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• Temperature is the primary factor regulat-
ing mangrove distribution at the higher
latitudes.

• Local factors regulate mangrove dynamics
at the lower latitudes.

• Poleward mangrove migration in North
and South America were synchronized
during the last millennium.

• MCA likely facilitated polewardmangrove
migration in North and South America

• AWoodland Native community settled on
Seahorse Key prior to 500 cal yr BP.
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Under the continuous warming trend in the 21st century, mangroves are likely tomigrate into more temperate regions
in North and South America. However, the biogeography of different mangrove species is still unclear, especially near
their latitudinal range limits in the two continents. This study utilizes palynological, geochemical, and sedimentolog-
ical analyses to record changes in the coastal morphology and vegetation during the Holocene in Cedar Keys, Florida,
the mangrove sub-range limit in North America. The multi-proxy dataset indicates that the milder winters during the
Medieval Climate Anomaly likely facilitated the establishment of mangroves in the study region, where Avicennia,
Laguncularia, and Rhizophora were established in the ~12th (790–850 cal yr BP), ~14th (580–660 cal yr BP), and
~ 16th century (440–460 cal yr BP), respectively. Thus, the Medieval Climate Anomaly likely triggered the poleward
mangrove migration in North and South America synchronously. Moreover, the multi-proxy dataset also documents
the obliteration of the Woodland Culture near Cedar Keys, where a once-thriving native civilization on Seahorse
Key was driven out by the European colonizers, who settled on themainland and Atsena Otie Key. Over time, the relict
sites of the Woodland people on Seahorse Key were covered by mangroves and marsh vegetation since the ~16th
century. Overall, our dataset suggests that industrial-erawarmingmay have intensified the polewardmangrove expan-
sion, although this trend had started earlier during the Medieval Climate Anomaly.
nment, Louisiana State University, 93 South Quad Drive, United States of America.

November 2022; Accepted 10 November 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.160189&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.160189
mailto:mcohen@ufpa.br
http://dx.doi.org/10.1016/j.scitotenv.2022.160189
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Q. Yao et al. Science of the Total Environment 859 (2023) 160189
1. Introduction
In the face of accelerating global warming, poleward migration of man-
groves is documented worldwide (Ellison, 2002; Gilman et al., 2008;
Walker et al., 2019; Osland et al., 2021). In North America, mangroves
have been expanding into salt marshes along the Gulf of Mexico (GOM)
and Atlantic coasts during the past 30 years (Cavanaugh et al., 2014,
2019; Osland et al., 2017, 2022; Yao et al., 2022a, 2022b). The two coastal
plant communities support unique fauna and flora and provide many
important socio-ecological services (Barbier et al., 2011), such as carbon se-
questration (Kauffman et al., 2011), organic matter exportation (Dittmar
et al., 2006), shoreline protection against coastal hazards (Hutchison
et al., 2014), and pollution control (Barbier et al., 2011). Thus, mangrove
invasion into salt marsh habitats is becoming a focus of research and con-
cern for ecologists and stakeholders in North America.

Rhizophora mangle (red mangrove), Avicennia germinans (black man-
grove), and Laguncularia racemosa (white mangrove) are the only three true
mangrove species found in North America, with Avicennia germinans being
the most cold-tolerant species among the three (Tomlinson, 2016). During
the last glacial maximum (~21,000 years BP), the range of North American
mangroves was limited to Central America (Sherrod and McMillan, 1985).
After the last deglaciation, due to the warming climate (Clark et al., 2009),
mangroves started to expand and migrate toward higher latitudes during
the Holocene (Woodroffe and Grindrod, 1991; Kennedy et al., 2016), and
eventually established in the continental United States in South Florida
~4000 cal yr BP (Yao and Liu, 2017; Jones et al., 2019). The modern global
distribution of mangroves is greatly influenced by extreme freeze events
(Stevens et al., 2006; Quisthoudt et al., 2012; Alongi, 2015; Osland et al.,
2019, 2020). Winter freezes (<−4 °C) cause defoliation or mortality to
Avicennia germinans (Ross et al., 2009), hence limiting its migration toward
high latitudes (Stuart et al., 2007; Osland et al., 2013). Historically, the boreal
mangrove range limit in the continental United States was located in Cedar
Keys, Florida, at ~29°N (Little, 1978). However, with the increasingly
warm winters during the past few decades, poleward mangrove migration
Fig. 1. (a) Mangrove distribution in North America; red rectangle marks the study area;
tures of the two coring sites on (c) Atsena Otie Key and (d) Seahorse Key. The red cross
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accelerated in the 21st century (Yao et al., 2022b) (Fig. 1), while more and
more Avicennia germinans colonies have been spotted along the northern
GOM coasts (~30°N) in the Florida Panhandle (Snyder et al., 2022; Yao
et al., 2022a), Louisiana (Cohen et al., 2021; Rodrigues et al., 2021; Ryu
et al., 2022), and Texas (Montagna et al., 2011; Osland et al., 2013). Thus,
the biogeography of Avicennia germinans in the continental United States
exhibited a gradual poleward migration following the temperature gradient,
as with other species in Florida (Box et al., 1993).However, most studies
regarding mangrove tropicalization in North America were focused on
Avicennia germinans due to its greater tolerance to low winter temperatures
(Armitage et al., 2015; Cook-Patton et al., 2015; Osland et al., 2020), while
very few studies have documented the long-term dynamics of Rhizophora
mangle and Laguncularia racemosa during the Holocene (Cavanaugh et al.,
2014, 2019; Yao et al., 2022a, 2022b), especially from their sub-range
limit. We define mangrove sub-range limit (~26°–29°N) as areas proximate
to their poleward range limit (~30°N), where all three mangrove species
can proliferate. These areas are key to unlocking the biogeographic history
of all threemangrove species, because the climate anomalies exert greater in-
fluence on all threemangrove species across these latitudes, especially during
the Medieval Climate Anomaly (MCA, ~1050 to 750 cal yr BP), when the
northern GOM sea surface temperature was supposedly warmer than the
present-day (Richey et al., 2007). Hence, it is still unclear whether the man-
grovemigration toward the northernGOMcorresponded to the lateHolocene
climate variability or was solely an Anthropocene (post-1950s) phenomenon.

