
Climate Change Ecology 3 (2022) 100056 

Contents lists available at ScienceDirect 

Climate Change Ecology 

journal homepage: www.elsevier.com/locate/ecochg 

A Late-Holocene palynological record of coastal ecological change and 

climate variability from Apalachicola, Florida, U.S.A 

Qiang Yao a , Erika Rodrigues a , b , ∗ , Kam-biu Liu 
a , Caitlin Snyder c , Nicholas Culligan a 

a Department of Oceanography and Coastal Sciences, College of the Coast and Environment, Louisiana State University, Rm 3280, 93 South Quad Drive, Baton Rouge, 

LA 70803, USA 
b Graduate Program of Geology and Geochemistry, Federal University of Pará, Av . Perimentral 2651, Terra Firme, Belém, PA 66077-530, Brazil 
c Apalachicola National Estuarine Research Reserve, Eastpoint, FL 32328, USA 

a r t i c l e i n f o 

Keywords: 

Mangrove expansion 

Global warming 

Sea-level rise 

Palynology 

Multi-proxy analysis 

a b s t r a c t 

This study uses radiometric dating, palynological, loss-on-ignition, and X-ray fluorescence analyses to reconstruct 

the vegetation history and coastal morphological changes at the boreal mangrove range limit along the Gulf of 

Mexico, based on three sediment cores taken from St. George Island, Apalachicola, Florida, USA. The multi-proxy 

record indicates that the mangrove stands in the vicinity of St. George Island were formed in the recent decades, 

and no signs of mangroves were found for the last 1500 years during the Late-Holocene in the sedimentary 

record. The current mangrove expansion at St. George Island is caused by the recent climate warming instead 

of a recurring phenomenon tied with cyclical global climate variability. Further analysis based on decadal-scale 

climatic and environmental records reveal that the accelerated sea-level rise and warmer winters, especially the 

decrease of winter freeze events in the 21st century, are the most plausible causes for mangrove expansion at their 

boreal range limit during the recent decades. Under the predicted warming trend and accelerating sea-level rise 

in the 21st century, it is reasonable to believe that mangrove encroachment into coastal marshes will accelerate 

at Apalachicola and other areas near their poleward range limits. 
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. Introduction 

Mangroves are one of the most productive foundation species in the

ropics and subtropics that provide essential ecosystem services [12 , 35] ,

ncluding but not limited to storm protection [2] , natural life nursery

11] , and carbon sequestration [43] . They also grow in similar latitudes

nd terrains with another foundation species – coastal marsh. Since

he early 21st century, substantial mangrove encroachment into coastal

arshes has been observed along the U.S Gulf of Mexico (GOM) coast-

ines due to global warming [8 , 25 , 5 , 33] . Under the projected warming

rend in the 21st century (IPCC, 2021), many studies have suggested that

 much more aggressive mangrove encroachment will occur in the GOM

tates in the near future [50 , 52 , 5 , 32 , 37] . The zonation shifts of these

oundation species will significantly alter the aforementioned ecosys-

em functions and services and impact the local fauna and flora [17 , 19] .

hus, there is an urgent need to monitor the mangrove dynamics and

nderstand the driving mechanisms that control their range. 

In the continental United States, only three true mangrove species

re found: Avicennia germinans (black mangrove), Rhizophora mangle

red mangrove), and Laguncularia racemosa (white mangrove). The main
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angrove habitats are located in Louisiana and Florida, with R. man-

le confined to southernmost Texas and only scattered black mangrove

opulations in Texas [28 , 29] ( Fig. 1 ). In particular, the mangrove popu-

ations along the northern GOM coastlines are reaching their poleward

ange limit in the Northern Hemisphere [1] where they are very sensi-

ive to climate variations [4 , 14] . Historically, Cedar Keys in Florida was

onsidered the poleward mangrove range limit in the continental U.S

20] . However, more and more individuals of black and red mangroves

ave been spotted in Apalachicola ( ∼200 km to the northwest of Cedar

eys), and a few populated mangrove stands have formed in the area in

ecent years ( Fig. 1 ) [40] . Such mangrove “tropicalization ” has drawn

ttention from ecologists and biologists from across the U.S [52 , 5 , 32] .

owever, most remote sensing and ecological studies can only provide

 decadal-scale record, and very few studies have documented the long-

erm ecological changes and climate variabilities at this new mangrove

rontier. Hence, it is still unclear whether the mangrove encroachment

n Apalachicola is a recurring phenomenon tied to long-term global cli-

ate variability or caused by the recent climate changes. 

