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ABSTRACT

This dissertation examines the paleoecological records from the Shark River
Estuary in the southwestern part of the Everglades National Park (ENP), Florida, with
primary goal of reconstructing the Holocene history of the coastal mangrove
ecosystem in the Florida Coastal Everglades. Roughly 15 meters of sediments were
collected from 4 study sites and subjected to loss-on ignition, palynological, and
X-ray fluorescence analyses.

According to the literature, the earliest communities of Rhizophora mangle (red
mangrove) occurred prior to 8,000 cal yr BP in the south-central area of the Belize
Barrier Reef Platform. Between 7,000 and 5,000 cal yr BP, Rhizophora was
established in the Caribbean coast of South America and Central America. With
warmer winter sea-surface temperature and a decreased rate of sea-level rise between
5,000 and 3,000 cal yr BP, Rhizophora eventually colonized the coastlines of the
Yucatan, South Florida, and Bermuda.

Statistical analysis of 25 modern pollen spectra from the Everglades National
Park shows that different wetland sub-environments in the Everglades can be
identified based on their palynological signature. Accordingly, palynological data
from sediment cores can be used to accurately reconstruct past wetland responses to a
variety of environmental and climatic changes in the Everglades.

Multi-proxy analyses of sediment cores from four study sites along the Shark
River Estuary reveal that the mid-Holocene sea-level rise is the dominant cause of
vegetation change. The Shark River Estuary underwent three major transformations
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during the last six millennia: (1) Short-hydroperiod marl prairies were progressively
replaced by long hydroperiod prairies and sloughs from ~5,700 to 3,800 cal yr BP. (2)
Long hydroperiod prairies and sloughs were replaced by brackish marsh from 3,800 to
2,000 cal yr BP. (3) A significant expansion of mangroves occurred over the last
2,000 years. In addition to Hurricane Wilma in 2005, the southwestern Everglades
were directly impacted by at least six major hurricanes at ~3,000, 1,700, 950, 580,
350, and 120 cal yr BP. At ~1,100 cal yr BP, as the shoreline became stabilized, a

mixed mangrove forest was formed at the mouth of the Shark River.
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CHAPTER 1. INTRODUCTION

The Everglades of southern Florida contains the largest freshwater marshes and
mangrove swamps in North America (Lodge, 2010). However, the structure and
composition of this valuable natural resource have been impacted by rapid sea-level
rise and human activities (Snedaker, 1993; Rudnick et al, 1999; Simard et al, 2006;
Alongi, 2008). Tidal gauges from South Florida record that the rate of sea-level rise
(SLR) has increased to 3.8 mm/yr since AD 1930, a rate that is 6 to 10 times that of
the past 3200 years (0.4 mm/yr) (Wanless et al, 1994). Such pace has the potential to
trigger permanent inundation, salinization, and erosion in the Everglades’ coastal
wetlands (Snedaker, 1993). Additionally, human alteration of the hydrological system
during the last 100 years has also caused freshwater reduction and salinization in the
coastal Everglades (Rudnick et al, 1999; Simard et al, 2006). As a direct result of SLR
and human activity, more inland dispersion of salt tolerant species (e.g. mangrove) has
been observed along the southern Florida coasts. It has been documented that the
mangrove zones have migrated 3.5 km and 1.5 km inland in the Florida Bay and Key
West areas, respectively, since 1940 (Ross et al, 2000).

Currently, an 8 billion USD restoration project has been launched to restore the
hydrological systems in South Florida and reverse the structural and compositional
changes to its coastal wetlands (CERP, 2000; Simard et al, 2006). However, the
restoration project is challenged by accelerating climate changes. The
Intergovernmental Panel on Climate Change (IPCC) predicts that the rate of SLR,
which is the biggest threat to coastal wetlands, will increase as a consequence of global

1



warming during the 21* century (Farnsworth and Ellison, 1997; Valiela et al., 2001;
Alongi, 2002; Duke et al., 2007; IPCC, 2014). The restoration process is further
complicated by projected more frequent major hurricanes (category 3-5) in the next 100
years (Elsner et al, 2008; Bender et al, 2010). Increased hurricane disturbances have the
potential to cause massive mangrove mortality, soil erosion, peat collapse, as well as
allochthonous nutrient and sediment input to coastal wetlands in southern Florida
(Smith et al., 1994, 2009; Chen and Twilley 1999a, b; Castafeda-Moya et al, 2010).
To aid the success of the Everglades restoration project, we need to predict how
coastal wetlands will respond to future global climate changes, especially on timescales
of decades to centuries. Therefore a long-term perspective, which can only be acquired
from a paleoecological study, is necessary to reveal the response of mangrove
ecosystems to past climate changes and sea-level fluctuations. However, no
palynological records older than 5,000 cal yr BP are available in the literature from the
coastal Everglades. We aim to fill this gap by presenting a 5,700 years multi-proxy
record from 4 coring sites on a 20 km transect along the Shark River Estuary (SRE) in
the southwestern part of the Everglades National Park (ENP). This study will integrate
palynology and paleotempestology to reveal the history of coastal wetland
development since the mid-Holocene and record the long-term response of coastal
mangrove communities to sea-level rise and recurrent hurricanes in the ENP. Such a
long-term study is vital for the restoration of Everglades” mangrove ecosystems and
helping to expand our knowledge of the relationships between modern pollen rain and
vegetation in the mangrove ecosystems. This study will also fill an important data gap
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in the paleotempestology data network between the Gulf of Mexico coast and the
Atlantic coast of the U.S. by recording the paleohurricane activities for South Florida.

Chapter 2 reviews the pollen and associated paleoecological records of
mangrove-dominant environments from 24 study sites in the western North Atlantic
(WNA). Study areas include the Caribbean basin, Bermuda, and South Florida. A
variety of proxy data including pollen, marine microfossils, microscopic charcoal,
mangrove peat stratigraphy, and chemical and isotopic records are examined, with a
particular focus on the establishment and expansion of Rhizophora sp.

Chapter 3 examines 18 surface pollen samples from a 20 km transect along the
SRE and 7 samples from 3 major wetland sub-environments (wet prairie, pine
savanna, and cypress forest) in the ENP. The objective is to establish the spatial and
statistical relationships between surface pollen assemblages and local vegetation, and
reveal the chemical characteristics of the surface soil in different wetland
environments by using X-ray fluorescence (XRF) analysis.

Chapter 4 presents core SRM, which is retrieved from the mouth of the SRE and
contains an estimated 5,700 years of palynological history. The objectives of this
chapter are to document the formation of freshwater wetlands, to demonstrate how they
have changed over time, to explore their transition to mangrove swamp, and to identify
the timing of these important transitions during the mid to late Holocene.

Chapter 5 evaluates the distinctive carbonate-rich clastic layer left by Hurricane

Wilma (2005). The primary goal is to identify the sedimentary signature of Hurricane



Wilma by multi-proxy analyses (loss-on-ignition, XRF, pollen), and use this storm as a
modern analog to identify other paleohurricane events in the sedimentary record.
Chapter 6 presents palynological, XRF, and loss-on-ignition data of all 4 cores
retrieved from a 20 km transect along the Shark River Estuary. The objective is to
document evolution of the Shark River Estuary from the mid-Holocene and the
millennial-scale vegetation dynamics driven by climatic changes and allogenic forcing
in the Everglades.
Finally, Chapter 7 summarizes the main discoveries and hypotheses generated
from this dissertation and identify questions that need to be answered in future
studies.
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CHAPTER 2. MID-HOLOCENE MANGROVE DEVELOPMENT ACROSS
THE WESTERN NORTH ATLANTIC: A REVIEW OF POLLEN AND
ASSOCIATED PALEOECOLOGICAL RECORDS

Introduction

Mangroves are salt-tolerant trees capable of forming unique intertidal forests along
the tropical/subtropical coasts. Mangrove forests are extremely productive, second only
to coral reefs (Duarte and Cebrian 1996). Mangrove swamps also provide essential
ecological services to coastal ecosystems and society by providing habitats for other
biota (Cannicci et al., 2008; Bouillon et al., 2004; Kristensen et al., 2008; Nagelkerken
et al., 2008) and offering shoreline protection against storm surges, tsunamis, waves,
and erosion (Badolaand Hussain, 2005; Barbier et al., 2008; Dahdouh-Guebas et al.,
2005; Kaplan et al., 2009; Olwig et al., 2007). Because of their unique morphological
and ecophysiological features, the distribution and development history of mangroves
provide important insights into past climate and sea-level changes (Alongi, 2002;
Ellison, 2008).

