grove forest within the tidal zone where the modern mangrove is
currently under development. The studied core was sampled from an
herbaceous flat not flooded nowadays by tide (~3.6 m amsl, Fig. 1c),
and the data indicate that mangroves have occurred continually over
tidal mud flats with marine influence between N5610–5470 and
the mangrove and herbaceous field facies.
).



Fig. 5.Mineralogical and chemical compositions of the studied core.
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470–310 cal yr BP. The absence of mangrove vegetation since
470–310 cal yr BP is followedby the transition of brackishwater organic
matter to terrestrial C3 plants (Figs. 3 and 4). Besides, the geochemical
analyses indicate a decrease in sea–water influence during the last
centuries (Fig. 5). Then, based on the main physical and chemical
parameters controlling the mangrove presence, we present three
possible interpretations for the change from mangrove to herbaceous
vegetation at about 470–310 cal yr BP.
5.1. Tidal-influenced paleochannel

Decreasing water energy during the abandonment of tidal-
influenced channels might lead to the disappearance of mangrove due
to its replacement by várzea or gallery forest at channel margins. A
study undertaken in the nearby Marajó Island showed that when
channels are fully abandoned and filled with sediment, the channel
surface is occupied first by grasslands and ultimately by terra-firme
forest (Rossetti et al., 2010). However, the sampling site does not
present an elongated and sinuous morphology above high-water level
that may suggest channel abandonment. The geomorphological map
(Fig. 1b and c) suggests that the sampling site, positioned on a
topographically elevated surface not influenced by modern tides, was
a wide tidal plain.
5.2. Normal marine regression

According to Posamentier et al. (1992), the term “regression”
describes a retreat of the sea and a concomitant seaward expansion of
the land. Regression can occur when sufficient sediment is entering
into the coastal system so as to overwhelm the amount of space
available. This can occur during stillstands or rises in relative sea-level,
and is referred to as a “normal” regression. In this case, the mudflat
may be no longer affected by brackish water, and, consequently the
mangroves migrate to a lower topographic position, as suggested by
the topography and vegetation map of the studied core (Fig. 1c).

5.3. Forced marine regression

When no sediment is delivered to the shoreline during a relative
sea-level fall, the regression is said to be forced because a seaward
shift of the shoreline must occur, even if the volume of sediment sup-
plied is low. This is inmarked contrast to “normal” regression,which oc-
curs in response to the balance between variations of sediment flux and
new space added (Posamentier et al., 1992). In this situation, the change
from mangrove to herbaceous vegetation at about 470–310 cal yr BP
(~1560 AD) may be a consequence of a decrease of marine influence
caused by a gradual relative sea-level fall, in agreementwith the relative
sea-level curve published by Cohen et al. (2005a) (Fig. 6).



Fig. 6. Comparative diagram of the climatic change records from South America and relative sea-level curve for Pará Littoral, and themangrove/herbaceous succession in Amapá and Pará
littoral over thepast 1000 years. After Cohen et al. (2009). References: (1) Thompson et al. (1985), (2) Eismaet al. (1991), (3) Van derHammen (1986), (4) Roosevelt (1991), (5) Gutiérrez
(1562), (6) Teixeira (1630), (7) Arrowsmith (1811), (8) Lara and Cohen (2009), (9) Cohen et al. (2008), (10) Behling et al. (2001), (11) Cohen et al. (2005a), (12) Behling et al. (2004), (13)
Cohen et al. (2009), (14) Calkin et al. (2001), (15) Luckman (2000), (16) Iriondo and Kröhling (1995), (17) Solomina et al. (2007), (18) Röthlisberger et al. (1980).
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5.3.1. Relative sea-level and tectonics
Nowadays, some sectors of the Amapá and Pará littoral present

phases of expansion and contraction of mangrove areas, due to changes
in the relative sea-level (Cohen and Lara, 2003; Cohen et al., 2009;
Guimarães et al., 2013a, 2013b). Considering the recent decadal relative
sea-level rise, the marine littoral shows landward displacement of
mangrove over topographically higher herbaceous sectors (Cohen and
Lara, 2003; Cohen et al., 2009).