Moreover, recent studies from South America indicate that polewardman-
grove migration was mainly controlled by temperature and the availability of
muddy substrate, which is the preferred sedimentary environment for man-
grove establishment (França et al., 2019; Bozi et al., 2021; Figueiredo et al.,
2021). Laguncularia racemosa established first in the mangrove sub-range
limit near São Francisco do Sul Bay, Brazil (~26°N) at ~900 cal yr BP
(Rodrigues et al., 2022), and it took ~900 years for Avicennia germinans and
Laguncularia racemosa to reach their current austral range limit near southern
Santa Catarina, Brazil (~28°N) (Cohen et al., 2020a). In this context, it is
still unclear whether the expansion of different mangrove species followed
(b) Map of Cedar Keys National Wildlife Refuge; morphological and vegetation fea-
es in (c) & (d) mark the location of core CK-2 and SNK-2, respectively.
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the same temperature gradient in North America. In particular, is poleward
mangrove migration synchronized in both North and South America
throughout the Holocene? This information is vital for predicting the global
distribution of different mangrove species and associated ecological
responses under the rapid climate change in the 21st century. Thus, large
data gaps exist in the literature.

Cedar Keys, Florida is 200 km to the southeast of the current boreal
mangrove range limit and home for all three mangrove species in North
America (Little, 1978). Thus, this mangrove sub-range limit site is a critical
location to investigate the biogeography of the three mangrove species.
In this paper, we utilize palynology, grain-size, loss-on-ignition (LOI), and
X-ray Fluorescence (XRF) on two sediment cores (CK-2 and SNK-2) to
reconstruct the lateHolocenemangrove biogeography and coastal morpho-
logical change in the Cedar Keys National Wildlife Refuge (Fig. 1). The
overarching objectives of this study are to answer these three research ques-
tions: 1) Is mangrove expansion in North America associated with any
climate anomalies during the late Holocene? 2) Is poleward mangrove
migration in North America synchronized with that in South America
during the Holocene? 3)What drives different mangrove species tomigrate
from South Florida toward the northern GOM? In addition, our cores con-
tain a thick shell layer likely representing a shell midden attributed to the
Woodland Native Culture. Thus, this study also documents the prehistoric
human activities in the study region.

2. Materials and methods

2.1. Geographic background of the study area

Cedar Keys National Wildlife Refuge (~29°10′ to 29°5′ N, ~83°5′ to
82°6′ W) is comprised of 13 islands (highlighted in yellow color in
Fig. 1b) ranging from 0.4 to 50 ha in size. Most of the islands sit on the
Seahorse Reef, a ridge of shallow bottom (0.5–1 m) that lies due south of
the town of Cedar Keys (https://www.fws.gov/refuge/cedar-keys). The cli-
mate of this region is humid subtropical, but the Atlantic hurricane season
strongly influences the rainfall pattern (Biasutti et al., 2012). The average
annual precipitation (U.S Climate Data, n.d.), winter daily minimum air
temperature, and relative sea-level (RSL) rise trend at Cedar Keys are
~1500 mm, ~11 °C, and 2.3 mm/yr, respectively (NOAA CO-OPS, n.d.).
Vegetation in the refuge is dominated by a combination of mangrove forest
(containing all three mangrove species), maritime forest (pine and oak),
and herbaceous plants such as graminoids, Amaranthaceae, and Typha
(Field, 1991). Historically, Cedar Keys were regarded as the northern
limit of continuous Rhizophora mangle and Laguncularia racemosa distribu-
tion on the Gulf Coast of Florida (Little, 1978). However, over the past
few decades, mature Avicennia germinans colonies and sparse stands of
Rhizophora mangle have been established in the Apalachicola area
(~200 km northwest to Cedar Keys) along the Florida Panhandle (Snyder
et al., 2022; Yao et al., 2022b).

In this study, we sampled Atsena Otie Key (~33,750 ha) and Seahorse
Key (~36,411 ha), two of the largest islands in the refuge. Both islands
are sitting on very shallow (~0.5 m) clam and oyster reefs, fringed by man-
grove forests, while pine, oak and other shrubs occupy the island interiors
(Fig. 1c&d). On Atsena Otie Key, Avicennia germinans (up to 5 m tall) dom-
inates the mangrove forest but some Rhizophora mangle (<2 m) and
Laguncularia racemosa trees (<2 m) are present. On Seahorse Key, the
north side of the island is fringed by mixed mangrove forests containing all
three species. Laguncularia racemosa (up to 2 m) grows inland from Avicennia
germinans (up to 7m), which themselves grow inland fromRhizophoramangle
(up to 2 m). The pore water salinity on the two islands was 20 to 25 ‰
whenmeasured during the twofield expeditions inDecember 2018 and2019.

2.2. Field work and remotely-sensed data collection

Cores CK-2 (180 cm; from Atsena Otie Key, 29°7′23.60″ N, 83° 2′2.60″
W) and SNK-2 (195 cm; from Seahorse Key, 29°5′57.96″ N, 83°4′2.22″
W) were retrieved in December 2018 by means of a vibra-corer from the
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fringing mangrove forests on these two islands (Fig. 1c&d). Both cores
were pushed in until refusal to capture the most complete depositional his-
tory possible. To identify the morphological and vegetation features of the
study sites, drone surveys using a Phantom 4 Advanced DJI (spatial resolu-
tion of 1.6 cm/pixel at 60 m) with ground validation were conducted on
each island during the field expeditions. Drone images were processed
using Agisoft Metashape Professional version 1.6.2 and Global Mapper
22.1 to create the digital elevation models and identify vegetation units
on the two islands, following the methodology described in Cohen et al.
(2020b) and Yao et al. (2022c).