Due to the stabilization of sea level and the development of modern shorelines
(Scholl et al., 1969; Gleason and Stone, 1994, Digerfeldt and Hendry 1987,
Torrescano and Islebe, 2006), the mid-Holocene is the most important period for
mangrove development along the western North Atlantic (WNA), one of the world’s
largest and most productive mangrove habitats (Giri et al., 2011; McKee et al., 2007).
However, few studies have documented the long-term development of mangroves and
the timing and factors controlling the establishment and expansion of mangroves in

this region during the early to mid-Holocene. Such studies are very important due to



the sensitivity of mangroves to extreme temperature fluctuations, and their use as
sea-level indicators (Ellison, 2008; Alongi, 2008).

Palynological data provide detailed records of long-term coastal vegetation
changes (Chappell and Grindrod, 1985; Liu et al., 2008; Willard and Bernhardt, 2011).
Anaerobic conditions in mangrove sediment allow the long-term preservation of fossil
pollen, hence, the combination of fossil pollen analysis and radiocarbon dating
provides accurate records of mangrove and sea-level history.

This chapter reviews the paleoecological records of mangrove-dominant habitats
from 24 study sites in the WNA (Fig. 1, Table 1), with particular emphasis on the
developmental history of Rhizophora. Study areas include the Caribbean basin,
Bermuda, and South Florida. A variety of proxy data including pollen, marine
microfossils, microscopic charcoal, mangrove peat stratigraphy, and chemical and
isotopic records are examined. These published palynological and associated records
provide abundant geographic information in regards to mangroves in the WNA. The
purpose of this review is to (1) summarize the history of sea-level rise (SLR) and
climate changes in the WNA,; (2) document the spatial and chronological patterns of
the establishment and expansion of Rhizophora; (3) identify the factors controlling the
development of Rhizophora in this region; and (4) identify the response of
Rhizophora to regional climatic changes from the pollen records. It should be noted
that the paucity of accurate chronologies has limited our ability to document the

timing of mangrove development at some specific sites.



Regional climate and sea-level history during the Holocene

Climate

Due to the lack of suitable sites for palynological and paleolimnological studies,
the number of long-term Caribbean environmental records for the Holocene is limited
(Higuera-Gundy et al., 1999). In general, the climate in the Caribbean basin is humid
during the early to mid-Holocene, followed by a drier climate to the present. Oxygen
isotopic and pollen records from Lake Miragoane in southern Haiti show increased
humidity from 8,000 to 3,200 cal yr BP (Hodell et al., 1991), supported by a pollen
study from the same site showing a shift from a shrubby community between 10,000
to 7,000 *C yr BP to a moist forest between 7,000 to 3,200 *C yr BP
(Higuera-Gundy et al., 1999). A study from the Mexican-Belizean border area also
suggests a more humid climate than present at 5,000 cal yr BP (Torrescano and Islebe,
2006). After 3,200 cal yr BP, precipitation levels generally decreased with widespread
evidence of drier conditions across the Caribbean basin (Hodell et al., 1991; Gleason
and Stone, 1994; Kjellmark, 1996). A pollen record documenting a shift from
Rhizophora-dominant to Avicennia-dominant stands along the Caribbean coast of
Colombia suggests drier conditions between ~2,850 - 2,450 cal yr BP (Urrego et al.,
2013), while a study from Quintana Roo, Mexico reveals drier climate since 1,500 cal
yr BP (Islebe and Sanchez, 2002). A pollen record from the northern Yucatan
showing the replacement of Rhizophora by Conocarpus indicates reduced
precipitation from 3,500 to 1,000 cal yr BP (Arag&-Moreno et al., 2012). The severe
droughts associated with the collapse of the ancient Maya civilization ~1,000 cal yr

BP are another indication of increasing aridity during the late Holocene, and these
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episodes of drought mark the transition to present climate conditions in the Caribbean
basin (Islebe and Sanchez, 2002; Torrescano and Islebe, 2006).

The paleoenvironmental records from southern Florida show a different
precipitation history, with several studies revealing a stepwise increase in
precipitation over the past 5,000 years. High-resolution pollen analyses record a shift
from a drier Quercus-dominant system to a wetter Pinus-dominant system in many
sites in Florida during the middle Holocene (Grimm et al., 1993; Watts and Stuiver,
1980; Donders et al., 2005). Similar precipitation changes have been documented for
southern Alabama (Delcourt, 1980) and southern Georgia (Watts, 1971). Donders et
al. (2005) suggest that the intensification of EI Nifb-Southern Oscillation (ENSO)
after 3500 cal yr BP increases the water availability in south Florida and marks the
onset of modern-day precipitation patterns. This conclusion is supported by our pollen
records from the Shark River Estuary showing that short-hydroperiod prairies were
replaced by long-hydroperiod prairies between 3,500 to 1,100 cal yr BP (Chapter 4,
6). However, the increased precipitation after the mid-Holocene is not reflected in the
X-ray fluorescence (XRF) record from Charlotte Harbor, FL (van Soelen et al., 2012),
which shows a maximum in precipitation and runoff around 5,000 cal yr BP followed
by a decrease in precipitation.

Sea-level

Sea-level curves are generally very similar across the WNA from mid-to-late
Holocene (Toscano and Macintyre, 2003). Sea-level curves from Florida and
Bermuda (Wanless et al., 1994), Jamacia (Digerfeldt and Hendry, 1987), eastern
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Venezuela (Rull et al., 1999), and Trinidad (Ramcharan, 2004) all show a rapid rate of
sea-level rise (>5 mm/yr) between 8,000 and 5,500 cal yr BP, a moderate rate (2.3
mm/yr) from 55,00 to 4,000 cal yr BP, and a slow rate after ~3,000-2,500 cal yr BP
(0.4 mml/yr), at which time sea-level began to stabilizes across the WNA (Scholl et al.,
1969; Wanless et al., 1994; Ross et al., 2009; Rull et al., 1999; Behling et al., 2001).
This mid-to-late Holocene sea-level history can also be observed in pollen histories
from across the entire Caribbean (Ramcharan, 2004 and 2005; Ramcharan and
McAndrews, 2006; Peros et al., 2007; Urrego et al., 2013) and South Florida (Yao et
al., 2015), primarily associated with the establishment and expansion of mangrove
species (Rhizophora in particular), because Rhizophora generally grow between mean
sea-level and mean high water, and their sedimentary records are commonly utilized
as a sea-level indicator (Ellison, 2008).
Mangrove ecology

Mangroves in the WNA occur across a wide range of sedimentary environments,
from alluvial habitats with abundant mineral input to oceanic mangroves rooted in
their own peat (McKee et al., 2007). In the WNA, mangroves typically occupy the
inter-tidal zone in the tropical and subtropical regions below the ~28<N latitude
(Smithsonian Marine Station), with their distribution limited by the 20°C isotherm
for winter sea surface temperature (SST) (Alongi, 2008). These mangrove forests
typically consist of three true tree mangrove species: Rhizophora mangle (red
mangrove), Avicennia germinans (black mangrove), and Laguncularia racemosa
(white mangrove), as well as Conocarpus erectus (buttonwood), a mangrove associate
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(Urrego et al., 2010). Dense mangrove forests occupy >1 million ha from Bermuda
through the Caribbean coast of South America (FAO, 2003; Simard et al., 2006).

The wind-pollinated Rhizophora is the most prolific pollen producer among the
mangrove species in the region (Behling et al., 2001). Being insect-pollinated,
Avicennia, Laguncularia, and Conocarpus are usually underrepresented in pollen
records (Urrego et al., 2010). Rhizophora has unique aerial roots which allow them to
colonize sites with unstable substrate and direct tidal influence (Hogarth, 2007).
Avicennia typically colonize highly saline environments, with Laguncularia and
Conocarpus generally occurring in slightly fresher environments (Hogarth, 2007).
Propagules of Rhizophora and Avicennia can float in seawater for more than 100 days
and produce roots after 40 days (Ellison, 1996). These results indicate that ocean
currents (especially the Loop Current and Gulf Stream) can function as a viable
distribution system for Rhizophora and Avicennia.

Interpretation of the mangrove pollen records

The analysis of mangrove pollen has been an essential element in coastal
environmental reconstructions throughout the tropics. By common usage, due to its
prolific production of pollen, Rhizophora percentages of >50% in total pollen
assemblages are accepted as indicating Rhizophora dominant pure mangrove stands,
while percentages of < 50% indicate sites adjacent to Rhizophora stands (Chappell
and Grindrod, 1985; Woodroffe et al., 1985; Behling et al., 2001). Due to the poor
representation of Avicennia and Laguncularia, percentages of 2 to 5% of these taxa in
total pollen sum have been interpreted to represent Avicennia and Laguncularia
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dominant mangrove forests (Behling et al., 2001; Urrego et al., 2009, 2010). In
addition, some studies have reported large mortality of Rhizophora caused by winds
and storm surges generated by hurricanes because Rhizophora cannot resprout.