To fill these data gaps, this study utilizes the time-tested methods –

alynology, radiometric dating, loss-on ignition (LOI), and X-ray fluores-
llege of the Coast and Environment, Louisiana State University, Rm 3280, 93 
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Fig. 1. Maps showing the study area (A) and coring locations (yellow star) of SGI-5 (B), SGI-4 (C), and SGI-3 (D). The black and red dots mark the distribution of 

A. germinans and R. mangle in the study area, respectively. 
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ence (XRF) analyses on three sediment cores (SGI-3,4,5) to reconstruct

he vegetation dynamics and coastal geomorphological development in

palachicola for the last 1500 years ( Fig. 1 ). We also compare the proxy

ata with a 31-year (1990–2020) record of temperature, precipitation,

nd relative sea-level (RSL) changes from Apalachicola to reveal the

riving factors behind vegetation dynamics at this new mangrove fron-

ier in the light of climate changes. The overarching objectives of this

tudy are to investigate the following research questions: (1) Did man-

roves establish in Apalachicola prior to the industrial-era, especially

uring the Late-Holocene? (2) What are the potential causes for pole-

ard mangrove migration, from the perspectives of the paleoecological

ecord? 

. Materials and methods 

.1. Study site description 

Apalachicola currently marks the northernmost distribution of both

. germinans and R. mangle along the northern GOM. According to his-

orical documents, mangroves have been spotted near the Apalachicola

ay for ∼150 years, but more and more mangroves have been sighted
ince the early 21st century [49 , 40] . Our study area - St. George Island is

omprised of 50–100 m wide white sand beach on the gulf side. Behind

he beach are sand dunes at ∼2–10 m tall. Shrubs (e.g., Ericaceae and

yrica ), graminoids ( Juncus roemerianus and Spartina alterniflora ), and

ucculent plants ( Batis maritima and Salicornia perennis ) can be found on
2 
he newer dunes, and pine savanna (e.g., Pinus and Quercus ) occupies

he older relic dunes ( Fig. 2 ) [45] . Currently, several robust mangrove

tands are found on the bayside of the St. George Island ( Figs. 1 , 2 ),

articularly near St. George Park where the longest core – SGI-3 was

aken (Fig. S1 in Supplementary Content). The mangrove individual size

nd colony have both increased since they were first observed in 2004

40] . Salt marshes near the Apalachicola Bay are primarily occupied by

edge/reed at lower intertidal elevations, and dune vegetation in higher

levations. Clearly these marsh systems represent suitable habitats for

he advancing populations of both A. germinans and R. mangle to invade

nd colonize under a warmer climate [40] . However, it remains to be

emonstrated if and how such a small pioneer population of mangroves

s registered palynologically in the modern pollen record. It is also un-

nown whether one, or both, species of mangroves was present here

uring the Late-Holocene. 

.2. Sampling and lithological description 

Ground and aerial surveys using a DJI Phantom 4 Advanced drone

quipped with GPS, inertial measurement, and digital 4 K/20MP

RGB) camera (spatial resolution of 1.6 cm/pixel at 60 m) were

onducted to identify the locations of mangrove stands and other

egetation units prior to coring ( Figs. 2 , S1). Three sediment cores

SGI-3 – 220 cm, 29°41 ′ 29.94 ″ N/84°47 ′ 8.16 ″ W; SGI-4 – 90 cm,

9°38 ′ 49.86 ″ N/84°55 ′ 17.94 ″ W, and SGI-5 – 40 cm, 29°36 ′ 24.78 ″ N

84°59 ′ 21.24 ″ W) were acquired via a vibra-corer near the three largest
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Fig. 2. Photos of the main vegetation units on St. George Island - pine savanna (a), mangroves (b), and beach vegetation (c). 

