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Abstract

In the Circum-Caribbean, long timescale paleoenvironmental records, which are used to
establish important baseline data for climatological phenomena such as droughts, floods, and
hurricanes, are rare. This project uses geological and geochemical proxies (X-Ray fluorescence
core scanning data, grain-size analysis, loss on ignition) from a nine-meter-long sediment core
from a coastal karst basin near Haiti’s southwestern peninsula to reconstruct Holocene
environmental and climatic changes in a region that is both understudied and highly sensitive to
the effects of storms, sea level change, tectonics, and anthropogenic impacts. The chronology of
the core is established with 4 AMS dates from terrestrial organic matter and shows continuous
sedimentation from ~8500 cal BP to the present, with an abrupt increase in sedimentation rate at
~2900 cal BP. High values of Ti and Ti/Ca are associated with finer sediments in the core and
indicate relatively humid conditions at ~6500 cal BP, followed by a gradual drying trend. This is
consistent with data from elsewhere in the Caribbean that reflects a southward migration of the
ITCZ during the early Holocene. After 2500 cal BP, a series of large and abrupt increases in Ti
and Ti/Ca are associated with an influx of finer, terrestrially-derived sediment into the bay due to
enhanced discharge from the nearby Baraderes River, possibly as a result of short-duration shifts
to wetter climate conditions, hurricane-induced precipitation, and/or prehistoric-era human
settlement. Variations in silicate input (e.g., K/Ti), marine productivity (e.g., Ca/Ti), and redox
conditions (e.g., Mn/Fe) are linked to local climate changes and resulting changes in the
depositional environment, while peaks in Rb/Sr and Ti/Ca could be signals for erosion related to
events such as hurricanes and/or land use changes. Finally, high values of silt and clay, in
conjunction with enhanced organics, Ti, Fe, K and P over the last couple centuries reflect historic-
era deforestation and erosion. This study presents an excellent opportunity to further our
understanding of the diverse relationships between ecosystem dymanics, climate, and
anthropogenic forcings and adds to the growing inventory of paleoclimatological records in the
Caribbean, improving the spatial distribution of such studies, and ultimately improving our

understanding of the driving forces of both short- and long-term climate variability.
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Résumé

Dans les Caraibes, les enregistrements paléoenvironnemntales a longue échelle de temps sont
utilisés pour établir des archives environnementales de base dans I’etude des phénomenes
climatologiques tels que les sécheresses, les inondations et les ouragans. Cette thése utilise des
donnees indirectes (proxies) géologiques et géochimiques (e.g. données de balayage de carottes
sedimentaires par fluorescence a rayon-X, analyse de la taille des grains, perte au feu) a partir
d'une carotte de sédiments de neuf métres de longueure prélevée dans un bassin karstique de la
péninsule sud-ouest d'Haiti pour reconstituer les changements environnementaux et climatiques
de I'Holocene. Cette region est a la fois peu étudiée et tres sensible aux effets des tempétes
tropicales, aux changements du niveau de la mer, & la tectonique et aux impacts anthropiques. La
chronologie est établie avec 4 dates AMS de matiere organique terrestre et montre une
sédimentation continue de ~8500 cal BP a présent, avec une augmentation abrupte du taux de
sédimentation & ~2900 cal BP. Des valeurs élevées de Ti et Ti/Ca sont associées a des sédiments
plus fins indiquent des conditions relativement humides vers ~6500 cal BP, suivies d'une tendance
graduelle a I'assechement. Ceci est cohérent avec les données provenant d'autres régions des
Caraibes qui refletent une migration de la ZCIT vers une position plus au sud. Suivant 2500 cal
BP, une série d'augmentation abruptes de Ti et Ti/Ca est associée a un influx de sédiments plus
fins, d'origine terrestre, en raison d'une augmentation du débit de la riviére Baraderes a proximite,
suivant un changement de courte durée vers des conditions climatiques plus humides, des
précipitations provoquées par des ouragans, et/ou d'un peuplement humain de I'ere préhistorique.
Les variations de I'apport en silicates (K/Ti), de la productivité (Ca/Ti) et des conditions redox
(Mn/Fe) sont liées aux changements climatiques locaux, tandis que les pics de Rb/Sr et Ti/Ca
pourraient étre des signaux d'érosion liés a des événements tels que des ouragans et/ou des
changements d'utilisation des terres. Enfin, les valeurs élevées de limon et d'argile, associées a une
augmentation des matiéres organiques, Ti, Fe, K et P au cours des deux dernieres siécles, reflétent
la déforestation et I'érosion de I'ére historique. Cette étude offre une excellente opportunité pour
approfondir notre compréhension des diverses relations entre la dynamique des écosystémes, le
climat et les forgages anthropiques. Elle s’insere a l'inventaire croissant des enregistrements
paléoclimatologiques dans les Caraibes, améliorant la distribution spatiale ainsi que notre

compréhension des forces motrices de la variabilité climatique a court et a long terme.
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CHAPTER 1:

Introduction

1.1. Thesis Format

This thesis is presented in five chapters. The first is an introduction which briefly describes
the relevance of the project and presents the project research objectives. The second chapter
provides an in-depth literature review summarizing the relevant published articles relating to the
different components affecting the project study site. Chapter three discusses the methodology
used in this project in detail, including the field methods, study site selection and appropriateness,
laboratory methods, analytical and statistical methods, and a short summary of how this
methodology has been applied to similar studies in the literature. The fourth chapter is a draft
manuscript for a journal article. This article should be read with the caveat that this is the
preliminary study of sediment core HATCL1 and is based on an age-depth model of only four
radiocarbon dates. It is therefore not intended to be published in its current form, but rather, will
be re-drafted with additional radiocarbon dates and input from our research partners in upcoming
months, before being submitted to a peer-reviewed journal. The fifth and final chapter is a
summary of my research contribution to the advancement of science in the field of
Paleoclimatology including conclusions, limitations, and recommendations for future work. At the
end of the thesis there is a bibliography and five appendices containing supplemental data and

figures.
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1.2. Context and Background

Throughout the Holocene, island ecosystems in the Circum-Caribbean have faced various
levels of stress relating to human population dynamics, climatological forcings and their
variability, and sea level changes (Castilla-Beltran et al., 2020). These ecosystems and their
inhabitants (especially those in coastal settings) face increasing risk in upcoming decades and
centuries due to global warming, sea level rise, and landscape transformations resulting in habitat
loss (Rick et al., 2013). Haiti is highly vulnerable to numerous environmental threats including
droughts, floods, tropical cyclones (hurricanes), earthquakes, and landslides. Using
paleoenvironmental and palaeoclimatological data to assess pre-observational environmental
variation is key to understanding how these climate factors will change as a result of modern
climate change. Despite this, high temporal resolution paleorecords spanning long (millennial)
timescales are rare. Specifically, on the island of Hispaniola, there exist few paleoclimatological
study sites, and to our knowledge, only one paleotempestological (hurricane) study site (Leblanc

et al., 2017), despite that the island falls within the North Atlantic Basin’s hurricane belt.

Paleoenvironmental records from small islands, which, in the past, have largely been excluded
from the study of the Anthropocene! epoch (Chandler & Pugh, 2021), can also provide evidence
and context for this proposed geological time unit and defining when it may have begun (Rick et
al., 2013). Anthropogenic activities have been a driving force of Caribbean island landscape
transformations since initial settlement thousands of years ago. These transformations included

significant burning and landscape changes that tended to accelerate as populations grew and human

1 The Anthropocene is a disputed epoch of geologic time that is differentiated from the Holocene by rapid
environmental change in recent history prompted by the industrial revolution and other human activities resulting
in dramatic increases is GHG's.
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activities intensified (Rick et al., 2013). Plants and animals were part of this transformation,
including migration disruption, evolution of fire-tolerant flora and fauna, and direct and indirect
extinction of mammals and birds, followed by soil erosion, and strong influences on marine and

fluvial ecosystems (Rick et al., 2013).

Haiti is one of the poorest and most food-insecure countries in the world, with one of the
major contributing factors being soil infertility (Bargout & Raizada, 2013). In Haiti, 40% of the
population lives in urban areas, including slums, located in coastal plains prone to flooding
(Lozano-Gracia & Garcia Lozano, 2017). Furthermore, the metropolitan region, Porte-au-Prince,
lies directly along the boundary of two tectonic plates, and the countries relationship with the
Intertropical Convergence Zone (ITCZ) means that it is potentially sensitive to droughts and
changes in hydrological regimes. Moreover, hurricanes are among the most catastrophic and costly
environmental phenomena along Atlantic coasts, but the factors that control their patterns over
millennial timescales are poorly understood. This project aims to reduce this knowledge gap by
using geological and geochemical proxies (x-ray fluorescence (XRF) core scanning data, grain-

size analysis, and loss on ignition) to identify long timescale climate trends in southwestern Haiti.
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1.3. Research Objectives

Very few paleoenvironmental studies have been conducted in Haiti and those that exist are
limited to one study site: Lake Miragoane (e.g., Brenner & Binford, 1988; Curtis & Hodell, 1993;
Higuera-Gundy et al., 1999; Hodell et al., 1991), which is approximately 60 km from the Baraderes
Bay. Because high-resolution data used to test climate modeling studies are scarce, our ability to
understand how tropical climates will respond to present and future warming is hindered. This
project adds to the growing inventory of Caribbean climate reconstructions in the Holocene that
will help to model and understand such scenarios. Filling this knowledge gap may also help answer

important questions regarding local versus basin-wide controls on climate variability.

This thesis aims to answer the following research questions:

1) Does the site record sedimentary and/or geochemical evidence of climate variability
and/or human activity during the Holocene and if so, what is the nature of this variability?
2) What long- and short-timescale climate factors best account for this variability?

3) How does this compare to other paleoclimatological work in the region?

To address these questions, this project analyzes a continuous, marine ~9-meter sediment core
collected from a karst hole in Baie des Baraderes, Haiti, using a multiproxy paleoenvironmental

approach.
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CHAPTER 2:

Literature Review

2.1. Overview of Caribbean Paleoenvironment in the Holocene

At the end of the Pleistocene (~11,900 cal BP), the Caribbean climate was dry, and lake levels
were low. Sea and lake levels rose at the end of the last deglaciation reflecting wetter conditions
in the early Holocene (Hodell et al., 1991). Humid conditions between 8000 and 6000 cal BP have
been validated by several proxies including micropaleontological indicators from a sinkhole in the
Bahamas (van Hengstum et al., 2018) and oxygen isotopes from Lake Miragoane, Haiti (Hodell et
al., 1991). Short-duration fluctuations within this time include an abrupt dry period known as the
“8.2 kyr event” which has been recorded by numerous proxies, including a sediment core from a
sinkhole in Cuba, which was characterized by abrupt peaks in Cl and Br between ~8120 and ~8275
cal BP (Peros et al., 2017). This moist period was followed by an overall drying pattern over the
last ~5000 years (Fensterer et al., 2013; Haug et al., 2001; Higuera-Gundy et al., 1999; Hodell et
al., 1991), with lake levels declining gradually though the middle Holocene, and accelerating
abruptly at ~3200-3400 cal BP (Curtis & Hodell, 1993; Hodell et al., 1991; Kennedy et al., 2006).
Following ~3400 cal BP, moist-forest taxa diminished, and lake levels remained low until the
present, with only brief returns to moister conditions (ie. ~1600-900 cal BP) (Curtis & Hodell,

1993; Higuera-Gundy et al., 1999; Hodell et al., 1991; Kennedy et al., 2006).

Superimposed upon this long-term trend, the Caribbean has experienced multiple centennial-,
decadal-, and annual-scale droughts whose impacts have varied on the regional scale. For example,

between 2013 and 2016, the Caribbean experienced one of the most severe droughts of the last 50



Moser, S. 2021 Master’s Thesis

years, which was likely due to a strong El Nifio event in conjunction with regional warming related
to anthropogenic activities, and which resulted in widescale agricultural crop loss and food

insecurity (Herrera et al., 2018).

2.1.1. Tectonic and Seismic Activity in Southwestern Hispaniola

Given that the region of study is directly in contact with several plate boundaries, it is likely
that the site was influenced to some degree by tectonic movement. The island of Hispaniola is
tectonically dynamic, as it lies upon and close to several active faults and folds (Hashimoto et al.,
2011). For instance, there is immense crustal strain caused by the oblique collision of the
Caribbean and North American tectonic plates, which are currently converging in an east-northeast

to west-southwest direction at approximately 20 mm/year (Hashimoto et al., 2011).

Recent GPS-based studies indicate that today, over two-thirds of the relative plate motion
in southwestern Hispaniola is accommodated by two faults: the Septentrional fault (SF) (~9
mm/year), and the Enriquillo—Plantain Garden fault (EPGF) (~7 mm/year) (P. Mann et al., 2002).
The SF is the boundary between the Gonave microplate and the North American plate, and the
EPGF is the boundary between the Gonave microplate and the Caribbean plate. As thrust and fold
structures exist in this region, it is possible that other faults may be activated by changing stress,
which could cause changes in the nearby sediment (Hashimoto et al., 2011). This suggests a need
to consider tectonic movements as a factor in energy changes, element ratios, and particle size

changes that occur in this core analysis.