Due to their tolerance of high salinity, high percentage of Avicennia pollen
typically reflects saline environments (Urrego et al., 2010). A sudden increase of
Avicennia in pollen percentages has also been suggested as resulting from droughts
and plagues (Gonzd8ez et al., 2010). Unlike Rhizophora, Avicennia and Laguncularia
have been shown to recover rapidly after massive defoliation due to their resprouting
capability (Smith et al., 1994; Baldwin et al, 1995, 2001; Thaxton et al, 2007). They
have been reported as pioneer colonizers in gap openings created by hurricanes
(Benfield et al., 2005; Hogarth, 2007). Therefore, increased percentages of Avicennia
and Laguncularia pollens often indicate changes caused by hurricanes and other
disturbances (Medina et al., 1990; Urrego et al., 2013). Replacement of Rhizophora by
Conocarpus has likewise been suggested as resulting from disturbances such as
hurricanes and droughts (Islebe and Sanchez, 2002; Arag&n-Moreno et al., 2012).
Proxy records from the western North Atlantic

Early palynological records identify Rhizophora as the first mangroves to occur
in the WNA, with an earliest appearance in the upper Eocene, and reaching high
percentages in the Miocene (Germeraad et al., 1968). Rhizophora occurrences are
recorded for the Oligocene in Puerto Rico (Graham, 1995) and for the Oligo-Miocene

in Mexico (Langenheim et al., 1967). Avicennia made its first appearance in the
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slowed appreciably, mangroves recolonized the Caribbean coasts, as modern

shorelines were formed (Scholl et al., 1969, Gleason and Stone, 1994, Digerfeldt and

Hendry 1987; Torrescano and Islebe, 2006).
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Table 1. Letters in the first column correspond with the study sites in Figure 1. The ages for the establishment of mangroves are presented as
calibrated years before present (cal yr BP). Asterisk (*) indicates that the pollen threshold of establishment of Rhizophora is 5%.

Site Location Latitude Current Elevation *Establishment of Reference
Mangroves (cal yr BP)
A Navio Quebrado, Colombia 11 23'38" 1m = 6,000 Urrego et al, 2013
B Maracas Swamp, Trinidad 0% 45'00" 1m = 6,700 Ramcharan, 2004
Ramcharan and McAndrews,
2006
C Playva Medina bay, Venezuela 10° 42'53" =5m 7.804 Rull et al., 1999
D MNariva Swamp, Trinidad 10% 24'33" < 5m > 6,000 Ramcharan, 2004
E The Grasme Hall swamp, 13% 04217 5m = 1,300 Ramcharan, 2005
Barbados
F San Andres, Colombia 12% 33'04" 1m = 3,000 Gonzalez et al., 2010
G Bluefields Bay, Nicaragua 12% 06'43" Om 5,000 MecCloskey and Liu, 2012
H Black River, Jamaica 187 01'38" =<035m 6.480 Digerfeldt and Hendry, 1987
I Negnll, Jamaica 18% 17'47" <05m 7.300 Digerfeldt and Hendry, 1987
J Grand Cayman, Cayman Islands 197 21'34" 3-4 m below MSL 4.000 Ellison, 2008
K El Palmar, Mexico 187 26" 49" 10 m 5,000 Torrescano and Islebe, 2006
L Quintana Roo, Mexico 20° 30" 54" 5m = 2500 Islebe and Sanchez, 2002
M Northern Yucatan, hMexico 217 3444 2m = 3,800 Aragon-Moreno et al, 2012
N Laguna de 1a Lache, Cuba 22° 11'60" 2.5 m below msl 4.000 Peros et al_, 2007
0 Shark FEiver Mouth, Everglades 25 2107 O0m 3,700 Yao et al., sumbitted
P Ten Thousands Islands, 25% 5131 Below msl 3,500 Parkinzon, 1989
Everglades
Q Tarpon Bay, Everglades 24° 24'36"  Om 2,300 Willard and Bernhardt, 2011
R Tampa Bay, Florida 277 5024 4 m below msl 7.500 van Soelen at al |, 2010
S Hungry Bay, Bermuda 32° 17 24" =<05m 2,100 Ellison, 1996
T Mangrove lake, Bermuda 32° 19' 59" Below msl 3,000 Elison, 1993
U-1 Tee2, Twin Cays, Belize 167 49" 58" 0m 8.240 Wooller et al., 2004
U-2 Teel, Twin Cays, Belize 167 49'48" 0m 2,000 Wooller et al., 2007
U-3 Twin Cays, Belize 16% 49'48" Om g.101 Macintyre et al | 2004
Vv Spanish Lookout Cay, Belize 17% 25'05" Om 2.000 Monacei et al., 2000
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The Caribbean Coast of South America

Several pollen records exist for the Caribbean Coast of South America. A study from
Playa Medina, Venezuela, uses pollen analysis, anatomical analysis of wood, and radiocarbon
dating to document the occurrence of mangroves in the Caribbean in the Holocene (Rull et al.,
1999). Very significant levels of Rhizophora and Avicennia (33% and 18% respectively)
were found in a peat layer 920 cm below the present sea level and dated at ~ 7,800 cal yr BP.
This is the earliest occurrence of mangroves on the Caribbean coast of South America.
However, this mangrove peat layer is buried by sand and clay. Therefore the evidence does
not support the continuous establishment of the mangroves at the site throughout the
Holocene.

The earliest continuous Rhizophora pollen record is found in a 980 cm long sediment
core from Maracas Swamp, Trinidad, which dated back to 6,700 cal yr BP (Ramcharan and
McAndrews, 2006). Rhizophora is the dominant taxa in pollen record from 6,700 cal yr BP,
thereby indicating continuous presence of an in situ Rhizophora stand at the site. Another
core from Trinidad reveals the displacement of terrestrial flora by Rhizophora in the Nariva
swamps at 6,000 cal yr BP with a significant Rhizophora expansion at 4,700 cal yr BP
followed by a substantial decline at 4,000 cal yr BP (Ramcharan, 2004). Both pollen records
from Trinidad show replacement of Rhizophora by freshwater marsh species from ~1,500 cal
yr BP. Rhizophora was gradually replaced by Cyperaceae and Polypodium at Maracas
Swamp, and replaced by Cyperaceae and Gramineae at Nariva swamps.

Urrego et al. (2013) present palynological data from Nav b Quebrado elucidating the
development of mangrove forests along the Caribbean coast of Colombia (Fig. 2). Their
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high-resolution pollen record indicates that accelerated sea-level rise favored the colonization
of Rhizophora at the coastal lagoons at ~ 6,280 cal yr BP. Between 6,280 and 3,840 cal yr BP,
a salt marsh environment fringed by sparse mangrove forests were developed at the study site,
as evidenced by high percentages of Poaceae and Cyperaceae and low proportions of
mangrove pollen. The period between 3840 and 2,000 cal yr BP is characterized by marine
still-stand and the expansion of the mangrove species (Laguncularia and Rhizophora).

During this period, Rhizophora became the dominant vegetation at the Nav b Quebrado,
except for the period between 2,850 and 2,450 cal yr BP, when Rhizophora was replaced by
Avicennia, Cyperaceae, and forest taxa. After 2,000 cal yr BP, mangroves declined in spite of
stable sea-level (Toscano and Macintyre, 2003), probably due to the extreme seasonality and
regional drought associated with the Medieval Warm Period (MWP) (Haug et al., 2001;
Hodell et al., 2001). Toscano and Macintyre (2003) suggest that although the establishment

of mangroves was influenced by many factors (high air temperatures, tidal and fresh water
input, salinity, geomorphological setting, soil type, and nutrient and light availability),
stabilization of the SL around 3,000-2,500 cal yr BP plays the most important role in the
expansion of the mangroves in the Caribbean coast of Colombia.

The occurrence of large tropical storms can sometimes be inferred from palynological
studies conducted in mangrove-dominant areas. Ramcharan (2005) suggests that a strong
storm at ~600-700 cal yr BP caused the abrupt and permanent replacement of a
Rhizophora-dominant coastal forest in Barbados by weedy flora. Gonzalez et al. (2010)
identifies a catastrophic storm at ~350 cal yr BP as removing ~2000 years of deposition at the
base of the core from San Andres Island. This event coincides with the pollen-barren interval
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in a layer of organic matter mixed with gravels. Their pollen diagram also suggests that
mangrove forests already existed before 2,500 cal yr BP. However, it is worth noting that the
possible reworking at the bottom of the core caused by the storm makes it difficult to
interpret the basal radiocarbon date.