Table 1 

Radiocarbon dating results for sedimentary cores. 

SAMPLE ID SAMPLE TYPE CONVENTIONAL AGE(BP) CALIBRATED AGE (cal yr BP) 2-SIGMA CALIBRATION (cal yr BP) 

SGI-3 49–50 cm Organic Sediment 660 + /- 40 620 554 – 613 (50.6%)$$$$$622 – 672 (49.4%) 

SGI-3 100 cm Organic Sediment 690 + /- 30 670 562 – 590 (31.5%)$$$$$632 – 677 (68.5%) 

SGI-3 215 cm Organic Sediment 1630 + /- 30 1490 1409 – 1550 (97%)$$$$$1552 – 1569 (3%) 

SGI-4 25 cm Organic Sediment Modern Modern N/A 

SGI-4 80 cm Organic Sediment 740 + /- 30 680 653 – 724 (100%) 

SGI-5 39 cm Organic Sediment Modern Modern N/A 
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angrove stands on the bayside of the St. George Island ( Fig. 1 ). All

ores have reached the bottom hard substrate and contained a complete

edimentary history at the coring locations. The cores were measured,

hotographed, and wrapped in the field and are currently stored in the

lobal Change and Coastal Paleoecology Laboratory in Louisiana State

niversity. Sedimentary features such as color and texture were used

o characterize the lithology [18 , 46] . The pollen, LOI, and XRF datasets

ere grouped into facies associations to determine the ecological and

orphological changes. 

.3. Chronology 

Six samples consisting of treated bulk organic sediments and plant

issues were sent to ICA Inc., Sunrise, FL for Accelerator Mass Spectrom-

try (AMS) 14 C dating ( Table 1 ). Samples were pre-treated following

he analytical procedures described in Yao et al., [50] . All radiocar-

on dating results were calibrated by using Calib 8.2 [41] , converted

o calibrated year before present (cal yr BP), and rounded to the nearest

ecade. 

.4. XRF and LOI analyses 

X-ray fluorescence (XRF) and Loss-on-ignition (LOI) analyses were

erformed at a continuous 1-cm interval on all three cores. XRF can

easure the concentration (ppm) of major chemical elements in coastal
3 
ediments (e.g., Ca, Ti, and Br) and is commonly used in sedimentary

tudies ( [53 , 55] , 2021). Among the XRF data curves, Ca/Ti and Cl/Br

atios showed the most significant and meaningful variabilities and are

herefore displayed in this study. LOI analysis was performed by heat-

ng the sediment samples at 105°, 550°, and 1000 °C to measure the

ater (wet weight), organic (dry weight), and carbonate (dry weight)

ontents, respectively [22] . 

.5. Palynological analysis 

Cores SGI-3 and SGI-4 were sampled at 5-cm intervals, and core SGI-

 was sampled at 10-cm intervals. For each sample, approximately 1

m 
3 of sediment was used for pollen analysis. One tablet of Lycopodium

pores containing 20,848 grains was added to each sample as an ex-

tic marker to aid the calculation of pollen concentration (grains/cm 
3 )

ollowing the formula: Pollen concentration = P c ∗ L a / L c ∗ V. 
Where P c is the number of fossil pollen counted, L a is the number

f Lycopodium spores added (20,848), L c is the number of Lycopodium

pores counted, and V is the volume of the sample. Pollen samples were

reated following the conventional analytical procedure described in

ao et al., [50] . Published pollen keys by Yao and Liu [51] and Willard

t al. [48] were used as references. Approximately 300 grains of pollen

nd spores were counted for each sample, except for the ones that were

arked as “Pollen poor ” in SGI-3&4, by using an Olympus microscope

t 400 × magnification. In addition, foraminifera linings and dinoflagel-
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Fig. 3. Multi-proxy results of core SGI-3. Samples from 220 to 70 cm contain less than 50 grains of pollen and non-pollen palynomorphs in total and are marked as 

“Pollen poor ”. 
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ate tests were also counted but not included in the total pollen sum and

oncentration. Cluster analysis dendrograms and pollen diagrams were

lotted by using TILIA (v.1.7.16) [15] . The pollen taxa were categorized

nto trees and shrubs, marsh, and beach groups. 

