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Introduction
Today, there is great concern about how mangroves will respond 
to changes in temperature, CO2, rainfall, storms, and sea-level 
rise (Blasco et al., 1996; Duke et al., 2007; McLeod and Salm, 
2006; Masselink and Gehrels, 2014). The ecosystem products 
and services provided by mangrove forests are well understood 
and include the protection of coasts from erosion (Ewel et al., 
1998), sources and sinks of organic carbon (Dittmar et al., 2006), 
sediments (Walsh and Nittrouer, 2004), and plant and animal 
productivity (Ewel et al., 1998). Another important aspect related 
to mangrove forests and global climate change is the role of these 
systems in the carbon sequestration and storage (Alongi, 2014; 
Donato et al., 2011; Giri et al., 2011). Despite mangroves being 
among the most carbon-rich biomes, containing an average of 
937 tC ha−1 (Alongi, 2012), they represent only 0.5% of the 
coastal habits to carbon sequestration in the global coastal ocean 
(Alongi, 2014). The global carbon sequestration induced by 
mangroves (13.5 Gt yr−1) may compensate about 1% of carbon 
sequestration by the world’s forests; however, as coastal habitats, 
they account for 14% of carbon sequestration by the global ocean 
(Alongi, 2012).

It is important to note that the Brazilian coast contains the 
world’s third largest unitary mangrove region, estimated to cover 
a total area of 962,683 ha (Giri et al., 2011), along a coastline of 
approximately 7637 km (Schaeffer-Novelli et al., 1990).
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However, global mangrove distributions have fluctuated 
throughout geological and human history due to climatic changes 
and sea-level oscillations (Alongi, 2008; Cohen et al., 2012; Fro-
mard et al., 2004). Regarding the Brazilian littoral, post-glacial 
sea-level rise and changes in fluvial discharges are considered the 
main driving forces to the mangrove expansion or contraction 
phases (Cohen et al., 2012, 2014), although tectonics might have 
played a role in this geological setting (Miranda et al., 2009; Ros-
setti and Valeriano, 2007) at least during the Holocene.

Considering Holocene sea-level changes, it appears to have 
crossed the present level around 7000 yr BP, reaching 4–6 m 
above the present one in many areas of the Brazilian coast 
(Angulo et al., 2006; Martin and Suguio, 1992; Reis et al., 2013; 
Rossetti et al., 2008), as well as other areas of the South American 
coast (Milne et al., 2005). Globally, over the last 1000 years, the 
minimum sea level (−19 to −26 cm) occurred around AD 1730 
and the maximum sea level (12–21 cm) around AD 1150 (Grin-
sted et al., 2009). A similar sea-level trend was recorded along the 
northern Brazilian littoral, which had significant impact on man-
grove dynamics (Cohen et al., 2005a, 2005b). The combination of 
paleo sea-level data and long-tide gauge records confirms that the 
rate of rise has increased from low rates of change during the late-
Holocene (order of tenths of millimeter per year) to rates of 
almost 2 mm yr−1 averaged over the 20th century, with a likely 
continuing acceleration during the 20th century (Church et al., 
2013). The relative sea-level (RSL) rise has caused a mangrove 
retraction along the northern Brazilian littoral. The loss of man-
grove area is mainly due to the erosion and landward sand migra-
tion, which covers the mudflat and asphyxiates the vegetation 
(Cohen et al., 2009; Cohen and Lara, 2003; França et al., 2012).

Regarding the littoral of the State of Espírito Santo in South-
eastern Brazil, the nonequilibrium between fluvial sediment supply 
and RSL changes during the Pleistocene (Cohen et al., 2014; Ros-
setti et al., 2015), and Holocene (Buso Junior et al., 2013; França 
et al., 2013, 2015) has significantly affected the depositional sys-
tems and created and destroyed areas suitable to mangrove devel-
opment (Castro et al., 2013; França et al., 2013).

In order to propose a model to explain the relationship between 
the evolution of beach ridges, formed during the development of 
deltaic systems, and mangrove dynamics according to climate and 
sea-level changes, this work emphasizes the late-Holocene depos-
its of the Doce River delta plain, mainly those formed in the last 
1300 years BP. The interpretations are based on the characteriza-
tion of geomorphology, sedimentology, palynology, and bulk 
sedimentary organic matter through δ13C, δ15N, and C/N analyses 
of sediment cores from a coastal plain occupied by mangrove and 
herbaceous vegetation and temporally dated with 14C dating.

Modern settings
Study area and geological setting
The study site is located on the Doce River delta, State of Espírito 
Santo, Southeastern Brazil (Figure 1), about 60 km from the 
mouth of the Doce River. The Holocene sedimentary history in 
this sector is strongly controlled by RSL changes, fluvial supply, 
and longshore transport (Cohen et al., 2014). The study area is 
composed of a Miocene age plateau represented by continental 
deposits of the Barreiras Formation, which are slightly sloping 
seaward. This site is characterized by many wide valleys with flat 
bottoms where silty deposits were accumulated during the Qua-
ternary (Martin et al., 1996). The study area is part of a larger area 
of tectonically stable Precambrian crystalline rocks. Four geo-
morphological units are recognized in this area: (1) a mountain-
ous province constituted by Precambrian rocks having a 
multidirectional rectangular dendritic drainage network; (2) a sea-
ward gently slopping tableland consisting of fluvial, alluvial fan 
and probably also marine transgressive siliciclastic deposits of the 

Neogene Barreiras Formation (Arai, 2006; Dominguez et al., 
2009); (3) a coastal plain area, with fluvial, transitional, and shal-
low marine sediments deposited during RSL changes (Martin and 
Suguio, 1992); and (4) an inner continental shelf area (Asmus 
et al., 1971).

Modern climate
The region is characterized by a warm and humid tropical cli-
mate with annual precipitation averaging 1400 mm (Peixoto and 
Gentry, 1990). Higher precipitation generally occurs in the sum-
mer, with a dry fall-winter season controlled by the position of 
both the Intertropical Convergence Zone (ITCZ) and the South 
Atlantic Convergence Zone (SACZ; Carvalho et al., 2004). The 
area is entirely located within the South Atlantic trade wind belt 
(NE-E-SE). This is related to a local high-pressure cell and the 
periodic advance of the Atlantic Polar Front during the autumn 
and winter, which generates SSE winds (Dominguez et al., 
1992; Martin et al., 1998). The rainy season occurs between the 
months of November and January, with a drier period between 
May and September. The average temperature ranges between 
20°C and 26°C.

