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ARTICLE INFO ABSTRACT

Keywords: Globally, mangroves are expected to expand into subtropical latitudes and higher elevations due to rising

Anthropocene temperatures and sea-level over the coming decades. However, local geomorphology and coastal urbanization

goasml area may strongly modulate these responses. Insights into mangrove responses to environmental changes can be
rone

gained from the last millennium, a key period marking the transition from natural to anthropogenic influence.
Remote sensing and multi-proxy analyses from a subtropical Brazilian coast revealed the presence of mangroves
on elevated flats (>1.5 m above mean sea level, msl) around ~1700 cal yr BP. These mangroves migrated to
lower flats (~70 cm below current msl) by ~530 cal yr BP (1420 CE), in response to a relative sea-level (RSL)
fall. This trend contrasts with the RSL rise since the end of the Little Ice Age (LIA, ~1300-1850 CE), which has
since driven landward mangrove migration in the area. Additionally, recent warming in South America has
facilitated the poleward expansion of Rhizophora species, contributing to an increase in mangrove canopy height
(from 1 to 3.5 m) over recent decades. While global warming favors latitudinal expansion and canopy growth,
the availability of suitable land is critical. Elevated terraces, which served as refuges for coastal wetlands during
the mid-Holocene high sea-level stand, are now urbanized, limiting future establishment. Thus, mangrove
expansion into temperate latitudes and landward migration hinge on horizontal space availability and the degree
of urban development. Gentle terrain (slopes of 1.3-0.8 %) supports mangrove persistence, while steep slopes
(>14 %) and urban encroachment threaten their survival. Without adequate space for migration, the region may
face a net mangrove loss—termed “mangrove squeeze”—between 2100 and 2160 CE.

Global warming
Little Ice Age
Rhizophora

1. Introduction will migrate to higher surfaces, but coastal urbanization can be a

physical barrier to inland mangrove migration (Leo et al., 2019). Then,

Globally, rates of mean sea-level rise have increased progressively
from 1.1 mm/yr (1902 to 1990, Dangendorf et al., 2017) to ~4.5 mm/
yr in 2023 (Hamlington et al., 2024) and these rates are expected to
accelerate to between ~5 mm/yr (low CO, emissions scenario) and ~10
mm/yr (high emissions scenario) by 2100 (Kopp et al., 2014). Pro-
jections of sea-level rise have revealed scenarios from 38 (SSP1-1.9) to
77 cm (SSP5-8.5) by 2100 (Fox-Kemper et al., 2021), and mangroves can
likely not keep pace with RSL rise rates exceeding 6-10 mm/yr
(Saintilan et al., 2020; Xie et al., 2022). To escape drowning, mangroves

these current rates and projections of sea-level rise have raised concerns
about the survival of mangroves up to the end of this century. Spencer
et al. (2016) estimate that a sea-level rise of 110 cm by 2100 would lead
to the loss (392-578 x 10° krnz) of coastal wetlands worldwide. How-
ever, paleoecological studies have shown the resilience of mangroves in
the face of high rates of early Holocene sea level rise (6-12 mm/yr,
(Cronin, 2012) along a pristine Brazilian coast (Cohen et al., 2021,
2020a, 2012, 2005b; Franca et al., 2015). Mid-Holocene (~5500 cal yr
BP) high sea-level stand reached up to 5 m above the current RSL, which

* Corresponding author at: Federal University of Para — Brazil, Rua Augusto Corréa, 01 - Guamd. CEP 66075-110, Belém, (PA), Brazil.
** Corresponding author at: Pukyong National University, Yongso-ro, Nam-gu, 48513, Busan, Republic of Korea.

E-mail addresses: mcohen@ufpa.br (M.C.L. Cohen), jryu@pknu.ac.kr (J. Ryu).

https://doi.org/10.1016/j.catena.2025.109450

Received 25 May 2025; Received in revised form 2 September 2025; Accepted 9 September 2025

Available online 22 September 2025

0341-8162/Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-9892-4719
https://orcid.org/0000-0001-9892-4719
https://orcid.org/0000-0001-9985-0651
https://orcid.org/0000-0001-9985-0651
https://orcid.org/0000-0002-3224-2771
https://orcid.org/0000-0002-3224-2771
mailto:mcohen@ufpa.br
mailto:jryu@pknu.ac.kr
www.sciencedirect.com/science/journal/03418162
https://www.elsevier.com/locate/catena
https://doi.org/10.1016/j.catena.2025.109450
https://doi.org/10.1016/j.catena.2025.109450
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2025.109450&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.C.L. Cohen et al.

was followed by a fall along the Brazilian coast (Angulo et al., 2006;
Angulo and Lessa, 1997; Boski et al., 2015; Cohen et al., 2021, 2020a;
Toniolo et al.,, 2020), causing a landward followed by a seaward
mangrove migration (Castro et al., 2013; Cohen et al., 2021, 2020a,
2012; Cohen et al., 2014; Franca et al., 2013; Lorente et al., 2014).
Regarding the last centuries, the LIA (~1300 to 1850 CE, Lean and Rind
(1999)) caused a minimum sea-level between —19 and —26 cm globally
in 1730 CE (Grinsted et al., 2009). Multi-proxy studies in northern and
northeastern Brazil indicated a landward mangrove migration since the
end of the LIA event due to a RSL rise (Bozi et al., 2021; Cohen et al.,
2005a).

In addition, global warming is driving a poleward shift of isotherms
at an average rate of 27 km per decade (Burrows et al., 2011), resulting
in a northward mangrove expansion (Cavanaugh et al., 2014; Osland
et al., 2021, 2018, 2017; Osland and Feher, 2020; Perry and Mendels-
sohn, 2009; Rodrigues et al., 2021; Saintilan et al., 2014). Cold tem-
peratures have restricted the northern limits of American mangroves to
~30° N (Kangas et al., 1961; Rodrigues et al., 2021; Yao et al., 2022).

Babitonga Bay

Mangrove
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The southern boundary of American mangroves could also be migrating
southward (Cohen et al., 2020b; Rodrigues et al., 2022), because the
minimum temperatures annually (+0.5 °C per decade) and in winter
(+0.4 °C per decade) have increased in Southern Brazil between 1960
and 2002 (Marengo and Camargo, 2008), with projections between + 3
and + 5°C by 2080 (Marengo, 2006). Supposing this recent temperature
rise is inducing such poleward mangrove migration, Rhizophora, which
is less tolerant to low winter temperatures among the mangrove genera
(Stuart et al., 2007), should be invading subtropical mangroves with
Laguncularia and Avicennia, followed by a mangrove expansion on
higher surfaces due to sea-level rise.