2.3. Laboratory analyses

Grain-size analysis was performed on both cores at 5-cm interval using a
Beckman Coulter particle size analyzer (0.04–2000 μm range), following
standard procedures described in Zhang et al. (2021). The distribution of
sand (2–0.0625 mm), silt (62.5–3.9 μm), and clay fraction (3.9–0.12 μm)
was determined following the methods developed by Wentworth (1922).
Stratigraphy was described based on the color, lithology, and texture of
the sediment types (Miall, 1978).

X-ray fluorescence (XRF) and loss-on-ignition (LOI) analyses were
performed on both cores at 1-cm interval to measure the elemental concen-
tration (ppm) of major elements and the % wet weight for water and % dry
weight for organics and carbonates throughout the cores, following the
standard laboratory procedures describe in Yao et al. (2020a, 2020b). For
XRF analysis, five major chemical elements (Ca, Sr, Zr, Ti, and Fe as part
per million - PPM) and Ca/Ti and Cl/Br ratios exhibited meaningful varia-
tions and were reported in this study.

A total of 58 samples consisting of ~1 cm3 of sediment each were taken
from core CK-2 and SNK-2 at 5-cm interval for palynological analysis. All
samples were processed following the standard procedure described in
Yao and Liu (2018). One Lycopodium tablet (~20,848 grains) was added
to each sample as an exotic marker to calculate the pollen concentration
(grains/cm3). A minimum of 300 pollen grains were counted for each sam-
ple (except for samples from 130 to 190 cm in core SNK-2 where the pollen
concentration is very low) to ensure the results were statistically robust. In
addition, foraminifera linings, dinoflagellate tests, and charcoal fragments
(>10 μm in size) were also counted. Due to the overwhelming amount of
Pinus pollen throughout both cores, they were excluded from the calcula-
tion of pollen percentages. Published pollen keys (Willard et al., 2004;
Yao and Liu, 2018) were used as references to identify the palynomorphs.
TILIA and TILIAGRAPH software were used for calculation and plotting
the pollen diagram (Grimm and Troostheide, 1994). CONISS was used for
cluster analysis of the pollen taxa (Grimm, 1987). Based on extensive pollen
surveys from mangrove forests across the North and South America (Yao
et al., 2015, 2021, 2022a, 2022b; Cohen et al., 2020a, 2020b, 2021), the
continuous appearance of mangrove pollen (>2 %) is used as a threshold
to identify the establishment ofmangrove forest. A step-by-step preparation
procedure of pollen samples and an atlas and identification key of the com-
mon pollen types from the study region are listed in the co-submitted
MethodsX (Yao et al., in review a) and Data-in-Brief articles (Yao et al., in
review b).

2.4. Radioisotopic dating

Six samples consisting of bulk organic sediments were sent to ICA Inc.,
in Florida, for AMS 14C dating (Table 1). All 14C samples were pretreated to
eliminate fibrous roots and shell fragments, following the methodology
described in Yao et al. (2022d). Twenty-five samples from the top 75 cm
in core CK-2 were sent to the State Key Laboratory of Marine Geology,
Tongji University, China for 210Pb and 137Cs dating at 3-cm interval.
Gamma-ray measurements were performed on a HPGe well type γ-ray
detector (GWL-120-15-LB-AWT, AMETEK). Excess 210Pb (210Pbex) activity
was determined by subtracting the supported 210Pb (210Pbsu, equivalent
to 226Ra) from total 210Pb (210Pbt). The surface sediment intervals
(0–5 cm) were scanned in the detector for 48 h. The Constant Initial

https://www.fws.gov/refuge/cedar-keys


Table 1
Radiocarbon dating results for core CK-2 and SNK-2.

Core ID Depth
(cm)

Age
(14C yr BP)

Calibrated range
(cal yr BP, 2σ deviation)

Weighted mean
(cal yr BP)

CK-2 40 0 ± 20 −26–270 150
CK-2 70 580 ± 40 480–660 580
CK-2 150 1510 ± 40 1280–1540 1410
SNK-2 50 280 ± 30 120–450 350
SNK-2 95 1340 ± 30 1080–1380 1260
SNK-2 150 4020 ± 40 3870–4680 4410
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Concentration (CIC) model was applied to calculate the sedimentation rate
(Goldberg, 1963; Robbins and Edgington, 1975). Fitting analysis was done
using the ‘Exp2PMod1’ function in Origin 2018 program. The 14C and
short-lived isotope dating results were imported into RBACON version 2.2
to generate an age-depth model (Blaauw and Christen, 2011). All dates
were converted to calibrated years before present (cal yr BP) and rounded
to the nearest decade, using 1950 CE as 0 cal yr BP.
3. Results

3.1. Chronology model

For short-lived isotopic dating, a 137Cs peak is detected at 25 cm in core
CK-2 (Fig. 2), marking the maximum nuclear fallout at 1963 CE, and a
vertical accretion rate of 4.54 mm/yr (0–25 cm) is inferred assuming a
constant accretion rate. The depth profile of 210Pbex shows a relatively steady
exponential decay trend for the top 50 cm in core CK-2. According to the CIC
model, it reveals a sedimentation rate of 6.5 mm/yr (constant = 0.0311;
Corbett and Walsh, 2015).