Historical records suggest frequent seismic activity along the north-east Caribbean plate
boundary in the past 500 years, particularly on the island of Hispaniola (Bakun et al., 2012; Moreau

de Saint-Méry, 1796, 1798). Paleoseismic studies on the SF zone indicate a Holocene slip rate of
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6-12 mm/year, and show that the most recent surface rupturing earthquake on the SF occurred
more than 800 years ago, demonstrating an ongoing seismic hazard (Prentice et al., 2010). Few
paleoseismic studies have been done of the EPGF, but historical records show that Haiti’s southern
peninsula experienced significant earthquakes in 1701 CE (249 cal BP), 1751 (199 cal BP), 1770
CE (180 cal BP), and 1860 CE (90 cal BP) (Bakun et al., 2012; Scherer, 1912), that may have
occurred on the EPFG (Prentice et al., 2010). As an example, figure 2.1, shows that the Baradéres

Bay was likely an aftershock intensity centre in the 1860 CE earthquake.

21°

19°

172

-76° -74° -72°

Figure 2.1: From Bakun et al. (2012). The 8 April 1860 earthquake with the preferred intensity
assignments. The black circles are sites with modified Mercally intensity (MMI) assignments with
symbol size increasing with intensity. Black lines are active fault traces and dashed red lines are
contours of MI. The intensity center is a green triangle.

There are no reports of earthquakes in southwestern Hispaniola before 1700 CE, although
there are sufficient “felt reports” in 1562 CE to estimate the size and location of an earthquake in

7
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Northern Hispaniola, indicating that an earthquake of such a size would have been detected in
southern Hispaniola at this time (Bakun et al., 2012). It was also in the financial interest of
communities to report earthquake damage to the Spanish king in order to receive recuperation
funds (Bakun et al., 2012). However, there is no reason to suppose that small earthquakes were
not occurring prior to this year. Rather, the detection threshold of small earthquakes has increased

with time.

The role of the EPGF on earthquake risk in southwestern Haiti is considered to be very
important, but poorly understood (Prentice et al., 2010). For example, in 2010, southern Haiti
experienced an Mw 7.0 earthquake that caused severe damage in cities including Port-au-Prince
and Baraderes, more than 220,000 fatalities reported, and between 8 to 14 billion dollars in
damages (Hashimoto et al., 2011; Hayes et al., 2010). It was originally hypothesized that the EPGF
was responsible for this earthquake, but this theory was quickly disproven as the primary geologic
signature of this earthquake involved coastal uplift and generated no significant surface rupture

along the EPFG (Hashimoto et al., 2011; Hayes et al., 2010; Prentice et al., 2010).

Hayes et al (2010) explains that “together with the predominance of shallow off-fault
thrusting, the lack of surface deformation implies that remaining shallow shear strain will be
released in future surface-rupturing earthquakes on the EPGF fault zone, as occurred in inferred
Holocene and probable historic events”. These findings indicate that such earthquakes involving
broad warping and coastal vertical deformation rather than surface-rupture will not be easily
recognized by modern paleoseismic methods, and therefore similarly complex seismic activity is
likely missing from our prehistoric record (Hayes et al., 2010). Furthermore, some studies
(McHugh et al., 2011; McHugh et al., 2014) attribute this earthquake and subsequent tsunami to

nearshore sediment deformation and failures for paleoenvironmental studies.
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2.1.2. Sea Level

Circum-Caribbean sea level rise throughout the Holocene has been documented through fossil
coral records and peat deposits (Toscano & Macintyre, 2003). Mangroves that grow along
sheltered tropical and subtropical coastlines in the intertidal zone generally accumulate peat at a
rate relative to that of sea level rise (Tomlinson, 1986), and are therefore sometimes used in
corroboration with corals as an indicator of sea level rise. The Holocene is of particular interest
with respect to sea level as it includes the end of the last glacial-interglacial transition, during
which the North American and Eurasian ice sheets melted while the Greenland and Antarctic ice
sheets underwent a primary deglaciation phase, eventually reaching a stage of quasi-equilibrium
which resulted in relatively stable sea levels during the mid-to-late Holocene (Milne & Peros,
2013). This is now considered an ideal period with which to compare modern rates of sea level
rise in order to assess the impacts of today’s warming on sea level and to distinguish to what degree

human activities are impacting the rate of change (Milne & Peros, 2013).

Sea-level change following the last glacial maximum was dominated by the transfer of water
from land ice to oceans. According to Milne et al. (2005), the monotonic rise of mid-to-late
Holocene relative sea level (RSL) in the Circum-Caribbean was strongly driven by the isostatic
deformation from the continuous melting of the North American ice sheet. This indicates strong
regional variability in sea level rise that can be influenced by local factors such as tectonics and
glacial isostatic adjustment (GIA) (Milne et al., 2005; Milne & Peros, 2013). For example, models

predicting RSL minus the eustatic value? at 10,000 cal BP and again at 5000 cal BP from Milne &

2 The eustatic sea level is the distance from the center of the earth to the sea surface, thus the eustatic component
relates to changes in sea level caused by changes in volume of glacial ice or changes in sea water volume caused by
tectonic processes.
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Peros (2013) demonstrated that spatial variability in the insular Caribbean has changed

significantly during the Holocene (Figure 2.2).
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Figure 2.2: From Milne & Peros (2013). Predicted RSL minus the model eustatic value at 10 cal
kyr BP (A) and 5 cal kyr BP (B). The model eustatic values are -24.6 and -1.3 m at 10 and 5 cal
kyr B.P., respectively.

During early Holocene, sea level in the North Atlantic was significantly lower than today
(Moore, 1991; Schwartz, 1982). In this condition, Moore (1991) speculated that there may have
been two separate land bridges connecting the island of La Gonave to Porte-au-Prince, with a large
freshwater lake or lagoon in what is now Port-au-Prince Bay (Moore, 1991). This freshwater marsh

environment would have been an ideal habitat for local marine animals and reptiles as well as

10
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migrating species. The earliest settlers in Haiti could have been drawn here from the mainland by
following the migrating sea mammals, which would have to move through narrow channels to get
between open sea and the large lagoon or lake, where they would be most easily captured by early
populations (Moore, 1991). The theory of a sunken lake in the Port-au-Prince Bay requires further
exploration and evidence, but it is possible that similar connections may have existed between

Baraderes and La Gonave Island at this time.

Milne & Peros (2013) predicted RSL from a site in Cuba that showed some of the
component GIA curves (Figure 2.3). Their results indicated that since ~9000 cal BP the local sea
level changes in this region were dominated by ice-loading effects, and that by ~8000 cal BP, the
steady collapse of the peripheral bulge associated with North American deglaciation caused land
subsidence and enhanced local sea level rise (Milne & Peros, 2013). They estimated that in the
Circum-Caribbean, there was about 3-4 m of land ice melt from ~7000 cal BP to ~3000-2000 cal

BP (Milne & Peros, 2013).

1
-9 -6 -3 0
Time (cal. kyr)

Figure 2.3: From Milne & Peros (2013). RSL in Cuba from the best-fitting GIA model. Solid black
line represents total RSL change and differs from the model eustatic signal (dashed black line) due
to a globally uniform shift in mean sea-surface height (dashed grey line) and local changes in RSL
due to ice-ocean mass redistribution and rotational effects (solid grey line). Dotted grey line
represents ice-loading effects.
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2.1.3. El Nifio-Southern Oscillation (ENSO), Atlantic Multidecadal Oscillation (AMO)
and North Atlantic Oscillation (NAO)

Three important natural components of climate change in the Caribbean are the ENSO (Li
et al., 2013), the AMO (Gray et al., 2004), and the NAO (Trouet et al., 2009). Changes in, and
teleconnections between, these atmospheric phenomena throughout the Holocene have played an
important role on hydrological regimes, including the frequency of droughts and intense hurricanes
(Goldenberg et al., 2001; Muller et al., 2017). The ENSO describes an interdecadal-centennial
ocean-atmospheric circulation mechanism that has important implications on SST patterns,
tropospheric vertical wind shear dynamics, strength of the trade wind system, and tropical cyclone
(TC) activity (Schmitt et al., 2020). For example, intervals of fewer strong EIl Nifio (warm phase)
events during the late Holocene resulted in less vertical wind shear over the tropical North Atlantic
and more favorable conditions for intense hurricane development (Donnelly & Woodruff, 2007).
Moreover, ENSO variance was low in the early LIA, and much higher in the 20" century, with
unprecedented variability in recent decades in response to increased anthropogenic radiative

forcing (Li et al., 2013).

The AMO is a major oceanographic phenomenon of climate variability which is known to
modulate both Atlantic and Caribbean SST patterns, which in turn may impact the development
of intense hurricanes (Schmitt et al., 2020). The AMO has been linked to multi-year precipitation
anomalies and appears to modulate ENSO teleconnections over large portions of the Northern
Hemisphere (Enfield et al., 2001). Over the instrumental record (1856 CE to present), the AMO
has exhibited a 65-80-year cycle with a 0.4°C range, with warm phases between 1860-1880 and

1930-1996 and cold phases between 1905-1925 and 1970-1990 (Gray et al., 2004).

12
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The NAO is an important component of climate variability over the whole Atlantic region,
which has a strong influence on ocean-atmospheric interactions including precipitation and storms,
temperature, and both marine and terrestrial ecosystem dynamics (Marshall et al., 2001). There is
evidence of a positive phase of the NAO as a dominant driver during the Medieval Warm Period
(MWP), as well as a clear shift to a negative phase of the NAO during the Little Ice Age (LIA)
(Trouet et al., 2009). More recently, the tropical North Atlantic response to a positive phase of the
NAO is an increase in trade wind strength in the Northern Hemisphere and a feedback through the
Hadley circulation causing cooler average SSTs in the tropics and subtropics (Marshall et al.,

2001).

2.1.4. Sea Surface Temperature (SST)

Although there is a lack of comprehensive and continuous sea surface temperature records
during the Holocene, it has been suggested that the modulation of SST in the Common Era likely
operates on two levels: (1) Solar- and volcanic activity-triggered climate changes which induce
responses from the AMO, the NAO and the ENSO, and result in a change in SST; and (2) SST
modulation controlled by AMO phase change (Schmitt et al., 2020). Most tropical Atlantic SST
records come from sclerosponges (Haase-Schramm et al., 2003), foraminifera (Black et al., 2007)
and corals (DeLong et al., 2014; Kilbourne et al., 2008; Tierney et al., 2015). Unfortunately, most
records span only centennial timescales, and longer paleo SST reconstructions are largely synthesis
approaches combining several shorter regional records (e.g., Mann et al., 2008; Rosenthal et al.,

2017).

Recently, Schmitt et al. (2020) provided the longest and only continuous annually-resolved
tropical SST and AMO variability reconstruction - which extends through the last 2000 years

(Figure 2.4). Their results show that early in the common era (100-500 CE) the climate was

13
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characterized by a warm interval (known as the Roman Warm Period), with a corresponding
positive anomaly in SST. Subsequently, the following time interval of 500-900 CE was
characterized by global cooling, known as the Dark Ages Cold Period, with fewer positive SST
anomalies globally and regionally. The Medieval Warm Period (900-1400 CE) was the most recent
past warm climate interval, with SST anomalies surpassing present-day temperatures (Schmitt et
al., 2020). The Little Ice Age from ~1400-1850 CE, was the most recent cold interval that
correlates with significant negative global and regional SST anomalies with surface ocean
temperatures decidedly below present conditions (Black et al., 2007; Kilbourne et al., 2008;
Schmitt et al., 2020). In recent decades and centuries there has been an increase in global and
relative SST, with the increase in Atlantic SST being greater than in the tropics (Black et al., 2007;

Ramsay & Sobel, 2011).

Warm local SSTs are necessary for the formation and intensification of TCs (Camargo et
al., 2013). For this reason, multidecadal variations in major hurricanes have been attributed to
changes in Atlantic SST, specifically within the “main development region” (MDR) (Denommee
et al., 2014; Lane et al., 2011; Mann et al., 2009). It has been proposed that in recent decades,
increases in SST related to anthropogenically-triggered climate warming have caused an increase
in the frequency of intense hurricanes (Emanuel, 2005). However, given the apparent increase of
intense hurricane landfalls during the later half of the LIA (Donnelly & Woodruff, 2007), tropical
SSTs as warm as at present are evidently not a required condition for increased intense hurricane
activity (Winter et al., 2000). Furthermore, according to Donnelly & Woodruff (2007), the
Caribbean experienced a relatively active interval of intense hurricanes for more than a millennium
when local SSTs were on average cooler than present. Thus, although ENSO appears to be a

primary control on Atlantic SST fluctuations and hurricane intensity, climate controls independent
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of ENSO such as the West African Monsoon may also have played an important part in modulating

hurricane activity during the Holocene (Donnelly & Woodruff, 2007).
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Figure 2.4: From Schmitt et al., 2020. a) d180 (relative SST curve) and TEX86 (absolute SST
curve) time series. Horizontal dashed black line indicates the boundary of 26.5 C, which is relevant
for TC formation. Timing of Maya culture development is based on the study of Kennett et al.
(2012). b) Coral-based relative reconstructions of tropical Atlantic SST patterns. ¢) Absolute SST
reconstruction from coral archives from Puerto Rico and Florida/Gulf of Mexico. d) Absolute SST
reconstruction from a foraminifer archive from the Cariaco Basin and a sclerosponge archive from
Jamaica. e) Northern Hemisphere SST reconstruction by synthesis approach.

shading: global SST: data synthesis of Rosenthal et al. (2017)
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2.1.5. Hydroclimate Variability and the Intertropical Convergence Zone (ITCZ)

The dry conditions of the late Pleistocene were followed by a general trend toward increasing
water levels in the tropics, marking the switch to humid conditions in the early Holocene with
increased precipitation levels (Hodell et al., 1991). The transition was not smooth and includes an
abrupt minimum in 6180 at around 8.1kyr BP (~9000 cal BP)?, indicating a relatively dry climate
(Hodell et al., 1991). Lake levels on Hispaniola were high during the middle Holocene, which
corresponds to a moister period, and remained relatively high until ~3.2 kyr BP (~3400 cal BP).
Meanwhile, since the middle Holocene (~5400 years ago), there has been an overall trend toward
dryer conditions in the Caribbean (Haug et al., 2001). There is lack of uniformity among
paleoclimate records after ~3000 cal BP in the Circum-Caribbean mainly due to greater inter and
intra-regional variability and human disturbances. However, most records agree that between
~3400 and ~2500 cal BP there was an abrupt shift to drier conditions (van Hengstum et al., 2018),
and after ~3400 cal BP, moist-forest taxa diminished, and lake levels remained low until the
present, with only brief returns to moister conditions (ie. ~1200-900 cal BP) (Curtis & Hodell,

1993; Higuera-Gundy et al., 1999; Hodell et al., 1991; Kennedy et al., 2006).