The tectonics may be analyzed as a possible factor influencing the
relative sea-level and consequently the dynamics of mangrove environ-
ments at theAmazonmouth. This is suggested because this area is locat-
ed in a geological setting that was reactivated tectonically in the late
Holocene (Rossetti et al., 2007), a process that might continue going
on at Present based on the fact that this is one of the eight seismogenic
zones of the Amazonia with recorded earthquakes up to 4.8 of magni-
tude (Miotto, 1993). A previous work has proposed that the changes
in themangrove environment inMarajó Island occurred simultaneously
with the transformation of an embayed coast into a coast with rectilin-
ear morphology (Rossetti et al., 2012). According to these authors, this
morphological modification occurred by coastal progradation due to
stabilization following a period of tectonic activity that promoted the
detachment of this island frommainland. An increasing volume of pub-
lications has addressed the role of tectonics in inland areas of northern
Brazil during the Neogene and Quaternary (Rossetti et al., 2012). How-
ever, there are still few studies about the effects of tectonics on relative
sea-level near the Amazonian coast during the last thousand years.
5.3.2. Relative sea-level and climatic changes during the last 500 years
Rainfall changes may have a geographically wider effect on vegeta-

tion in northern Brazil (e.g. Van der Hammen, 1974; Absy et al., 1991;
Desjardins et al., 1996; Ledru, 2001; Behling and Costa, 2000;
Pessenda et al., 2001,2004). Thus, the connection among events record-
ed in different parts of South America can be attributed to the fluvial
system, since river discharge affects mangrove distribution (Cohen
et al., 2012). Short (century-scale) regional dry events cause decrease
in river discharge, and it may result in significant relative sea-level fall
(e.g. Mörner, 1996, 1999).

It has been argued that the decreased river discharges during dry pe-
riods in Amazonia causes an upriver mangrove invasion along estuarine
valleys due to an upriver increase of estuarine water salinity (Lara and
Cohen, 2006; Cohen et al., 2012). This processmay also cause a displace-
ment of mangrove forest to lower topographic areas. It may also cause
an herbaceous field expansion over previous mangrove area in the
marine Amapá littoral (Guimarães et al., 2013a, 2013b), due to the
relative sea-level fall generated by the decrease of fluvial discharge.

Data from the Colombian Andes indicate wet and dry periods during
the last 800 years (Van der Hammen, 1986), whichmay have produced
changes in the Amazon River discharge (Vital and Stattegger, 2000).
Geological studies of the Amazon shelf show changes in the dispersal
of Amazon River sediments during the late Holocene (Alexander et al.,
1986; Eisma et al., 1991). Erosion of deposits probably occurred
between about 1310 AD and the end of the 19th century, when the
modern phase of accumulation began, indicating a maximum hiatus of
about 600 years. This depositional and erosional phase is due to the in-
teractions of river discharge with oceanographical and meteorological
processes (Sommerfield et al., 1995). More specifically, Eisma et al.
(1991) suggest that dry climatic periods in the Colombian Andes from
1510 to 1770 AD reduced the supply of Amazon sediment and water
to the shelf, resulting in erosion or non-deposition.

These dry periods was attributed to southward displacement of the
ITCZ, in which modeling studies have documented a cooling in the
Northern Hemisphere, such as observed during the Little Ice Age (LIA)
(Zhang and Delworth, 2005; Broccoli et al., 2006). The reconstruction
of Pacific SST points toward a La Nina-like state during the Medieval
Climate Anomaly and an El Niño-like state during the LIA (Cobb et al.,
2003; Graham et al., 2007; Conroy et al., 2008; Mann et al., 2009).