.6. Environmental data collection and analysis 

To determine the long-term environmental and climatic trends of our

tudy area, we acquired daily temperature (1992–2019) and precipita-

ion (1992–2019) data from the meteorological station (USW00012832)

ear Apalachicola, FL from US Climate Data (USCD) database

https://www.usclimatedata.com/climate/united-states/us). Sea-level

ata (1990–2020) were retrieved from Apalachicola (#8,728,690) me-

eorological station from National Oceanic and Atmospheric Adminis-

ration, Center for Operational Oceanographic Products and Services

NOAA CO –OPS) (https://tidesandcurrents.noaa.gov/sltrends/). Since

angroves are tropical/subtropical plants and their range is believed

o be limited by cold temperature [33] , only winter temperature trends

ere discussed in this study. Thus, four metrics were calculated based on

he daily dataset, which are winter (Dec to Feb) daily minimum air tem-

erature (WDMAT), winter monthly average air temperature (WMAAT),

onthly accumulated precipitation (MAP), and annual rates of sea level

ise. Since mangroves were first observed from the study area between

004 and 2009 and have been expanding continuously since then (Sny-

er et al., 2019), we use 2005 as the median (1990–2020) to split the

ataset into the earlier and recent halves to compare the trends of these

etrics and infer the possibly driving factors for mangrove encroach-

ent in our study area. Regression analysis was developed using the R

ackage “IM Function ” (R [34] ). 

. Results 

.1. Chronology and lithology 

Radiocarbon dating results are presented in Table 1 . The recorded

ges ranged from modern to 1490 cal yr BP. Core SGI-3 (220 cm) is

he longest among all three cores and consists of silty sand (0–30 cm)

nd sand (30–40 cm). The bottom age of core SGI-3 is determined to
4 
e ∼1500 cal yr BP and the majority of the core is comprised of sand
60–220 cm). Above the sand section is 60 cm of slightly finer silty sand

ontaining abundant plant detritus ( Fig. 3 ). Two radiocarbon dates ob-

ained at 50 and 100 cm from the upper part of the core were calibrated

o ∼620 and 670 cal yr BP. Hence, the transition between sand and silty
and section is ∼ 630 cal yr BP. Core SGI-4 consists of three types of

ediments – peaty silt (0–25 cm), silty sand (25–70 cm), and sand (70–

0 cm) ( Fig. 4 ). The radiocarbon date obtained from 80 cm near the

ottom of the core is calibrated to ∼ 680 cal yr BP, suggesting that the

ottom age of the core is ∼ 800 cal yr BP. The radiocarbon sample ob-

ained from 25 cm is dated to be modern, suggesting that the transition

etween peaty silt and silty sand section occurred after the 1950s (using

D 1950 as 0 cal yr BP). Core SGI-5 (40 cm) is the shortest among all

hree cores and consists of silty sand (0–30 cm) and sand (30–40 cm).

he bottom age of this core is determined to be modern, suggesting that

he entire sediment profile collected from this location was deposited

fter the 1950s ( Fig. 5 ). 

.2. Sedimentary and geochemical characteristics 

The LOI and XRF analyses and visual inspection revealed that core

GI-3 (220 cm, > 1490 cal yr BP) exhibit two types of sedimentological

nvironment ( Fig. 3 ). The bulk of the core consists of sand (220–60 cm)

ith low contents of water, organics, and carbonates - typical character-

stics of marine originated clastic materials ( [21] , 2000). In particular,

his sand section also shows relatively high values of Cl/Br ratio, an in-

icator for high salinity [23 , 54] . Above the sand section, sediments in

ore SGI-3 become finer and transit into silty sand (60–0 cm) ( Fig. 3 ).

he contents of water, organics, and carbonates in this silty sand section

ncrease substantially, while the values of Cl/Br ratio decrease substan-

ially. It is worth noting that two layers of coarse sand sediments (12–

7 cm and 20–28 cm) are embedded in the silty sand section ( Fig. 3 ).