The Caribbean coast of Central America

Pollen records from Twin Cays along the inner shelf of Belize indicate that mangroves
are established there during the early-Holocene, much earlier than other locations in the
WNA (Wooller et al., 2004, 2007; Macintyre et al., 2004; Monacci et al., 2009). Pollen and
isotopic analyses by Wooller et al. (2004) indicate that tall Rhizophora stands mixed with
Avicennia and Laguncularia were already established at Twin Cays, Belize from over 9,000
cal yr BP (Fig. 2). They suggest that a marked increase of Myrsine at ~6,300 cal yr BP was
resulted from a disturbance event (possibly hurricane or fire), while attributing the second
increase in Myrsine and Avicennia from 2,500 to 1,000 cal yr BP to a drop in sea-level. A low
peat accumulation rate suggests that scrub Rhizophora is the dominant taxa at the site from
4040 cal yr BP to the present, possibly due to phosphorus limitation associated with a
decrease in the rate of sea-level rise after 5,000 cal yr BP. Another study from Twin Cays,
Belize presents a similar mangrove history. Rhizophora has been the dominant taxa at the site
since 8,100 cal yr BP, apart for the period from 6,300 to 3,500 cal yr BP, which is a marked
by an increase in Myrsine and Avicennia (Wooller et al., 2007). These results agree with an
earlier study by Macintyre et al. (2004), whose sedimentary record, based on 19 vibracores
collected along two transects across Twin Cays, shows that mangrove communities were
established at ~8000 years ago. Although this record indicates that mangroves were drowned
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and covered by lagoonal sand at several locations, in most areas mangrove communities kept
pace with sea level. The authors state that radiocarbon dates of peat and sediment from this
study are in agreement with the most commonly used sea-level curve for WNA (Toscano and
Macintyre, 2003).

Monacci et al. (2009) presents a pollen and isotopic study from Spanish Lookout Cay,
Belize. Their radiocarbon chronology shows that Rhizophora has been the dominant taxa at
the site since 8,000 cal yr BP, although Avicennia and Laguncularia were also present. Their
pollen record also indicates a decrease of Rhizophora and an increase of non-halophytic
plants (Myrsine, Amaranthaceae) between 3,600 and 600 cal yr BP, similar to Wooller et al.’s
(2004, 2007) record from Twin Cays. All of these studies attribute this change to a less-saline
environment resulting from increased freshwater input. In general, studies from Twin Cays
and Spanish Lookout Cay, Belize, show similar Holocene sea-level and vegetation history,
and document that mangroves became established on Belizean cays inside the barrier reef
much earlier than in other locations within the Caribbean basin.

McCloskey and Liu (2012) present a proxy record from Bluefields Bay that reveals the
history of paleoecological changes and hurricane strikes for the southern Caribbean coast of
Nicaragua. Their pollen record suggests that a thick Rhizophora-dominant fringing mangrove
forest developed at ~5,000 cal yr BP and expanded at 3,000 cal yr BP when the site became a
shallow marine lagoon. From ~2,200 to 1,000 cal yr BP, mangroves were replaced by less
halophytic species such as Morella and palms, probably representing the development of a
backbarrier swamp surrounded by bushes and tropical forests. The results indicate that the
deposition of in situ peat has kept pace with SLR since 3,000 cal yr BP. Their record is
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consistent with the timing of the sea-level stabilization in the Caribbean basin (Rull et al.,
1999; Behling et al., 2001).

Several pollen studies investigating Holocene sea-level and climate changes have been
produced from the Yucatan peninsula of Mexico (Islebe and Sanchez, 2002; Torrescano and
Islebe, 2006; Aragdn-Moreno et al., 2012). A pollen study from EI Palmar (Fig. 2), Mexico
reconstructs the environmental history of the mangrove and tropical forests for the last 5000
years (Torrescano and Islebe, 2006). Conocarpus and Rhizophora became the dominant
species at 4,600 cal yr BP due to the seasonal flooding of the Rio Hondo River, which
deposited saline sediments due to higher sea level. By ~3,800 cal yr BP, the pollen
assemblage resembles the present vegetation with Conocarpus as the dominant mangrove
species. Islebe and Sanchez (2002) present a pollen record from Quintana Roo, on the
Caribbean coast of Mexico, which shows that Rhizophora has been the dominant taxa at the
coastline from at least 2,500 cal yr BP until ~500 cal yr BP when Conocarpus began to be the
dominant taxa. During the period between 1,400 and 1,000 cal yr BP, Rhizophora
disappeared and was replaced by Conocarpus and secondary forest communities
(Apocynaceae, Moraceae, Ulmaceae, Hedyosmum, and Poaceae). Because Rhizophora pollen
is > 70% of the total pollen sum at the very bottom of the core, it is reasonable to assume that
Rhizophora became established earlier than 2,500 cal yr BP.

A fossil pollen record from the northern Yucatan Peninsula documents climate and
vegetation changes over the past 3800 years (Aragén-Moreno et al., 2012). Rhizophora is the
dominant mangrove species between 3,800 and 3,450 cal yr BP, suggesting high precipitation
and salinity in flooded areas (Hogarth, 2010). Conocarpus gradually replaces Rhizophora
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after 3,460 cal yr BP. The pollen record shows a couple of fluctuations between Conocarpus
and Rhizophora from 1,720 cal yr BP, interpreted as resulting from humidity changes. The
authors state that the replacement of Rhizophora by Conocarpus, which commonly occurs in
inland habitats, suggests a drier climate; and this shift in vegetation composition at the late
Holocene suggests a trend toward a dryer climate, marking the transition to present
conditions in the Yucatan (Arag&n-Moreno et al., 2012).

The Greater Antilles

Two mangrove macrofossil records from Jamaica suggest the initiation of mangrove
forests at ~7,500 and ~6,500 cal yr BP (Digerfeldt and Hendry, 1987). However, as the study
is based on the identification of peat types and the microscopic analysis of rootlets, the
composition of the mangrove forest cannot be determined at either site. Both study sites are
Rhizophora and Conocarpus-codominant at the present time. A study from the Cayman
Island using similar methods finds 3 m of mangrove peat, deposited at least 3000 years ago,
under a seagrass bed presently 4 m below the mean sea-level (MSL) (Ellison, 2008).The
author interprets this peat layer as a landward mangrove zone that became submerged under
the rapid SLR. It is worth noting that neither studies show solid evidence to support
continuous occurrence of mangroves at the study sites.

Peros et al. (2007) applied loss-on-ignition, pollen, calcareous microfossil, and plant
macrofossil analyses on cores taken from Laguna de la Leche to determine the ecological and
hydrological changes in the coastal area of northern Cuba. This multi-proxy record shows
that a shallow lake is formed in the basin ~6,200 cal yr BP due to SLR-driven elevation
increase of the aquifer. Pollen analysis suggests that mangrove became established at ~5,000
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cal yr BP and a large-scale expansion of Rhizophora started from 1,700 cal yr BP (Fig. 3).
Evidence of this late-Holocene mangrove expansion has been found in multiple coring sites
from Laguna de la Leche. Their study concludes that SLR is the dominant cause of the
development of mangroves during the mid-Holocene on the northern coast of central Cuba
and the southeastern United States.

South Florida and Bermuda

The earliest evidence of mangroves in Florida occurs in a pollen record from Tampa Bay,
FL (van Soelen et al., 2010). Rhizophora pollen is found at 7,500 cal yr BP, but the
percentages are consistently low (<5 %) throughout the record. Because Rhizophora is a very
prolific pollen producer (Behling et al., 2001), such low percentage possibly indicates a
non-local, water-transported origin. The oldest definitive evidence of mangrove peat is dated
at 2,900 to 3,600 cal yr BP from southwest Florida (Scholl et al., 1969; Parkinson, 1989).
These sedimentary records suggest that the coastal mangrove forests began keeping pace with
rising sea level only during the last 3000 years, during which time sea level has risen only
slightly > 1 m. The authors conclude that that shoreline stabilization and establishment of
mangroves started about 3,500 cal yr BP (Scholl et al., 1969; Parkinson, 1989).

Chapter 4 and 6 show multi-proxy record from the Shark River Estuary, FL, which uses
XRF, loss-on-ignition, and pollen analyses to investigate the development of coastal wetlands
in southwest Florida over the past 5700 years. My record indicates that mangroves appeared
at the mouth of the Shark River Estuary since ~3,800 cal yr BP, and became fully established
at 1,150 cal yr BP. These data suggest that the timing of shoreline stabilization and formation
of mangrove forest in southwest Florida may have been significantly younger than has been
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previously proposed for this area. It is worth noting that during the period between ~ 2,000 to
1,300 cal yr BP, abundance of Pinus and Morella increases in the pollen assemblage. Pollen
record from a more recent study shows that Rhizophora first appeared at Tarpon Bay, FL (20
km inland from the mouth of the Shark River Estuary), from ~2,200 cal yr BP (Willard and
Bernhardt, 2011). Rhizophora disappeared and replaced by Morella from 1,600 to 1,200 cal
yr BP, and became the dominant species from 1,200 cal yr BP.