All 14C dates were deemed valid by the Bayesian model (Fig. 3). Bayes-
ian statistical methods have been used to perform interpolation and con-
struct uncertainty estimates that account for possible sedimentation rate
changes throughout the cores (Lisiecki et al., 2022). Based on RBACON,
the calibrated radiocarbon dates ranged from ~4410 to 0 cal yr BP
(Table 1). Collectively, we used the weighted mean age (the red curve in
Fig. 3) estimated by RBACON to construct the chronologies for the two
cores. The Bayesian model revealed a relatively consistent sedimentation
rate for core CK-2, with a basal age of ~1700 cal yr BP (Fig. 3a). Core
SNK-2 has a basal age of ~6700 cal yr BP and a relatively constant sedimen-
tation rate down to 95 cm from the top, belowwhich the sedimentation rate
decreased by four-folds (Fig. 3b). The calibrated range and weighted mean
age given by the Bayesian model for each depth interval in both cores are
listed in the Supplementary Content (Table S1).
Fig. 2. 137Cs (left) and 210Pb (right) dating results of core CK-2.
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3.2. Stratigraphic, sedimentary, and geochemical datasets

Visual inspection andmulti-proxy analyses revealed that core CK-2 con-
sists of three different types of sediments (Fig. 3a), including fine-sand
(180–115 cm), coarse-sand (115–75 cm), and muddy-sand (75–0 cm).
Sediments in the fine-sand section are characterized by abundant shells of
Crassostrea virginica (oyster) and Anadara sp. (clam), very low water,
organic, and carbonate content, and relatively high values of marine
elements (Ca, Sr, Zr) and Cl/Br ratio (Fig. 4a)—the latter is a normalized
parameter associated with salinity (Liu et al., 2014; Yao et al., 2020a).
The coarse-sand section exhibits similar sedimentological and geochemical
characteristics as the fine-sand section, except for coarser grain-size, hence
the content of Zr – the main constituent for Florida beach sand (Miller,
1945) – is also the highest throughout the core. The top 75 cm of core
CK-2 (muddy-sand section) is characterized by relatively finer grain-size,
substantially higher contents of water, organics, and carbonates, and
decreasing Cl/Br ratio (Fig. 4a).

Core SNK-2 also consists of three types of sediments, including sandy-
silt (195–100 cm), silt (100–65 cm), and muddy-sand (65–0 cm)
(Fig. 3b). The sedimentological and geochemical characteristics of the
sandy-silt section highly resemble those of the bottom fine-sand section in
core CK-2, except for the assortment of shells. In core SNK-2, intact shells
of Anadara sp. and some small oysters (195–160 cm) underlie big intact
oyster shells (160–130 cm), which themselves underlie broken oyster
hash (130–100 cm) (Fig. 3b). Accordingly, the oyster hash section
(130–100 cm) is characterized by the highest values of carbonates, Ca, Sr,
and Ca/Ti, typical indicators for marine sediments and shells (Ramírez-
Herrera et al., 2012; Yao and Liu, 2018; Williams et al., 2022), between
both cores (Fig. 3b). Above the shell beds, the silt section is characterized
by much smaller grain-size, increased water and organic contents, and a
higher value of Fe, a typical indicator for terrestrial runoff (Haug et al.,
2001; You, 2008; van Soelen et al., 2012). At the top 65 cm in core SNK-
2, the sedimentological and geochemical characteristics of the muddy-
sand section highly resemble those of the muddy-sand section at the top
of core CK-2 (Fig. 4b).

3.3. Pollen data

A total of 36 pollen and spore taxa were identified from core CK-2, but
only palynomorphs occurring at >2 % in any interval are plotted (Fig. 5).
Core CK-2 is divided into three pollen zones, based on the stratigraphy
and CONISS analysis. The pollen assemblage in Zone-A (180–130 cm,
1700–1200 cal yr BP) is dominated by upland (~40 %) and marsh (~60 %)
taxa (Figs. 4 and 5). Specifically, most pollen spectra in Zone-A contain
abundant Quercus (Oak) and Amaranthaceae (>40 %), indicating a fresh-
water and brackish marsh commonly found along the Florida Gulf coast-
lines (Willard et al., 2004; Yao et al., 2015). Mangrove pollen made its
first appearance in Zone-B (130–75 cm, 1200–640 cal yr BP) (Figs. 4 and
5), characterized by a single Avicennia germinans grain at 130 cm and abun-
dant Avicennia germinans pollen (~3%) above 90 cm (790 cal yr BP). Apart
from this, Quercus and Amaranthaceae are still the most abundant pollen
taxa, while the concentrations of foraminifera and dinoflagellate increased
substantially in this zone (Fig. 5). Pollen concentrations (including Pinus)
increased significantly in Zone-C (75–0 cm, 640 cal yr BP to present)
(Figs. 4 and 5), and pollen grains of Laguncularia racemosa and Rhizophora
mangle start to occur continuously above 70 (580 cal yr BP) and 60 cm
(440 cal yr BP), respectively (Fig. 5). In addition, concentrations of forami-
nifera linings, dinoflagellate tests, and charcoal fragments increase substan-
tially throughout Zone-C, while pollen of Cyperaceae, Asteraceae, and
other graminoids (e.g., Poaceae >40 μm) also become more abundant.

A total of 30 pollen and spore taxa are identified fromcore SNK-2, divided
into 4 zones (Figs. 4 and 6). Zone-NP (195–130 cm, 6700–3200 cal yr BP)
contains plentiful foraminifera linings and dinoflagellate tests but too few
(<50 grains in each sample) pollen and other non-pollen palynomorphs to
show a meaningful statistical relationship, hence, it is marked as “Pollen
poor” (Fig. 6). Above this barren section, tree, shrub, and marsh taxa start



Fig. 3. From left to right: the Bayesian age-depth model, grain-size result, litholog, and photographs for core (a) CK-2 and (b) SNK-2. The age-depth model is developed by
RBACON v.2.2. The red curve shows the ‘best’ estimated age by RBACON.
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to appear abruptly in Zone-A (130–100 cm, 3200–1400 cal yr BP). Zone-B
(100–65 cm, 1400–660 cal yr BP) is characterized by the dominance of
Quercus (30–50 %) in the pollen assemblage and the first occurrence of
Avicennia germinans pollen at 90 cm. Pollen grains of Avicennia germinans
start to occur continuously upward from 75 cm (850 cal yr BP) (Fig. 6). In
Fig. 4. Multi-proxy diagram summarizing (from left to right): the inferred chronology b
(a) CK-2 and (b) SNK-2.
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addition, charcoal fragments reach their highest concentration throughout
the core in Zone-B. Zone-C (65–0 cm, 660 cal yr BP to present) is character-
ized by the dominance of Amaranthaceae in the pollen assemblage, while
Quercus becomes less abundant (Fig. 6). Moreover, pollen grains of
Laguncularia racemosa and Rhizophora mangle start to occur continuously at
y the Bayesian model, sedimentary, geochemical, and palynological results of core



Fig. 5. Pollen diagram of core CK-2. The continuous appearance ofAvicennia germinans, Laguncularia racemosa, and Rhizophora mangle pollen started at 790, 580, and 440 cal
yr BP, respectively.
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65 (660 cal yr BP) and 55 cm (460 cal yr BP), respectively (Fig. 5). In addi-
tion, foraminifera linings and dinoflagellate tests become more abundant
throughout Zone-C.