The ITCZ is a zone of deep convection and heavy precipitation that is generated by
convergence of the trade winds, migrates between 9°N and 2°N in response to seasonal SST
warming, and largely affects variations in regional hydrological cycles (Schneider et al., 2014).
Climatic variations such as the trend toward dryer condition since ~5.4 BP (~6300 cal BP) and the
high-amplitude fluctuations and precipitation minima between ~2.8 to 3.8 kyr BP are best

explained by changes in the average latitude of the ITCZ (Haug et al., 2001; Van Hengstum et al.,

3 Uncalibrated dates from Hodell et al. (1991) have been calibrated with OxCal 4.4
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2016). Oxygen isotope records from sediment obtained from a small mid-elevation lake in the
Dominican Republic indicate that during the LIA the ITCZ shifted southward, which produced
more arid conditions, and which highlights the overall sensitivity of the Caribbean to the relative

location of the ITCZ (Lane et al., 2011).

Throughout the Holocene, changes in solar insolation (related to changes in Milankovitch
orbital forcing) caused migration in the average position of the ITCZ (Haug et al., 2001; Hodell et
al., 1991). The early Holocene was characterized by intense summer insolation which resulted in
warming of the Northern Hemisphere and northward movement of the ITCZ (Poore et al., 2004).
This, in turn, enhanced southeasterly winds, which resulted in increased precipitation recorded by
runoff records in the Cariaco Basin, off the coast of Venezuela (Haug et al., 2001), and in lake-
level records at Lac Miragoane, Haiti (Hodell et al., 1991). After ~5 kyr, decreasing summer
insolation in the Northern Hemisphere caused a southward migration of the ITCZ, which caused a
decline in southeasterly winds, and thus a decline in precipitation in Haiti and along the coast of
Venezuela (Haug et al., 2001; Hodell et al., 1991). Figure 2.5 shows a relationship between solar
insolation at 10° N and Oxygen isotopes from Lake Miragoane, Haiti throughout the Holocene,

with a congruent peak at around 6500 BP.
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Figure 2.5: From Hodell et al. (1991). Solar Insolation at 10°N (Aug. — Sept.), and stable oxygen
isotope data from a single ostracod species from lake Miragoane, Haiti. The ratio of evaporation
to precipitation is high to the left and low to the right. Note that ages are not calibrated.

There is evidence of an abrupt shift to dry conditions in the Caribbean (also referred to as a

megadrought) from ~3.3 to 2.5 kyr BP (Berman & Pearsall, 2000), which has been attributed to a

southern shift in the ITCZ (van Hengstum et al., 2018). Further evidence of this dry period in the

Caribbean comes from an abrupt cessation of speleothem growth in Cuba, most likely related to a

decrease in regional precipitation (Fensterer et al., 2013), and shallow coastal lagoon drying

indicators (e.g., gypsum deposition) in Cuba (Gregory et al., 2015).
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Moreover, most Atlantic hurricanes develop from easterly waves propagating westward along
the Northern edge of the ITCZ (Goldenberg et al., 2001). This location is often referred to as the
“main development region” (MDR) because nearly all major hurricanes develop here, and thus
hurricane development is quite sensitive to climatic fluctuations in the tropics. In the tropical North
Atlantic, the Atlantic Meridional Mode (AMM) is the dominant mode of ocean-atmospheric
interaction. A positive phase of the AMM is associated with a strong meridional SST gradient, a
northward shift in the ITCZ, and therefore deceased vertical wind shear (van Hengstum et al.,
2016). For this reason, research has suggested that meridional shifts in the ITCZ position on
geological timescales may modulate hurricane activity in the tropical North Atlantic Basin. For
example, Wallace et al. (2019) indicates that multi-decadal shifts in the ITCZ and volcanic activity
have modulated hurricane patterns in the Bahamas, and van Hengstrum et al. (2016) confirmed
that the ITCZ has to some extent modulated hurricanes on millennial to centennial scales in the

western North Atlantic margin.

Many studies have suggested that in upcoming decades and centuries, decreased precipitation
and increased aridity and freshwater stress in the Caribbean resulting from anthropogenic climate
change will cause alterations to hydrological regimes and drastic increases in drought risk (Herrera
et al., 2018; Karnauskas et al., 2018; Lehner et al., 2017). As Haiti is severely deforested and
mountainous, the hydrological cycle is critically important, with topsoil removed by erosion

hampering successful agriculture and increasing runoff and weathering (McGillis et al., 2015).

2.1.6. Hurricanes in the North Atlantic Basin

TCs, including tropical storms and hurricanes, are among the world’s most catastrophic and
costly atmospheric phenomena, increasingly resulting in landscape and infrastructural damage,

fatality, and injury (Emanuel, 2005). Haiti lies within the North Atlantic hurricane belt and is
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therefore at risk of TCs during annual hurricane season. Human deaths from TCs in Haiti are
primarily due to severe flash floods and landslides in eroded watersheds that flow through densely
populated poor riverine/coastal communities such as Baradéres and Port-au-Prince (Smucker et
al., 2007). Understanding climatic controls on TC patterns is of great importance, but records of
TC strikes spanning millennia with high temporal resolution are rare (Denommee et al., 2014).
Due to this lack of baseline information, the factors that control hurricane variability on millennial
timescales are poorly understood, and this limits our ability to predict and attenuate changes to
their patterns of frequency and intensity related to anthropogenic global warming.
Paleotempestology is the relatively new study of paleo-storm activity by means of geological
proxies (overwash deposits preserved in sediments of coastal lakes, bays, bogs, etc.) and historical
documentary records, with the aim of understanding how hurricane frequency and intensity has
varied over the past decades, centuries, and millennia. For example, Mann et al. (2009) proposed
that there may have been enhanced TC activity during the MWP (900-1200 CE/1050-750 BP) in
the North Atlantic, which could have been caused by climate patterns similar to the current
warming in this region (Rhein et al., 2013). To understand the impacts that future hurricanes will
have on growing coastal populations, we must first develop a better understanding of the
relationships between TC’s and climate forcing variables at different timescales (Muller et al.,

2017).

There is no debate that in recent decades, global economic damages from TCs have
significantly increased. However, there remains disagreement in the paleotempestological
community about the short and long-timescale trends of hurricanes. Although some studies suggest
that extreme Atlantic cyclones have increased in frequency and intensity over the last 100 years

(e.g., Emanuel, 2005; Lehmann et al., 2011; Paciorek et al., 2002), others have argued that there
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have been no significant TC trends over this time period (e.g., Klotzbach, 2006; Knutson et al.,
2010; Weinkle et al., 2012) and that increases in economic damage from TCs can be explained
entirely by societal changes such as increasing wealth, infrastructure, and population in locations
with high TC risk. Additionally, some scientists credit our improved capability to detect intense
hurricanes (e.g., Klotzbach & Landsea, 2015; Landsea et al., 2006), and the fact that intense
hurricanes rarely last long or make landfall at their peak speeds, making them less easily detectable
in the past (e.g., Fitzpatrick, 2006), with causing a bias which results in the apparent increase of

intense hurricanes in recent decades and centuries.

In recent decades, the North Atlantic Basin has experienced an average of 12 named TCs
per year (Wallace et al., 2019), while exhibiting substantial interannual and interdecadal
variability. Since at least the mid-Holocene, periods of greater activity (“active periods”) or lesser
activity (“inactive periods”) are correlated with variations in climatic conditions, and last anywhere
from several centuries to a few thousand years (Denommee et al., 2014; Donnelly et al., 2001,
2015; Donnelly & Woodruff, 2007; Gischler et al., 2008; P. Lane et al., 2011; Liu & Fearn, 2000;
McCloskey & Liu, 2013; Metcalfe et al., 2016; van Hengstum et al., 2016, 2014; Wallace et al.,
2019). Notably, Lane et al. (2011) recorded several periods of intense hurricanes, with the most
active interval between 2800 and 2300 cal BP. Additionally, van Henstrum et al. (2016) noted that
from 2500 to 1000 cal BP the North Atlantic Basin experienced an “active interval” of intense
hurricanes related to a more northern ITCZ position relative to present, yet not as far north as its
position in the middle Holocene. This was the beginning of a period of Caribbean aridity relative
to the middle Holocene, with the shift of ITCZ position favouring cyclogeneses in the MDR,

reducing vertical wind shear, and increasing hurricane activity. At ~1000 cal BP, intense hurricane
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activity decreased in the western North Atlantic, in conjunction with a southward movement of

the ITCZ leading to decreased cyclogenesis in the MDR (van Hengstum et al., 2016).

Overall, the North Atlantic Basin, and specifically the Caribbean, has shown dramatic
multidecadal variations in hurricane activity in the Holocene. These changes show the
enhancement of Caribbean hurricane activity during warmer periods, probably including the
present anthropogenically enhanced warming period (Goldenberg et al., 2001). Thus, the general
consensus among the climate modeling community is that climate change is likely increasing the
frequency of the most powerful hurricanes in the North Atlantic Basin, but not necessarily the total

number of storms (Paciorek et al., 2002).

2.2. History of Human Impact and Land Use Changes on Hispaniola

Land-use activities including deforestation (clear-cutting), practicing subsidence agriculture,
mining, and urban expansion have far-reaching effects on global systems such as atmospheric
dynamics, the global carbon cycle, nutrient inputs into ecosystems and the hydrologic cycle (Foley
et al., 2005). Islands with long histories of human settlement such as Hispaniola require temporal
and spatial reconstructions of anthropogenic changes to the environment and subsequent responses
to improve our understanding of the driving mechanisms that affect Caribbean ecosystems, and
our ability to predict and attenuate costly damages to human and natural environments (Nogué et
al., 2017). In the centuries after Columbus landed in the insular Caribbean in 1492, Haiti and it’s
surrounding islands have undergone significant landscape transformations. That being said, there
is still very little information on the degree and extent of pre-Columbian human impacts in this

region (Castilla-Beltran et al., 2020).
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2.2.1. Archaeological Evidence

Archeologists recognize four waves of settlement in the Circum-Caribbean region: Lithic
(~7000-4000 cal BP), Archaic (~5000-2000 cal BP), Ceramic (~2500 cal BP in some areas,
somewhat later in others), and Historic (since 1492 CE, i.e. ~500 cal BP) (Cooke et al., 2017). All
ceramic, archaic and lithic sites on Hispaniola have been greatly disturbed/depleted due to
exposure to natural elements and human activities, with resource overexploitation and land-use
practices leaving sites exposed to increased erosion (Moore, 1991). The environmental impact and
subsequent effect on terrestrial and coastal landscapes increased with each successive migration
wave. In fact, some pre-columbian societies practiced sustainable farming practices such as
constructing terraces on sloped agricultural landscapes to prevent soil and nutrient loss and reduce
the speed of water drainage (Bargout & Raizada, 2013). Such practices have not been upheld in

modern Haitian farming activities.

The first Caribbean settlers were unique in that they were the only settlers in the Americas
who travelled hundreds or thousands of kilometers through open sea using dugout canoes to reach
uninhabited islands (Fitzpatrick, 2013). However, the timing of arrival and pace of dispersion of
these settlement waves are still debated, with major disagreement concerning when, from where,
and in what order the Caribbean archipelago islands were first inhabited by humans (Napolitano
et al., 2019). During the Holocene, the insular Caribbean has experienced more mammalian
extinction than any other global region (Turvey, 2009). While this was in part due to habitat loss
induced by sea level rise (Cooke et al., 2017; Davalos & Turvey, 2012), most postglacial species
extinctions in the Holocene occurred on islands and have been associated with the regional arrival

of prehistoric settlers (Cooke et al., 2017; Turvey, 2009).
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Archaeological studies on Hispaniola indicate that during the Lithic period, settlements were
often abandoned and recolonized, suggesting non-linear population growth, and making it
challenging to infer regional population dynamics (Rick et al., 2013). Early lithic groups in
Hispaniola used flint material such as knives, scrapers, cores, and chips (Moore, 1991), but likely
left negligible environmental footprints on vegetational patterns (although shifts in environments
influenced how and to what extent different regions were exploited). It is worth noting that most
lithic sites on Hispaniola were located on Miocene limestone and alluvial deposits, while the large
deposits of Eocene limestone which compose the southern peninsula of Haiti apparently did not
yield the type of flint desired by the first settlers (Moore, 1991). Consequent Ceramic and Archaic

groups did, however, utilise this type of limestone.