At 32°N, Bermuda hosts the most northernmost mangrove communities location in the
world, owing to its subtropical climate associated with the warm Gulf Stream that passes to
the west and north (Ellison, 1993). Pollen records show that mangroves appears as early as
3,000 cal yr BP in Mangrove Lake, and at ~ 2,100 cal yr BP at Hungry Bay, the largest
mangrove area in Bermuda (Ellison, 1993, 1996). Only Rhizophora is found in the records
with no records of Avicennia and Laguncularia ever being present in Bermuda (Watts and
Hansen, 1986; Ellison, 1996). These studies are consistent with records from Florida, where
expansive mangroves were not present until after 3,500 cal yr BP (Scholl et al., 1969; Yao et
al., 2015).

Methods

This chapter concentrates on the last nine millennia (calibrated), for which a reasonable
amount of high-quality data are available. The data used consist of 16 pollen diagrams and 8
macrofossil records ranging from 10°42' 36"N to 32<19' 48"N (Table 1). Ages referred in
this paper are reported as calibrated years before present (cal yr BP). The Rhizophora
percentage curves from each pollen diagram and the Rhizophora macrofossil records have
been digitized and complied (Fig. 2). All the Rhizophora profiles in Figure 2 are presented
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with age as the Y-axis. Rhizophora profiles originally presented in this format are used
unchanged. For profiles originally presented with depth as the Y-axis, a comprehensive core
chronology is calculated on the assumption of constant sedimentation rates between the dated
samples. For profiles for which only **C dates are given, dates are calibrated using CALIB
7.0 and the associated dataset by Stuiver et al., (2010), and a chronology is developed based
on the assumption of a constant sedimentation rate between dates. Based on the compiled
pollen record, maps are made to show the migration of Rhizophora during Holocene (Fig. 3).
Synthesis

Factors controlling the expansion of Rhizophora

Among the 24 reviewed records (Fig.2, Table 1), 16 are pollen records showing
continuous presence of Rhizophora pollen of >5%. Five studies contain mangrove peat with
identified Rhizophora macrofossils at some point in the stratigraphy. Three studies have
macrofossil records supporting the continuous presence of Rhizophora. We define the
establishment of Rhizophora as when continuous presence of this mangrove species started to
occur in pollen or macrofossil records. The threshold of 5% pollen is used to mark the
beginning of Rhizophora establishment at each site (Fig. 3).

Among all the mangrove records reviewed in this paper, the earliest establishment of
Rhizophora occurred in Belize from more than 8,000 cal yr BP (Fig. 2). During the early
Holocene, mangrove communities rapidly colonized the WNA and then were flooded due to
the rising sea-level (Purdy et al., 1975; Ebanks, 1975; Halley et al., 1977; Macintyre et al.,
1995). However, Rhizophora communities managed to keep pace with the rapid early
Holocene sea-level rise and formed thick accumulations of peat on the underlying Pleistocene
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limestone in the south-central area of the Belize Barrier Reef Platform, particularly at Twin
Cays (Macintyre et al., 1995). A combination of factors contributed to this anomaly. The
most important factor is that hydrological conditions on Twin Cays resulted in very slow
decomposition as the flooded, anaerobic conditions prevented the microbial community from
decomposing refractory root tissues underground (Middleton and McKee, 2001). As a result,
mangroves at Twin Cays have very high rates of below ground accumulation, which
contributed substantially to surface elevation of the Belize Barrier Reef Platform and
permitted mangrove peat to keep up with the rapid sea-level rise (3 mm/yr) during the early
Holocene (Toscano and Macintyre, 2003; McKee et al., 2007). Additionally, the geological
setting in the south-central area of the Belize Barrier Reef Platform might be in favor of
mangroves to survive strong storm surges that played an important role on regulating the
growth of the mangroves. Intense storms can cause massive mangrove mortality, due to
mechanical damage, environmental stresses, the erosion of the supporting substrate, and peat
collapse (Smith et al., 1994, 2009; Sherman and Fahey, 2001; Woodroffe and Grime, 1999;
Cahoon et al., 2003, 2006; Piou et al., 2006). The damage can be especially severe to
Rhizophora forests, which are incapable of resprouting after defoliation by storms (Baldwin
et al, 1995, 2001; Thaxton et al, 2007). At Twin Cays, an extensive offshore barrier reef
shelters the low-lying coastline and attenuates the storm surge (Macintyre et al., 2004;
Mclvor et al., 2013). Therefore, these site-specific conditions may have increased the
survivability of Rhizophora in the south-central area of the Belize Barrier Reef Platform

during the early Holocene.
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Figure 2 shows that the earliest records of continuous Rhizophora communities
on the Caribbean Coast of South America are from Maracas Swamp, Trinidad (>6,700
cal yr BP), Nariva Swamp, Trinidad (>6,000 cal yr BP), and Nav D Quebrado,
Colombia (>6000 cal yr BP) (Ramcharan, 2004; Ramcharan and McAndrews, 2006;
Urrego et al., 2013). By 5,000 cal yr BP, Rhizophora has settled at sites from below
11°N to at least 18 °N at EI Palmar, Mexico, just a couple hundred kilometers north
of Twin Cays, Belize (Fig. 3) (Torrescano and Islebe, 2006; McCloskey and Liu, 2012).
A relatively rapid migration of Rhizophora occurs from 5,000 to 3,000 cal yr BP (Fig.
2, 3). Pollen records (Fig. 2, 3) suggest that Rhizophora communities established in
both Cuba and the Cayman Islands around 4,000 cal yr BP (Peros et al, 2007; Ellison,
2008); in northern Yucatan, Mexico (Arag&n-Moreno et al., 2012), Ten Thousands
Islands (Parkinson, 1989), and Shark River Estuary, Everglades (Chapter 4, 6) around
3,500 cal yr BP; and Bermuda (32°20° N), the most northerly mangroves in the world,
around 3000 cal yr BP (Ellison, 1993). During the next 1500 years, Rhizophora
rapidly colonized the coastlines of the Yucatan Peninsula and South Florida (Islebe
and Sanchez, 2002; Willard and Bernhardt, 2011).

Although many site-specific factors such as local sediment supply, salinity, and
nutrient and light availability have been shown to influence the growth rate of
mangroves (Krauss etal., 2008), the rate of SLR is generally considered the most
important control over the establishment and expansion of mangroves in the WNA
during the Holocene (Urrego et al., 2013; Peros et al., 2007). If the rate of mangrove
peat accumulation can match the rate of SLR, then mangroves can continuously
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colonize the coastal area and develop a pure-stand mangrove community (McKee et
al., 2007). Since sea-level records across the WNA region show similar histories
(Toscano and Macintyre, 2003; Rull, 1999; Ramcharan, 2004; Milneet al., 2005;
Carvalho do Amaral et al., 2006), one would expect the colonization of Rhizophora to
be synchronized at a regional scale. However, our complied mangrove record suggests
a slow, progressive south-to-north migration of Rhizophora from the southern edges
of the Caribbean Basin toward the Gulf Coast, spanning thousands of years (Fig. 3).
Although the oldest in situ mangrove forest formed before 8,000 cal yr BP, it took
4000 years for mangroves to reach the northern edge of the Caribbean Basin and
Florida (Fig. 2). It is likely that the rate of sea-level rise is not the only major factor
controlling the establishment and expansion of Rhizophora.