RF analysis reveals high values of Ca/Ti ratio in these two sand layers.

he Ca/Ti ratio is an indicator for offshore sediments typically associ-

ted with hurricane overwash events ( [53] , 2019). Thus, the two sand

ayers at 12–17 cm and 20–28 cm in core SGI-3 are likely overwash

ayers caused by hurricane events. 
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Fig. 4. Multi-proxy results of core SGI-4. Samples from 90 to 70 cm contain less than 50 grains of pollen and non-pollen palynomorphs in total and are marked as 

“Pollen poor ”. 

Fig. 5. Multi-proxy results of core SGI-5. 
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Core SGI-4 is much shorter (90 cm, ∼800 cal yr BP) and contains
hree types of sediments. The stepwise decrease of Cl/Br ratios and water

ontent from the sand section (90–70 cm) to the silty sand (70–25 cm)

nd the peaty silt (25–0 cm) sections exhibit a gradual transition from

arine to terrestrial environment from the bottom to the top of the core

 Fig. 4 ). In addition, the Ca/Ti ratios are consistently low throughout

he core, suggesting no overwash events were recorded. Moreover, this

ore was taken from a low-laying marsh behind the mangrove stands.

ence, it contains abundant plant detritus and roots and the highest

rganic content among the three cores ( Fig. 4 ). 

Core SGI-5 (40 cm, < AD1950) is the shortest among the three cores

 Fig. 5 ). Similar to core SGI-4, the values of Cl/Br ratio also gradually

ecrease from the bottom sand section (40–30 cm) toward the upper

ilty sand section (30–0 cm), indicating a marine to terrestrial transition.

owever, high values of Ca/Ti ratio are detected in the bottom half of

he core (40–20 cm) ( Fig. 5 ), likely caused by the same overwash events

ecorded near the top of core SGI-3. 

.3. Palynological data 

The pollen percentages, pollen concentrations, and other non-pollen

alynomorph results of the three cores are displayed in Figs 3 –5 . Core

GI-3 is divided into 3 pollen zones, among which, Zone 1 (220–70 cm)

s comprised primarily of coarse sand sediments and contains very few

rains ( < 50 grains in each sample) of pollen and non-pollen paly-

omorphs ( Fig. 3 ). Since these samples (220–70 cm) contain too few

icrofossils ( < 50 grains) to show a meaningful statistical relationship,

hey are marked as “Pollen poor ” in the pollen diagram ( Fig. 3 ). Tree,

hrub, and marsh taxa start to appear in Zone 2 (70–25 cm), but at very

ow concentrations. The pollen assemblages in Zone 2 consist primarily

f tree and shrub taxa. Moving toward the core top, pollen concentra-
5 
ions increase significantly in Zone 3 (25–0 cm), and marsh and beach

axa (e.g., Poaceae, Salicornia , and Juncus ) start to consistently appear

nd become the dominant taxa in the pollen assemblage. In addition,

oncentrations of foraminifera linings increase substantially in Zone 3,

ndicating the abundance of these microorganisms. Thus, the transition

rom Zone 2 to Zone 3 likely indicates the formation of the modern vege-

ation at the coring site, a coastal marsh comprised of Juncus, Salicornia ,

nd Spartina sp .. However, no pollen of any mangrove species is found

n Zone 3 and throughout core SGI-3 ( Fig. 3 ). 

The pollen signature of core SGI-4 highly resembles that of core SGI-3

 Fig. 4 ). From the bottom to the top of the core, the pollen assemblages

xhibit a transition from a pollen barren section (Zone 1, 90–70 cm)

o a tree and shrub section (Zone 2, 70–30 cm), and then to a section

ith abundant beach taxa (Zone 3, 30–0 cm). Similar to core SGI-3, no

angrove pollen are found throughout core SGI-4 ( Fig. 4 ). 

Core SGI-5 is divided into 2 pollen zones and the pollen assemblages

xhibit relatively less variability throughout the core ( Fig. 5 ). Pollen sig-

ature of Zone 1 (40–30 cm) resembles those in cores SGI-4 & 3, a barren

ection with very few pollen and non-pollen palynomorphs. In Zone 2

30–0 cm), concentrations of pollen, charcoal, dinoflagellate tests, and

oraminifera linings increase significantly, and the pollen assemblage is

ominated by trees and shrubs with abundant beach taxa. More impor-

antly, mangrove pollen remains absent in this core ( Fig. 5 ). 