Modern vegetation
Wetlands cover a significant part of the study site, with mangrove 
trees being 5–15 m in height. Important species, such as Rhi-
zophora mangle and Laguncularia racemosa, occur near lagoon 
margins, while Avicennia germinans grows mainly on higher 
topographic elevations. The mangrove ecosystem is currently 
restricted to the northern littoral of the coastal plain (Bernini 
et al., 2006). Ipomoea pes-caprae, Hancornia speciosa, Chryso-
balanus icaco, Hirtella Americana, Cereus fernambucensis, and 
palm trees characterize the sandy coastal plain, as well as orchids 
and bromeliads that grow on the trunks and branches of larger 
trees. Tropical rainforest occurs naturally on higher terrains, 
where the most representative plant families are Annonaceae, 
Fabaceae, Myrtaceae, Sapotaceae, Bignoniaceae, Lauraceae, 
Hippocrateaceae, Euphorbiaceae, and Apocynaceae (Peixoto and 
Gentry, 1990). The coastal plain between São Mateus and Doce 
River is characterized by freshwater species, such as Hypolytrum 
sp. and Panicum sp., and brackish or marine water species, such 
as Polygala cyparissias, Remiria maritima, Typha sp., Cyperus 
sp., Montrichardia sp., Tapirira guianensis, and Symphonia glob-
ulifera. Herbaceous vegetation dominates the sampling site, being 
represented by Araceae, Cyperaceae, and Poaceae, with some 
trees and shrubs on the plain’s edge.

Materials and methods
Remote sensing
The mapping of detectable vegetation contrasts for the study area 
was based on analysis of freely available remote sensing data. A 
LANDSAT optical images acquired on April 2013 and January 
1984 were obtained from National Institute of Space Research 
(INPE, Brazil) and United States Geological Survey (USGS) global 
archive (Woodcock et al., 2008). These optical images have a level 
1 terrain (L1T) processing, meaning that the data had been radio-
metrically and geometrically corrected and orthorectified. A three-
color band composition (red, green, blue, 543) image was created 
and processed using the SPRING 4.3.3 package to discriminate the 
geomorphological features of interest.

Further processing included the following:

1. Digitalization of individual images showing vegeta-
tion boundaries and posterior layer overlap using geore-
ferenced points to develop a time series. Image texture, 
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object size, and shape features allowed a clear delimitation 
of the dense mangrove areas, due to the contrast with other 
adjacent vegetation types.

2. Sample synthetic color images (2015, CNES/ASTRIUM) 
available from Google Earth (Yu and Gong, 2011) were 
used as a reference to characterize vegetation classes. 
These images present higher resolution than the LAND-
SAT images used in the temporal spatial analysis.

3. Topographic data were derived from SRTM − 30-m digi-
tal elevation model, downloaded from the USGS Seam-
less Data Distribution System (http://earthexplorer.usgs.
gov/). Image interpretation of elevation data was carried 
out using the Global Mapper 12 software.

4. Selection of areas for field validation of satellite images 
and more detailed evaluation of changes in vegetation cov-
erage. A total of 10 sites were checked to validate the clas-
sification of vegetation cover derived from satellite image 
analyses. The transition mangrove or herbaceous and man-
grove or restinga vegetation were chosen for the fieldwork.

Fieldwork
The fieldwork was carried out in July 2011, September 2013, and 
August 2015. The 4-m-deep sediment core LI-34 (18°36′27.4″S 
or 39°44′40.4″W, 2 m elevation) was taken on a mangrove tidal 
mudflat, while the 7.5-m-deep I-2 (18°51.1″S or 39°48.6′W, 6 m 

Figure 1. Location of the study area: (a) Miocene Barreiras Formation, Pleistocene and Holocene deposits, and the Doce River delta; (b) 
topographic profile obtained from the digital elevation model – SRTM, illustrating a large area slightly more depressed on the Doce River delta 
plain; (c) satellite image with beach ridges, herbaceous plain, and mangroves developed in the Holocene; (d) the contact between mangrove and 
herbaceous vegetation; and (e) the mangrove ecosystem.
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elevation), 9-m-deep I-3 (19°03′13.6″S or 39°46′55″W, 5 m ele-
vation), and 5-m-deep I-4 (19°04′28″S or 39°43′21″W, 5 m eleva-
tion) cores were taken from a restinga vegetation, using a Russian 
sampler (Cohen, 2003; Figure 1). The core Li-32 (França et al., 
2013) has been correlated with the new cores due to its more 
proximal position (Figure 2), which records the early- to mid-
Holocene marine transgression followed by the mid-Holocene to 
late-Holocene marine regression in the study area (França et al., 
2013).

Visual observation and photographic documentation were 
used to determine the main geobotanical units. Porewater salini-
ties of surface (0–10 cm) of tidal flats were determined in the field 
by a refractometer. The geographical positions of cores were 
determined by global positioning system (GPS) using the SAD69 
as reference datum. The study site presents a tidal range of 1.5 m 
(Departamento de Hidrografia e Navegação, 2014).

Facies description
The cores were submitted to x-rays in order to identify the sedimen-
tary features. They were transported to the Laboratory of Chemical 
Oceanography, Federal University of Pará (UFPA), where sedi-
ment grain sizes were determined using a SHIMADZU SALD 
2101 laser diffraction particle size analyzer, and the graphics were 
obtained using the Sysgran program (Camargo, 1999). The sedi-
ment grain size distribution follows the grain size scale of Went-
worth (1922), with sand (2–0.0625 mm), silt (62.5–3.9 µm), and 
clay fractions (3.9–0.12 µm). Following proposals of Harper (1984) 
and Walker and James (1992), facies analysis included description 
of color (Munsell Color, 2009), lithology, texture, and structure. 
The sedimentary facies were codified following Miall (1978).

Palynological analysis
For pollen analysis, 1-cm3 samples were taken at 10-cm intervals 
along the core LI-34 and between 9 and 6 m depth in the core I-3. 