Therefore, climate change may affect mangroves primarily through
air warming, resulting in a mangrove expansion into temperate zones,
whereas sea-level rise could result in losses of mangrove areas. Given
these contrasting effects, will global warming lead to an expansion or
contraction of subtropical mangroves? To answer this scientific ques-
tion, this study aims to develop a paleoenvironmental reconstruction on
both millennial and decadal scales, using satellite/drone images and
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Fig. 1. A) Location of the study area and the southern American mangrove limit. b) Digital elevation model based on SRTM data of the study area. c) Satellite image

showing the coastal vegetation zonation, urbanized zone and sampling core sites.
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pollen data, geochemical (§!3C and C\N) and sedimentary data, as well
as 14C dating along four cores sampled from coastal plain occupied by
mangroves, herbaceous vegetation and ombrophilous forests, following
a topographic gradient, near the austral mangrove limit. The coastal
plain studied is between hills and elevated terraces where coastal ur-
banization is developed (Fig. 1), imposing physical barriers for natural
inland mangrove migration. The results of this study, which represent
the coastal morphology of southern Brazil, are essential for under-
standing the vulnerability of mangroves and anticipating the future of
this important ecosystem in the face of climate and sea-level changes.

2. Modern settings
2.1. Study area

The study site is located at Babitonga Bay (26°12'49.53S/
48°35'8.29"W), State of Santa Catarina (Fig. 1). The city of Joinville
borders the bay—one of the largest industrial and urban centers in
southern Brazil—as well as other expanding municipalities such as Sao
Francisco do Sul, Itapod, and Araquari. Around Babitonga Bay, there is a
population of approximately 700,000 inhabitants. Over recent decades,
the region has experienced accelerated coastal urbanization, port
expansion, and industrial development, leading to significant anthro-
pogenic pressures on coastal ecosystems, including mangroves and
estuarine wetlands. These pressures include land reclamation, pollution,
habitat fragmentation, and modifications of hydrological regimes (Pinto
et al., 2019). Despite these impacts, Babitonga Bay still retains extensive
mangrove forests (~59 km?) on microtidal flats (tidal range below 2 m),
where the southern limit of Rhizophora mangle occurs, which is less
adapted to low temperatures (Stuart et al., 2007) (Fig. 1a). Brazilian
mangroves are distributed between the northern coast (04°20'N, Amapa
State), with the three mangrove species (Rhizophora mangle, Avicennia
germinans, and Laguncularia racemosa), and the southern coast (28°30'S,
State of Santa Catarina), with Avicennia germinans and Laguncularia
racemosa, the most cold-tolerant mangrove types (Cohen et al., 2020b;
Schaeffer-Novelli et al., 2000). The bay has been influenced by the
Cachoeira (drainage area of 80 km?), Palmital (360 kmz), Cubatao (485
km?), and Parati (70 km?) rivers (Barros et al., 2010). The interaction
between the Holocene sea-level changes and longshore sediment
transport has modeled the bays, lagoons, or estuarine inlets (Angulo
et al., 1999; Lessa et al., 2000; Zular et al., 2018). The bay presents
Pleistocene and Holocene barriers with muddy tidal flats, beaches,
beach ridges, and parabolic dunes (Zular et al., 2018).

2.2. Climatic and oceanographic setting

The climate of the study area is affected by a subtropical climate with
wet summers (November to April) and moderately dry winters (May to
October), with rainfall from 1600 to 1900 mm/yr and annual mean
temperatures from 18 to 20 °C (Cfa, according to Koppen'’s classifica-
tion) (Alvares et al., 2013). Tropical and extratropical atmospheric
systems have controlled incursions of cold fronts related to polar air
masses in southern Brazil (Nobre et al., 1986; Seluchi and Marengo,
2000)). Babitonga Bay is wave-dominated with semidiurnal microtides
(0.8-1.5 m) and water salinities between 5.8 and 24 (Cunha et al., 2005;
Mazzer and Gongalves, 2011; Salles, 2000).

2.3. Vegetation

Tropical ombrophilous forest occupies the coastal terraces (Veloso
et al., 1991), mainly represented by Anacardiaceae (e.g., Tapirira guia-
nensis), Arecaceae (e.g., Euterpe edulis), Asteraceae (e.g., Vernonanthura
montevidensis), Bignoniaceae (e.g., Jacaranda puberula), Euphorbiaceae
(e.g., Aparisthmium cordatum), Fabaceae (e.g., Schizolobium parahyba),
Melastomataceae (e.g., Tibouchina mutabilis), Myrtaceae (e.g., Eugenia
uniflora, Marlierea tomentosa, Rubiaceae (e.g., Psychotria spp.) and
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Urticaceae (e.g., Cecropia catarinenses). Restinga vegetation occurs along
the coastal plain mainly on dunes and is mainly represented by Aster-
aceae (e.g., Baccharis singularis), Bromeliaceae (e.g., Aechmea gamo-
sepala), Fabaceae (e.g., Dalbergia ecastaphyllum), Rubiaceae (e.g.,
Psychotria) and Poaceae (e.g., Lasiacis ligulata). Mangroves, represented
by Rhizophora mangle, Laguncularia racemosa and Avicennia germinans
are colonizing the intertidal flats, while herbaceous vegetation, mainly
characterized by Cyperaceae (e.g., Schoenoplectus tabernaemontani),
Polypodiaceae (e.g., Acrostichum aureum) and Ruppiaceae (e.g., Ruppia
maritima) occur on the highest tidal flats (Cunha et al., 2005).

3. Materials and methods

The process was carried out in four phases (Fig. 2): 1) Identification
of mangroves in Babitonga Bay using satellite images; 2) Analysis of
structural characteristics (density, tree height, and diameter at breast
height), topographic measure using Theodolite/RTK-GNSS data, drone
photogrammetry (2017 and 2024), and planialtimetric temporal anal-
ysis of mangroves; 3) Multi-proxy analysis; and 4) Combined surface

Phase 1

Vegetation and topographic survey (Theodolite and Catalyst)
Establishment of Ground Control Points (GCPs) (Fig. 4c)

Drone survey
Aligning photos

Orthomosaic
(Fig. 4c)
Build dense point Classifying dense point
cloud cloud (Fig. 3c)

Vegetation height model | Digital Terrain Model (Fig. 4a)

Validation
Topographic survey and vegetation structure

o Accuracy assessment

yes
Planialtimetric temporal analysis e
of mangroves (Figs. 4b , 4d)

Choice of cores sampling sites (Fig. 1c, 3d)

Cores sampling

Pollen, isotopes, elemental, and sediment
features analyzes (Figs. 5 - 10)

Palaeoenvironment reconstruction (Fig. 11)

Fig. 2. Methodology flow modified from Cohen et al. (2023).
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(satellite and drone) and subsurface (cores) data analysis for palae-
oenvironmental reconstruction. Fig 3.