Studies have shown that the global distribution of mangroves is related to winter
seawater temperature (Alongi, 2002, 2008). Mangroves prevail in locations with mild
winters. Severe freezes can defoliate mangroves and suppress their reproduction,
especially the more cold-intolerant Rhizophora (Stevens et al., 2006). Thus, the
latitudinal limits of mangroves are determined primarily by winter temperatures
(Kangas and Lugo, 1990). Across the WNA, increases in average temperature,
especially the winter sea surface temperature (SST), is a hallmark of the Holocene
(Lorenz et al., 2006; Leduc et al., 2010). Therefore, we hypothesize that a northern
migration in threshold winter SST is another major factor controlling the expansion of

Rhizophora during the Holocene in this region.
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Figure 3. Map showing the expansion of Rhizophora. Black dots represent sites where
Rhizophora established prior to 5,000 yr BP. Red dots represent sites where
Rhizophora established after and around 3,500 yr BP. The site labels are tied to Table
1. The blue curves represent the course and direction of the Gulf Stream, Caribbean
Current, and Loop Current. The winter (December—February) average sea-surface
temperature (SST) gradient of the corresponding latitude is showing at the right side.
(METED, http://www.meted.ucar.edu/oceans/gulfmexico_carib/print_2.php)

Although the Holocene has been marked by relatively minor climate changes
(Mayewski et al., 2004), paleotemperature reconstructions clearly show a significant
long-term increase of boreal winter insolation during the Holocene epoch (Laskar,
2004; Lorenz et al., 2006; Leduc et al., 2010). As a result of the shift in perihelion
from September to January, and a decrease in axial tilt from 24.2<to 23.4<during the
last 7000 years (Milankovitch, 1941; Lorenz et al., 2006), boreal winter insolation has
increased by ~ 25 W/m? in the tropics (Laskar et al., 2004) (Fig. 4). The effects of
boreal winter insolation increase have been observed in alkenone-based record, which

preferentially captures the boreal winter SST (Huybers and Wunsch, 2003; Rimbu et
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al., 2003). Alkenone-derived SST record from Carioca Basin indicates a significant
warming of up to 2°C in the WNA during the Holocene (Herbert and Schuffert, 2000,
Leduc et al., 2010) (Fig. 4). Clearly winter SST are highly variable both spatially and
temporally across the region. A 13 year winter SST record (1998 to 2011) shows an 3°
C diffidence between the Caribbean Coast of South America and South Florida (Fig. 3)
(METED). Therefore, it is likely that the much warmer winter SST allowed
Rhizophora to establish on the Caribbean coast of South America (7,000-6,000 cal yr
BP) much earlier than at higher latitudes. The temporal pattern of Rhizophora
establishment shows a migration from the warmest part of the region (Caribbean coast
of South America) to the coolest part of the region (South Florida) (Fig. 3). Between
5,000 and 3,000 cal yr BP, as the increase of boreal winter insolation results in higher
winter SST across the WNA (Fig. 4) (Lorenz et al., 2006), Rhizophora would have
been able to establish at higher latitudes, and eventually colonized the coastlines of
the Yucatan, South Florida, and Bermuda (Fig. 3). The Gulf Stream joins the
Caribbean Current which transports significant amounts of water into the Gulf of
Mexico, via the Yucatan Current, and flows to Bermuda through the Straits of Florida
(Fig. 3). Given the characteristics of the course of these currents and the ability of
Rhizophora propagules to remain viable during long periods of salt water immersion
(Ellison, 1996), current-driven transportation from south to north across the Caribbean
Basin to South Florida seems reasonable during this period. Therefore, we conclude
that winter SST is a major factor controlling the survival and expansion of Rhizophora
along WNA during the Holocene.
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Figure 4. Red curve represents Alkenone-derived Holocene winter SST records of the
Western North Atlantic from Cariaco Basin (Herbert and Schuffert, 2000). Blue curve
represents record of Holocene boreal winter insolation changes (Laskar et al., 2004).
This figure is compiled from Leduc et al., (2010).

Decline of Rhizophora between 3,000 and 1,000 cal yr BP

Among the 16 continuous pollen record reviewed in the Chapter, 6 of them show
a clear temporary decline of Rhizophora between 3,000 to 1,000 cal yr BP (Fig. 2).
Pollen record of core Tcc2 from Twin Cays shows that Rhizophora was replaced by
Myrsine and Avicennia from 2,500 to 1,000 cal yr BP (Wooller et al., 2004). Pollen
record from Nav D Quebrado, Colombia shows that Rhizophora was replaced by
Avicennia, Cyperaceae, and forest taxa between 2,850 and 2,450 cal yr BP (Urrego et
al., 2013). Pollen record from Bluefields Bay shows that Rhizophora was replaced by
less halophytic species such as Morella, llex, and palms from ~2,200 to 1,000 cal yr
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Figure 5. Pollen percentage diagrams for core SRM, SRS-6, SRS-5, and SRS-4.
Accepted *C dates are added to the left side of each core at corresponding depth. The
concentration curves for marine planktons, charcoal fragments and pollen sum are
added on the right to facilitate comparison.
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(Amaranthaceae, Sagittaria, and Typha). XRF results reveal that sediments in zone |
have very high contents of Ca and Sr.

Zone 11 (450 to 300, 5,700 to 3,800 cal yr BP) is characterized by abundant
charcoal and a marked shift to herbaceous taxa. The bottom of this zone contains
mostly upland taxa (Salix, Pinus, and Rubiaceae), and some herbaceous taxa
(Asteraceae, Poaceae, and Typha) also commonly occur. From 410 to 350 cm,
Amaranthaceae becomes the most dominant pollen taxa. At the top of zone |1, Pinus
and Sagittaria are the most abundant taxa. XRF analysis shows low concentration of
all detected chemical elements in zone II.

Zone 111 (300 to 140 cm, 3800 to 1140 cal yr BP) is characterized by the increase
of mangrove taxa. Poaceae and Amaranthaceae are still very plentiful at the bottom of
the zone, but all mangrove species start to appear and increase in abundance. From
250 cm, Rhizophora becomes the most common species, while most upland and
herbaceous taxa become less abundant. Dinoflagellates and foraminifera linings
appear in higher concentrations more consistently. XRF results show higher contents
of Br and Ti comparing with zone Il

Zone IV (140 to 10 cm 1140 cal yr BP to present) is characterized by the total
dominance of Rhizophora. Rhizophora accounts for >50% of the pollen sum and is
very high in concentration, while upland and herbaceous taxa are generally less
abundant. Other mangrove genera (Laguncularia, Avicennia, and Conocarpus) and
dinoflagellates and foraminifera linings are also present in higher abundance. XRF
results show a significant increase in the concentrations of Ca, Sr, Zr, S, Fe, and Ti.

Core SRS-6

In zone | (450 to 380 cm, >4800 cal yr BP), although the pollen percentage

diagram indicates Amaranthaceae as the most dominant species, the pollen
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concentration diagram reveals that all pollen taxa including Amaranthaceae are very
scarce in this zone. XRF results show high concentrations of Zr, Fe, and Ti.

Zone 1 (380 to 260 cm, 4,800 to 3,430 cal yr BP) is characterized by abundant
charcoal and Amaranthaceae. Pinus consistently occur, and Poaceae and Sagittaria
are abundant at the bottom half of the zone. XRF analysis shows low concentrations
of all detected chemical elements in zone II.

Zone 111 (260 to 140 cm, 3430 to 1060 cal yr BP) is characterized by the
appearance of mangrove species. Pollen concentration diagram shows that
Amaranthaceae disappears from the pollen assemblage from 180 cm, but all
mangrove species except for Avicennia are consistently present. Other common taxa
include Pinus, Morella, Asteraceae, and Poaceae. XRF results show increase in in the
concentrations of Br and Fe.

Zone IV (140 cm to the surface) contains mostly mangrove pollen. Pollen of
Rhizophora maintains high representation throughout this zone. Pollen of
Laguncularia and Avicennia is abundant at the bottom half of the zone but decreases
towards the top of zone IV. Some upland (Pinus, Quercus, TCT, and Morella) and
herbaceous taxa (Asteraceae, Ambrosia, and Poaceae) continue to be present.
Dinoflagellates and foraminifera linings are present in higher abundance. XRF results
show an increase in the concentrations of all detected chemical elements.

Core SRS-5

In core SRS-5, marl is absent at the bottom of the core, therefore it has only 3
corresponding pollen zones. Pollen assemblages of core SRS-5 are very similar to
those of core SRS-6. Zone Il (bottom to 175 cm, 4500 to 2380 cal yr BP) is
characterized by abundant charcoal and Amaranthaceae. Sagittaria, Pinus, Poaceae,

and Cyperaceae are consistently present. Zone I11 (175 to 80 cm, 2380 to 860 cal yr
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BP) is characterized by the appearance of mangrove species except for Avicennia,
which is absent from the core. Pinus and Poaceae continue to be present; Quercus,
Morella, Asteraceae, and Ambrosia become more abundant; and Sagittaria becomes
rare. The pollen assemblage of zone 1V (80 cm to the surface) is very similar to that of
zone |11, except that Rhizophora becomes the dominant species. XRF results show
low contents of all detected chemical elements at zone Il and 11, and their
concentrations increase in zone 1V.