All samples were prepared using standard pollen analytical tech-
niques including acetolysis (Faegri and Iversen, 1989). Sample 
residues were mounted on slides in a glycerin gelatin medium. 
Pollen and spores were identified by comparison with reference 
collections of about 4000 Brazilian forest taxa and various pollen 
keys (Absy, 1975; Colinvaux et al., 1999; Markgraf and 
D’Antoni, 1978; Roubik and Moreno, 1991; Salgado-Labouriau, 
1997), jointly with the reference collection of the Laboratory of 
Coastal Dynamics – UFPA and 14C Laboratory of the Center for 
Nuclear Energy in Agriculture (CENA/USP). A minimum of 300 
pollen grains were counted for each sample. Pollen results for 
cores I-2 and I-4 are not presented due to the low concentration 
of grains. The total pollen sum excludes fern spores, algae, and 
foraminiferal tests. Pollen and spore data are presented in pol-
len diagrams as percentages of the total pollen sum. The taxa 
were grouped according to source: mangroves, trees and shrubs, 
palms, and herbs pollen. The software TILIA and TILIA-
GRAPH were used for calculation and plotting of pollen dia-
grams (Grimm, 1990). CONISS was used for cluster analysis of 
pollen taxa, which allowed the zonation of the pollen diagrams 
(Grimm, 1987).

Isotopic and chemical analysis
Samples (6–50 mg) were collected at 10-cm intervals only in core 
LI-34 due to its high organic matter preservation and muddy 
nature. Sediments were treated with 4% HCl to eliminate carbon-
ates, washed with distilled water until the pH reached 6, dried at 
50°C, and finally homogenized. These samples were analyzed for 
total organic carbon (TOC) and total nitrogen (TN), a process that 
was carried out at the Stable Isotope Laboratory of the CENA/
USP. The results are expressed as percentages of dry weight, with 
analytical precision of 0.09% (TOC) and 0.07% (TN), respec-
tively. The 13C and 15N results are expressed as δ13C and δ15N with 
respect to Vienna Pee Dee Belemnite (VPDB) standard and atmo-
spheric air, using the following notation:

Figure 2. Correlation of facies associations identified in the studied cores.
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where R1sample and R2standard are the 13C/12C ratio of the sample and 
standard, and R3sample and R4standard are the 15N/14N ratio of the sam-
ple and standard, respectively. Analytical precision is ±0.2‰ 
(Pessenda et al., 2004).

The organic matter source dependent of the environment, with 
different δ13C, δ15N, and C/N compositions (e.g. Lamb et al., 2006), 
is as follows: The C3 terrestrial plants, mainly represented by trees 
and shrubs, shows δ13C values between −32‰ and −21‰ and C/N 
ratio > 12, while C4 plants, mainly represented by herbs, have δ13C 
values ranging from −17‰ to −9‰ and C/N ratio > 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). The plants of 
aquatic environments normally use dissolved inorganic nitrogen, 
which is isotopically enriched in 15N by 7–10‰ relative to atmo-
spheric N (0‰); thus, terrestrial plants that use N2 derived from the 
atmosphere have δ15N values ranging from 0‰ to 2‰ (Meyers, 
2003; Thornton and McManus, 1994). The binary analysis between 
δ13C versus C/N was used to interpret sources of organic matter 
(Lamb et al., 2006; Meyers, 2003; Wilson et al., 2005).

Radiocarbon dating
Based on stratigraphic discontinuities that suggest changes in the 
tidal inundation regime, nine bulk samples (10 g each) were 
selected for radiocarbon analysis. In order to avoid natural con-
tamination by shell fragments, roots, seeds, and so on (e.g. Goh, 
2006), the sediment samples were checked and physically cleaned 
under the stereomicroscope. The organic matter was chemically 
treated to remove younger organic fractions (i.e. fulvic and/or 
humic acids) and eliminate adsorbed carbonates. This was 
achieved by placing the samples in 2% HCl at 60°C for 4 h, fol-
lowed by rinses with distilled water to neutralize the pH. The 
samples were dried at 50°C. A detailed description of the chemi-
cal treatment for sediment samples can be found in Pessenda et al. 
(2010, 2012). Radiocarbon dating for the sedimentary succession 
was provided by accelerator mass spectrometry (AMS). Samples 
were analyzed at the Radiocarbon Laboratory of the Universidade 
Federal Fluminense (LAC-UFF) and Center for Applied Isotope 
Studies, University of Georgia (UGAMS), which received the 
purified CO2 in evacuated glass ampoules prepared at the 14C 
Laboratory of CENA/USP. Radiocarbon ages were normalized to 
a δ13C of −25‰ VPDB and reported as calibrated years (cali-
brated years before the present; 2σ) using CALIB 6.0 (Reimer 

et al., 2009). The dates are reported in the text as the median of the 
range of calibrated ages (Table 1).

Results
Geomorphology and vegetation
Five geomorphological units characterize the Doce River delta 
plain: (1) beach ridges or spits, (2) fluvial and distributary chan-
nels, (3) interdistributary bays, (4) transgressive (estuarine, 
lagoonal, and embayment) environments, and (5) fluvial terraces 
(Rossetti et al., 2015). Regarding the sampling sites and the objec-
tive of this work, only beach ridges were described based on satel-
lite images. In the study site, beach ridges form elongated, narrow, 
and convex-upward morphologies positioned parallel to nearly 
parallel to coastline. In the field, beach ridges present undulating 
reliefs and on depressions, in the proximal portion of the delta 
plain, freshwater marshes mainly represented by herbs with some 
palms and shrubs occur. A gradual transition occurs toward the 
distal portion of the delta plain close to the shoreline, which pres-
ents many coastal sand barriers parallel to the shore and some-
times are separated from the mainland by lagoons. This 
geomorphological unit is colonized by ‘restinga’ vegetation. It is 
mainly dominated by palm trees as well as Ipomoea pes-caprae, 
Hancornia speciosa, Chrysobalanus icaco, Hirtella Americana, 
Cereus fernambucensis, and Anacardium occidentale.

The studied lagoon presents muddy tidal flats with smooth 
gradients dissected by creeks that enable the tidal influence on 
inner zones. The tidal flats exhibit porewater salinity gradients 
(30–80‰) that reflect on vegetation zones. Herbaceous vegeta-
tion, dominated by Cyperaceae and Poaceae (only those tolerate 
salinity species), occurs generally in the inner part of muddy tidal 
flats, and it is flooded only by the highest spring tides because it 
occupies surfaces topographically higher than mangroves, mainly 
represented by Rhizophora, Avicennia, and Laguncularia in the 
mid-tide mark. The limits between mangrove, restinga, and her-
baceous vegetation are always clearly fixed because the transition 
between these vegetation units causes a spectral response easily 
distinguishable in color band composition of satellite images. 
During the fieldwork, it was possible to confirm these vegetation 
units (Figure 1).