3.1. Satellite image data

QuickBird satellite images (Nov/2006), obtained from Google Earth
(resolution of 2.44 m multispectral) were processed using Global Map-
per version 25.1 to identify and quantify mangroves in Babitonga Bay.
The vegetation cover categorization in the QuickBird images was pri-
marily performed through visual classification in Global Mapper based
on a dataset with identified land cover types, which were used to
determine the image features corresponding to each land cover. Data
assembly for training and testing focused primarily on various image
characteristics. The “Create Area Features from Equal Values” tool
enabled the conversion of raster to vector data or elevation grid to
vector, based on pixel values. The image was divided using spectral,
physical, and geometric parameters. To identify the multispectral digital
numbers most representative of the mangroves, a matching threshold
was set, where a value of zero indicated an exact match, and 256
encompassed the entire valid spectral range. This dataset allowed the
identification of objects, which were then compared to a visual classi-
fication of drone orthoimages (2.6 cm/pixel) from 2017. The drone
images enabled the differentiation of mangrove trees from herbaceous
vegetation and ombrophilous forest. These images provided a depend-
able reference base for validating the classification derived from the
QuickBird images. A visual inspection was then conducted to verify the
classification of each mangrove unit in the QuickBird data. Further de-
tails on drone image processing can be found in (Cohen et al., 2020a;
Cohen et al., 2018).

3.2. Drone data

High-resolution images acquired with a DJI Phantom 4 Advanced
Drone, a Quadricopter equipped with GPS and inertial measurement
systems, enabled the identification of coastal vegetation zonation. It
features an FC 6310 digital 4 K/20MP (RGB) camera with a focal length
of 8.8 mm and a sensor width of 12.8 mm, producing images with a
width of 5472 pixels. The camera mounted on a motion-compensated
gimbal, captured high spatial resolution images with a resolution of
2.6 cm/pixel (at a flight height of 100 m) for the study area. This spatial
resolution was determined by the equation 1:

(1) GSD = (Sw * H * 100/60) / (Fr * imH),

GSD represents the Ground Sampling Distance (in centimeters per
pixel), Sw is the sensor width of the camera (in millimeters), H denotes
the flight height (in meters), Fr refers to the focal length of the camera
(in millimeters), and imH stands for the image width in pixels (PIX4D,
2013). The drone survey was conducted using DJI Ground Station Pro
Software installed on a tablet, with predetermined missions. These
missions followed a route defined by several navigation waypoints, with
a 90° camera angle, 90 % frontal overlap, and 75 % lateral overlap. A
total of five missions (2147 images) were flown in August 2017 (winter),
covering 225 ha. A single mission was carried out in every designated
mangrove area, with interruptions for replacing drone batteries. Each
battery enabled scanning of ~48 ha (17-20 min of flight time).

3.3. Ground control points

Fieldwork was conducted in January 2017 to collect planialtimetric
data using a Trimble Catalyst antenna equipped with a Differential
Global Navigation Satellite System (GNSS) with a sub-meter correction.
After a 30-minute stabilization period, the altimetric accuracy of the
base station was determined to be &+ 20 cm. Due to the extended stabi-
lization time of the Catalyst antenna, the planialtimetric data collected
with the Catalyst served as reference points for the topographic survey
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conducted with an electronic theodolite (model CST Berger DGT10).
Once a planialtimetric reference point was set using the Catalyst, the
theodolite was set up to measure the relative elevation for the Ground
Control Points (GCPs). The planimetric data (30 cm) and altimetric
data (+10 cm) for the GCPs were obtained using the Catalyst and
theodolite, respectively. The Geoidal Undulation Interpolation System
(SIRGAS2000) from IBGE was used to convert ellipsoidal heights to
orthometric heights. These data (20 points) were then used as GCPs to
calibrate the Digital Surface Model (DSM) generated through photo-
grammetry. Vegetation heights (VH) were measured for mangrove and
saltmarsh vegetation using a 4-meter ruler. Four 10x10 meter plots were
established to assess the density, height, and diameter at the breast
height of mangrove trees. These measurements were used to validate the
vegetation height model derived from photogrammetry.

3.4. 3D models generation and validation

Images obtained by drone were processed using Agisoft Metashape
Professional version 2.2.0 software. It generated 3D spatial data and
orthomosaics with the assistance of ground control points (http
s://www.agisoft.com). Orthomosaic images from Aug/2017 and Jun/
2024 were used in the time series analysis. A high-resolution dense point
cloud (with point spacing ranging from 3 to 5 cm) was generated to
create digital models of the surface, terrain, and vegetation. This process
initially produced a digital surface model (DSM), which captured both
natural elements (such as trees, herbs, sediments, soils, and water) and
man-made structures (including power lines, buildings, and towers). A
classification of the dense point cloud (DPC) was carried out to identify
the terrain elevation. The resulting digital terrain model (DTM) focuses
solely on the substrate surface, excluding vegetation and constructed
features. The DPC was divided into cells, with the points in each cell
being identified. Triangulating these points provided the initial estimate
of the DTM. Additional points were incorporated into the DTM based on
specific criteria: they needed to be within a specified distance from the
terrain model, and the angle formed between the terrain model and a
line connecting the new points had to be smaller than a predefined
threshold. For nearly flat terrain, a default angle of 15 degrees is rec-
ommended, though a higher value should be used for terrain with
steeper slopes (AgisoftPhotoScan, 2024). This method was applied to
tidal flats with and without vegetation, including areas with mangrove
and marsh vegetation. The significant elevation differences within the
point clouds allowed for distinguishing points that represented vegeta-
tion from those indicating the substrate surface. A mesh representing the
soil surface was then constructed, using only points that corresponded to
the topographic surface. This process extended the topographic gradi-
ents from unvegetated or sparsely vegetated tidal flats to those with
dense vegetation. The model was calibrated with ground control points
(GCPs) obtained using a Trimble Catalyst DA2 and theodolite in areas
with dense vegetation cover. As a result, the digital terrain model (DTM)
beneath the vegetation cover was created by combining the GCP inter-
polation from vegetated flats with the topographic gradients of unve-
getated flats extrapolated into vegetated areas. Accurate topographic
surveys of tidal flats covered by dense mangroves are challenging due to
the dense vegetation. Vector data containing elevation components were
used to create an elevation grid through triangulation, employing a
triangulated irregular network (TIN) that connects known elevation
values. The vegetation height model was derived using the Combine/
Compare Terrain Layers tool, which generates a new gridded elevation
layer by combining or comparing two existing layers. This technique, for
instance, was applied to subtract the gridded elevation layer repre-
senting the DSM from the DTM, producing the digital vegetation height
model (DVHM). A quantitative analysis was then performed on the
vertical differences between the checkpoints and the DTM and DVHM
for 2017 and 2024 was performed using the equation proposed by
(Cohen et al., 2018).
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Fig. 3. A) Satellite image indicating the study area at babitonga bay. b) Digital elevation models highlighting the studied transect. c) Vegetation map for the study
area. d) Elevation transect indicating the topography, vegetation canopy height and the facies association with radiocarbon data.
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(2) Zait = Zpsm — Zgrd

In this equation, Zgyrepresents the vertical differences, Zpsy denotes
the Z value from the 3D dense point cloud, and Zgq is the Z value from
the Antenna Catalyst/theodolite checkpoint. The Zg;s values were found
to be under 10 cm. Given that the Antenna Catalyst data has an error
margin of & 20 cm, a vertical error tolerance of + 20 cm was accepted
for the 3D models. The final digital terrain model was then refined based
on the Zgy values.