.4. Climatic and environmental record 

From 1990 to 2020, meteorological stations near Apalachicola

ecorded an increasing trend in winter air temperature and RSL, and

o significant long-term trend is observed from the precipitation record

 Fig. 6 ). The average WDMAT (1992–2019), WMAAT (1992–2019),

AP (1992–2019), and RSL trend (1990–2020) at Apalachicola are
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Fig. 6. Meteorological data showing the winter (Dec-Feb) daily minimum air temperature (WDMAT) (1992–2019) (a), winter (Dec-Feb) monthly average air tem- 

perature (WMAAT) (1992–2019) (b), monthly accumulated precipitation (MAP) (1992–2019) (c), and RSL trends (190–2020) (d) from meteorological stations near 

Apalachicola. 
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0.72 °C, 14.09 °C, 1411.7 mm, and 4.4 mm/yr, respectively. Using

005 as the median to split the dataset, the average WDMAT of the

arlier (1992–2005) and recent halves (2006–2019) are 10.2 °C and

1.24 °C, the average WMAAT of the earlier (1992–2005) and recent

alves (2006–2019) are 13.67 °C and 14.51 °C, and the rates of RSL rise

f the earlier (1990–2005) and recent halves (2006–2020) are 4.22 and

.63 mm/yr, respectively ( Fig. 6 ). 

. Discussion 

.1. Late-Holocene vegetation dynamics and coastal geomorphological 

evelopment 

Our paleoenvironmental record reveals a comprehensive history

f coastal vegetation and sediment morphology of St. George Island,

palachicola for the last 1500 years ( Figs. 3–5 ). Overall, the multi-proxy

ataset of cores SGI-3, SGI-4, and SGI-5 shows a clear history of marine

rogradation since at least 1490 cal yr BP ( Fig. 3 ). The bottom sec-

ions in SGI-3 and SGI-4 (Zone 1, ∼1490–650 cal yr BP) are comprised
f mostly sand that contains few pollen and non-pollen palynomorphs

 < 50 grains). Moreover, these sand sections are also characterized by

igh Cl/Br ratios – an indicator for high salinity [23 , 52] . Thus, these

ata suggest that our study area was in a subtidal sandy environmental

here the hydrodynamics was too strong for the deposition or preserva-

ion of microfossils. We believe this stage likely represents the precursor

f St. George Island, a submerged marine environment before the bar-

ier island was formed, hence the high salinity. This pollen-poor section

lso suggests that no subaerial vegetation was established in the vicinity

f our study area during the period between ∼1490 and 650 cal yr BP
Zone 1 in SGI-3&4). 

Above the pollen-poor sections, arboreal pollen types (e.g., Pinus and

uercus ) and herbs (e.g., Poaceae and Amaranthaceae) start to appear

n Zone 2 of core SGI-3 and SGI-4 and in Zone 1 of core SGI-5 ( Figs. 3 ,

 ), albeit still in low concentrations ( Fig. 5 ). This pollen assemblage

esembles that of the mudflats found across the GOM coastlines today

Yao et al., [37 , 36] ). In addition, sediments in these sections also tran-
6 
ition from sand to finer silty sand. Such vegetation and sedimentary

ransformation indicate the formation of the barrier island and devel-

pment of mudflats on the bayside of St. George Island since ∼650 cal
r BP, likely facilitated by the stabilization of RSL in the Late-Holocene

9] and the longshore currents that transported sediments from the east.

he growth and expansion of vegetation on the mudflats in term trapped

ore fine-grain sediments that changed the sediment composition at the

tudy area. 