Archaic sites are identified on Hispaniola as early as ~5.2 kyr BP (~5900 cal BP), mostly on
shorelines suggesting seasonal occupation, but with evidence of increasing land management,
establishment of horticultural and agricultural practices, and fire-use to bring natural landscapes
into production (Keegan, 1994). Sedimentary records from Hispaniola display regional fire
regimes reflecting anthropogenic fires from the Archaic period (Cooke et al., 2017). Archaic
people introduced crops such as avocado, wild fig, primrose, and wild beans to Hispaniola and
other Caribbean islands between 3-4 kyr BP (Fitzpatrick, 2015). Furthermore, while Archaic shell
mounds on the southwestern peninsula of Haiti are often found near shorelines, mostly in the
vicinity of mangrove swamps, shell refuse indicates that food gathering at this time was oriented

more toward shallow bays and open water (Rouse & Moore, 1984).

Ceramic sites were usually located further inland at higher elevations or on hilltops (Moore,
1991). It has been established that Ceramic-age peoples at the western coast of Hispaniola made

daily trips to eastern Puerto Rico, due to similarities between archaeological records on both coasts
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(Rouse & Moore, 1984). Similar records have established regular passage between Ceramic-age
peoples at the southern and western tips of southwestern Haiti’s peninsula and Jamaica’s eastern
coast, and between Haiti and eastern Cuba via the Windward Passage (Rouse & Moore, 1984).
The Ceramic peoples introduced dogs, guinea pigs, and other mammals to several Caribbean
islands and systematically practiced horticulture and agriculture, introducing a variety of crops
including beans, tobacco, chilis, peanuts, and guava (Cooke et al., 2017; Rick et al., 2013). This
wave of settlement was the first to establish sedentary villages, often along rivers, and has been
linked to drastic habitat changes, unprecedented in scale, with long-lasting effects on biotic

ecosystems (Rick et al., 2013).

Hispaniola was rapidly colonized by Spain after 1492, and this instigated drastic ecological
resource transformations relating to the introduction of non-native plant and animal species, and
the rapid spread of diseases affecting indigenous communities (Castilla-Beltran et al., 2020; Koch
et al., 2019). It is estimated that within 12 years of European arrival, more than 99% of the
indigenous Taino people died from enslavement, violence, and disease (Watts, 1987). Europeans
repopulated the island with African slaves and transformed the island to plantation-style sugar-
cane farming, forgetting many of the sustainable farming practices of the Taino (Bargout &
Raizada, 2013). After being effectively deserted by the Spanish by 1606 following the discovery
of gold in Mexico and Peru, the western third of Hispaniola was populated largely by French,
Dutch, and English pirates throughout the 17" century. In 1697 CE, the colony that would later
become Haiti (in 1791 CE) officially became a French possession (Bakun et al., 2012), and was

relatively prosperous until the beginning of the twentieth century (Hazard, 1873).
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2.2.2. Fire History and Deforestation

The tropics have the highest rates of deforestation and land conversion in the world (Brown,
1996). In Haiti, land degradation by deforestation and consequent soil erosion are serious problems
in the drainage systems (Brenner & Binford, 1988). With the continued soil erosion, the soil-
moisture storage potential has also been affected (Lewis & Coffey, 1985). Haiti has experienced
one of the most severe deforestation episodes historically and globally since the arrival of
Europeans about 500 years ago (Stevenson, 1989). Historical arboreal cover, however, is largely
disputed as until recent availability of high-resolution, remotely sensed satellite imagery,
estimations relied exclusively on field site visits and qualitative assessments from aerial flyovers-
often following similar flight paths and therefore producing geographically limited data (Tarter,
2016). Assessing the effects of deforestation on river discharges in Haiti has also been challenging

since no continuous and accurate data on river flows exists.

Deforestation, land management, and the burning of waste have significantly altered most
catchments in the tropics, including the alteration of carbon speciation as it is transported from
land to ocean (Houghton et al., 2000; Mayorga et al., 2005; Moyer et al., 2013). In the Caribbean,
the longest fire records come from Lake Miragoane, Haiti (Higuera-Gundy et al., 1999), Laguna
Totuguero, Puerto Rico (Burney et al., 1994), and Laguna Saladilla, Dominican Republic (Caffrey
& Horn, 2015). These studies have yielded different interpretations by different investigators. In
Haiti, it was interpreted that the fire record was primarily driven by climate (specifically shifts in
the intensity of the seasonal and annual solar insolation cycles), whereas in Puerto Rico, the record

was thought to be representative of human activity.
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Higuera-Gundy et al. (1999) reported an increase in charcoal and fire-resistant pollen during
the mid-Holocene, starting sharply at 5050 cal BP, which was interpreted as a time of generally
wetter climate. Incidentally, on Puerto Rice, Burney et al. (1994) had previously reported a
coinciding increase in charcoal values that had been attributed to anthropogenic influences, but
Higuera-Gundy et al. (1999) rejected this idea and instead hypothesized that the fires were caused
by lightning and a greater forest cover due to greater summer moisture. The exception to their
theory was the period after 1030 cal BP, when the indigenous group Taino, and later Europeans
are known to have deforested the region. Caffrey and Horn (2015) found a layer of shells at around
5000 cal BP that prevented them from acquiring high resolution charcoal data at this exact time,
but a sample from 5230 cal BP showed a sharp charcoal influx. They also found another major
increase at 3600 cal BP, as well as a smaller peak at 7960 BP. Burney et al. (1994) reported a sharp
increase in charcoal at ~5200 cal BP, which they attributed to human presence because they found
no evidence of a shift in climate in regional paleoclimate records that could otherwise explain this
influx of charcoal. If this is correct, then this would become the earliest known human presence in
Puerto Rico, whose archaeological record places the earliest humans ~3200 cal BP (date calibrated

from Rouse, 1992).

All ecosystems on Hispaniola have suffered degradation through deforestation and land-
use changes during the last ~220 years which has lead to today’s fragmented landscapes (Castilla-
Beltran et al., 2020). Climate reconstructions from Caribbean islands systematically show an influx
in charcoal values during the late Holocene (Caffrey & Horn, 2015). Moreover, Hedges et al.
(2018) discovered that primary forest cover in Haiti declined from 4.4 percent in 1988 to 0.32
percent in 2016, which is less than 1 percent of its original primary forest. They reported that 42

of Haiti's 50 largest mountains have lost the entirety of their primary forests and that the country
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is presently undergoing mass extinction of its biodiversity due to habitat loss (Hedges et al., 2018).
According to Lewis & Coffey (1985), the Baradéres river basin was completely deforested by

1985.
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CHAPTER 3:

Detailed Methodology

3.1. Study Site

Caribbean coasts are characterized by prominent features of classic karst landscapes such as
cockpits, towers, dry valleys, sinkholes, blue holes, caves, and under water caves (Kueny & Day,
1998). Human impacts on these karst ecosystems have been significant, and protected karst areas
have increasingly become designated at both local and international levels (Kueny & Day, 1998).
Present research suggests that the Caribbean climate is currently becoming dryer, and this trend is
likely to present major repercussions for the populations living in the region, especially those
within close proximity to coastlines (Herrera et al., 2018). Climate models project that the
Caribbean is expected to develop more frequent and severe droughts from reduced precipitation

and increased evaporation related to anthropogenically-enhanced global warming (IPCC, 2014).

The study site for this research is in Baie des Baradéres, Haiti. The Baradéeres Bay covers ~7
km? and has a maximum water depth of 29 m. The core was collected from a coastal karst basin
(CKB) with vertical depth of approximately 11.5 m, at coordinates 18.514571° N, 73.628903° W,
approximately a kilometer away from the Baraderes River delta (Figure 3.1, 3.2). The Baraderes
River crosses the town of Baraderes, whose population was 47,060 in 2015 (IHSI 2015). The river
is deeply embedded into the local economy, as it is used by locals and tourists alike for
transportation and trade (Bertrand, 2017). Subsidence farming and trade are the main economic
activities in the region, as well as coffee production (Bertrand, 2017). The initial interest in this

location was due to its proximity to the delta, which provides abundant sediment and is therefore
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likely to preserve terrestrial land use changes as well as high energy flooding events such as

hurricanes and tsunamis.

Haiti is a small country of about 28,000 km? which shares the island of Hispaniola with the
Dominical Republic. Haiti occupies the western third of the island, with the Dominican Republic
to its east, and Cuba approximately 80 km to its west. The island is shaped like a horseshoe, with
prominent north and south capes along a coastline of approximately 1,771 km (Figure 3.2). Haiti
IS mountainous, with mountain ranges separated by fertile but overpopulated lowlands, which are
susceptible to flooding (Hadden & Minson, 2010). The coast is mostly rocky, rimmed with cliffs,
and surrounded by waters dominated by coral reefs. The humid, tropical climate of the region
controls the intensity and frequency of periodic droughts and hurricanes (Hadden & Minson,
2010). Northeast trade winds drive the wet season, and because the country lies within the North
Atlantic “hurricane belt”, it is subject to tropical storms from June to October. Haiti’s average
annual rainfall is 140 to 200 cm, with the heaviest rain occurring in the northern plains and

mountains, and in the southern peninsula (Hadden & Minson, 2010).

Hispaniola’s major plant communities are tropical lowland dry forests, highland mesic and
pine forests, and coastal mangrove swamps (Holdridge, 1945). The only pine species on
Hispaniola is a predominantly high-elevation tree, Pinus occidentalis, but it can occasionally be
found in ravines and at low elevations (Higuera-Gundy et al., 1999). Haiti’s southern peninsula is
characterized by tropical dry forests on coastal lowlands and mesic plant and pine forests in the
Massifs (Judd, 1987). Natural burning of Hispaniola’s drier lowland communities has occurred
historically during winter dry season (Holdridge, 1945) but it is possible that at some time, lower
temperatures and infrequent fires may have allowed fire-intolerant taxa to colonize at lower-than-

modern elevation ranges (Higuera-Gundy et al., 1999).
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Figure 3.1: Cross section of blue hole from which sediment core was extracted. Vertical depth
below water surface, and sediment/water interface is visible. Image courtesy of Nicole
D’Entremont (WHOI).
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Figure 3.2: Coring site within the Caribbean (above), and relative to the Baradéres River Delta,
the Baradéres River, and the town of Baraderes (below). Maps created with ArcGIS.
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3.1.1. Climate Proxies from Sediment Cores

The most common climate proxies come from ice cores, tree rings, sub-fossil pollen,
boreholes, corals, carbonate speleothems, and lake and marine sediments (Oliva et al., 2017).
Common proxy techniques from sediment cores include grain size analysis, loss on ignition (LOI),
and foraminiferal, pollen, and charcoal assemblages, while in recent decades, researchers have
begun employing more advanced geochemical techniques, such as tree cellulose/speleothem
isotopic analysis, stable isotopic geochemistry and X-ray fluorescence (XRF) core scanning. Many
paleo-studies employ a multi-proxy technique on marine and lacustrine sediment cores to create
reconstructions of Holocene climates (Denommee et al., 2014; Donnelly et al., 2015; Gischler et
al., 2008; C. S. Lane et al., 2011; Liu & Fearn, 2000; Peros et al., 2007; van Hengstum et al., 2014,
2016; Wallace et al., 2019). In this study, we use grain-size analysis, LOI, and XRF core scanning

data analysis to create a multi-proxy paleoenvironmental reconstruction.

3.1.2. Suitability of Blue Holes for Paleo study site

To successfully reconstruct a paleoclimate record in a marine setting, it is important to
choose a study site behind barrier islands or other low energy environments, ideal for tempestite
(storm overwash layer) deposits, and varved sediment formation (Donnelly et al., 2004). In the
Greater Antilles, karst is developed in a wide variety of carbonates, ranging from deep to shallow
water facies with some reef-type structures. Tectonic activity in this region causes stress which
can result in vertical dissolution (Kueny & Day, 1998). For example, elongated caves are often
formed via tectonic movement circulating freshwater through subaerial exposure on faults and
folds (Gischler, 2011). Coastal Kast Basins (CKBs) such as sinkholes, blue holes, and underwater
caves are common on carbonate bedrock and often contain important sedimentary data that is

generally not preserved well in these landscapes (van Hengstum et al., 2014).
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Blue holes are CKB’s located in shallow waters that are usually visually distinguishable
from above due to the contrast between the dark blue sinkhole opening and the light blue
surrounding sea floor. Blue holes develop from the cave development and subsequent ceiling
collapse of carbonate platforms. In recent decades, blue holes have generated environmental and
climatological records spanning the last Glacial Maximum until present (Grimm et al., 1993;
Steadman et al., 2007; van Hengstum et al., 2020), including Holocene aquifer hydrodynamics
(van Hengstum et al., 2011) and paleotempestological records (Brandon et al., 2014; Donnelly et
al., 2015; P. Lane et al., 2011; van Hengstum et al., 2014, 2016). A famous example is the blue
hole in the lagoon of the Lighthouse Reef Atoll in Belize, which has been used in several high-
resolution Holocene climate reconstructions (e.g., Denommee et al., 2014; Gischler et al., 2008;

Schmitt et al., 2020).

Our coring site is in a CKB that falls within the category of “blue hole” as it can be easily
viewed via arial imagery, in a small bay off the northern coast of Haiti’s southwestern peninsula
(Figure 3.2). CKBs are ideal for paleoclimatological research because after deposition, low benthic
energy limits bioturbation and protects sediments from surface wave action (Gischler et al., 2008).
Furthermore, adjacent reefs, beaches, and deltas provide abundant sediment supply (Wallace et al.,
2019). In this case, the CKB is protected from oceanic wave action by the Baradéres Bay, and is
in close proximity to the Baraderes River delta, which has impacted the rate of sedimentation

during and since its formation.