3.5. Sediment core

The core SF-08, published by de Azevedo et al. (2021), was inte-
grated with new cores SF-07, SF-09, and SF-10 (Table 1). These cores
were collected during the winter season in August 2017 using Russian-
type sampling equipment (Fig. 1c and Fig. 3d). The cores were sub-
sampled at 5 cm intervals for grain-size analysis, organic geochemistry,
and pollen analysis. Based on the sedimentation rates (Table 2), the
chosen sampling interval provides a temporal resolution of 50 to 125
years, which is well-suited to the objectives of this study.

3.6. Facies analysis

The cores were X-rayed to examine internal sedimentary structures.
It allowed us to identify continuous and undisturbed sequences. Samples
were collected only from laminated intervals, free of evidence of bio-
turbation or sediment reworking, thereby preserving the original strat-
igraphic integrity. Grain size analysis was conducted using laser
diffraction with a SHIMADZU SALD 2101 laser particle size analyzer in
the Laboratory of Chemical Oceanography at Federal University of Para
(UFPA). Approximately 0.5 g of each sample was treated with HyO5 to
remove organic matter, and the remaining sediments were dis-
aggregated using ultrasound. The grain-size classification included sand
(2-0.0625 mm), silt (62.5-3.9 pym), and clay (3.9-0.12 pm) fractions,
based on the scale from (Wentworth, 1922). For facies analysis, the
methods of (Harper, 1984; Walker, 1992) were applied, which involved
describing the color, lithology, texture, and structure. The sedimentary
facies were classified according to (Miall, 1978).

3.7. Pollen analysis

The sediment cores were subsampled (1 cm®) at 5 cm intervals,
resulting in a total of 125 samples that were processed using standard
pollen analytical techniques, including acetolysis (Faegri and Iversen,
1989). Reference sources for pollen grain and spore identification
included morphological descriptions by (Colinvaux P, 1999; Herrera and
Urrego, 1996; JE, 1991; Lorente et al., 2017). At least 300 pollen grains
were counted from each muddy sample. The software packages TILIA

Table 1
Geographic coordinates, total length, elevation, and vegetation type at each
sediment core sampling site in the Babitonga Bay region, southern Brazil.

Core  Latitude/ Length Sampling site Vegetation
longitude (cm) elevation (cm above
mean sea-level)
SF-7 26° 12/ 50.5830" 200 15 Mangrove
S, 48° 34
27.9289" W
SF-8 26° 12/ 52.8916" 200 170 Mangrove
S, 48° 34/
27.7555" W
SF-9 26° 12' 54.5092" 200 190 Herbaceous flat
S, 48° 34/
27.7257" W
SF- 26° 12/ 56.1458" 100 260 Ombrophilous
10 S, 48° 34 forest
26.5479" W
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and TILIAGRAPH were utilized to calculate and generate pollen dia-
grams (Grimm, 1990), while CONISS was employed for cluster analysis
of pollen taxa, enabling the zonation of the pollen diagram (Grimm,
1987).

3.8. Organic geochemistry

A total of 125 samples (ranging from 6 to 50 mg) were collected at 5
cm intervals from sediment cores to analyze vegetation changes and
explore variations in organic matter sources. The sediments were treated
with 4 % hydrochloric acid (HCI) to remove carbonates, then washed
with distilled water until the pH reached 6. They were subsequently
dried at 50 °C and homogenized. The samples were analyzed for total
organic carbon (TOC) and total nitrogen (TN) at the Stable Isotope
Laboratory of CENA/USP. Results were expressed as a percentage of dry
weight, with analytical precision of 0.09 % for TOC and 0.07 % for TN.
The 8'3C values were reported in per mille (%o) relative to VPDB, with a
precision of 0.2 %o. The elemental data were used to calculate the C/N
(weight/weight) ratio for all samples. The determination of organic
matter sources is environment-dependent, based on 8'3C and C/N
composition (Lamb et al., 2006). Despite being potentially affected by
post-depositional processes, the C/N ratio remains a widely used and
robust proxy for identifying the sources of sedimentary organic matter
and reconstructing past environmental conditions, particularly when
interpreted alongside stable carbon isotopes (5'C). While nitrogen can
be more susceptible to early diagenetic alteration due to its association
with labile proteinaceous compounds, multiple studies have shown that
source-specific C/N signatures can still be preserved under favorable
conditions (Goni et al., 1998; Lamb et al., 2006; Meyers, 1994). To
ensure the reliability of C/N data in this study, all sediment cores were
radiographed prior to sampling. In mangrove and saltmarsh settings,
where organic inputs from terrestrial plants and aquatic sources differ
significantly in C/N and §'C values, this multiproxy approach has
proven effective in identifying vegetational shifts linked to relative sea-
level changes (Lamb et al., 2006). Therefore, the observed variations in
C/N ratios, especially when consistent with §'3C trends and sedimen-
tological features, are interpreted as reliable indicators of coastal
wetland dynamics during the Holocene (Cohen et al., 2021, 2020a;
Cohen et al., 2014; Franca et al., 2014; Francisquini et al., 2014; Ribeiro
et al., 2018).

3.9. Radiocarbon dating

The chronology of events was established using 9 radiocarbon dates
obtained through accelerator mass spectrometry (AMS). Sedimentary
samples were carefully inspected and physically cleaned under a ste-
reomicroscope to prevent natural contamination. The organic material
was chemically treated to remove more recent organic substances, such
as fulvic and/or humic acids and carbonates. This treatment involved
removing remaining material with 2 % HCI at 60 °C for 4 h, followed by
cleaning with distilled water to neutralize the pH and drying at 50 °C
(Pessenda et al., 2012). All samples were combusted in the benzene
synthesis line, transformed to CO5 and encapsulated at the *C Labora-
tory of CENA. Sedimentation rates were estimated using the sample
depths and time intervals. The CO, samples were analyzed at the AMS
Radiocarbon Laboratory (UGAMS), Center for Applied Isotope Studies,
University of Georgia, Georgia, USA. Radiocarbon ages were normalized
to a 513C of — 25 %o VPDB and are reported as calibrated years before
present (cal yr BP; 20), using CALIB 8.2, (Stuiver, 1993), where “pre-
sent” is defined as 1950 CE. The dates are presented in the text as the
median of the calibrated age ranges (Table 2). The RBacon model was
applied to the radiocarbon (C14) dates using the SHCal20 calibration
curve to develop age-depth relationships for the studied cores (Hogg
et al., 2020). This approach, which is based on Bayesian statistical
methods, reconstructs sediment accumulation histories and enables the
estimation of ages for stratigraphic layers without direct dating (Blaauw
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Table 2

Catena 260 (2025) 109450

Samples of sedimentary organic matter selected for radiocarbon dating. Laboratory number, sample identification with depth (cm), 14C ages (percentage of Modern
Carbon, yr BP, 16), calibrated ages (cal. yr BP, 2¢ deviation), and median of calibrated ages (cal. yr BP).