Moving to the top part of the cores (Zone 3 in SGI-3&4 and Zone

 in SGI-5), a drop of the Cl/Br ratios indicates a decline in salin-

ty. This change was probably caused by the continuation of shoreline

rogradation on the barrier island and vertical sediment accumulation

n the study area, as registered by a decrease of marine signals in all the

ores ( Figs. 3–5 ). In addition, the organic contents and concentrations

f pollen and foraminifera also increase in all three cores, indicating the

ourishing of vegetation and microorganism. This transition marks the

ormation of the modern coastal marshes on the bayside of St. George

sland ( Fig. 2 ). The “modern ” radiocarbon dates at 40 cm in core SGI-

 and 25 cm in core SGI-4 ( Table 1 ) suggest that the coastal marshes

tarted to flourish at our study area since the 1950s, facilitated by the

tabilization of the barrier island on its bayside. 

Interestingly, although field surveys show that A. germinans and R.

angle populations have expanded in recent years [40] , no pollen of ei-

her mangrove species were found throughout cores SGI-3, SGI-4, and

GI-5. We think this paradox suggests that the mangrove colonies on

t. George Island were formed only during the most recent decades, so

hat the individual trees are young and short in stature. Field observa-

ions showed that the red and black mangroves at our study sites were

hort with a shrubby growth form and consistent with a young, pioneer-

ng population (Fig. S1 in the Supplementary Content). It is typical that

angrove would not have been registered in the pollen record before a

ature mangrove forest has been formed, resulting in a decade or so of

ime lag in the pollen record [44 , 52] . Thus, we think this discrepancy is

ue to the time lag reflected in the pollen record. In addition, the bottom

ections of core SGI-3 and SGI-4 represent an offshore subtidal sandy en-

ironment between ∼1490 and 800 cal yr BP ( Figs. 3 , 4 ). Our data sug-
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t  
est that St. George Island had not been formed until ∼800 cal yr BP,
aking it unlikely for mangroves to establish prior to that. More impor-

antly, some mangroves, at least R. mangle, are prolific pollen produc-

rs, and their pollen can be dispersed widely by wind and currents [47] .

f mature mangrove stands have ever formed in the vicinity of the St.

eorge Island during the Late-Holocene, their pollen would have been

egistered in the sediment profiles, even in the “Pollen poor ” sections

n core SGI-3 and SGI-4. However, not a single mangrove pollen grain

as found throughout all three cores. Moreover, studies from Florida

how that sediment profiles in mature mangrove stands contain up to

0% (dry weight) of organic content due to rapid belowground peat-

ccumulation by mangroves [50 , 52] . In comparison, the organic con-

ents in the inferred marine, mudflat, and coastal marsh stages in our

tudy area are < 2%, 2–10%, and 10–20%, respectively ( Figs. 3–5 ). Thus,

t is reasonable to conclude that mature mangrove stands have never

een established in our study area on St. George Island until the most

ecent decades. Although historical documents have recorded mangrove

ightings since the mid-19th century [40] , we believe they spotted only

 few individuals of mangroves that quickly died out, instead of mature

angrove colonies. 

In sum, the multi-proxy dataset recorded a gradual formation and

xpansion of St. George Island since the Late-Holocene. No mangrove

ollen and mangrove peat are found in the cores since ∼1490 cal yr
P ( Fig. 3 ). Thus, the current mangrove encroachment at St. George

sland is caused by the recent climate warming instead of a recurring

henomenon tied with past global climate variability. However, we ac-

nowledge that it is possible that other mangrove colonies near the

palachicola Bay, especially the ones on Dog Island ( Fig. 1 ), could have

een established for a longer period than that was documented on St.

eorge Island. Future studies are needed to explore the late-Holocene

istories of other large mangrove colonies around the Apalachicola Bay

nd along the Gulf of Mexico coast. 

.2. Inferred driving factors behind mangrove tropicalization 

Although we do not totally disregard the possibility that mangroves

ould have colonized the Apalachicola Bay prior to the 21st century,

eld surveys and our multi-proxy data indicate that mangrove expan-

ion only occurred during the most recent decades ( Fig. 1 ) [40] . We

elieve the accelerated global warming in the 21st century was driving

he mangrove poleward migration and expansion at Apalachicola, the

urrent mangrove boreal range limit along the GOM ( Fig. 6 ). 