In the study site, usually, the transition restinga or mangrove 
(Figure 1d) occurs abruptly by a topographical difference. These 
locations present erosion of highest surface and subsequent sedi-
mentation in an appropriate lower level to the tidal influence and 
mangrove development. Thus, in this situation, the mangrove 
expansion occurs by erosion of substrate adjacent to tidal flat. 
However, at the sampling site of the core Li-34, the mangrove or 
herbaceous vegetation transitions are smooth. This suggests that 
mangrove migration to higher surfaces may take place by a rise in 
the tidal limits.

Table 1. Sediment samples selected for radiocarbon dating and results (Doce River delta) with code site, laboratory number, depth, material, 
14C yr BP, and calibrated ages and median of calibrated ages, and sedimentation rates.

Code site and 
laboratory number

Core Depth (m) Material Ages (14C yr BP, 1σ) Ages (cal. yr BP, 2σ) Median of age 
range (cal. yr BP)

Sedimentation 
rates (mm yr−1)

LACUFF 140157 I-2 5.6 Bulk sedimentation 2092 ± 47 1933–2156 2040 2.6
LACUFF 140156 I-2 7.8 Bulk sedimentation 4708 ± 63 5318–5492 5400 0.65
LACUFF140142 I-3 2.62–2.63 Bulk sedimentation 2754 ± 60 2753–2980 2860 0.90
LACUFF140143 I-3 5.85–5.88 Bulk sedimentation 5571 ± 30 6301–6405 6350 0.92
LACUFF140144 I-3 8.04–8.09 Bulk sedimentation 5604 ± 31 6309–6442 6370 109.5
LACUFF13021 LI-34 0.60–0.64 Bulk sedimentation 338 ± 43 307–409 358 1.5
LACUFF13022 LI-34 1.35–1.40 Bulk sedimentation 195 ± 37 105–114 110 –
UGAMS15848 LI-34 2.60–2.63 Bulk sedimentation 1200 ± 25 1210–1227 1219 2.3
UGAMS15849 LI-34 3.72–3.75 Bulk sedimentation 1440 ± 25 1299–1375 1337 9.5

‰

‰
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Radiocarbon dating
The ages, shown in Table 1, indicate sediment deposition during 
the mid-Holocene and late-Holocene, with deposition since 
~6370 cal. yr BP. The ages also indicate that the studied deposits 
accumulated relatively continuously according to vertical accre-
tion range of 0.65–109.5 mm yr−1. However, in the upper part of 
the core LI-34 (1.5–0.5 m depth), an age inversion was recorded, 
which is probably due to bioturbation (Pessenda et al., 2012), as 
typical in mangrove ecosystems.

Description of facies, pollen, and isotope values
The studied deposits consist mostly of greenish gray or dark 
brown muddy and sandy silts arranged into either fining (LI-34) 
or coarsening (I-2, I-3, and I-4) upward successions (Figure 2 and 
Table 2). In addition, these deposits are characterized by massive 
sand, parallel-laminated mud, as well as flaser and lenticular het-
erolithic muddy silts internally with convolute and cross lamina-
tion. Bioturbation characterized by benthic organisms, mollusk 
shells, plant remains, roots, and root marks are locally present.

The textural analysis and sedimentary structures associated 
with the pollen records, combined with δ13C, δ15N, TOC, N, and 
C/N values from cores LI-34, I-2, I-3, and I-4, allowed the identi-
fication of six facies associations related to a typical coastal plain 
setting (Figure 2 and Table 2). These include foreshore, herba-
ceous flat, mangrove or herbaceous flat, mangrove tidal flat, tidal 
flat or channel, and beach ridge complex.

Facies association A (foreshore). Facies association A occurs at 
the base of core LI-34, continuing upward until at least ~1337 cal. 
yr BP (Figure 3). It consists of fine- to medium-grained massive 
sands (facies Sm) with shell fragments. Based on cluster analy-
ses (Figure 4), this pollen record corresponds to the zone A32 
(core LI-32, 4.0–3.7 m depth, three samples) described by França 
et al. (2013).

This pollen zone is marked by the dominance of herbs pol-
len mainly represented by Poaceae (45–55%), followed by 

Cyperaceae (40–50%), Amaranthaceae (3–5%), Asteraceae, and 
Borreria (~3%). The δ13C values varied from ~−32‰ to ~−28‰, 
and the δ15N results were between 4.4‰ and 5.7‰. The TOC 
results are relatively low (0.1–0.2%) at the bottom of the core, 
similar to the TN (~0.01%). The C/N results were between 12 and 
15 (Figure 3 and Table 2).

Facies association B (herbaceous flat). This zone is marked by the 
dominance of herbs pollen mainly represented by Poaceae (45–
55%), followed by Cyperaceae (40–50%), Amaranthaceae (3–
5%), Asteraceae, and Borreria (~3%). The δ13C values varied 
from ~−32‰ to ~−28‰, and the δ15N results were between 4.4‰ 
and 5.7‰. The TOC results are relatively low (0.1–0.2%) at the 
bottom of the core, similar to the TN (~0.01%). The C/N results 
were between 12 and 15 (Figure 3 and Table 2).

This facies association corresponds to the depth interval of 
7.3–5.8 m in core I-3, which accumulated around 6350 cal. yr BP 
(Figure 5). Additionally, this facies association was observed in 
core LI-34 (3.7–1.9 m depth), between 1337 and ~900 cal. yr BP 
(Figure 3). It is characterized by mud with fine- and very fine-
grained sands interbedded (facies SMb), massive sands (facies 
Sm), and flaser bedding (facies Sf). Cross-laminated sands (facies 
Sc) were observed near 2.7 m depth in core LI-34 (Figure 3). 
Additionally, this facies association also consists of nondeter-
mined benthic burrows, shell fragments, roots, and root marks.

The pollen assembly is characterized by three ecological 
groups (Figures 3–5), defined by the high presence of herbs such 
as Poaceae (20–65%), Cyperaceae (5–35%), Amaranthaceae (3–
15%), Borreria (2–15%), Asteraceae (2–10%), Sauvagesia (4–
8%), Coccocyoselum or Declieuxia (2–8%), Smilax (2–7%), and 
Malvaceae (2–6%), followed by a low percentage (<4%) of Apium, 
Caperonia, Xyris, and Zornia. In this facies association, tree and 
shrubs were also recorded, being represented by Anacardiaceae 
(2–10%), Fabaceae (4–7%), Euphorbiaceae (4–7%), Mimosa (2–
7%), Urticaceae or Moraceae (2–7%), Alchornea (~5%), and Byr-
sonima (~5%), followed by a low percentage (<4%) of Croton, 
Malpighiaceae, Melastomataceae or Combretaceae, Meliaceae, 

Table 2. Summary of facies association with sedimentary characteristics, predominance of pollen groups, and geochemical data.