UGAMS D pMC + 14C age yr, BP + Ages (cal yr BP, 20) Median of age range Sed. rate (mm/yr)
28,834 SF10 55-60 84.618 0.262 1341 24 1177-1278 1227 0.4
28,835 SF10 89-93 82.134 0.252 1581 24 1364-1517 1419 1.8
28,836 SF09 105-110 79.675 0.23 1825 23 1692-1748 1720 0.6
28,837 SF08 60-65 92.901 0.288 591 24 518-560 546 1.0
28,838 SF08 115-120 84.573 0.245 1345 23 1178-1279 1226 0.7
28,839 SF07 29-34 109.319 0.313 1963 CE 1963 CE 7.5
28,840 SF07 80-85 93.318 0.371 555 23 507-549 530 0.9
28,841 SF07 100-105 92.793 0.271 600 23 525-561 551 1.0
28,842 SF07 170-175 82.009 0.256 1593 25 1398-1521 1443 0.8
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and Christen, 2011). The nine radiocarbon dates provide a reasonable
chronological framework for reconstructing mangrove development
stages, and the results are consistent with other studies from the Bra-
zilian coast (e.g. Cohen et al., 2012; Cohen et al., 2020 and Cohen et al.,
2021). However, as with any radiocarbon-based chronology, some de-
gree of uncertainty must be considered, particularly due to potential
reservoir effects, calibration ranges, and local taphonomic processes
(Geyh and Schleicher, 1990; Reimer and Reimer, 2001; Stuiver and
Polach, 1977). These uncertainties may slightly affect the precise timing
of individual events, but they do not alter the overall trends observed in
mangrove expansion and retreat. Although the use of 21°Pb dating could,
in principle, enhance the chronological resolution of the recent sedi-
mentary record, its applicability is generally limited to the past
~100-150 years due to the relatively short half-life of unsupported
2lopp (~22.3 years). This approach is commonly used in studies
addressing modern sedimentation rates. In our study, the most recent
mangrove dynamics of interest began around 530 cal yr BP, extending
beyond the effective temporal range of 2!°Pb dating. Additionally, we
emphasize that the reliability of our radiocarbon chronology for the last
~150 years is supported by previous comparisons of *C and 2!°Pb
dating in similar muddy tidal flat settings (Cohen et al., 2020b).

4. Results
4.1. Vegetation and morphology

In the lower areas of the coastal plain (0-2 m above mean sea level,
amsl), tidal flats with gentle slopes (0.8-1.3 %) are occupied by man-
groves and herbaceous vegetation. Near the shore (0-20 cm amsl,
salinity ~30 %o), Avicennia dominates in sparse stands (2-3 m spacing),
reaching 6-10 m in height and ~20 cm in diameter at breast height
(DBH), with occasional Laguncularia and Rhizophora (~6 m tall). A
denser (~2 m between-tree spacing) Laguncularia zone (3-5 m tall,
10-15 cm DBH) occurs between 20-170 cm amsl (salinity ~28 %o).
Higher herbaceous flats (100-200 cm amsl) are dominated by Spartina
(~0.8 m tall). A steep slope (~14 %) marks the transition to a coastal
terrace (>2 m amsl), covered by ombrophilous forest (15-20 m tall,

Sedimentary features

Ecological Groups

Catena 260 (2025) 109450

~30 cm DBH), influenced solely by rainfall.

4.2. Spatial-temporal analysis (2017-2024)

Most mangrove loss (0.8 ha) occurred in the lowest mudflat zone
(0-10 cm amsl), marked by shoreline retreat and a reduction in tree
height. In contrast, mangroves expanded by 2.3 ha—primarily Lagun-
cularia—in the transition to the herbaceous flat (~170 ¢cm amsl), with
canopy height increases of 1-3 m in intermediate (100-150 cm amsl)
and 0-1 m in higher (150-170 cm amsl) tidal flats. Ombrophilous forest
declined near the herbaceous flat (~200 cm amsl) but showed canopy
height gains (1-4 m) on the upper coastal terrace (Fig. 4b and d).

4.3. Radiocarbon ages and sedimentation rates

Radiocarbon data revealed ages ranging from 1720 cal yr BP to 1963
CE (Table 2). The estimated sedimentation rates were lower between
1440 and 530 cal yr BP (1.8-0.6 mm/yr) than between 530 cal yr BP —
modern ages (7.5-0.9 mm/yr) (Figs. 5-8). These estimates are similar to
the rates obtained for tidal flats colonized by mangroves on the Brazilian
coast (Cohen et al., 2020a, 2012, 2009, 2008, 2005b, 2005a; Franca
etal., 2016; Franca et al., 2014, 2012; Guimaraes et al., 2012, 2010; Lara
and Cohen, 2009; Moraes et al., 2017; Smith et al., 2011). Given that all
these cores were taken from intertidal flats with mangroves developed
according to similar accommodation space (Spencer and Moller, 2013),
constancy in these sedimentation rates can be predicted.

4.4. Facies description

Four facies associations were recognized in the analyzed cores based
on sedimentary characteristics, pollen, stable isotopes (613C), and
elemental data (C/N ratio), as outlined below (Table 3).

4.4.1. Facies association A (Estuarine channel)

This facies association, found in cores SF7, SF8, and SF9, dates to
before ~1400 cal yr BP and consists of a fining-upward sequence from
massive to cross-bedded sand. It is dominated by tree/shrub pollen

Organic Geochemistry
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(40-70 %) and herbaceous taxa (15-45 %). 513C values range from
—21.6 %o to —24.5 %o (X = —22 %o), and C/N ratios from 6 to 20 (x
10) (Figs. 5-8, and Figs. S1, S2 and S3 in Supplementary material).