4. Discussion

4.1. Geomorphological and ecological transformation at Atsena Otie key

The multi-proxy data indicate that our study area was undergoing shore-
line progradation during the late Holocene (~1700 cal yr BP to present),
marked by the stratigraphic changes from shell beds to organic-rich
sediments in both cores (Fig. 4). In core CK-2, the bottom section (Zone-A)
is characterized by abundant oyster and clam shells, as well as high values
of marine indicators (e.g., Ca/Ti, Ca, and Sr) (Ramírez-Herrera et al., 2012;
Yao and Liu, 2018; Williams et al., 2022). Very few charcoal fragments and
high values of Cl/Br ratio also indicate a marine environment between
~1700 and 1200 cal yr BP (Liu et al., 2014; Yao et al., 2020b) (Fig. 4).
Such settings highly resemble the oyster and clam reefs surrounding the
Cedar Keys NationalWildlife Refuge at the present day, suggesting the coring
Fig. 6. Pollen diagram of core SNK-2. The continuous appearance ofAvicennia germinans,
yr BP, respectively.
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site on Atsena Otie Key was likely an oyster/clam reef prior to ~1200 cal yr
BP. The pollen assemblage, characterized by abundant arboreal pollen taxa
(e.g., Quercus and Pinus) (Fig. 5), also highly resembles the maritime forests
(dominated by Slash Pine, Sand Pine, and shrubby oak) surrounding the
refuge today (Field, 1991). The multi-proxy data show that the modern land-
scape near theCedar Keys has been established since at least~1200 cal yr BP.

Zone-B (~1200–640 cal yr BP) marks the establishment of mangroves on
Atsena Otie Key (Fig. 4). The gradual decrease in the number of shells and
salinity (indicated by Cl/Br ratio) points to a decrease in marine influence
(Fig. 4). In addition, the grain size is increasing upward, suggesting an
increase in energy flow (Fig. 4). Together, the above evidence indicates a
transition from an oyster/shell reef to a sandy flat on Atsena Otie Key.
More importantly, the pollen record shows that Avicennia germinans pollen
(~4 %) started to consistently appear from 790 cal yr BP (Fig. 5). Studies
from across the globe have shown that Laguncularia and Avicennia are
insect-pollinated, and their pollen are typically under-represented in the pol-
len rain (Ellison, 2002; Yao et al., 2015; Yao and Liu, 2017). A lowpercentage
(<5 %) of these taxa in the modern pollen rain has been reported from man-
grove forests dominated by Laguncularia and Avicennia (Behling, 1993;
Laguncularia racemosa, andRhizophora mangle pollen started at 850, 660, and 460 cal
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Urrego et al., 2009, 2010). Hence, a mature mangrove forest dominated by
Avicennia germinans has likely formed on Atsena Otie Key since ~790 cal yr
BP. Collectively, considering mangrove trees usually grow in coastal or inter-
tidal areas, our study area was transitioning from an oyster/clam reef to a
tidal flat occupied by Avicennia germinans from ~1200 to 640 cal yr BP.

In Zone-C (~640 cal yr BP to present), pollen grains of Laguncularia and
Rhizophora started to appear continuously from 70 cm and 60 cm (Fig. 5),
marking their establishment on Atsena Otie Key since ~580 and 440 cal
yr BP, respectively (Fig. 1c). In addition, the substrate of Zone-C is charac-
terized by finer-grained sediments, while the overall pollen concentration,
organic content, and Fe abundance increase substantially (Fig. 4). Such
shifts in the sedimentary and geochemical features indicate a change
from a high-energy (e.g., subtidal or intertidal flat exposed to the action
of waves and currents) to a more stable terrestrial environment with
lower energy flow (muddy intertidal flat) (Simard et al., 2006; You, 2008;
Yao et al., 2021). The pollen assemblage highly resembles the mature man-
grove swamp forests occupying the Florida Gulf coast today (Willard et al.,
2004; van Soelen et al., 2012; Yao et al., 2015; Yao and Liu, 2017). Thus,
Zone-C marks the seaward expansion of the mangrove forests as the shore-
line prograded around Atsena Otie Key during the last ~600 years.