Facies association Facies description Pollen predominance Geochemical data Interpretation

A Fine- to medium-grained with massive sand 
packet (facies Sm). Greenish gray sand with 
shells and poorly sorted

Herbs and grasses δ13C = −32‰ to −28‰; 
δ15N = 4.4–5.7‰; TOC = 0.1–0.2%; 
N = ~0.01%; C/N = 12–15

Foreshore

B Heterolithic sand or mud bedding (facies SMh) 
greenish gray, with benthic tubes, many roots 
and root marks. Flaser bedding (facies Sf). Silty 
sand and sandy silt, fine- to medium-grained 
poorly sorted and cross lamination (facies Sm) 
with shells

Herbs, trees and 
shrubs

δ13C = −21‰ to −4‰; δ15N = 3.9–
6.3‰; TOC = 1–4%; N = 0–0.2%; 
C/N = 14–26

Herbaceous flat

C Flaser bedding (facies Sf) with plant remains 
and cross lamination. Lenticular bedding 
with convolute lamination (facies Ml) and 
heterolithic bedding (facies SMb) greenish gray, 
with benthic tubes, many roots and root marks

Mangrove, herbs, 
trees, shrubs, and 
palms

δ13C = −31‰ to −16‰; 
δ15N = 2.3–4.5‰; TOC = 0.3–3.6%; 
N = 0–0.15%; C/N = 15–27

Mangrove or 
herbaceous flat

D Plastic, heterolithic bedding (facies SMb) 
greenish gray, with benthic tubes, many roots 
and root marks

Mangrove, herbs, 
trees, and shrubs

δ13C = ~−27‰; δ15N = 2.5–4‰; 
TOC = 1.4–4.5%; N = 0–0.19%; 
C/N = 16–27

Mangrove tidal flat

E It is characterized by silty to fine-grained 
sands and laminated muds with plant remains 
that grade upward into coarse-grained sandy 
deposits with cross-laminated or cross-
stratified sand, characterizing coarsening 
upward successions

Low pollen 
concentration

No data Beach ridges

F Fine- to medium-grained sand, heterolithic 
bedding (facies SMb) and massive sand (Sm)

Low pollen 
concentration

No data Tidal flat or 
channel

TOC: total organic carbon.
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Myrtaceae, Rubiaceae, and Sapindaceae. Additionally, aquatic 
pollen was identified, characterized by Utricularia (2–3%).

The δ13C in core LI-34 exhibits values between −21‰ and 
−4.5‰ (mean = −15‰), with highest value close to 3.2 m depth 
(Figure 3). The δ15N record oscillates between 3.9‰ and 6.3‰ 
(mean = 4.7‰). The TOC and N values oscillate between 1% and 
4% (mean = 2.7%) and 0.06–0.23% (mean = 0.14%), respectively. 
The C/N values showed an increasing trend, with variation 
between 14.8 and 24.3 (mean = 19.6).

Facies association C (mangrove or herbaceous flat). Facies asso-
ciation C was identified in core I-3 from 9 to 7.3 m depth 
(~6400 cal. yr BP) and LI-34 from 1.9 to 0.9 m depth (between 
~900 and ~400 cal. yr BP). The grain size is characterized by an 
increase of clay at the top with flaser bedding (facies Sb), lenticu-
lar bedding (facies Mb), and heterolithic bedding (facies SMb). In 
addition, this facies association shows cross-laminated (~1.8 m 
depth in LI-34) sand (facies Sc), convolute laminated sand 
(~1.6 m depth in LI-34). Plant remains, burrows of benthic organ-
isms, root, and root marks are locally present (Figure 3).

The pollen record is marked by mangrove elements (Figures 
3–5), mainly consisting of Rhizophora (4–17%) and Avicennia 
(2–3%) pollen. Herbs are mainly represented by Poaceae (40–
75%), Cyperaceae (15–30%), Amaranthaceae (5–10%), Astera-
ceae (3–5%), Smilax (2–5%), and Borreria (~3%). The tree and 
shrubs are represented by Urticaceae or Moraceae (5–15%), Ana-
cardiaceae (2–10%), Mimosa (2–9%), Euphorbiaceae (4–8%), 
Melastomataceae or Combretaceae (2–7%), Fabaceae (3–5%), 
Byrsonima (2–5%), Myrtaceae (2–4%), and Cecropia (2–3%), 
followed by <5% of Alchornea, Apocynaceae, Hedyosmum, Mal-
pighiaceae, Malvaceae, Meliaceae, Moraceae, Rubiaceae, Sapin-
daceae, and Simarouba. Palm pollen was also recorded (3–6%).

The isotope and elemental data in core LI-34 show different 
results relative to the herbaceous flat facies association (Figure 3). 
The δ13C results exhibit values between −16.8‰ and −31‰ 
(mean = −26.1‰). The δ15N values show an upward increased 
trend from 2.3‰ to 4.5‰ (mean = 3.7‰). The TOC (0.3–3.6%, 
mean = 1.5%), TN (0.02–0.1%, mean = 0.07%), and C/N (15.6–
27.3, mean = 21.1) also show upward increased trends.

Facies association D (mangrove tidal flat). This facies association, 
well represented in core LI-34, consists of heterolithic bedding 
(facies SMb) with roots, root marks, and plant remains, as well as 
undetermined dwelling burrows.

Five ecological groups (Figures 3 and 4) compose the pollen 
assemblage. The grains of mangrove pollen are mainly repre-
sented by Rhizophora (15–40%) and Avicennia (2–5%). Pollen of 
herbs are represented by Poaceae (5–65%), Cyperaceae (5–12%), 
Amaranthaceae (2–6%), Asteraceae (2–5%), Borreria (2–4%), 
and Smilax (2–4%). The tree and shrubs are characterized by low 
percentages (<5%) of Alchornea, Anacardiaceae, Araliaceae, 
Arecaceae, Cecropia, Croton, Didymopanax, Euphorbiaceae, 
Fabaceae, Ericaceae, Malpighiaceae, Melastomataceae or Com-
bretaceae, Mimosa, Moraceae, Myrtaceae, Rubiaceae, and Urtica-
ceae or Moraceae. Additionally, palm (<2%) and aquatic (<2%) 
pollen occur at very low percentages.