4.4.2. Facies association B (Mangrove tidal flat)

This facies association was identified in cores SF7, SF8, SF9, and
SF10, spanning elevations from 90 cm below mean sea level to 206 cm
amsl and ages from > 1700 to O cal yr BP. The sediments comprise dark
gray massive mud and heterolithic bedding (lenticular, wavy, and
flaser), with pollen from mangroves (Laguncularia, Rhizophora, Avi-
cennia), herbs (Poaceae, Asteraceae, Cyperaceae), trees/shrubs
(Alchornea, Myrtaceae, Myrsinaceae, Fabaceae, Didymopanax), palms,
ferns, and foraminifera. Rhizophora pollen appears only after 1850 CE.
513C values decreased from —20 %o to —26 %o (x = —24 %), while C/N

ratios rose from 8 to 58 (x = 13), especially in cores from the higher
tidal flats (Figs. 5-8 and Figs. S1-54).

4.4.3. Facies association C (Herbaceous tidal flat)

Identified in cores SF9 (30-0 cm) and SF10 (54-28 cm), these dark
gray lenticular heterolithic deposits accumulated between ~1100 cal yr
BP and today, at elevations of 160-232 cm amsl. They are characterized
by dominant herb (15-45 %) and tree/shrub (40-55 %) pollen. 53¢
values range from —24 %o to —27.5 %0 (x = —25 %), with C/N ratios
from 12 to 42 (x = 28) (Figs. 7 and 8, Table 3).

4.4.4. Facies association d (Ombrophilous forest terrace)
Found only in core SF10 (28-0 cm), these dark gray organic massive
mud deposits accumulated between 232 and 260 cm amsl (~500 cal yr
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Table 3
Facies associations proposed for the studied cores according to sedimentary features, pollen, and geochemical data.
Facies Facies description Ecological group Geochemical data Interpretation
association
A Massive sand (Sm), cross-bedding sand (Sc) and Tree/shrubs (20 - 68 %), herbs (15 - 70 %), palms (10 — 513C = -21.6 — —24.5 %o Estuarine Channel
wavy (Hw)/flaser (Hf) heterolithic bedding 25 %), mangrove (0 — 5 %), ferns, and foramenifera X = — 22 %)
C/N = 6-20 (x = 10)
B Massive mud (Mm), lenticular (HI), wavy (Hw) Mangrove (5-20 %), herbs (25 — 45 %), tree/shrubs (25 — 513C = -20 — —26 %o (x| Mangrove tidal flat
and flaser (Hf) heterolithic bedding 60 %), palms (5 — 20 %), ferns, and foramenifera = — 24 %o)
C/N =8-58 (x =13)
C Lenticular heterolithic bedding (HI) Herbs (15 - 45 %), tree/shrubs (40 — 55 %), palms (0 - 5 51%C=-24 — —27.5%0 (x_ Herbaceous tidal
%), mangrove (0 — 1 %), ferns, and foraminifera = — 25 %o) flat
C/N = 12-42 (x = 28)
D Massive mud (Mm) Tree/shrubs (65 — 75 %), herbs (10 - 15 %), palms (15 — 5'%C=-25—-—27.5% (x_  Rainforest coastal

20 %), mangrove (0 %) and ferns

— 26.5 %o)
C/N =16-20 (x =18)

plateau

BP to present). Pollen data show dominance of trees/shrubs (65-75 %),
with herbs (10-15 %) and palms (15-20 %). 813C values range from
—25 %o to —27.5 %0 (X = —26.5 %o), and C/N ratios from 16 to 20 (x
18).

5. Discussion

5.1. Seaward mangrove migration due to sea-level fall in the late
Holocene

Mid-Holocene sea-level highstand (4-5 m above present) occurred
~5500 cal yr BP (Angulo et al., 2006; Angulo and Lessa, 1997; Boski
et al., 2015; Cohen et al., 2021, 2020a; Toniolo et al., 2020) (Fig. 9),
resulting in the landward migration of mangroves into embayments,
estuaries, and lagoons along the Brazilian coast (Bozi et al., 2021; Castro
et al., 2010; Cohen et al., 2020a; Franca et al., 2015; Lorente et al.,
2014). The amplitudes of Holocene relative sea-level changes along the
Brazilian coast remain a subject of debate, as mid-Holocene highstands
appear to have reached higher elevations in the southeast (~5 m)
compared to the northeast (~1 m) and northern (~0.6 m) regions of the
country (Boski et al., 2015; Ribeiro et al., 2018; Cohen et al., 2020a,
Cohen et al., 2021; de Toniolo et al., 2020). Probably, during the mid-
Holocene coastal wetlands moved over part of the elevated terraces
where highways, houses, and businesses now occur in the study area
(Fig. 11d). It was not possible to find evidence of mangrove or saltmarsh
presence in the urbanized zone during the mid-Holocene, as these areas
have been heavily anthropized, and any traces of such vegetation—such
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as pollen grains in muddy sediments—have likely been removed or
obliterated by the construction of roads, squares, and buildings. How-
ever, pollen analysis obtained from elevated coastal plains in the
northeastern and southeastern Brazil, which were not yet urbanized,
indicated mangrove establishment on higher terraces (3—4 m) during the
mid-Holocene (Bozi et al., 2021; Cohen et al., 2020a; 2020b). Therefore,
it is reasonable to suggest that these coastal wetlands shifted to higher
elevations in the study area during the mid-Holocene. Our data indi-
cated the establishment of mangroves with Avicennia and Laguncularia
along steep surfaces (2-10 %) on the highest flats (1-2 m amsl) between
1700 and 1400 cal yr BP. Following a RSL fall, coastal wetlands
migrated to lower flats (~70 cm below modern mean sea level) ~530
cal yr BP (1420 CE), a mangrove establishment that occurred during the
Little Ice Age (LIA, ~1300 to 1850 CE, see section 5.3. Sea-level rise
since the end of the Little Ice Age) (Figs. 9 and 11c). This regression led
to Spartina replacing mangroves on higher surfaces (~200 and 160 cm
amsl) at the SF10 (~1100 cal yr BP) and SF9 (~400 cal yr BP) sites
(Figs. 7 and 8). Meanwhile, mangroves colonized lower flats, and
Spartina was replaced by ombrophilous forest on the highest flat at SF10
around 500 cal yr BP (1450 CE) (Figs. 8 and 11c). The 513C and C/N
values from SF8, SF9, and SF10 indicate a shift from marine to terrestrial
organic matter between 1700 and 500 cal yr BP, supporting a marine
regression during this period (Fig. 10). Even during the higher sea-level
(~1700 cal yr BP), mangroves persisted in the study area (Fig. 11d). The
interpretation of RSL trends derived from our sediment cores is consis-
tent with previous reconstructions from the southern Brazilian coast.
Notably, vermetid reef data from Sao Francisco do Sul (Toniolo et al.,
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2020) indicated a progressive RSL fall during the late Holocene. Their
data shows a maximum RSL of + 2.9 m at ~4000 cal yr BP and a gradual
decrease to + 0.5 m by ~900 cal yr BP. This long-term regression trend
corroborates our findings of mangrove colonization on higher intertidal
flats (~1.5 m above present RSL) around ~1700 cal yr BP, followed by
their downslope migration (~70 cm below present RSL) by ~530 cal yr
BP (Fig. 9). A similar trend was recorded near Guarapari, in the southern
part of Espirito Santo State on the northeastern Brazilian coast, where
paleoecological studies revealed a seaward mangrove migration