Moreover, charcoal fragments, Asteraceae (including Ambrosia),
Cyperaceae, and Poaceae also become more abundant over the last
~600 years (Zone-C; Fig. 5). Charcoal fragments are usually associated
with wood burning, while Asteraceae (especially Ambrosia) are early-
successional plants associated with modification and destruction of
natural vegetation for farmland, settlement, and other human activities
(McAndrews, 1988; O’Neill Sanger et al., 2021). The above evidence indi-
cates increasing human activity on the island during the past few centuries.
Coincidentally, historical documents show that the Spanish have attempted
to settle on vast lands along the Florida peninsula from the Keys to the
Panhandle since the early 16th century (Lyon, 1981). Thus, it is reasonable
to infer that Zone-C also marks the arrival of the Spanish colonial near
Cedar Keys. It is also worth noting that among the Poaceae pollen grains
present in Zone-C many are notably larger (>40 μm) than the pollen of typ-
ical wild or marsh grasses (Fig. 7c&d), which typically fall within the size
Fig. 7. (a) aerial photo (credited to Tommy Thompson) and (b) digital elevation
model of Atsena Otie Key; (c) & (d) photos of Zizania aquatica pollen from Zone-C
in core CK-2. The red cross in (a) marks the location of core CK-2, and the red
rectangle shows the area presented in the digital terrain model in (b). Due to its
proximity to a nearby airport, we were unable to produce digital elevation model
using a UAV for the west side of the island where our coring site is located.
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range of domesticated rice (Oryza sativa) pollen (Liu et al., 2018, 2021),
though they are smaller than the pollen of maize (Zea mays) (Fearn and
Liu, 1995). However, Cedar Keys lies outside of the distribution limits of
wild rice species (Oryza spp.) (Ali et al., 2010; Stein et al., 2018) but is
within the southern ranges of wild rice (Zizania aquatica) (Oelke, 1993;
Porter, 2019). While it is possible that the Woodland native people in
Cedar Keys may have harvested wild rice and used it in their diet in view
of its importance as a staple food in the Great Lakes region (McAndrews,
1969; Lee et al., 2004), it is questionable whether the insular and coastal
environment on Atsena Otie Key could provide sufficient freshwater or flu-
vial habitats to sustain the growth of Zizania aquatica. Given the dearth of
information concerning the utilization of wild rice in areas outside of the
Great Lakes region, including the Gulf Coast, more work needs to be done
to verify the source of these relatively large Poaceae pollen grains.

In sum, the multi-proxy record of core CK-2 indicates a seaward expan-
sion of Atsena Otie Key since ~1700 cal yr BP. Sediment accretion likely
exceeded the rate of sea-level rise due to the deacceleration of the sea-
level rise during the late Holocene (0.4 mm/yr) (Parkinson, 1989;
Wanless et al., 1994), hence, transforming the oyster/clam reef at our cor-
ing site on Atsena Otie Key to a tidal flat occupied by Avicennia germinans at
~1200 cal yr BP (Figs. 4 and 5). The expansion of mangroves likely further
facilitated the sediment accretion by trapping more fine grain sediments
and in situ peat accumulation. Thus, more mangroves colonized the tidal
flats and formed the mixed mangrove swamp at ~640 cal yr BP. Finally,
the arrival of the Spanish Colonizationmarked the formation of themodern
landscape on Atsena Otie Key.

4.2. The woodland native culture on seahorse key

Seahorse Key revealed a more intriguing and complex natural and
anthropogenic history than Atsena Otie Key, especially the geomorphic his-
tories of the two islands were very different. In core SNK-2, although the
bottom section (Zone-NP,~6700–3200 cal yr BP) exhibits similar sedimen-
tary and geochemical characteristics as those in core CK-2 (Zone-A,
~1700–1200 cal yr BP), the former was deposited much earlier than the
latter (Fig. 4). In particular, very few pollen grains (< 50 per sample)
were recorded in each of the pollen samples from Zone-NP (Fig. 6). Previ-
ous studies have documented that the climate during the mid-Holocene
was drier than today in Florida (Donders et al., 2005; Lodge, 2010; van
Soelen et al., 2012). For example, the Gulf Coast of south Florida was occu-
pied by marl prairies (short-hydroperiod marsh) at ~5000 cal yr BP
(Parkinson, 1989; Yao et al., 2015; Yao and Liu, 2017). Thus, due to the
drier climate, the dense maritime forests likely had not formed in the vicin-
ity of the Cedar Keys; thus, few arboreal pollen grains were registered prior
to ~3200 cal yr BP. Moreover, Zone-NP in SNK-2 contains an assortment of
more intact oyster and clam shells (Fig. 3b), no charcoal, and very few
grains of marsh pollen taxa (e.g., graminoids and sedges) (Fig. 6), suggest-
ing that the study area was not vegetated prior to ~3200 cal yr BP. Thus,
the multi-proxy record reveals a different landscape near the Cedar Keys
during the middle to late Holocene than that of the present day, and the
entire Seahorse Key (or the majority of the island) was an oyster/clam
reef at that time.

Above this barren section, arboreal and marsh pollen taxa abruptly
appear in Zone-A in SNK-2 (~3200–1400 cal yr BP) and the shell assem-
blage contains many broken shells (Fig. 3&6). The abrupt change in pollen
and shell assemblages may suggest a hiatus between Zone-NP and Zone-A,
and the shell harsh suggests human consumption (Saunders and Russo,
2011). It is remarkable that shell middens built by Native Americans have
been discovered ~10 miles to the north of our study area (Saunders and
Russo, 2011), we believe Zone-A represents a shell midden left by the
Woodland people, a prehistoric native culture occurring in the eastern
part of continental North America over 1000 years ago (Kelly et al., 1984;
Wallis, 2008). According to archeological evidence from across the Atlantic
and Gulf coasts of Florida, the Woodland people constructed shell middens
as the base of their settlements (Wallis, 2008; Wallis andMcFadden, 2019).
Human activities might have removed some surficial sediments from the
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site, thereby resulting in a hiatus between Zone-NP and Zone-A (Fig. 6).
Moreover, the Woodland people also preferred to settle in backbay and
more protected areas (Wallis and McFadden, 2019), which correspond to
the environmental settings where core SNK-2 were taken (Fig. 8a-c).
Thus, the chronology, shell assortment, and environmental settings of
Zone-A are consistent with a shell midden left by the Woodland people.

More importantly, pollen grains of Zea mays (maize) were found exclu-
sively in 90 and 95 cm (1260–1160 cal yr BP) in Zone-B (Fig. 8d&e), where
the grain-size of the sediment becomes much finer (Fig. 4b). Aside from
harvesting shell and fish, the Woodland culture was also characterized by
raising corn among other crops such as quinoa (Chenopodium quinoa)
(Region, 2000; Boyd and Surette, 2010), and the finer-grained soil is a typ-
ical feature associatedwith prehistoric human settlements around the globe
(Liu et al., 2018, 2021; Zhao et al., 2022). Thus, the pollen and sedimentary
features of Zone-B are also in line with a Woodland settlement built on
Seahorse Key.