Core SRS-4

In core SRS-4, the bottom 10 cm consists of pollen barren clay. Pinus, Poaceae,
Cyperaceae, and Amaranthaceae are the most abundant species in the pollen
assemblage of zone | (175 to 160 cm, >4400 cal yr BP). Zone Il and Il extend from
160 to 120 cm and 120 to 80 cm respectively, and are dated to 4400 to 2330 cal yr BP
and 2330 to 860 cal yr BP. Their pollen assemblages are very similar to that of zone |1
and zone 11l in core SRS-5. Zone IV extends from 80 cm to the surface, and contains
mostly Morella, Poaceae, Amaranthaceae, and Rhizophora. Laguncularia increases
toward the top of the zone, and Conocarpus becomes the most dominant species of
the top 20 cm of the core. Unlike the other cores, the concentration of charcoal is very
high in zones 111 and 1V in core SRS-4. XRF analysis shows very high concentrations
of Caand Sr in zone I; low concentration of all detected elements in zone Il and IlI;
and increases of Ca, Sr, S, and Br in zone V. Unlike the other cores, Zr is absent from
the top half of core SRS-4.
Discussion

Evolution of the Shark River Estuary

Where the Shark River Estuary is situated today appears to dry out frequently

prior to the mid-Holocene. Basal clay layers in core SRM and SRS-4 are devoid of
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pollen. This suggests a subaerial condition below the “wetness” threshold for pollen
preservation. The absence of pollen also precludes knowledge of the vegetation types
present. Our study sites were most likely situated on an arid or frequently dried out
terrestrial environment that was not inundated long enough to promote marl or peat
accumulation during the early to mid-Holocene.

Each stage of the landscape-scale vegetation development at the Shark River
Estuary is displayed in Figure 7. By 6000-5700 cal yr BP, marl sediments rich in shell
hashes of freshwater snails started to accumulate at site SRM, the current mouth of the
Shark River Estuary (Fig. 7a, Table 1). Such transition suggests that with low nutrient
water presents for extended periods of time in the summer under high light conditions,
allowing the flourish of algae and formation marl prairies at site SRM (Gleason and
Stone, 1994; Willard, et al., 2001). By 4,800 cal yr BP, marl prairies were present at
site SRS-4, at least 20 km from the mouth (Fig. 7b, Table 1). Because the Shark River
Estuary lies atop the permeable Tamiami limestone where the water table is very
sensitive to changes in hydrological conditions (Gleason and Stone, 1994), the
spreading of marl prairies toward more inland area suggests a higher elevation of the
phreatic aquifer due to SL rise. Abundant Pinus, Salix and Amaranthaceae in the
pollen assemblage suggest that it was a mixture of short-hydroperiod and
longer-hydroperiod prairies (Fig. 5 and 6), perhaps also with pine savannas in the
immediate vicinity. Such areas (e.g., Lostman's Pines and Raccoon Point regions of
Big Cypress National Preserve) are present in the interior of the Everglades region of
South Florida today (Doren et al. 1993; Schmitz et al., 2002; Hanan et al., 2010).
These habitats today have hydroperiods lasting less than 12 months and are thus dry
seasonally, tending to burn more than once a decade, and even every 1-2 years if

located adjacent to pine savannas (Platt 1999; Schmitz et al., 2002;
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Slocum et al., 2003). Such high fire frequency could be inferred from the abundance
of charcoal particles in the samples of pollen zone 1. Most importantly, our study
indicates not only that marl prairies have been present in southwestern Florida since
the mid-Holocene, but also suggests that early wetland landscapes in the Shark River
Estuary are likely to have resembled the fire-maintained landscapes occurring today in
Big Cypress National Preserve and ENP (Schmitz et al., 2002, Slocum et al., 2003).

Peat accumulating landscapes (pollen zone 11) started to appear at site SRM at
~5,600 cal year BP and spread to the entire Shark River Estuary by 4,400 cal yr BP
(Table 1). The pollen assemblage of this stage of the wetland development is
characterized by a marked decrease of upland taxa and increase of Amaranthaceae and
charcoal fragments (Fig. 5 and 6). These palynological data are consistent with
long-hydroperiod prairies similar to the ones existing in present-day northern to
central Everglades (Willard et al., 2001, 2006). These habitats today have 12 month
hydroperiods. The increase of Amaranthaceae and charcoal particle in these
freshwater wetland habitats has been attributed to natural lightning-ignited fires
(Slocum et al. 2003, 2010) and hurricanes (Armentano et al. 1995), when open space
is generated and colonized by species like Amaranthus australis (Schmitz et al., 2002).
Such transition from marl prairies to peat accumulating freshwater wetlands at the
Shark River Estuary suggests an extended hydroperiod due elevated watertable caused
by SL.

With the SL continuing to rise after the mid-Holocene, marine transgression
gradually reduced the site-to-sea distance in south Florida (Wanless et al., 1994;
Gleason and Stone, 1994). From 3,800 to 2,000 cal yr BP, freshwater environment at
the Shark River Estuary was progressively replaced by brackish marsh (Fig. 7 ¢ and d).

This transition is clearly recorded by the palynological data (Fig. 5 and 6). Linings of

163



(a)5700 cal yr BP Uz

v
sv

()3500 cal yr BP M

v v v
vV
¥V _ v vs
WV

viv ,‘*
SRS-5 1 % ,‘ .,
,v wiv 'V YV, ]
,v ,‘0 ,V ,w ,V Y

0 Brackish Mangroves
Y Vimarsh [!!!

“i:\prairie
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foraminifera start to appear with greater regularity during this period (pollen zone I11),
while mangrove taxa gradually replace herbaceous taxa. Additionally, the abundance
of microscopic charcoal fragments diminishes, indicating a changing environment
(less fresh water and fewer fires) with greater marine influence (Willard et al., 2001;
Willard and Cronin, 2007). Today, similar brackish marshes occur between mangrove
forests and freshwater marshes in the Everglades (Willard et al., 2001). Using this as a
modern analog, it could be inferred that by 3,800 cal yr BP, the Shark River Estuary
was occupied by grasses and Amaranthus, with some scrub Rhizophora and
occasional Avicennia and Laguncularia. Comparing with long-hydroperiod prairies,
the frequency of fire was much reduced due to lower fuel loads (less graminoids
biomass) and a 12 month hydroperiod (Ross et al., 2000).

The period from ~1,100 to 800 cal yr BP is characterized by the establishment of
mangrove forest (Fig. 7 e and f). By 1,100 cal yr BP, Zr, the main constituent for
Florida beach sand (Miller, 1945), started to consistently appear at site SRM (Fig. 4).
Because tides (and episodic storms) are the only mechanism that consistently brings
marine sediments, this chemical signature suggests that site SRM started to receive
sand through tidal exchange at that time. Concurrently, the XRF diagrams show a
higher content of all measured elements (Fig. 4). Most importantly, the concentration
of all mangrove species and marine microfossils (foraminifera and dinoflagellate)
increased significantly by 1,100 cal yr BP (Fig. 6). These results suggest that a mixed
mangrove forest similar to today’s was established at the mouth of the Shark River
Estuary due to increased allochthonous sediment input. Such a mangrove ecosystem
spread to site SRS-6 at ~1000 cal yr BP, and more inland sites (SRS-5 and SRS-4) at
~ 800 cal yr BP (Fig. 7 e and f). Nevertheless, Conocarpus, a mangrove associate

growing at more freshwater environment has occupied our farthest upstream site
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SRS-4 since 100 cal yr BP (Fig. 5, 6). Concentrations of most elements remain low
(Fig. 4), but charcoal fragments are abundant throughout core SRS-4. These evidences
suggest that the marine influence can hardly reach site SRS-4, which is located 20 km
from the coast and experiences very little tidal influence today (Castareda-Moya et al.,
2010). Hence, transition to the modern coastal mangrove ecosystem was completed by
about 800 cal yr BP in the Shark River Estuary.

Regional implications

Our study can be correlated with similar records from the region. Studies from
Laguna de la Leche in Cuba (Peros et al., 2006) and Lake Wales Ridge region in
south-central Florida (Watts, 1969; Watts and Stuiver, 1980; Grimm et al., 1993;
Watts and Hansen, 1994) show a change toward “wetter” ecosystem after 5,000 cal yr
BP. Although the initiation of peat-forming long-hydroperiod prairies in the Shark
River Estuary was synchronous with these records, vegetation changes at these other
locations may have been driven by different factors. The enhanced moisture at Lake
Wales Ridge was likely caused by an increase in precipitation and decrease in solar
insolation (Watts and Hansen, 1994), because the central Florida area is not very
sensitive to the change of sea-level due to its slightly higher elevation (Donders, et al.,
2005). In contrast, the Shark River Estuary and Laguna de la Leche are much more
sensitive to SL change because they are much closer to the sea. We argue that the
mid-Holocene SL rise is the one dominant cause of vegetation change at the Shark
River Estuary, although the coastal plain climate may alter the tree-herb composition
of the earliest peat-forming wetlands. Our pollen records indicate that the
development of freshwater marshes was not synchronous throughout the Shark River
Estuary. Instead, it started early at the coastal site (SRM), and then progressed

upstream (SRS-4) as the Florida aquifer was elevated due to SL rise, thereby causing
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wetter soil conditions toward the sea (Fig. 7). More importantly, the ages of the
freshwater-brackish-mangrove transitions as well as the basal peat dates are
time-transgressive toward further inland sites (Table 1). Based on these evidences, we
believe that the shoreline in southwestern Florida has been undergoing a transgressive
process driven by the SL rise from the mid-Holocene.