12

Catena 260 (2025) 109450

between 2700 cal yr BP and 77 cal yr BP (1873 CE) (Bozi et al., 2021).
The Jucurucu River, State of Bahia-Northeastern Brazil, and Macucos
Lake, northern State of Espirito Santo, southeastern Brazil, had
mangrove forests ~37 km inland within the estuary and ~23 km inland
of the modern coastline, respectively, due to the RSL rise during the mid-
Holocene. Since then, RSL has fallen, reducing tidal water salinity to-
wards the late Holocene, resulting in mangroves being replaced with
freshwater floodplain vegetation (Buso Junior, 2013; Cohen et al.,
2020a). According to Angulo et al. (2006), this late-Holocene RSL fall is
primarily attributed to glacio-isostatic adjustments (GIA) associated
with the viscoelastic response of the Earth’s lithosphere and mantle to
ice-sheet melting after the Last Glacial Maximum. While local tectonic
processes may also influence RSL trends in specific areas, the general
pattern of sea-level fall observed along the northeastern, southeastern,
and southern Brazilian coasts is consistent with predictions from GIA
models.

5.2. Global warming during the last 2000 years

Multi-proxy data indicate estuarine/marine conditions with forami-
nifera around 1720 cal yr BP (Fig. 10). Laguncularia appeared slightly
earlier, followed by Avicennia (~1700 cal yr BP), suggesting favorable
pollen preservation on the muddy tidal flat. Rhizophora was established
only after 1850 CE (Fig. 9). Pollen distribution in sediments is mainly
influenced by wind strength and distance, distinguishing “local” and
“regional” sources with gradual overlap (Davis, 2000; Xu et al., 2012;
Andersen, 1967; Janssen, 1966; Sugita, 1994; Behling et al., 2001).
Insect-pollinated taxa like Laguncularia and Avicennia are typically un-
derrepresented in pollen records (Ellison, 2008; Yao et al., 2015; Yao
and Liu, 2017). In our study area, Laguncularia and Avicennia pollen
comprise up to 20 % and ~5 % of the total, indicating a mature
mangrove forest since ~1700 cal yr BP. Rhizophora pollen, more widely
dispersed due to wind pollination (Behling et al., 2001; Urrego et al.,
2009), appears only after 1850 CE, reflecting regional warming post-
Little Ice Age (LIA, ~1300 to 1850 CE). Similar mangrove succession
patterns with Laguncularia, Avicennia, and Rhizophora have been docu-
mented in subtropical Brazil (Franca et al., 2019; Rodrigues et al., 2022),
linked to late Holocene temperature increases (e.g. Lohmann et al.,
2013; Santos et al., 2013). Mangroves rely on muddy substrates for root
anchoring (Cohen et al., 2020a; Franca et al., 2019), but in southern
Brazil, coastal drift limits mud deposition, creating sandy flats that
hinder mangrove establishment (Alves, 2009; Cohen et al., 2020b; de
Souza Pereira et al., 2010). Thus, the mangrove southern limit is shaped
more by geomorphology than by winter temperatures (Cohen et al.,
2020b; Yao et al., 2022). With future sea-level rise and human land use,
suitable habitats may further decline, intensifying the mangrove
squeeze.

5.3. Sea-level rise since the end of the little ice age

Grinsted et al. (2009) reported a global sea-level minimum of —19 to
—26 cm around 1730 CE, likely linked to the LIA (~1300 to 1850 CE)
(Bradley and Jones, 1992) (Fig. 9). This event was recorded on Brazil’s
northern (Cohen et al., 2005a) and northeastern coasts (Bozi et al.,
2021) between 390 and 77 cal yr BP (1560-1873 CE). Since ~77 cal yr
BP (1873 CE), mangroves have expanded onto higher tidal flats previ-
ously occupied by herbs, palms, and trees/shrubs, driven by rising RSL
(Bozi et al., 2021; Cohen et al., 2018). The §'3C and C/N data from SF9
and SF10 indicate a gradual increase in estuarine input up to the present
(Figs. 7, 8 and 10), which may be associated with the RSL rise that has
occurred since the end of the LIA (Fig. 9). Recent RSL rise led to erosion
and mangrove loss in lower intertidal zones (Fig. 4d), while Laguncularia
expanded into higher areas formerly occupied by Spartina. Dead palms
at the Spartina—ombrophilous forest boundary reflect salinization due to
RSL rise. The upper 40 cm of cores SF7 and SF8 show a marked rise in
mangrove pollen, likely linked to RSL rise and/or Rhizophora expansion
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into subtropical zones driven by warmer winters. Natural warming and
RSL rise following the end of the LIA triggered this mangrove dynamic.
Although industrial-era warming likely accelerated the process,
Anthropocene global warming was not the initial driver of mangrove
migration into temperate regions and higher elevations (Rodrigues
et al., 2021; Rodrigues et al., 2022).

5.4. Global warming and mangroves during the Anthropocene

Mangrove forests can mitigate relative sea-level (RSL) rise, particu-
larly where fluvial sediment input supports coastal accretion (Cohen
et al., 2020a). Their roots reduce wave and current energy, promote
sediment trapping, and enhance substrate buildup through both external
and internal sediment sources. Taller and denser mangroves are more
effective at keeping pace with sea-level rise (Breithaupt et al., 2017;
Cohen et al., 2020a; Furukawa et al., 1997; Furukawa and Wolanski,
1996; Lovelock et al., 2015b; Woodroffe et al., 2016). Productivity and
species composition also influence sediment accumulation and resil-
ience, as different mangroves vary in tolerance to inundation and sedi-
mentation rates (FEllis et al., 2004; Furukawa and Wolanski, 1996;
Kathiresan and Kandasamy, 2003; Matos et al., 2020; McKee et al.,
2007; Phillips et al., 2017; Di Nitto et al., 2013a, 2013b; Krauss et al.,
2003; Rogers et al., 2005). Rhizophora, with prop roots, promotes ver-
tical accretion more effectively than Avicennia, which has pneumato-
phores (Furukawa and Wolanski, 1996; Krauss et al., 2003). Mixed
stands of Avicennia and Rhizophora are more efficient at trapping sedi-
ments than monospecific stands (Kathiresan Kandasamy, 2003). In our
study area, Rhizophora established after 1850 CE (Fig. 9), and canopy
height increased by 1-3.5 m between 2017 and 2024. This structural
growth, along with the presence of three mangrove genera, enhances the
forest’s ability to keep pace with RSL rise.