The abundant accommaodation space of relatively deep CKBs often results in depositional
environments with exceptionally high sedimentation rates with high-level fine-grained sediment
flows (Wallace et al., 2019). Typical sedimentation rates in North Atlantic deep ocean basins are

about 2-3 cm per 1000 years (Keigwin & Jones, 1989), but at this site, the overall sedimentation
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rate is ~105 cm per 1000 years (based on our core of length 896 cm and maximum age of ~8500

years).
3.1.3. Field methods

The field program during which the sediment cores were obtained took place as part of a
scientific cruise aboard the R/V Alucia (Figure 3.3) in May 2016 by Dr. Jeffrey Donnelly (Woods
Hole Oceanographic Institution), Dr. Andrea Hawkes (University of North Carolina Wilmington),
Dr. Pete van Hengstrum (Texas A&M University at Galveston), Dr. Jonathan Woodruff
(University of Massachusetts Amherst), Dr. Elizabeth Wallace (Rice University), and Dr. Chris
Maio (University of Alaska Fairbanks). Once in the bay, the coring was accomplished from a 20-
foot pontoon boat, the R/V Arenaria (Figure 3.4). A CHIRP transect was performed across the
widest section of the bay, and the bathymetry was studied using a sub-bottom profiler. Sediment
cores HATCD1 and D2 were collected using a Rossfelder vibracorer- the former in a 3-inch
polytube, the latter a 3-inch Aluminum tube. The continuous cores were then sectioned for
transportation and split. One half of each section was sent to Dr. Donnelly’s Coastal Systems
Laboratory at the WHOI in Woods Hole, Massachusetts, and stored as a control. The other half
was sent to Dr. Peros’ Climate Change Research Laboratory at Bishop’s University in Lennoxville,

Quebec. This is the core which was used for this project.
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Figure 3.3: The research vessel R/V Alucia, Woods Hole Oceanographic Institution
(https://www.whoi.edu/website/alucia/).

Figure 3.4: Coring in Baradéres Bay, Haiti. Our research partners can be seen on the R/V Arenaria
surrounded by curious locals. Picture supplied by colleagues at WHOI.
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3.2 Laboratory Methods

3.2.1. Grain-Size Analysis and Loss on Ignition (LOI)

The properties of sediment including grain size and grain shape are important for identifying
changes in a depositional environment. Grain-size analysis is widely used within earth and
archaeological sciences to reveal indications of past environmental changes, particularly within
the context of energy transport conditions (Donnelly & Woodruff, 2007; Liu, 2004; Oliva et al,
2017). Many sedimentary properties including colour, texture, density, permeability, and wetness
are directly influenced by particle grain size, shape, orientation, and grain-to-grain relation (Lopez,
2016). For example, darker sediment usually relates to silt and clay richness whereas lighter

sediment is generally rich in biogenic silica and carbonate (Haug et al., 2001).

Changes in composition and concentrations of river-suspended sediment offer information
on the rate and volume of erosion and transport of organic and inorganic terrestrial materials from
a landscape, which may result from ecosystem processes and/or human disturbance (Warrick &
Rubin, 2007). Water runoff in southwestern Haiti is generally exposed to calcium carbonate rock.
Calcite weathering is particularly pronounced on small Caribbean islands with significant land use
(Rad et al., 2006, 2011) and tropical storms (Rad et al., 2013). Weathering is enhanced in the study
area by two major factors; firstly, the warm climate accelerates chemical reactions, and secondly,
the steep slopes of mountainous limestone rivers are likely to have exposed bedrock (McGillis et

al., 2015).

Furthermore, when high energy events occur, such as hurricanes, sediment is transported into
coastal basins with much higher energy than under “normal” sedimentation. Thus, the composition
of sediment changes during these events. Using the NOAA best track dataset (NOAA, 2009), event
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beds in modern sections of sediment cores can be attributed to well-documented storms that passed
close to a site, which can then be used to interpret the signal for storm surges at a specific site.

This interpretation can often be applied to large portions of (or up to the entire) core length.

The most common method for grain-size analysis is a quantitative method of sieving specified
portions of sediment at a high-resolution (usually 1 cm) to separate particles into size fractions
(usually the cut-off between sand and silt is considered to be 63 pm). This way, we can establish
the percent sand (>63 um) versus percent silt (<63 pum) in each subsample, which can be
interpreted in terms of energy transport conditions throughout time (Brandon et al., 2014;
McCloskey & Liu, 2013). For example, sudden peaks in the fraction of silt versus sand within
layers of the core can be indicative of abrupt sediment transport caused by flash floods and
overwash deposits into coastal water systems, especially ones with small mountainous rivers

through low-lying plains such as the Baradéres river.

Before performing grain-size procedure, core sections were inspected visually, making notes
of any changes in colour and texture, with reference to the Munsell Soil Color Chart. The core was
sub-sampled at 1 cm intervals, with approximately 2 grams of wet sediment collected, weighed,
and dried in crucibles. A standard 4 decimal place lab scale was used to weigh the crucibles.
Crucibles with wet sediment were dried in an oven at 110 degrees Celsius overnight, or until
completely dry. The next day, crucibles were reweighed with the dry sediment in them. This
allowed us to calculate the water loss, and thus use percent water as additional proxy. Next, the
sub-samples were sieved through a 63 um sieve so that only sand remained. The material that did
not pass through the sieve was collected, replaced into its respective crucible, and dried again
overnight or until fully dry. Finally, the crucibles were reweighed, along with the remaining dried

sand, carefully removing any rocks or shells greater than half a centimeter in diameter. The weight
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of these rocks and shells was noted to use as an additional proxy. Using this data, the weight of
the sand was subtracted from the original material and crucible to calculate the percent sand in

each subsample, which was used as a proxy for changes in sediment influx.

Loss-on-ignition (LOI) was performed at 3 cm intervals throughout the core, in a similar
manner to grain-size analysis but with the aim of quantifying organic matter, carbonate, and
silicate content as a function of dry sediment weight. This involved drying in an oven at 105°C,
followed by combustion in a high-temperature furnace at 550°C, and then 950°C, followed by
weighing the residue to estimate mass lost at each step. Organic matter can act as a proxy for
several things including hurricane-induced flooding, although the signal may be different at
different sites, and throughout cores. In our core, increased periods or organic matter might
indicate increased river discharge from flooded plains bringing increased OM through the river
system into the delta. Similarly, abrupt peaks in % sand may indicate large amounts of discharge

from the river into the basin through storm-related flooding.

3.2.2. XRF Core Scanning

Within the last couple decades, X-Ray Fluorescence (XRF) core scanning has become
increasingly prominent in the analysis of marine sediments (De Boer et al., 2014). An XRF scanner
is a computer-controlled carriage that slides sediment cores past a camera and X-ray source,
capturing images of the sediment at a very high resolution. Each element releases radiation with a
distinguishable wavelength that can be identified by the XRF in the unit of counts per second, or
cps. The Cox Analytical Systems ITRAX XRF core scanning system is commonly used (Boldt et
al., 2010; Donnelly & Woodruff, 2007; Toomey et al., 2013) as it provides sub-mm scale resolution

of up to 62 elements, in addition to core x-radiography.
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XRF data enables us to support grain-size data, especially in cases where visual evidence
is not distinguishable (Toomey et al., 2013). For example, several researchers (McCloskey & Liu,
2013; Naquin et al., 2014) interpreted decreases in terrestrially-derived elements (Ti, Fe, and Zn)
as indicators of TC overwash in the Atlantic Basin and used this to support LOI and grain size data
previously generated for their cores. Peros et al. (2017) provided high-resolution evidence of the
8.2 kyr event in the Caribbean by identifying peaks in Cl and Br which are attributed to increased
evaporation due to regional drying. XRF data has also been used as a method of detection of a
change in element composition linked to past human land-use or industrial activities (Boldt et al.,
2010). However, while this approach is often effective in locations such as northeastern United
States (e.g., Donnelly et al., 2015) where human impacts have been continuous and well
documented, it is somewhat more challenging in areas such as the Circum-Caribbean, where land-

use history is not well known.

Generally speaking, iron (Fe), titanium (Ti), and Silicon (Si) as well as alkali metals such
as rubidium (Rb), and potassium (K) are prominent in clay minerals whereas elements such as
copper (Cu), zinc (Zn), lead (Pb), chromium (Cr), nickel (Ni) and cadmium (Cd) characterize
anthropogenic imprints (Schreiber et al., 2014). Calcium (Ca) can be used as a salinity indicator
as it is strongly marine driven and could indicate occurrence of carbonate precipitation in the
sediment column (Schreiber et al., 2014). Influxes in K and Ti have been corelated to higher
terrestrial discharge into basins through either higher precipitation/runoff or through high coastal
erosion due to storm surges and currents (Rothwell & Croudace, 2015b). Similarly, ratios of Ti/Ca
and Fe/Ca have been used in marine environments as indicators of terrestrial input (Gregory et al.,
2015). Mn/Fe is used as an assessment of redox conditions, as Mn is mobile under sub-oxic

conditions and is separated from Fe during diagenesis (Marsh et al., 2007), while K/Ti and Rb/Sr
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have been used to demonstrate changes in weathering regimes (Yang et al., 2020). Additionally,
the ratio of Sr/Ca has been used as a proxy for temperature history validating the Little Ice Age
and other SST anomalies in the Caribbean (Flannery & Poore, 2013; Haase-Schramm et al., 2003;

Kilbourne et al., 2008).

The most important feature of XRF scanning on the advancement of paleoclimatological
research is that it does not damage the core whatsoever, meaning that other researchers can sample
the same sediment to pursue other proxies to further their research. This can increase the
interpretability and utility of long timescale cores and increase their cost efficiency. Moreover,
with this recent technology we are now able to generate high-quality, high-resolution geochemical
records very quickly, which can greatly advance the speed and spatial resolution with which

upcoming research can be produced (Rothwell & Croudace, 2015b).

The use of XRF element indicators for this study lies of the assumption that they could
represent variations due to long-term and shorter timescale climate change and provide evidence
of element compositions representing environmental variations to support grain size data. There is
also the potential that they could represent TC-driven precipitation events (Oliva et al., 2017) and
anthropogenic activities. For this sediment core, our research partners at the WHOI have produced
1-mm resolution XRF data using an ITRAX™ system. The elemental and grain-Size data were
analyzed using principal component analysis (PCA), using the “FactoMineR” package v.2.0 (L&

et al., 2008) and visualized using the “factoextra” package v.3.6.3 (Kassambara & Mundt, 2020).
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3.3. Analytical Methods
3.3.1. Age-Depth Modeling

Within a vertical sediment core, proxies are treated as estimates of environmental and
climatological conditions at the time that the sediment of those depths was deposited. It is therefore
essential to establish reliable relationships between these depths and their ages. Age-depth models
are created using the exponential radioactive decay (half-life) of radioactive isotopes to estimate
how much time has passed since the death of organic material. A curve is then fitted to the
radiocarbon data and interpolated to estimate an age for every depth of the core. Radiocarbon (C-
14) is produced in the upper atmosphere and assimilated into plants and animals through
photosynthesis and respiration. The concentration of C-14 in an organism is in equilibrium with
the atmosphere, because as old cells die, they are replaced. When organisms die, replacement of
the dead C-14 cells stops, and the C-14 begins to decay as a function of time. Materials containing
organic matter such as wood, twigs/plant matter, seeds, bivalve shells, and corals can be used to
date layers of sediment (Blaauw & Christen, 2011; De Boer et al., 2014; Gregory et al., 2015;
Reimer et al., 2013). If no suitable organic matter of terrestrial origin is discovered in the core,
marine specimens or bulk sediment may be used for dating (Peros et al., 2007). We used Bacon
v2.5.6 (Blaauw et al., 2021; Blaauw & Christen, 2011) to generate the age-depth model for

Baradéres Bay.

C-14 years do not directly equate to calendar years because atmospheric C-14 concentration
varies through time due to changes in the production rate, caused by geomagnetic and solar
modulation of the cosmic-ray flux, and the carbon cycle (Reimer et al., 2013). Radiocarbon is

continually being formed in the atmosphere, and in theory, its concentration in the atmosphere,
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biosphere, and oceans should be equivalent. However, due to the marine reservoir effect, the C-14
concentration is not the same in terrestrial and marine organisms. Terrestrial organisms primarily
get carbon from atmospheric carbon dioxide, while marine organisms uptake carbon that has
already undergone radioactive decay during long periods in the deep ocean (Ulm, 2006). This
means that two organisms could have the same age yet produce different radiocarbon dates

(organisms from marine environments usually exhibit older apparent ages).

The marine reservoir effect varies globally as it depends on local and regional factors, but these
effects can be particularly powerful in regions like the Caribbean where there is a lot of carbonate,
and in estuarine environments where there is interaction and mixing between terrestrial and marine
reservoirs, and where ‘old’ carbonates from the deep ocean can circulate upward (Ulm, 2006).
Hence, a calibration is required, which, to be accurate, should be based on an absolutely dated
record that has carbon incorporated directly from the atmosphere at the time of formation. The
IntCal20 and Marine20 calibration curves represent a hypothetical “global” marine reservoir,
which serves as a baseline for regional oceanic variations. We used the IntCal20 (Reimer et al.,
2020) dataset to calibrate the radiocarbon dates for the age-depth model used in this study, and we
will use the Marine20 calibration (Heaton et al., 2020) to incorporate marine macrofossils into

future studies of core HATC1 as additional data becomes available.