Considering the LIA event between ~1400 and ~1900 AD
(Rudddiman, 2008), previous pollen studies in the Pará littoral revealed
mangrove migration to lower topography and herbaceous vegetation
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expansion at about 1560 AD and 1650 AD, respectively, suggesting a
relative sea-level fall (Cohen et al., 2005a, Fig. 6). Following this trend,
the east of Marajó Island recorded a relative sea-level fall that may be
associated with drier conditions with relatively low fluvial discharge
between the 16th and 19th centuries (Lara and Cohen, 2009, Fig. 6).
According to these authors, a large portion of the low-lying eastern
Marajó Island was probably submerged 500 years ago, at least during
high tide, as suggested by maps of the sixteenth century (Gutiérrez,
1562, Fig. 7A). At about 1600 AD, one of the intermittent intense
droughts related to strong El Niño events affected Marajó Island
(Meggers, 1994). In the seventeenth century, higher sectors of eastern
Marajó probably began to emerge as land and several small islands
appeared within the current perimeter of the island. This is further
supported by Teixeira's detailed map of 1630 (Teixeira, 1630, Fig. 7C),
where the current Marajó Island is represented as an archipelago.
Land emergence was complete by the end of the eighteenth century.
This is supported by a registered stabilization of RSL close to current
values (Cohen et al., 2005a) and also by Arrowsmith's map, based on
“manuscript maps and surveys made between 1771 and 1806”
(Arrowsmith, 1811, Fig. 7D), where the Marajó Island has basically the
same morphology as nowadays. This scenario would point to large
and rapid changes in the Amazon's mouth, probably reflecting regional
effects of global climatic events.
Fig. 7. Evolution of the Marajó Island in the last five centuries after the maps of Gutiérrez (156
shows the position of the city of Belém in the State of Pará, Brazil (Lara and Cohen, 2009).
Archeological discontinuities ca. 1500, 1000, 700, and 400 years BP
may reflect paleoENSO events, and they must have been substantially
more severe than the 1982–83 episode (Lamb, 1988; Meggers, 1994).
Several kinds of evidence support this interpretation. Pollen cores
from the margins of the forest show replacement by savanna at these
times, according to the higher sensitivity of the vegetational boundary
to drought (Frost, 1968). Exceptionally low water levels occurred in
the Amazon (Moseley et al., 1983; Nials et al., 1979). The probable
existence of four episodes of exceptional intensity during the past
two millennia suggests a periodicity of approximately 500 years
(Sandweiss, 1986). Since the most recent mega-Niño occurred ca.
400 years BP, another can be expected in the coming decades if contrib-
utory conditions remain the same (Meggers, 1994).

Regardless the driving force behind thewetland dynamic during the
past 1000 years, it is noteworthy that data presented along this work do
notmean thatmangroves shrank or expanded during the last 500 years.
The sediment cores from Bragança Peninsula (Cohen et al., 2005a) and
Amapá littoral were sampled from topographically highest sectors of
that old tidal plain, where mangroves are most susceptible to relative
sea-level fall. These cores only reveal a replacement of mangroves by
herbaceous plains, suggesting a mangrove migration to topographically
lower areas of tidal flats. Considering the core of Marajó Island, which
was sampled from a lake in the center of this island (Cohen et al.,
2) (A), Teixeira (1630) (C), Arrowsmith (1811) (D) and a LANDSAT image (B). The arrow
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2008), probably, the pollen signal recorded the displacement of man-
groves following the progradation of coastline caused by the relative
sea-level fall. This process caused a decrease in contribution of man-
grove pollen inside the lake.

6. Conclusion

The mangroves have occurred continually over tidal mud flats
with marine influence in the study site between N5610–5470 and
470–310 cal yr BP. The absence of mangrove vegetation since
470–310 cal yr is followed by transition of sedimentary organic matter
sourced from marine/freshwater to terrestrial C3 plants. Besides, the
geochemical analysis indicates a decrease in sea water influence during
the last centuries. Likely, displacement of mangrove forest to lower sur-
face in the study site was caused by a relative sea-level fall that may be
associated with drier conditions with less rainfall during the second
part of the lastmillennium. Therefore, dependingmainly on the local to-
pography and fluvial discharge, slight relative sea-level fluctuations
caused by regional or global climatic change will affect significantly
the current mangrove area. In this context, the definition of potential
impacted zones and assess to the intensities and time scales of
mega-Niños are fundamental for the coastal vegetation maintenance
in addition to its academic importance.
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