The δ13C values were constant (~−27‰), while the δ15N val-
ues increase upward from 2.5‰ to 4.0‰ (mean = 3.3‰). The 
TOC values were between 1.4% and 4.5% (mean = 2.4%) and the 
TN values between 0.06% and 0.19% (mean = 0.12%). The C/N 
values show an upward decreased trend from 27.8 to 16 
(mean = 21.3).

Facies association E (beach ridge). This facies association occurs 
between 5.8 and 0 m depth in core I-3 (Figure 5) and between 4.6 
and 0 m depth in core I-2, being deposited during the last 6350 

and ~1800 cal. yr BP, respectively (Figure 2). Core I-4 represents 
the most recent beach ridge phase (Figure 2 – 4.8 m depth up to 
the surface), as it was sampled from a beach ridge at the current 
coastline. These deposits are characterized by silty to fine-grained 
sands and laminated muds with plant remains. These lithologies 
grade upward into coarse-grained sands, characterizing coarsen-
ing-upward successions (Figure 2).

Facies association E displayed low pollen concentration, 
which is probably due to its sandier nature relative to the other 
facies associations. Additionally, δ13C, δ15N, TOC, and N were 
not obtained for this association.

Facies association F (tidal flat or channel). This facies association 
occurs between 7.5 and 4.7 m depth in core I-2, being deposited 
between ~5400 and ~2040 cal. yr BP (Figure 2). It is characterized 
by fine- to medium-grained, parallel-laminated mud or sand and 
lens of massive sand (Sm). These facies are organized into fining-
upward successions, and they may form packages that are ero-
sionally based. These deposits display low pollen concentration, 
which is also related to its sandy lithology. δ13C, δ15N, TOC, and 
N were not obtained for this association.

Interpretation and discussion
The integration of geomorphological features, sedimentary facies, 
pollen data, geochemical records, and radiocarbon dates allows 
reconstruction of the depositional environments of the study site 
for the last ~6500 cal. yr BP, especially over the past ~1337 cal. yr 
BP. Four phases of wetland development is proposed as a result of 
mainly RSL changes.

Phase 1 (middle and late-Holocene)
This phase, characterized in core I-3, is represented by tidal flats 
occupied by mangrove forest and herbaceous vegetation in a 
more internal position of the coastal plain (Figures 1 and 5). Dur-
ing the last 6350 cal. yr BP, sands prograded over muds. Similar 
transition occurred at ~1800 cal. yr BP in core I-2, which is 
located between cores I-3 and LI-34 (Figures 2 and 6).

Phase 2 (~1337–~900 cal. yr BP)
The phase 2 was recorded in core LI-34. An herbaceous flat in the 
more distal portion of the studied coastal plain characterizes this 
phase since at least ~1337 cal. yr BP. The heterolithic bedding and 
the sandy layer suggest alternation of flow energy (Figure 3).

The combination of pollen data (Figure 3) and the binary dia-
gram of δ13C versus C/N revealed the contribution of C4 plants 
(mean = −15.5‰) and marine aquatic organic matters (Figure 7). 
The δ15N values (mean = 4.8‰) suggest an influence of aquatic 
and terrestrial organic matter (~5.0‰, Sukigara and Saino, 2005).

Phase 3 (~900–~400 cal. yr BP)
This phase recorded a transition between an herbaceous flat and a 
mangrove tidal flat. The abundance of flaser and lenticular bed-
ding and cross-laminated sands in these environments indicates 
frequent alternations of flow energy (Reineck and Singh, 1980). 
The occurrence of convolute laminations within sandier layers of 
heterolithic beddings (Figure 3, 1.7–1.5 m) is related to differen-
tial forces acting on a hydroplastic sediment layer, typical of mud-
flats (Collinson et al., 2006). The heterolithic bedding (1.3–0.8 m) 
is also compatible with alternating flow energy, and the plant 
remains, root, and root marks indicate an abundance of plant 
debris. Pollen data reveal the dominance of herbs, trees, and 
shrubs followed by mangroves Rhizophora and Avicennia.
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Figure 7. Diagram illustrating the relationship between δ13C and C/N for the different sedimentary facies (herbaceous flat, mangrove or 
herbaceous flat and mangrove tidal flat), with interpretation according to data presented by Lamb et al. (2006), Meyers (2003), and Wilson et al. 
(2005). C4 plants with marine water influence and C3 plants with freshwater and estuarine influence.

Figure 6. Model of the geormorphological and vegetation changes during the Holocene according to sediment supply and RSL changes: (a) 
first stage of progradation, with development of herbaceous flat followed by mangrove colonization (mid-Holocene to late-Holocene), and (b) 
second stage of progradation, with floodplain mud colonized by mangrove (late-Holocene to the present).
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The upward decreased δ15N trend from 4.5‰ to 2.3‰ (core 
LI-34, Figure 3, 1.9–0.9 m depth) suggests an increased influence 
of terrestrial organic matter (Fellerhoff et al., 2003; Peterson and 
Howarth, 1987). Aquatic plants generally take up dissolved inor-
ganic nitrogen, which is isotopically enriched in 15N by 7–10‰ 
relative to the atmospheric N (0‰). Thus, terrestrial plants that 
use N2 derived from the atmosphere have δ15N values ranging 
from 0‰ to 2‰ (Meyers, 2003). The C/N results (mean = 21) also 
indicate a similar trend, with an increase in organic matter influ-
ence from vascular and terrestrial plants (>20 vascular plants, 
Meyers, 1994; Tyson, 1995). The binary diagram of δ13C versus 
C/N reveals the contribution of C3 plants (Figure 7) and estuarine 
organic matter.

Phase 4 (~400–100 cal. yr BP to the present)
This phase is marked by mangrove development (15–40%), 
being characterized by Rhizophora (15–40%) and Avicennia (2–
5%). The other ecological groups represented by herbs (15–
75%), trees and shrubs (5–50%), and palms (<5%) may occur in 
association with mangrove environments. The prevalence of het-
erolithic bedding with abundant burrows is typical of mangrove 
habitats (Figure 3).