3.3.2. Statistical Analysis

PCA is a multivariate linear transformation used on large datasets to reduce dimensionality
and identify correlated variables, while minimizing information loss and increasing interpretability
(Jollife & Cadima, 2016). Where many variables correlate with one another, they will all load
highly on the same principal component. Each principal component sums up a certain percentage

of the total variation in the dataset (Hayden, 2018). Principal components successively maximize
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variance and can be found from the eigenvalues/eigenvectors of a covariance matrix (Jollife &
Cadima, 2016). The first principal component explains the most substantial variance in the data
(i.e. the eigenvector with the highest eigenvalue), while subsequent components explain lesser
variance (i.e., lower eigenvalues). This essentially transforms a set of x correlated variables over

y samples to a set of p uncorrelated principal components over the same samples (Hayden, 2018).

Regarding the XRF data, the element counts at the beginning and end of each core section
were either uncharacteristically high or low, which can be attributed to mixing/squishing of
material during core splitting and errors associated with the XRF scanner. To overcome this
challenge and obtain more accurate/continuous curves, we deleted such entries at the top and
bottom of each core section, as well as any entry throughout the core which had a validity of 0 in

the XRF scan.

Standardization of the data was required to allow comparison between different resolution
and units. Since grain-size had a different resolution (1 cm) than the XRF data (1 mm), we first
resampled the XRF data to the cm scale by filtering every 10" row of data from the XRF database.
In cases where the 10" mm was not valid, we used the closest values either below or above within
+ 0.5 cm. In the case of invalid data spanning greater than 0.5 cm, we took the average of the two
closest values. A separate database was created using the mm-resolution XRF data to examine in
more depth short-duration signals, especially in the most recent ~2900 years, when sedimentation
rate was fast, thus providing a very high-resolution record. The cm-resolution data can be useful

to reduce noise and produce smoother curves to reveal more general trends (see Appendix B).

Next, grain-size and XRF data were standardized for comparison using the following

equation:
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z; — mean(z)
=4=) (Eq. 1)
Where Xi is the value, mean(x) is the mean of x values and sd(x) is the standard deviation

of the data.

By default, the function PCA() in FactoMineR standardizes data automatically in this
fashion, thus removing the influence of extreme values on PCA (Kassambara, 2017; Schreiber et

al., 2014).

Results and analysis are presented in stratigraphic zones. The decision of where these
zones should begin and end is not straightforward. Numerous methods exist to do so, and there is
no consensus about how to deal with such highly dimensional datasets in a statistical manner
(Schroeter et al., 2020). Many studies analyze multi-proxy data qualitatively, based solely on
visually identifying changes within the proxy data and matching these to other proxy records (e.g.,
McCloskey & Liu, 2012; Naquin et al., 2014: Peros et al., 2017). While statistical analyses are not
necessarily required, they can be useful in determining where visually identified zones should start

and end (K. D. Bennett, 1996).

Zones and sub-zones were identified using a combination of visual changes in XRF and
grain-size curves, the results of PCA, and stratigraphically-constrained cluster analysis with an
incremental sum of squares (CONISS) method of the chclust function from the package “rioja”
v.0.9-26, where “d” is a dissimilarity structure produced by the EUCLIDEAN distance function
(Juggins, 2020). The number of zones was determined by comparing results to broken stick models
(K. D. Bennett, 1996), both for the whole core, and for sub-zones within each of the five major

Z0nes.
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CHAPTER 4:

Multi-Proxy ~8500 Year Paleoenvironmental Reconstruction of Baie des
Baraderes, Haiti

Key words: Paleoclimate, Caribbean, Haiti, sediment core, XRF core scanning, Grain-Size

Analysis, LOI, PCA, island ecosystems, anthropogenic activity, hurricanes, ITCZ

4.1. Introduction

Paleoenvironmental sediment core-based research has implications for understanding
environmental and anthropogenic variables including prevailing oceanographic conditions,
climatic anomalies, human-ecosystem interactions, and natural events. However, to understand the
long-timescale variations that occurred to the environment and climate throughout the Holocene,
high-resolution millennial-scale records with high spatial resolution, which record both climate
and human disturbances and subsequent responses are necessary. This project identifies
quantifiable environmental changes in the sediment record relating to climatological shifts and
human activities both in the historic and prehistoric eras in a region that is both understudied and

highly sensitive to the effects of storms, sea level change, tectonics, and anthropogenic impacts.

Anthropogenic disturbances to ecosystems can last a long time, and have significant
influences on their functions, networks, and processes (Binford et al., 1987). For example, the
cycles of macronutrients such as phosphorous and nitrogen have been fundamentally altered by
human activities such as livestock and land management (Goyette et al., 2018). Primary human
occupation of the Circum-Caribbean represents one of the most remarkable but least understood
patterns of settlement dispersion is history (Napolitano et al., 2019), with the timing and direction
of these movements still debated by the paleoenvironmental and archaeological communities. This
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can often make it a challenging and complex task to distinguish between climate and human signals
in the paleorecord, which can in turn make it challenging to relate modern climate change
responses to specific long- and short-term environmental and human trends. Further evidence is
required to validate when and how early people moved through and altered the Caribbean
environment, and therefore better interpret new and existing paleoenvironmental records. This
study provides an excellent opportunity to examine the complex dynamics between human

impacts, changing hydrological and climatological conditions, and island ecosystem vulnerability.

Human impact on Caribbean karst landscapes can be characterized by a cyclical impact-
process-consequence model involving human activity, landscape transformations/responses, and
resulting obstacles for human habitation (Day, 2010). This can be illustrated by reference to the
karst hydrologic system, in which “forest clearance, agriculture, groundwater abstraction and
modification of surface drainage courses has resulted in increased runoff, decreased infiltration,
increased surface sediment transport, and decreased spring discharge” (Day, 2010), which has
exposed ecosystems and communities in karst environments to risks through increased flood

susceptibility, aridity of springs and accelerated soil erosion.

Haiti is highly vulnerable to numerous environmental threats including sea level rise,
droughts, floods, hurricanes, earthquakes, and landslides. Furthermore, the southern peninsula of
the country lies directly along the boundary of two tectonic plates, as well as upon several active
faults and folds, resulting in frequent and high-magnitude seismic movement and earthquakes
(Hashimoto et al., 2011). The country is also situated in a geographical location that has an
important relationship with the Intertropical Convergence Zone (ITCZ), potentially making it
sensitive to droughts and changes in hydrological regimes (Schneider et al., 2014). Additionally,

most Atlantic Tropical Cyclones (TCs) form from easterly waves propagating westward toward
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the tropical North Atlantic and Caribbean Sea along the northern edge of the ITCZ (primarily
between 10° and 20°N), meaning that the country falls within the North Atlantic “hurricane belt”,
and is frequently impacted by TCs of varying intensity (Goldenberg et al., 2001). Changes in
shorter timescale atmospheric dynamics such as the NAO (Trouet et al., 2009), the AMO (Gray et
al., 2004), and the ENSO (Li et al., 2013) have also played a major role on hydrological regimes
including hurricanes and periods of drought. Using paleoenvironmental data to assess pre-
observational climatological variation is imperative to understanding how these climate factors
will change (and are already changing) with modern global warming. Despite this, high-resolution
paleoenvironmental records spanning millennial timescales are rare, especially on the island of
Hispaniola, where there are few paleolimnological sites, and only one paleotempestological

(hurricane) study site (Leblanc et al., 2017).

This project analyzes a ~9-meter-long marine sediment core, “HATC1”, that has a basal
radiocarbon age of ~8500 cal BP, using grain-size analysis, X-Ray Fluorescence (XRF) core
scanning data, and Loss on Ignition (LOI) as proxies for environmental variations relating to
climate changes and human activities. The core was collected from a coastal karst basin (CKB)
(also referred to as a blue hole) in Baraderes Bay, approximately one km from the Baradéres river

delta on Haiti’s southwestern peninsula.

4.1.1. Caribbean Paleoclimate in the Holocene

Sea level rise has been one of the most prevalent natural drivers of environmental change since
the last deglaciation and throughout the Holocene. In general, relative sea level (RSL) rise in North
America was greatest between about 10,000 and 8000 cal BP when the Laurentide ice sheet was
melting rapidly (Khan et al., 2017; Milne & Peros, 2013). Late Pleistocene and early Holocene

RSL change in the Caribbean was dominated by eustatic sea level rise (Khan et al., 2017). By
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~8000-6000 cal BP, the eustatic component slowed and much of the subsequent RSL rise was
driven by the continual collapse of the peripheral bulge, which lead to regional land subsidence
and continued sea level rise, albeit at a much slower rate compared to the early Holocene (Milne

& Peros, 2013).

Another prominent forcing mechanism of Caribbean millennial-timescale climate change in
the Caribbean is the varying parameters of Milankovitch cycles relating to earth’s orbit around the
sun, which cause changes to the seasonal cycle of solar irradiance and shifts in the occurrence of
maximum average insolation throughout the year, (Lorenz et al., 2006). Between ~8000-6000 cal
BP boreal summer occurred near perihelion. Gradual, long-term increases in solar insolation in the
early to middle Holocene likely resulted in warmer SSTs in the Caribbean Sea and a northerly
mean boreal summer position of the ITCZ, which resulted in increased precipitation (Haug et al.,
2001; Schneider et al., 2014). Humid conditions at this time have been verified from several
proxies including micropaleontological indicators from a sinkhole in the Bahamas (van Hengstum
et al., 2018) and oxygen isotopes from Lake Miragoane, Haiti (Hodell et al., 1991). An exception
to this condition is the 8.2 kyr event, which was a dry anomaly recorded in numerous proxies,
including a sediment core from a sinkhole in Cuba, which was characterized by abrupt peaks in CI

and Br between ~8120 and ~8275 cal BP (Peros et al., 2017).

There has been an overall drying pattern in the northern Caribbean over the last ~5000 years,
associated with a southerly migration of the ITCZ (Fensterer et al., 2013; Haug et al., 2001;
Higuera-Gundy et al., 1999; Hodell et al., 1991), with lake levels remaining relatively high, though
declining gradually though the middle Holocene, with an abrupt acceleration at ~3.2-3.4 kyr BP
(Hodell et al., 1991; Kennedy et al., 2006). There is lack of uniformity among paleoclimate records

after ~3000 cal BP in the Circum-Caribbean largely due to greater inter and intra-regional
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variability, as well as human disturbances. However, most records agree that between ~3400 and
~2500 cal BP there was an abrupt shift to drier conditions with a trend toward higher evaporation
rates and lower lake levels (van Hengstum et al., 2018), and after ~3400 cal BP, moist-forest taxa
diminished, and lake levels remained low until the present, with only brief returns to moister
conditions (ie. ~1200-900 cal BP) (Curtis & Hodell, 1993; Higuera-Gundy et al., 1999; Hodell et
al., 1991; Kennedy et al., 2006). Additionally, the North Atlantic Basin has shown dramatic
multidecadal/centennial variations in hurricane activity in the Holocene, generally with enhanced
hurricane activity during warmer periods. For example, from 2500 to 1000 cal BP the North
Atlantic Basin experienced a period of intense hurricane activity related to a more northern ITCZ
position compared to the present, but not as far north as its position in the middle Holocene (van

Hengstum et al., 2016).

Early in the common era (100-500 CE) the climate was characterized by a warm interval
(known as the Roman Warm Period), with a corresponding positive anomaly in SST (Schmitt et
al., 2020). Subsequently, the following time interval of 500-900 CE was characterized by global
cooling, known as the Dark Ages Cold Period, with fewer positive SST anomalies globally and
regionally. The Medieval Warm Period (900-1400 CE) is the most recent past warm climate
interval, with SST anomalies surpassing present-day temperatures (Schmitt et al., 2020). The Little
Ice Age from ~1400-1850 CE, is the most recent cold interval that correlates with significant
negative global and regional SST anomalies with surface ocean temperatures distinctly below
present conditions (Black et al., 2007; Kilbourne et al., 2008; Schmitt et al., 2020). In recent
decades and centuries there has been an increase in global and relative SST, but with the increase

in Atlantic SST being greater than in the tropics (Black et al., 2007; Ramsay & Sobel, 2011).
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It is predicted that in the Caribbean, the effects of modern global warming will lead to
increasing air and water temperatures, accompanied by rising sea levels and more variable weather
patterns, including decreasing total annual precipitations with increasing frequency of extreme
events such as droughts and hurricanes (Day, 2010; Nurse & Sem, 2001; Pelling & Uitto, 2001).
The most significant and immediate consequences will likely occur to coastal locations, where
socioeconomic activities, infrastructure, and population are concentrated, and will relate to the
rising sea level, changing hydrological cycles, rainfall regimes, soil moisture budgets, prevailing

wind speeds/directions, and patterns of wave action (Nurse & Sem, 2001).

4.1.2. Human Settlement and Impacts

During the Holocene, the insular Caribbean experienced more mammalian extinction than any
other global region. While this appears to be partly due to habitat loss induced by sea level rise
(Cooke et al., 2017; Davalos & Turvey, 2012), most postglacial species losses of island faunas are
associated with the regional arrival of prehistoric settlers (Cooke et al., 2017). Archeologists
recognize four waves of settlement in this region: Lithic (~7000-4000 cal BP), Archaic (~5000-
2000 cal BP), Ceramic (~2500 cal BP in some area, somewhat later in others), and historic (since
1492 CE, i.e. ~500 cal BP) (Cooke et al., 2017), although early sites were usually near coasts and
were often abandoned and recolonized, suggesting non-linear population growth (Rick et al.,
2013). The environmental footprint and subsequent impact on terrestrial and coastal landscapes
increased with each successive migration wave, with early settlers leaving a limited signal on the

environment, and more recent human activities causing long-term or even permanent alterations.