Zone-C (~660 cal yr BP to present) is characterized by distinct changes
in themulti-proxy record, whenmangrove pollen of all three species start to
occur continuously (Fig. 6); herbaceous pollen become the dominant taxa
(Fig. 4b); and the sediment changes to amuddy sandwith high organic con-
tent (Fig. 3b). Such changes mark another distinct shift in the landscape –
likely from Woodland settlement to mixed mangrove forest. Moreover,
the timeline of this transition is in line with the arrival of the Spanish
Colonization around the 1490s CE (~460 cal yr BP) (Fig. 5). Considering
all the evidence, we believe the multi-proxy dataset of the two cores
Fig. 8. (a)& (b) aerial photos of the coring site on Seahorse Key, (c) digital elevationmod
SNK-2. The red cross in (c) marks the location of core SNK-2.
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documents the demise of the Woodland Culture near Cedar Keys, where a
once thriving Native community on Seahorse Keywas replaced by a natural
coastal ecosystem dominated by mangroves, marsh vegetation, and weeds
starting about 500–600 years ago. Whether this cultural demise was caused
by direct conflicts with the European colonizers, disease and mortality
brought on by the European contact, or environmental changes driven by
natural processes such as hurricanes remains to be investigated. However,
it is clear that the prehistoric settlement was abandoned several centuries
ago, and the site is overgrown with Avicennia trees in a mangrove forest
today. In sum, the proxy record of core SNK-2 indicates that the coring
site on Seahorse Key changed from an oyster/clam reef to a mixed man-
grove forest (Fig. 6), while the organic content increases and the salinity
decreases from the bottom to the top of the core (Fig. 4b). Such sedimentary
and geochemical transformationmarks a shoreline progradation on Seahorse
Key, highly resembling that of Atsena Otie Key. More importantly, Avicennia
germinans, Laguncularia racemosa, and Rhizophora mangle started to continu-
ously occur around 850, 660, and 460 cal yr BP, respectively (Fig. 6). Thus,
the successional order and the establishment timeline of all three mangrove
species are also similar on the two islands (Figs. 5 and 6).

4.3. Poleward mangrove migration and climate anomalies

During the Holocene, mangroves were first established in the continental
United States in south Florida (~25°N) ~4000 cal yr BP (Yao and Liu, 2017;
Jones et al., 2019). However, it took them over 3000 years to reach Cedar
el of Seahorse Key, and (d)& (e) photos ofZeamays (corn) pollen from Zone-b in core
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Keys (~29°N; Fig. 9). Moreover, the current disjunct distribution of man-
groves, particularly Avicennia germinans, along the GOM coast (Fig. 1a;
Yao et al., 2022b) could be the result of either an expansion or a contraction
of the species range over time. On a regional scale, the processes that can
produce disjunct distributions include climate anomalies, environmental
changes (e.g., RSL and salinity), and anthropogenic activities, among others
(Tallis, 1991). On a global scale, the latitudinal range of mangroves is regu-
lated bymacro-climatic and physical factors such aswinter freezes (threshold
= − 4 °C), sea-level rise (threshold = 6.1 mm/yr), and low precipitation
(threshold = 780 mm/yr) (Blasco et al., 1996; Osland et al., 2017; Ward
et al., 2016; Saintilan et al., 2020). Thus, analyzing the forces operating on
a macro and regional scale is vital to understanding the distribution of man-
groves in the continental Americas.

Across the northeastern GOM, the slow RSL rise (0.4 mm/yr)
(Parkinson, 1989; Wanless et al., 1994) and abundant rainfall (Donders
et al., 2005) during the late Holocene were well below the thresholds that
affect the survival of mangrove populations, thereby ruling out RSL
variations and precipitation as factors limiting mangroves migration
toward higher latitudes. On a local scale, mangroves usually proliferate
on a muddy and silty substrate, where mangrove propagules can anchor
their roots (Cohen et al., 2020a; Rodrigues et al., 2022; Yao et al.,
2022b). At Cedar Keys, the grain-size analyses show that the sediment
profiles consisted of silt, an ideal substrate for mangroves (Yao et al.,
2015; Yao and Liu, 2018), since the mid-Holocene (Figs. 3b and 4b). There-
fore, the substratewas likely not a limiting factor either. In addition, studies
from south Brazil have shown that low-salinity environment (< 6‰) could
sometimes eliminate the competitive advantage (i.e., tolerance to high
Fig. 9. Mangrove pollen record from (a) São Francisco do Sul Bay in south Brazil
(26°S) compared with (b) core CK-2 (black silhouette) and SNK-2 (red shade),
(c) SST record of northern GOM based on Mg/Ca analysis of foraminifera (dash
line; Richey et al., 2007) and tree-ring record of the Northern Hemisphere temper-
ature (solid line; Esper et al., 2002), and (d) SST record over the North Atlantic
Ocean (Kerr, 2000). The yellow shade marks the MCA (~1050–750 cal yr BP).
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salinity) of mangroves over marsh species (Cohen et al., 2020a). However,
this possibility is rejected as well because our study area was occupied by
oyster/clam reef (thrive in salinity ~14–28 ‰) during the mid-Holocene
(Figs. 3 and 4). Moreover, the global mangrove biogeography shows a lati-
tudinal limitation, regulated by a temperature threshold (Alongi, 2015;
Osland et al., 2017; Cavanaugh et al., 2018). Therefore, it is reasonable to
propose that temperature is likely the key factor regulating the migration
of mangroves beyond their current sub-range limit in North America.