The increased values from 1.4% to 4.5% and from 0.06% to 
0.19% of the TOC and TN, respectively, may be attributed to the 
mangrove development in the study site. The increased trend of 
δ15N values from 2.5‰ to 4.0‰ (mean = 3.3‰) and the decreased 
trend of C/N values from 27 to 16 indicate an increased influence 
of aquatic organic matter. In addition, the binary diagram of δ13C 
versus C/N shows an increased contribution from C3 plants to 
estuarine organic matter (Figure 7). These trends might be related 
to an RSL rise during the last 400 cal. yr BP.

Climatic and sea-level changes affecting wetland dynamics.  
Regarding the studied coastal plain, the post-glacial sea-level rise 
caused a marine incursion with erosion of beach ridges and inva-
sion into embayments and broad valleys. It also favored the evo-
lution of lagoons and estuaries with wide tidal mudflats occupied 
by mangroves during the early Holocene and mid-Holocene, as 
recorded in cores I-3 (Figures 2 and 5) and LI-32 (Figure 2; 
França et al., 2013).

However, coastal stratigraphy and vegetation dynamics 
depend on the combined action of RSL oscillations and fluvial 
water or sedimentary supply, the latter influenced by rainfall on 
the drainage basin (Buso Junior, 2010; Cohen et al., 2005a, 2005b, 
2012, 2014; França et al., 2013; Guimarães et al., 2012; Smith 
et al., 2012). This interaction affects the relative position of shore-
lines (Cohen et al., 2014; França et al., 2013).

Considering the Holocene climate changes, relatively drier and 
wetter conditions have been reported in central, southeastern, and 
southern Brazil during the early Holocene and mid-Holocene or 
late-Holocene, respectively (Barberi et al., 2000; Behling et al., 
1998a, 1998b; Behling and Lichte, 1997; Ledru et al., 1996, 1998, 
2009; Lorscheitter and Mattoso, 1995; Pessenda et al., 2004, 2009; 
Salgado-Labouriau et al., 1998; Stevaux, 1994, 2000). Variations 
in fluvial discharge may be a consequence of changes in rainfall 
rates (Amarasekera et al., 1997). Thus, a higher rainfall during the 
mid-Holocene and late-Holocene may have caused an increase in 
fluvial discharges and sediment input to coastal system (Praski-
evicz, 2015).

In this context, the high river sand supply and the RSL fall 
during the late-Holocene (Angulo et al., 2006) led to seaward and 
downward translation of the shoreline, producing progradational 
deposits and formation of extensive beach ridges over transgres-
sive mud. During this time, the mangrove areas shrank and 
marshes, occupied by herbs, expanded (França et al., 2015). How-
ever, the slightly undulating relief and laterally continuous 

mounds of the beach ridges allowed the formation of narrow and 
small lagoons with mangroves at their margins, where muddy 
deposits were accumulated (Figure 6).

Relationship between beach ridges and mangroves. One possibil-
ity for beach ridge formation is the emergence and stabilization of 
sandy banks in the lower portions of beach or surf zones probably 
due to the submergence of coastal plain beach–dune complexes 
(Swift, 1975; Walker and James, 1992). Under such circum-
stances, the formation of lagoons and bays protected from wave 
and current action is favored, where occurs mud accumulation 
and favorable conditions for mangrove establishment. As shore-
line progradation takes place, depressions between beach ridges 
are gradually filled until the marine inflow is cut off. This process 
prevents mangrove development and causes its replacement by 
freshwater wetlands. However, a new mangrove fringe may be 
established again in a lower position, where other beach ridges 
emerge. This mechanism has allowed the development of man-
groves along the inner margins of beach ridges during a restricted 
time interval of decades or centuries, depending on RSL fall. 
Then, certain beach ridges surrounded by mangrove deposits may 
be used as indicators of sea levels and ancient shoreline positions 
(Mason, 1990; Otvos, 2000).

In contrast, RSL rise modifies delta plain through erosion of 
beach ridges. Such process promotes expansion of estuaries, 
lagoons, tidal channels, and tidal flats. The establishment and 
development of these environments favor mud accumulation 
along the estuarine salinity gradient suitable for mangrove expan-
sion over transgressive deposits (Cohen et al., 2012; Lara and 
Cohen, 2006; Figure 6). In the instance of the study area, signifi-
cant losses of herbaceous vegetation coverage may have occurred 
due to the mangrove migration into elevated areas. At this place, 
there is a transition between herbaceous vegetation and mangrove 
forest (Figures 6 and 8). The vegetation distribution on the study 
site follows well-known patterns, including close links between 
plant assemblages and topographically defined habitats (Baltzer, 
1970), where salinity excludes competing, intolerant species 
(Snedaker, 1978). The porewater salinity is basically controlled 
by flooding frequency, leading to characteristic patterns of spe-
cies zonation (Cohen and Lara, 2003; Lara and Cohen, 2006).

Mangrove dynamics over the last millennium. Between ~1337 and 
~900 cal. yr BP (Figure 3), C4 plants (herbs) dominated the 
lagoon’s margins that were flanked by beach ridges, being pro-
tected from currents, wave, and tidal action. Such environmental 
context would have favored mud accumulation and the inflow of 
terrestrial and aquatic organic matter (Figure 7). However, 
between ~900 and ~400 cal. yr BP, mangroves (C3 plants) began 
to develop on tidal flats with increased terrestrial influence (Fig-
ure 3 – core LI-34). During the last centuries (Figure 6), the man-
groves probably expanded under an increased estuarine influence, 
as recorded by the relation of C/N and δ13C values (Figure 7).

Mangrove development in the study area seems to depend on 
the interaction between the rates of RSL rise and sediment supply 
to this coastal system and the action of waves and currents. Thus, 
the transition from herbaceous tidal flat to mangrove, documented 
in core LI-34 (Figure 3), may be attributed to the adjustment of 
the new limits of the RSL on topographically higher terrains pre-
viously occupied by herbaceous vegetation (Figure 6).

According to pollen, isotopic and geochemical data from core 
LI-34 and the radiocarbon date of sample 0.6–0.64 m depth (Table 
1), the study site may have been affected by an RSL rise during the 
last ~400 cal. yr BP. Additionally, the radiocarbon date obtained at 
1.35 m depth in this same core records the beginning of mangrove 
establishment, indicating the possibility of an RSL rise during the 
last century. The age inversions detected in this core are probably 
related to sediment reworking due to bioturbation (Boulet et al., 
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Figure 8. (a and b) Location of Doce River delta, (c) lake near the mouth of the Doce River, (d) localization of core LI-34, (e and f) decadal 
changes in mangrove area, (g) mangrove vegetation, and (h) contact between mangrove and restinga or herbaceous vegetation.