Archaeological sites signify human settlements on Hispaniola as early as the Lithic period
(Vignier 11, ~6100 cal BP; Moore 1991), although none appear to be on southern peninsula of

Haiti, whose large deposits of Eocene limestone apparently did not yield the type of flint desired
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by the first settlers (Moore, 1991). Sites from Archaic peoples are identified on Hispaniola as early
as ~5.2 cal kyr BP, mostly on shorelines suggesting seasonal occupation, but with increasing
evidence of land management and fire use to convert natural environments into agricultural
landscapes (Keegan, 1994). Archaic people introduced crops such as avocado, wild fig, primrose,

and wild beans to Hispaniola and other Caribbean islands (Cooke et al., 2017; Fitzpatrick, 2015).

Settlements identified by archeologists as belonging to the “Ceramic culture” demonstrated
that such groups established sedentary villages further inland, usually within 3 km of the shore and
often along rivers, and systematically practiced horticulture and agriculture (Moore, 1991; Rick et
al., 2013). They regularly travelled between bays and neighbouring islands for trade, including
making daily trips between the western coast of Hispaniola and Puerto Rico, the southern and
western tips of southwestern Haiti’s peninsula and Jamaica’s eastern coast, and between Haiti and
eastern Cuba via the Windward Passage (Rouse & Moore, 1984). The Ceramic-era peoples
introduced dogs, guinea pigs, and other mammals to several Caribbean islands along with a wide
variety of crops including beans, tobacco, chilis, peanuts, and guava (Cooke et al., 2017). This
wave of settlement has been linked to drastic landscape changes, unprecedented in scale, with long

lasting effects on terrestrial and coastal marine ecosystems (Rick et al., 2013).

During the “historic” era, Caribbean island ecosystems underwent significant landscape
transformations in the centuries following the arrival of Europeans, with poor land use and minimal
land management practices leading to degraded or destroyed soils, vegetation, and hydrological
systems (Lewis & Coffey, 1985). The prevalence of deforestation in Haiti is almost entirely due
to the production, distribution, and consumption of firewood and charcoal (Stevenson, 1989), as
well as the burning of household solid waste (McGillis et al., 2015). The burning and creation of

charcoal is often near river beds (McGillis et al., 2015), with fires resulting in increased sediment
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discharge (Warrick & Rubin, 2007). Today, land degradation due to deforestation and consequent
soil erosion are serious problems in the drainage systems of Hispaniola, which create problems for
agricultural production, and food insecurity (Brenner & Binford, 1988). Soil infertility is one of
the most substantial factors contributing to chronic poverty and malnutrition in Haiti (Bargout &

Raizada, 2013).

4.1.3. Site Description

Haiti shares the island of Hispaniola with the Dominican Republic and occupies an area of
about 28,000 km?. Haiti occupies the western third of the island, with the Dominican Republic to
its east, and Cuba approximately 80 km to its west, across the Windward Passage. The climate is
Tropical savanna, and the landscape is mountainous, with mountain ranges separated by fertile but
overpopulated lowlands, which are susceptible to flooding (Hadden & Minson, 2010).
Hispaniola’s major plant communities are tropical lowland dry forests, highland mesic and pine
forests, and coastal mangrove swamps (Holdridge, 1945). Haiti’s southern peninsula lacks modern
vegetational surveys but is generally dominated by tropical dry forests on coastal lowlands and
mesic plant and pine forests on mountainous slopes (Judd, 1987). Northeast trade winds drive the
wet season from April to November, and because the country lies within the North Atlantic Basin’s
so called “hurricane belt”, it is subject to tropical storms from June to October (Knowles et al.,

1999).

The study site is in Baie des Baradéres, approximately one km from the Baradéres River
Delta, which was created through sediment discharge accumulating from the Baradéres River.
Baradéres Bay covers ~7 km? and has a maximum water depth of 29 meters. The bay is presently
surrounded by mangroves and is protected by a chain of islets that stretch between the towns of

Petit-Trou-de-Nippes and Grand-Boucan. The main basin is hydrologically connected to a smaller
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secondary basin west of the coring site through a very shallow channel, typically 1-5m depth. The
core was collected from a blue hole with vertical depth of approximately 11.5 m, at coordinates
18.514571° N, 73.628903° W (Figure 4.1). Site selection was based on proximity to the delta, and
the relatively low energy of the basin, making the sediment likely to preserve both terrestrial land-

use changes and high energy events such as flooding, hurricanes, and earthquakes.

The Baraderes River is about 45 km long and eventually disappears into depressed
limestone (Knowles et al., 1999). The river crosses the town of Baradéres, whose population was
47,060 in 2015 (IHSI 2015). The local economy is extremely dependent on its river, as locals, as
well as tourists, use it for transportation and trade (Bertrand, 2017). After intense storms or heavy
rains, the river rises rapidly- with swift currents and floating debris often damaging or even
destroying waterways (Knowles et al., 1999). Flooding is one of the main risks faced by the
Baraderes community. In an effort to mitigate the risks of floods, projects are ongoing to divert
the river by digging a new river-bed and constructing bank reinforcements (Haiti-Politic, 2020;

IciHaiti, 2021a, 2021b).

Human impacts on the terrestrial and marine karstic ecosystems in this region have been long-
lasting and severe, particularly from exploitation of natural resources (primarily through
agricultural and deforestation practices), contamination of water supplies, urbanization and
quarrying (Day, 2010). In addition to human influences, a system of interrelated natural processes
control the biogeochemical cycles (hydrometrical, seismological, geochemical) in the rivers of
southwestern Haiti, and contribute to variations in chemical transport and fluvial discharge

(McGillis et al., 2015)
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Figure 4.1: Regional map of coring site within the Caribbean (above) with an inset of Haiti, and
within Baie des Baradéres (below) with an inset of the CKB. Maps created using ArcGIS.
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4.2. Methods

4.2.1. Field Methods

Sediment cores HATCI (D1 and D2) were collected during a scientific cruise in May 2016
lead by Dr. Jeffrey Donnelly (WHOI). Once in Baradéres bay, coring was performed with a
Rossfelder vibracorer from a 20-foot pontoon boat. Core HATC1 D1 is 145 cm long and was
collected in a 3-inch poly tube as a control directly beside core HATC1 D2, which is a continuous
896 cm core and was collected in a 3-inch aluminum tube. A CHIRP sonar transect was performed
across the widest section of the bay to study the bathymetry and sub-bottom stratigraphy. Several
other cores were collected at different areas of the bay which are being studied by our co-authors
and their graduate students, and which will eventually be combined with this study to provide a

more elaborate regional environmental reconstruction.

4.2.2. Multi-proxy Analysis: Grain Size, XRF data, LOI

Sedimentary properties including grain size and grain shape are important for identifying
changes in depositional environments. Grain-size analysis is widely used as an indicator of past
environmental changes, particularly as they relate to energy transport conditions (Donnelly &
Woodruff, 2007; Liu, 2004). Moreover, when high energy events occur, such as hurricanes and
flooding, sediment is transported into coastal basins with much higher energy than under “normal”

sedimentation. Thus, the composition of sediment changes during such flooding events.

Grain-size analysis was performed manually by sampling the core at 1 cm intervals and
collecting approximately 2 grams of wet sediment. Samples were weighed and dried overnight in
an oven at 110 degrees Celsius, subsequently re-weighed with the dry sediment to calculate water

loss, and sieved through a 63 pm sieve so that only sand remained. The material that did not pass
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through the sieve was collected and dried again overnight or until fully dry. The crucibles were
then reweighed, along with the remaining dried sand, removing any rocks or shells greater than
half a centimeter in diameter. The weight of these rocks and shells was also measured to use as an
additional proxy. The weight of the sand was then subtracted from the original material and
crucible to calculate the % sand in each subsample, which was used as a proxy for changes in
terrestrial sediment influx. We also used the inverse value, % fines (particles smaller than 63 pum)
as a proxy for smaller silt and clay. Finally, six samples of sand from intermittent depths
throughout the core were examined under a binocular microscope to better characterize the nature

of this material.

Loss-on-ignition (LOI) was performed at 3 cm intervals throughout the core, in a similar
manner to grain-size analysis but with the aim to quantify organic matter, carbonate, and silicate
content as a function of dry sediment weight. This involved drying in an oven at 105°C, followed
by combustion in a high-temperature furnace at 550°C, and then 950°C, followed by weighing the
residue to estimate mass lost at each step. Organic matter can act as a signal for hurricane-induced
flooding in different ways at different sites and throughout cores, but in our core, we hypothesize
that increased periods of organic matter input might indicate increased river discharge from

flooded plains bringing increased OM through the river system into the basin.

The final proxy used is X-Ray Fluorescence (XRF) core scanning, which, in recent decades
has become a geochemical techniques commonly used in the analysis of marine sediments (De
Boer et al., 2014). Our research partners at the WHOI produced 1-mm resolution XRF data using
an ITRAX™ XRF system. This geochemical data provides data on the elemental composition of
sediment throughout time, which can then be interpreted as landscape transformations resulting

from climatological, environmental, or anthropogenic forcings (Rothwell & Croudace, 2015a). For
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example, several researchers (McCloskey & Liu, 2013; Naquin et al., 2014) interpreted decreases
in terrestrially-derived elements (Ti, Fe, and Zn) as indicators of TC overwash in the Atlantic Basin
and used this to support LOI and grain size data previously generated for their cores. Ca can be
used as a salinity indicator as it is strongly marine driven and could indicate occurrence of
carbonate precipitation in the sediment column (Schreiber et al., 2014), while variations in K and
Ti have been correlated to higher terrestrial discharge into basins through either higher
precipitation/runoff or through high coastal erosion due to storm surges and currents (Rothwell &
Croudace, 2015b). A detrital origin of Ca may be inferred by correlation with Fe or Ti to see if Ca
mirrors terrigenous supply, rather than productivity changes. Similarly, ratios of Ti/Ca and Fe/Ca
have been used in marine environments as indicators of terrestrial input at a lagoon in western
Cuba (Gregory et al., 2015), and K/Ti has been shown to represent variations in silicate input and
reveal changes in sediment provenance, largely controlled by sea-level changes (Diekmann et al.,
2008). Additionally, Mn/Fe is used as an assessment of redox conditions, with Mn/Fe peaks

occurring during suboxic diagenesis when Mn is mobilized (Demina et al., 2019; Fritz et al., 2018).

Finally, Rb/Sr has been widely used to demonstrate changes in weathering regimes (Yang
et al., 2020), which can relate to significant erosion. Rb is an alkali metal with a similar ionic
radius to that of K, while Sr is an alkaline earth element with an ionic radius only slightly larger
than that of Ca, thus substituting for Ca isotopes in minerals such as calcite, dolomite, and
aragonite (Bentley, 2006). In the Caribbean, Sr is primarily released from rocks via bedrock
weathering, or in some cases is cycled through soil, vegetation, animals, and atmospheric
deposition, and is transported to oceans primarily through river sediment runoff (Bataille et al.,

2012; Bentley, 2006). Since these elements have considerable geochemical differences, Rb/Sr in
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sediment can vary by many orders of magnitude, with older rocks having orders of magnitude

higher Rb/Sr ratios than recently-formed rocks (Bentley, 2006).

4.2.3. Chronology

The chronology for this study is based on four terrestrial macrofossils (plant/wood) (Table
1) which were radiocarbon dated at the National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) facility at Woods Hole Oceanographic Institution (WHOI) and calibrated using the
Intcal20 calibration curve (Reimer et al., 2020). The age-depth model was established using Bacon

v2.5.6 (Blaauw et al., 2021; Blaauw & Christen, 2011).

4.2.4. Numerical and Statistical Analysis

All statistical data analysis was completed in R v.4.0.4 (R Core Team, 2021). Principal
component analysis (PCA) was performed on the geochemical and grain-size data using the
“FactoMineR” package v.2.0 (L& et al., 2008) and visualized using the “factoextra” package
v.3.6.3 (Kassambara & Mundt, 2020). XRF data was rescaled from mm to cm-resolution to match
grain-size data, and both grain-size and XRF data were standardized to have mean 0 and standard
deviation 1. By default, the function PCA() in FactoMineR standardizes data automatically in this
fashion, thus removing the influence of extreme values on PCA (Kassambara, 2017; Schreiber et
al., 2014). Grain size and geochemical data were qualitatively explored using excel and C2.
Stratigraphic diagrams were used as visual aids to remove data from either end of each core
section, as the sediment near the section cuts were disturbed and the data therefore deemed

erroneous.

To present and interpret geochemical XRF data in a cohesive and organised manner, results

are often presented in stratigraphic zones. The decision of where these zones of related data should
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begin and end is not a simple one, as numerous methods exist to do so, and there is no consensus
about how to deal with such highly dimensional datasets in a statistical manner (Schroeter et al.,
2020). Many studies analyze multi-proxy data qualitatively, based solely on visually identifying
changes within the proxy data and matching these to other proxy records (e.g., McCloskey & Liu,
2012; Naquin et al., 2014: Peros et al., 2017). While statistical analyses are not necessarily
required, they can be useful in determining where visually identified zones should start and end
(K. D. Bennett, 1996). In the case of core HATC1, when investigating the entire reconstruction,
prior to ~2900 cal BP the curves of several elements and element ratios appear almost flat.
However, upon dividing the core into smaller sections and re-scaling, more defined trends emerge,
such as the variance of element ratios such as Ti/Ca and Fe/Ca (See appendix A). For this reason,
all statistical analyses were performed once on the entire core, and again on different sub-sections

of the core.