This marine transgression at the Shark River Estuary is consistent with other
records from coastal areas in south Florida. Studies from Tampa Bay (van Soelen et
al., 2010) and Charlotte Harbor (van Soelen et al., 2012) also document a transition
from freshwater to marine environment after 3,500 cal yr BP. In addition, a study from
Fakahatchee Strand State Preserve Park, southwest Florida, records an intensification
of El Nifp-Southern Oscillation (ENSO) after 3,500 cal yr BP (Donders et al., 2005).
Intensification of ENSO is likely to have increased winter rainfall in the southeastern
United States and reduced fire frequency and fire extent across long-hydroperiod
prairie landscapes (Beckage et al. 2003). Such increases may facilitate the transition
from long-hydroperiod prairies to brackish marshes as well.

Conclusion

Pollen records from the Shark River Estuary provide valuable
paleoenvironmental information with which to understand the Holocene
environmental history of south Florida. They also shed light on the processes driving
millennial-scale ecological and hydrological change on subtropical coastlines. The
Shark River Estuary has undergone three major transformations since the
mid-Holocene: (1) Marl prairies were progressively replaced by long-hydroperiod
prairies after ~5,700 cal yr BP. (2) Long-hydroperiod prairies were replaced by
brackish marshes from 3,800 to 2,000 cal yr BP. (3) A significant expansion of

mangroves occurred over the last 1000 years. The wetland transformation at the Shark
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River Estuary can be correlated with paleolimnological records from southwest
Florida and Cuba that indicate a rising water table after the mid-Holocene. The
environmental changes at the Shark River Estuary are driven mostly by SL rise,
although the fire-flood interaction of the long-hydroperiod prairies suggests that the
coastal plain climate may have played a minor role. Our paleoenvironmental results
highlight the complexity of subtropical estuarine environments and have important
implications for understanding the biogeography and prehistory of the Everglades.
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CHAPTER 7. SUMMARY AND CONCLUSION
Restatement of purpose

This research examines the paleoenvironments of four study sites along the Shark
River Estuary, through the extraction and analysis of a total of ~15 m of sediment
cores. Using a multi-proxy approach, the main objective of this study was to: (1)
review the Holocene pollen and associated paleoecological records of mangrove
ecosystems in the western North Atlantic (WNA); (2) establish the spatial and
statistical relationships between surface pollen assemblages and local vegetation in
the Everglades; (3) use the sedimentary signature of Hurricane Wilma as a modern
analog to reveal other paleohurricane events in the sedimentary record; (4) document
evolution of the Shark River Estuary from the mid-Holocene; (5), identify the timing
of the freshwater-brackish-marine transitions in the Shark River Estuary during the
Holocene; and (6) assess the role of climate change and sea-level rise in driving the
millennial-scale estuarine vegetation dynamics in the Everglades.

Chapter 2.

Chapter 2 reviews the pollen and associated paleoecological records of
mangrove-dominant environments from 24 study sties in the WNA from the
mid-Holocene. Through the examination of pollen, marine microfossils, microscopic
charcoal, mangrove peat stratigraphy, and chemical and isotopic records from WNA,
the results suggest that winter sea-surface temperature (SST) is an important control
over the distribution and late Holocene dispersal pattern of Rhizophora, as evidenced
by the progressive migration of Rhizophora from the south side of the Caribbean
Basin toward the Gulf Coast, which spanned thousands of years. This gradual
expansion was likely driven by an increase in the boreal winter insolation of ~25

W/m? in the tropics, which increased the winter SST of the WNA by up to 2<C
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(Chollett et al., 2012). With warmer winter SST and stable sea-level rise (SLR) after
3500 cal yr BP, Rhizophora was able to establish at higher latitudes and eventually
colonized the coastlines of Yucatan, South Florida, and Bermuda.

Additionally, this review of the pollen and paleoecological records from the
WNA reveals a consistent, though spatially and temporally variable, decline of
Rhizophora from 3000 to 1000 cal yr BP. It might be caused by a period of elevated
hurricane activities, drop in the regional sea-level, or dry climate.

Chapter 3.

Chapter 3 examines 18 modern pollen samples from a 20 km transect along the
SRS and 7 samples from 3 major wetland sub-environments along the main park road
in the ENP. By comparing vegetation groups classified by Grimm’s (1987) CONISS
and PCA and surface pollen analyses with the local vegetation of sampling locations,
the 25 surface pollen assemblages from the ENP are classified into five vegetation
groups, which are marl prairie, pineland, inland mangroves, mangrove forests, and
hurricane damaged mangrove fringe. These groups broadly correspond with various
local vegetation types around the sampling sites. This study indicates that
palynological data from sediment cores from the Everglades can be used to
reconstruct past wetland responses to a variety of environmental and climatic changes
and to predict future responses.

Chapter 4.

Chapter 4 presents the palynological record from core SRM, which was retrieved
from the mouth of Shark River Estuary in Everglades National Park. This record
contains 5,700 years of vegetation history. Palynological and XRF data from core
SRM indicate that wetlands have been present at the mouth of the Shark River

Estuary since the mid-Holocene. Initial wetland habitat, a short-hydroperiod
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graminoid-dominant marl prairie, existed more than 5,700 cal yr BP. It was similar in
species composition, ecological fire regimes, and landscape organization to habitats
currently present in the central Everglades. During the period from ~5,700 to 5,250
cal yr BP, plant communities consisting of short- and long-hydroperiod prairies with
imbedded sloughs and surrounded by uplands prevailed. By ~5,250 cal yr BP, these
habitats were replaced by long-hydroperiod prairies that were herb-dominant, which
lasted about 1,000 yr. Between 4,200 to 3800 cal yr BP, as a response to increasing
but perhaps more seasonal precipitation, sloughs imbedded in frequently-burned
long-hydroperiod prairies/marshes were formed. These data suggest that freshwater
wetlands in the southwestern Everglades date back to at least the mid-Holocene and
are dynamic ecosystems, changing almost continuously on millennial timescales. The
multi-proxy data record a clear transition from a freshwater to a coastal/estuarine
environment from ~3,800 to 1,150 cal yr BP. During this period, relatively stable sea
levels allowed the colonization of mangroves, causing a shift to mangrove-dominant
forest at the study site.

At ~1,150 cal yr BP, a mixed mangrove forest resembling the present day
vegetation composition was established at the study site, suggesting that the modern
mangrove-dominant coastline was formed at the Shark River Estuary at that time.
Accelerated sea level rise should both generate new habitats suitable for mangroves,
and also remove current shoreline habitats. Thus, accelerated sea level rise should
result in the generation of transient mangrove forests that will not reach the ages that
they used to when shorelines are transgressing more slowly or are stable. Such
dynamics should result in a dynamic non-equilibrium front of developing mangrove
forest that moves inland, but is lost on the ocean-ward side at rates dependent on sea

level rise and hurricane activities.
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Chapter 5.

Chapter 5 evaluates the distinctive carbonate-rich clastic layer left by Hurricane
Wilma (2005) at the top of core SRM. Multi-proxy analyses reveal the unique
sedimentary signature of Hurricane Wilma. By using Hurricane Wilma as a modern
analog and statistical analyses of the multi-proxy record, six major hurricane events
are inferred at ~3000, 1700, 950, 580, 350, and 120 cal yr BP. The numerical analysis
also confirms that the modern mangrove coastline was formed at the mouth of the
Shark River Estuary by ~1150 cal yr BP, as the shoreline became stabilized

This study produces the first multi-proxy record of paleo-hurricane activities for
South Florida, which is vital for the study of global climate change and forecasting
future impacts of tropical cyclones. The study also applies an objective approach,
numerical analysis, to paleotempestology studies. Further paleoecological studies are
needed to produce a high-resolution pollen record for the better understanding of the
long-term process of post-storm forest succession and habitat recovery in the
Everglades landscape.

Chapter 6.

Chapter 6 presents palynological, x-ray fluorescence, and loss-on-ignition data
from all 4 cores retrieved from a 20 km transect along the Shark River Estuary. The
results indicate that the initial development of freshwater marshes was not
synchronous throughout the Shark River Estuary. Instead, it started early at the coastal
sites (SRM), and then progressed upstream (SRS-4) as the Florida aquifer was
elevated due to SLR. More importantly, the ages of the freshwater-brackish-mangrove
transitions as well as the basal peat dates are time-transgressive towards further inland
sites. These data suggest that the shoreline in southwestern Florida was going through

a transgressive process driven by the SLR from the mid-Holocene. Based on these
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