1995; Gouveia and Pessenda, 2000; Pessenda et al., 2012). In 
addition, such inversions could also be related to the small mass 
and low carbon content (<0.5%) of the collected sample 
(LACUFF13022). Small samples can contain high amounts of 
young or old contaminants derived from shallow or bottom soil 
horizons, which may remain in the sample even after physical and 
chemical pretreatments. These analytical procedures remove only 
the adsorbed contaminants, whereas the absorbed ones can remain 
preserved in the residual organic matter (Pessenda et al., 2012).

Considering the possibility that the RSL rise started about 
400 cal. yr BP, such event would precede the global sea-level rise 
recorded in the last century. However, if this rise has begun in the 
last century, it could be associated with the global trend that pre-
sented a rise of about 1.7 mm yr−1 during the last century, with a 
notable increase of up to 3 mm yr−1 during the last decade of the 
20th century (Bindoff et al., 2007). Considering these rates of sea-
level rise, expansion of lagoons and erosion of beach ridges are 
expected for the next decades (Figures 6 and 8), and terrains occu-
pied by freshwater swamps, positioned on higher elevations, will 
be re-colonized by mangroves due to increased marine influence 
(Cohen and Lara, 2003; Soares, 2009).

Mangrove changes during the last decades. The time series analy-
sis of satellite images for a 29 years interval indicates important 
geomorphologic and vegetation changes (Figure 8). The lagoon, 
where the studied mangroves are located, truncates beach ridges, 
and the mangroves are migrating to topographic higher position 

occupied by herbaceous vegetation. For instance, the sampling 
site represented by core LI-34 exhibits a tidal flat colonized by 
mangroves. However, according to the satellite image obtained 
from 1984, this site was occupied by herbaceous vegetation (Fig-
ure 8), as indicated by pollen analyses (Figures 3 and 4). A similar 
situation was described in the northern Brazilian littoral (Cohen 
and Lara, 2003; França et al., 2012).

This landward mangrove migration during the last decades 
and the erosion of beach ridges by lagoons may be related to a 
modern sea-level rise frequently referred in the literature (e.g. 
Bindoff et al., 2007). The topography-dependent mangrove 
dynamics strongly suggests an increase in inundation frequency, 
changes in soil salinity, and transportation of mangrove seeds 
into more elevated areas (Cohen and Lara, 2003; Lara and 
Cohen, 2006).

Other causes for lagoon expansion and mangrove migration in 
the studied site may be proposed. For instance, changes in fluvial 
discharge and rainfall oscillations could have affected both water 
salinity and water level. These changes could have been cyclical 
along the coast, because of littoral currents, which may have 
obstructed the connection of the lagoon with the sea. For instance, 
a modern lake near the Doce River’s mouth (Figure 8c) is not con-
nected with seawaters. Consequently, the dominant vegetation on 
the edge of this lagoon is freshwater wetland. However, if the con-
nection between the lagoon and the sea returns, the mangrove will 
expand on this area. Then, the drift currents transporting sediments 
along the coastline may cause recurrent episodes of disconnection 
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between the lagoon and the sea, affecting a local vegetation suc-
cession within a determined time scale (in this case, decades).

In this context, the driving forces behind the vegetation changes 
in the study area could be explained by the autocyclic and allocy-
clic processes (Busch and Rollins, 1984). Autocyclic processes are 
intrabasinal in origin, and are related to sedimentary dynamics. 
Autocycles may be caused by tides and storms, and they show 
limited stratigraphic continuity. In deltaic systems, such processes 
may include lobe switching, river avulsion, meandering, and flu-
vial point-bar migration or lateral migration of beach-barrier bars. 
Allocyclic processes are extrabasinal in origin and can include for 
instance climate changes, sea-level fluctuations and tectonics. 
These processes tend to produce more widespread impacts on the 
sedimentary record (Walker and James, 1992).

Thus, vegetation changes during the Holocene in the study site 
are more likely associated with allocyclic processes because 
important changes in facies associations occurred, which are con-
sistent with RSL fluctuations and with the climatic changes 
recorded along the southeastern coast of Brazil. However, the 
mangrove migration recorded by satellite images during the last 
decades, with transition from herbaceous tidal flats into man-
groves and the terrestrial to estuarine organic matter revealed by 
pollen and biogeochemical data during the last century(ies), may 
be related to a long-term trend controlled by a tendency of RSL 
rise (allocyclic process) and/or sediment transport along the 
coastline (autocyclic process).

Conclusion
Our data show the response of coastal wetlands to changes in RSL 
and fluvial discharge during the mid-Holocene and late-Holo-
cene. During the mid-Holocene, tidal flats positioned on topo-
graphically high terrains along the edge of a lagoon sheltered by 
beach ridges were occupied by wetlands represented by mangrove 
trees and herbs. During the last ~6350 cal. yr BP, the RSL fall and 
the higher discharge of fluvial sediment would have promoted 
coastal progradation. These processes would have also led to the 
formation of extensive beach ridges over transgressive mud 
deposits. The latter accumulated in lagoons and tidal flats and led 
to mangrove shrinking. A similar transition was recorded in a 
relatively lower and more distal position at ~3043 cal. yr BP.

Between ~1337 and ~900 cal. yr BP, a tidal flat on the edge of 
a lagoon was colonized by herbaceous (C4 plants) vegetation and 
accumulated marine organic matter. However, the contribution of 
terrestrial organic matter increased through time. The next phase, 
between ~900 and ~400 or ~100 cal. yr BP, is marked by the tran-
sition between herbaceous tidal flat and mangrove, as indicated 
by the increased inflow of terrestrial organic matter. During the 
past ~400 or ~100 cal. yr BP, mangrove vegetation became stable 
as indicated by pollen analysis, followed by an increased contri-
bution of estuarine organic matter.

The last phase of mangrove establishment and the increased 
contribution of estuarine organic matter recorded in the last cen-
turies may be associated with an RSL rise. Under this condition, 
erosion of beach ridges and expansion of lagoons and mangroves 
as recorded in the time series analyses are expected. However, 
considering the several forces that may influence mangrove 
dynamics, further detailed studies consisting of the monitoring of 
mangrove forests by satellite images, added to fieldwork, are still 
needed in order to identify the influence of RSL rise on the distri-
bution of mangroves along the littoral of the State of Espírito 
Santo, Southeastern Brazil.
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