Mangrove trees exhibit remarkable adaptability, enabling them to
adjust to environmental fluctuations and develop along a wide structural
gradient, ranging from dwarf shrubs to tall forests that reach heights of
up to 62 m (Cohen et al., 2018, 2024a, 2024b; Simard et al., 2019).
Under favorable environmental conditions, such as optimal salinity,
warm winter temperatures, and the absence of major disturbances (e.g.,
hurricanes or severe freezes), mangrove trees may grow rapidly, with
annual height increments ranging from 0.3 to 1.0 m in recently colo-
nized areas (Alongi, 2002). However, the mangrove forest analyzed in
this study is mature, and these trees should already have reached their
maximum stature under stable local environmental conditions. Then,
the rise in mangrove canopy height (14-50 cm/yr) in southern Brazil is
likely driven by increasing minimum winter temperatures, which are a
key factor controlling mangrove growth (Feher et al., 2017; Gabler et al.,
2017). Between 1960 and 2002, minimum temperatures rose by -+
0.5 °C per decade annually and + 0.4 °C in winter (Marengo and
Camargo, 2008). Since mangroves are sensitive to cold (Chapman, 1976;
Giri et al., 2011; Walsh, 1974), projected temperature increases of
3-5 °C by 2080 (Marengo, 2006) suggest continued canopy growth and
potential expansion into temperate zones (Cohen et al., 2020b; Yao
etal., 2022; Cohen et al., 2024a). Mangroves at Cedar Key, Florida, USA,
underwent tropicalization, with an increase in canopy height of ~44-50
cm per year between 2000 and 2020 (Cohen et al., 2024a).

While global warming may promote mangrove expansion and taller
canopies, rising sea levels could intensify erosion on lower muddy tidal
flats, stressing mangroves in subtropical regions. Mangroves can tolerate
sea-level rise up to ~7 mm/yr (McKee et al., 2007; Saintilan et al.,
2020), but projections under high-emission scenarios (RCP 8.5) suggest
rates of 10-20 mm/yr and by 2100, potentially outpacing their adaptive
capacity after 2055-2070 (IPCC, 2013; Sasmito et al., 2015). Mangroves
in areas with low sediment supply and minimal tidal range are especially
vulnerable (Lovelock et al., 2015a; Spencer et al., 2016). Mangroves in
Babitonga Bay, characterized by microtidal conditions (0.8-1.5 m) and
low sediment supply (Angulo et al., 2006), are likely sensitive to RSL
rise. Although mangroves can adapt by migrating landward to higher
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flats, such as hypersaline areas, coastal development and armoring often
block this natural inland movement (Cohen and Lara, 2003; Lara et al.,
2002; Leo et al., 2019). In our study area, lower tidal flats with tall
mangroves (~12 m) have experienced erosion, creating forest gaps.
While new mangroves are establishing on higher flats along the man-
grove-herbaceous transition, this shift does not compensate for biomass
loss, as mature, tall trees are replaced by younger, shorter ones. This has
significant implications for carbon storage: even if mangrove area re-
mains stable, biomass carbon declines, and exposed soils may shift from
carbon sinks to sources. The long-term carbon sink function of these
mangroves depends on the interplay between RSL rise and coastal
topography. Gentle slopes may support continued mangrove migration,
while steep gradients could prevent landward expansion and lead to
forest loss or collapse (Fig. 11a; Leo et al., 2019). Mangroves in micro-
tidal systems—Ilike our site—are more likely to migrate inland with sea-
level rise due to their shallow slopes, but limited sediment supply and
low vertical accretion capacity constrain their ability to maintain
elevation within the tidal frame (Ellison, 2015; Xie et al., 2022).

Coastal slope and tidal range play key roles in mangrove vulnera-
bility to sea-level rise. Our data indicated a significant increase in the
topographic gradient from the coastal plain (slope: 1.3-0.8 %) with
mangroves and Spartina to the elevated terraces (14 %) dominated by
ombrophilous forest, revealing that landward mangrove migration due
to the RSL rise should be halted on steeper surfaces. Currently, man-
groves reach up to ~170 cm above mean sea level, but beyond ~250
cm, the slope steepens, limiting further expansion. This allows for only
~80 m of potential landward migration before “mangrove squeeze”
occurs. With projected sea-level rise rates of 5-10 mm/yr (Kopp et al.,
2014), mangrove retreat into this zone may be exhausted between 2105
and 2158 CE. Terraces above 3 m amsl and urban development will
further restrict migration, confining mangroves to low-lying areas.
Although natural or artificial barriers may shift due to erosion, urban
infrastructure is likely to remain, reinforcing these limits. Future
mangrove refuges may be floodplains along rivers currently occupied by
freshwater vegetation. However, upstream migration will depend on
interactions between fluvial discharge and RSL rise, which control
saltwater intrusion along river valleys (Bozi et al., 2021; Cohen et al.,
2020a).

The elevated terraces that once served as coastal wetlands refuges
during the mid-Holocene highstand (Fig. 11d) are now fully urbanized,
making future mangrove establishment there unfeasible (Fig. 11b).
Thus, assessments of RSL rise impacts must account for both topography
and coastal urbanization. Since this terrace-tidal flat configuration is
common across southern Brazil, the findings are broadly applicable to
the region’s subtropical mangroves. While global warming may favor
poleward mangrove expansion, it will be constrained by limited hori-
zontal space for landward migration, with natural and urban barriers
causing widespread mangrove squeeze (Fig. 11a).

6. Conclusion

Multi-proxy analysis from four sediment cores recorded the effects of
the late Holocene RSL changes on the mangroves of Babitonga Bay,
southern Brazil. The RSL fall caused a mangrove migration from
elevated terraces to the lowest tidal flats, followed by a landward
mangrove migration since the end of the LIA, with Rhizophora estab-
lishment after 1850 CE due to RSL rise and an increase in winter tem-
peratures, respectively. Considering the decade time scale, the loss of
mangrove area is the dominant process along the lowest tidal flats, due
to rising RSL. However, this forest has migrated to higher flats, and its
canopy heights have increased (1-3.5 m) due to a RSL rise and winter
temperatures, respectively. The microtidal range, terrain slope, and
coastal urbanization will significantly limit landward mangrove migra-
tion. Considering the RSL rise rate between 10 and 5 mm/year until
2100, the studied mangroves are likely to shrink considerably between
80 (2105 CE) and 160 years (2158 CE). The pristine elevated terraces
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occupied by coastal wetlands during the mid-Holocene high sea-level
stand are now urbanized, making it unfeasible to establish mangroves
on these surfaces in the face of a RSL rise. Therefore, mangrove expan-
sion to more temperate latitudes in southern Brazil due to global
warming will be limited by the relationship between the rate of RSL rise
and horizontal space accommodation for landward mangrove migra-
tion, where natural and artificial barriers with urbanized zones are
highly likely to lead to a mangrove squeeze.
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