Previous studies have documented poleward mangrove expansions

t their boreal and austral range limits around the globe in the re-

ent decades (e.g. [4 , 38 , 32] ). These mangrove expansions are attributed

o factors such as RSL rise, warming winter, and precipitation, on a

lobal scale (Blasco et al., [30 , 31 , 39] ). Moreover, the factors governing

he range and distribution of mangroves have been attributed to sea-

evel and temperature (air and sea surface) on the millennial time-scale

6 , 10 , 3 , 13 , 2 , 52] , and to local factors such as tidal activities, hurricanes,

elta switching, and morphological change on centennial to decadal

ime-scales ( [27,56] ). 

In the case of Apalachicola, our decadal climatic and environmental

ecord shows a trend of rising winter minimum and average air temper-

ture and RSL since the 1990s, whereas no obvious trend is observed

n precipitation ( Fig. 6 ). In particular, using 2005 as the median for all

etrics, the winter minimum air temperature (WDMAT) and winter av-

rage air temperature (WMAAT) are both ∼1 °C warmer, and the rate
f RSL rise is 1.41 mm/yr faster (accelerated by ∼33.4% than the pe-

iod between 1990 and 2005) during the period between 2006 and 2019

 Fig. 6 ). These data support our theory that the mangrove expansion at

palachicola is likely tied with accelerated climate warming during the

ecent decades. More importantly, the climatic record shows that the

inter minimum air temperature has risen for over 1 °C at Apalachicola

etween 2006 and 2019, coinciding with the most plausible timeline of

angrove colonization (2004–2009) at the same area [57] . Thus, it is
7 
ikely that the warmer winters played an important role in the mangrove

xpansion at Apalachicola. This finding is in line with the previous dis-

overy that winter freeze events are the primary threshold controlling

he range of mangroves in North America (Cavanagh et al., [32 , 40] ).

n addition, although the RSL was rising at 4.4 mm/yr after 1990 and

ccelerated to 5.63 mm/yr from 2006 to 2020 ( Fig. 6 d), it did not im-

act mangrove colonization on St. George Island. This result is also in

ine with the latest discovery of a RSL threshold at 0.61 cm/yr, above

hich the RSL rise will inhibit the growth of mangrove colonies [39] . It

s reasonable to believe that while the RSL is rising at a rapid but tolera-

le pace (for mangroves) at 5.63 mm/yr, it gave mangroves the advan-

age to out-compete other graminoids and succulent plants that grow

n similar terrains on the bayside of St. George Island. As for precipita-

ion, the average annual accumulated precipitation at Apalachicola was

411.7 mm/yr between 1992 and 2019, much higher than the thresh-

ld (780 mm/y) that will dampen the mangrove vitality along the GOM

30 , 31] . Thus, precipitation likely did not play an important role on

he mangrove dynamics at Apalachicola. Overall, our record suggests

hat the rising winter temperature, especially the winter minimum air

emperature, and RSL rise are the most probable causes for mangrove

xpansion at St. George Island, Apalachicola during the recent decades.

. Conclusion 

This paper presents one of the first studies that documented the

ong-term vegetation dynamics and coastal morphological changes at

palachicola, the mangrove boreal range limit along the GOM, from

he Late-Holocene. Our data suggest that the current mangrove expan-

ion on St. George Island has only started during the recent decades, and

t is not a recurring phenomenon driven by Late-Holocene climatic vari-

tions. Under the predicted warming trend and continuous RSL rise in

he 21st century (IPCC, 2021), it is likely that mangrove encroachment

nto coastal marshes will accelerate at Apalachicola and other areas near

heir poleward range limits. Our multi-proxy record and climatic data

ndicate that the mangrove expansion on St. George Island during the

ecent decades is facilitated by the warming winter and a RSL rise rate

hat is rapid but not intolerable by mangroves [39] . The two main lim-

tations of this study are: (1) While we focus on macro-climatic factors,

any other regional- and local-factors such as tides, hurricanes, topog-

aphy, and plant physiology may also influence the mangrove dynamics

42 , 26 , 24 , 16 , 32 , 7] . (2) It is possible that other localities around the

palachicola Bay might have harbored mangroves for a longer period

han we documented. More studies are needed to reveal the impacts of

egional and local factors on poleward mangrove expansion and to doc-

ment the mangrove history at other larger colonies near their boreal

ange limits. 
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