Furthermore, the establishment of black mangrove (Avicennia germinans)
near Cedar Keys occurred during theMCA (~1050 to 750 cal yr BP) (Fig. 9b),
a warm climate anomaly across the North Atlantic Basin (Fig. 9d; Kerr, 2000;
Mann et al., 2009), especially from the northern GOM region (Fig. 9c; Esper
et al., 2002; Richey et al., 2007). More importantly, the timeline of this
mangrove expansion also coincides with that in South America, where
mangroves established at their sub-range limit (26°S) in south Brazil
~870 cal yr BP (Fig. 9a; Rodrigues et al., 2022). Thus, it is reasonable to
believe that during the MCA, when the winter temperature was relatively
mild, mangroves migrated to their sub-range limits in North (~29°N) and
South America (~26°N) from the lower latitudes as the RSL was near the
modern level and the sea-level rise rates were stabilized in the last millen-
nium (Cohen et al., 2014, 2020a; Rodrigues et al., 2021; Toscano and
Macintyre, 2003a, 2003b). Overall, the patterns of poleward mangrove
migration in North and South America were synchronized during the last
millennium, and both were likely triggered by the MCA (Fig. 9).

4.4. Adaptation of different mangrove species at different latitudes

Although winter temperature is the main factor that regulates the man-
grove distribution on a continental scale, on a regional scale, it is necessary
to consider the peculiarities of potential mangrove habitats at different
latitudes. As long as the winter climate is mild enough for mangrove estab-
lishment, their presence or absence will depend on an equilibrium involving
the interplay among local factors such as river discharge, salinity, sea level,
and local hydrodynamic conditions related to tides, waves, and littoral cur-
rents, as well as sediment type and the rate of sediment supply (Cohen
et al., 2020b; Saintilan et al., 2020; Woodroffe and Grindrod, 1991).

Generally speaking, Avicennia germinans and Laguncularia racemosa are
more tolerant of low temperatures than Rhizophora mangle (Stuart et al.,
2007; Tomlinson, 2016; Osland et al., 2020). Consequently, near the man-
grove latitudinal range limits in North and South America, where winter
freezes are possible but rare, Avicennia and Laguncularia established earlier
than Rhizophora (Fig. 9). However, their individual biogeography differed
in the two continents. For example, along the Gulf of Mexico coast in
North America, Avicennia dominates the mangrove colonies (Osland et al.,
2017; Yao et al., 2022b). In South America, Lagunculariawas usually estab-
lished before Avicennia near the austral mangrove range limit during the
middle to late Holocene (Cohen et al., 2020a; França et al., 2019;
Rodrigues et al., 2022). Thus, it is likely that the two mangrove species in
the two continents evolved different physiological adaptations to frequent
winter freezes while they were migrating toward the higher latitudes
(Oliveira, 2005; Stuart et al., 2007; Quisthoudt et al., 2012; Osland et al.,
2017). As a result of these ecophysiological differences, the North American
Avicennia germinans populations are more tolerant to winter freezes than
their South American counterparts; and vice versa for Laguncularia.

Furthermore, the mangrove biogeography also differs in the lower
latitudes. Using south Florida as an example, where the minimum winter
temperature (>0 °C) is well above the physiological thresholds for
mangroves (−4 °C), Rhizophora was usually established first along the
coast, while Avicennia arrived the latest among the three (Yao and Liu,
2017; Jones et al., 2019). Since Rhizophora has prop roots and hardy prop-
agules, they are more adapted to high-energy environments (Ellison, 2002;
Alongi, 2015). It is reasonable to infer that these physiological advantages
facilitated the colonization of Rhizophora along the dynamic coasts of
south Florida. However, in the same region, studies also found that
Laguncularia was typically the pioneer colonizer in low-salinity environ-
ments during the Holocene (Yao and Liu, 2017, 2018), likely due to their
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physiological adaptation to the upper intertidal and low-salinity habitats
(Koundouri et al., 2017; Vogt et al., 2012; Zimmer, 2022). Thus, the
adaptation of different mangrove species at different latitudes is likely
more complicated than a singular threshold.More specifically, at the higher
latitudes, wherever the substrate and salinity conditions are suitable for
mangrove establishment, winter freezes would play a more predominant
role in limiting the poleward mangrove expansion. By contrast, at lower
latitudes, where the winter is mild and freezes are absent or rare, the
local hydrodynamic condition, coastal morphology, and salinity would
become the primary control of the establishment of mangroves.

5. Conclusion

This study documents the geomorphological and ecological transforma-
tion of Cedar Keys, FL, the mangrove sub-range limit in North America
(Fig. 1) during the middle to late Holocene. The multi-proxy records from
two islands show that the Medieval Climate Anomaly favored the man-
grove establishment in the study region, with Avicennia, Laguncularia, and
Rhizophora arriving in the ~12th (790–850 cal yr BP), ~14th
(580–660 cal yr BP), and ~ 16th century (440–460 cal yr BP), respectively.
The sequence of arrival and establishment of the three mangrove species
are consistent with their different degrees of tolerance to low temperatures,
thereby suggesting a delayed response to the warmer climate during the
MCA in the early part of the last millennium (Fig. 9). Following this
trend, mangroves and marsh vegetation have covered the abandoned site
of the Woodland people on Seahorse Key since the 15th century. Under
the projected Anthropocene warming trend in the 21st century, it is reason-
able to conclude that mangroves, especially Avicennia germinans, will
continue to migrate into more temperate coastal zones in North America.
The Holocene history of mangrove colonization at Cedar Keys suggests
that the colonization of Rhizophora and Laguncularia along the northern
GOM coast will be an inevitable process in the future. In particular, a rap-
idly rising sea level trend is likely to facilitate marine incursion into coastal
marshes, creating the physio-chemical condition favorable for mangrove
establishment, further accelerating the mangrove expansion along the
northern GOM coast. This study reveals the Holocene history of mangroves
at a critical location along theirmigratory route from south to north Florida.
The parallelism between the vegetation histories at Cedar Keys and other
mangrove study sites in North and South America can provide insight
into the climatic and environmental thresholds controlling the distribution
and abundance of mangroves in the Americas.
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