Zones and sub-zones were identified using a combination of visual changes in XRF and
grain-size curves, the results of PCA, and stratigraphically-constrained cluster analysis with an
incremental sum of squares (CONISS) method of the chclust function from the package “rioja”
v.0.9-26, where “d” is a dissimilarity structure produced by the EUCLIDEAN dist function
(Juggins, 2020). The number of zones was determined by comparing results to broken stick models
(K. D. Bennett, 1996), both for the whole core, and for sub-zones within each of the five major

Z0nes.
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4.3. Results

4.3.1. Age-Depth Model

Core HATC1-D2 is 8.96 meters long with a basal radiocarbon date of 7920 +65 14C years
BP. At this site, changes in sedimentation rate throughout time likely reflect major hydrological
changes such as sea level rise, the formation of the delta, hurricane-related flooding-induced river
discharge, and river flow changes from human impacts on the karst landscape. Throughout the lab
procedures and sampling of the entire core length, only four terrestrial macrofossils were found.
This in itself is an interesting finding given the site’s depth and proximity to the Baradéres delta,
river, and mangrove shoreline. Of the four terrestrial macrofossils located in the core (Table 1),
two were located within the bottom cm of the core and had calibrated ages between 8411-8543
and 8599-8986 cal BP, respectively, with a probability of 95.4%. Another terrestrial macrofossil
from 744.5cm downcore yielded a calibrated age range of 2494-2723 cal BP, with the same
probability, and the final macrofossil from 214.5cm downcore yielded two possible ranges of 348-

456 cal BP (76.2%) or 313-341 cal BP (19.2%).

Depth l.d. Type FModern Age + Calibration | Calibrated Median

from error (BP) curve age range | calibrated
surface (cal BP) age (cal

(cm) BP)
2145 HATC1_D2_2:7_90-91cm | Plant/Wood | 0.95980 330 +15 Intcal20 348-456,

313-341 382

744.5 HATC1 D2 6:7 40-41cm | Plant/Wood | 0.74150 2400 £75 Intcal20 2494-2723 | 2476
895.5 HATC1 D2 7:7 48-49cm | Plant/Wood | N/A 7690 £30 Intcal20 8411-8543 | 8471
895.5 HATC1 D2 7:7 48-49cm | Plant/Wood | 0.37310 7920 65 Intcal20 8599-8986 | 8768

Table 1: Summary of the four terrestrial

macrofossils radiocarbon dated for this study at the
National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole
Oceanographic Institution (WHOI).
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Figure 4.2: Age-depth model for Baradéres Bay, Haiti- created using four terrestrial C14 dates
from Table 1.

The age depth model (Figure 4.2) is limited by its minimal quantity of radiocarbon dates,
but nonetheless effective for a preliminary chronology, showing slow sedimentation in the early-
middle Holocene, and a sharp inflection reflecting a shift to a much faster sedimentation rate in
the late Holocene-present. It is possible that the exact location of this inflection will change in the
future when additional data from marine macrofossils are added to the model in future studies of
core HATCL. In fact, given the low resolution of the age-depth model and the multitude of
environmental, climatological, and socioeconomic factors influencing the region, it is quite
possible that more than one change in sedimentation rate occurred throughout the entire

chronology.

4.3.2. Core Description

Sediment core HATC1-D2 (Figure 4.3) is characterized by extreme variations in wetness
and presence of shells. Layers of shell fragments are present between layers of scarce, but often

complete, bivalve shells. Fragments of finger corals (Porites divaricata) (Figure 4.4) are present

62




Moser, S. 2021 Master’s Thesis

between ~857 and ~765 cm, which is equivalent to ~7075 to ~3600 cal BP, according to the present
age-depth model (see appendix E for ages at each cm downcore from BACON age-depth model).
The six samples of microscopically examined sand exhibit a clear change in the coarse sediment
content from the base of the core (higher coarse fraction) to the top of the core (less coarse
fraction), with shelly components such as bivalve and gastropod fragments being the main
contributors to the larger particles. Foraminiferal diversity is generally high (>50 taxa could be
easily detected per sample), suggesting relatively high salinity throughout the core (Scott et al.,
2001), but most foraminifers are quite small, making them challenging to identify (van Hengstrum,
2021, personal communication). Miliolid foraminifers generally are higher at the base of the core
and decrease towards the core top, while Ammonia and Elphidium taxa appear to increase towards
the core top. However, the samples contained no agglutinated foraminifera such as Miliammina,
Tiphotrphca, and Trochammina, which have been used as indicators of brackish water (Scott et
al., 2001), so there is no clear evidence of low salinity (<10 ppt) in any of the samples examined

thus far, indicating that the site was in some capacity connected to the ocean at all times.
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Figure 4.3: Core log of HATC1 D2. Core sections where the core tube was cut for transportation
are visible in the image on the left. The colour description is based on the Munsell Soil Colour
Chart classification. Select LOI and XRF series are presented, as well as the first three components
of the geochemical and grain size PCA.
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Figure 4.4: Finger corals (Porites divaricata) present between ~765 cm and ~857 cm, which is
equivalent to ~3600 to ~7075 cal BP, according to our present age-depth model.
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4.3.3. PCA and zonation
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Figure 4.5: Principal Component Analysis for the entire core at the cm scale (A) Biplot, (B) scores
of the first component through time, (C) scores of the second component through time.

The first component of PCA accounts for 34.5% of the variance while the second
component accounts for 20.9%. The third and fourth components account for 10.5% and 8.2%
respectively, and the following components become less important. The first two components
collectively account for over half of the database variance and are therefore useful to compare
(Figure 4.5). The resulting biplot reveals chronologically-constrained clusters, and the correlation
between certain elements. For instance, Ni, Sn, and % sand contribute towards the variance in the
oldest part of the core, while Ca and % sand are strongly corelated, and load toward a yellow
cluster, representing a time around 4 kyr BP. The first component is largely influenced by elements
of terrestrial origin such as Fe, Ti, Mn, K, Zn, Rb, and Cu, while the variance of the second
component is contributed to by elements including Al, Ba, Zr, S, Ni, Ca, Rb, and K (See appendix

B for related figures). The first component is almost identical to the curves of Ti and Fe, and the
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first through fourth components validate the importance of major changes in the core within the

last ~2900 year.
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Figure 4.6: Sum of squares of the proxy data (black) compared to that from a broken stick model
(red) for core HATC1.

el aim ol L A

m&d@Hd&mmmowwrm“NmovwNmmmmmmmerwmmmhvrmh*NmmmommNmmNmmmvwmNmmvvwmmm“momeONhomemmthmwmvm
< OY <00 ¢ oS OO OO v~ (N T ONOHO I Dy

T—<t© N0 OO YN <O <t M~ NP O O OO <IN~ O OO v wcmcmmd—mmmmmm e
mean a e ' ' ‘—‘—FvNNN mmmmﬂﬁrT!‘Yl‘I.DI.D(D(DI‘-I‘-wwO)G)OOF\—NNN mﬁ-wmmmmhhmmmmOOOrr )<<t LOLD (DF-I‘-K)CDCDG)(") ‘!‘I‘-FLD&N(OG)(")I‘-O
g ‘\INNNNNNNN(\INNN OISO OO <F <D

-66 ~220 ~895 ~2940 "~8500

67



Moser, S. 2021 Master’s Thesis

—

a1l i LAk A

- 3

ProwOr Ot P MO O 0 — 10N O O <O BIOAGHO G DI~ — LD AT Mt — 0 o OO (I SO LD (NGO (NG (D16 ~— BOLD N OO St —EOLO DD 75 (IO I~ LOMNO I~ OO N O BILOLO M- IDOLO St o

OO O —OOROMG N OB DN T O MO —O=D OO T BB MO O INOID DS PHDN-NO D © =) = <O T IO D)

mean age ' e QNN PO S OGO 0 BRHHOO — I M IO O~ 00H HOO Ol FLOLO VO DO P DOOO T OO PO O
I I OO NI I 9= <+ <FLOLOLN O D O

~220 ~890 ~2060 "~2940 ~8500

] mmﬁl

~2050  ~2570 ~2900 ~8500

LR
[N
wwwwwwwwwwwwwwwww

mean age

Figure 4.7: Dendograms visually depicting stratigraphically-constrained cluster analysis of core
HATC1 with 4 (A), 5 (B), and 6 (C) zones.
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The broken stick model provides a recommendation for the number of significant zones,
although the number of zones rapidly increases in correlation with the increase in sample size (K.
D. Bennett, 1996). The results of the broken stick model compared to the sum of squares of the
proxy data for the entire length of core HATCL1 (Figure 4.6) imply that there are at least four
statistically significant downcore zones, based on the intersection between the two models.
However, this number could be larger, as according to the model, 5 or 6 zones would also be
significant. The usefulness of this statistical procedure is that in all variations of the cluster
analysis, the models agreed that there should be a zone beginning around 2900 cal BP and

continuing until the bottom of the core (Figure 4.7 A, B, and C).
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Figure 4.8: (A) PCA of XRF data at the mm-scale from -66 to 3000 cal BP. (B) Sum of squares of
all proxy data from -66 to 2900 cal BP (black) compared to that from a broken stick model (red)
with 15 groups. (C) Sum of squares from all proxy data from -66 to 2900 cal BP (black) with 6

groups.
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Because of the major change in the core at around 2900 cal BP identified by the full core
PCA and constrained cluster analysis, another PCA was conducted on the XRF data from this more
recent sediment. Figure 4.8 presents the biplot of the first two components of this PCA at the mm-
scale. In this case, the first component accounted for 35% of the variance, the second component
accounted for 20.3% of the variance, and the third and fourth components accounted for 10.3%
and 5.8% respectively. The main contributors to PC1 are Fe, Ti, Sr, Mn, Zn, K, Cu, Rb, and Ca.
Ca loads toward the oldest date, while the cluster relating to zone 5 (i.e., the youngest data) is
highly loaded with Cu, Mn, and Rb. Comparing this to the broken stick model with 15 groups
(Figure 4.8B), we can see that there are up to 10 significant clusters, based on where the two
models intersect. However, for the purposes of limiting the number of sections of subdivision for
the analysis section, we have chosen to divide the results into 4 zones prior to 2900 cal BP, based
on the proximity of the sum of squares to the broken stick model with 4 groups (Figure 4.8 C).
Therefore, the results are divided into 5 zones, one between the bottom of the core and ~2900 cal
BP, and 4 Zones after ~2900 cal BP. The zonation we chose was therefore based on the results of
stratigraphically-constrained cluster analysis model of five zones (Figure 4.8 B). The results are
thus presented in the following zones (Figure 4.9): Zone I, ~8500 to ~2910 cal BP (~896 to 736
cm), Zone 11: ~2910 to ~2060 cal BP (~736 to ~557 cm), Zone 1l1: ~2060 to ~890 cal BP(~557 to
~309 cm), Zone 1V: ~890 to ~220 cal BP (~309 to ~120 cm), and Zone V: ~220 to -66 cal BP

(~120 to 0 cm).
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Figure 4.9 Stratlgraphlc diagrams of proxies from core HATC1 on the y-axis of depth (above)
and age (below), divided into five zones. Data is standardized to mean 0 and standard deviation
1, excluding percentages, and unit of XRF data is counts per second (CPS).
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4.3.4. Zone |: ~8500 to ~2910cal BP (~896 to ~736 cm)
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Figure 4.10: Stratigraphic diagram of Zone | with three subzones. Data is standardized to mean 0
and standard deviation 1, excluding percentages, and unit of XRF data is counts per second (CPS).
Coral fossils are present within subzone I1.

Zone | (Figure 4.10) is characterized by high proportions of sand (between 10 and 30%),
versus the remaining zones, which do not exceed 10% sand, and are instead mainly composed of
silt and clay. The bottom ~40 cm of the core contains a large number of shells and broken shell
fragments, but no corals. When sampling, it was impossible to cut through the sediment without
slicing through shells. There is also a large quantity of Zn in the bottom few centimeters of the
core. Corals first appear at ~857 cm and continue to ~765 cm (which is equivalent to ~7075 to

~3600 cal BP), during which time water conditions were appropriate for their growth.

During this early part of the core, the curves of sand, fines, and several elements and
element ratios including Ti, Ca, CI, Rb, Al, Cu, Ca/Fe and Ti/Ca follow an undulating pattern that
is less pronounced in some elements than others, but clearly defined in the first dimension of the
PCA (Figure 4.10). The trends of terrestrial and marine-derived elements, such as Ti and Ca,

respectively, follow very similar trends in the earliest part of the core, until after the “thermal
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maximum”- the maximum of Holocene average temperature identified by other researchers in the
area, when the trends seem to become inverse, although still with similar short-duration peaks

within the longer timescale pattern.

To elaborate, from the bottom of the core to ~5900 cal BP, the curves of Ti, Ca, and Cl are
high, but after this period, Ca begins to trend very gently upward, while Cl and Ti trend very gently
downward until ~4200 cal BP. At ~4200 cal BP there is a sharp reduction of Ca and CI, with an
influx of carbonates, followed by a peak at 3900 cal BP and subsequent decline in Ca/Fe. This is
the beginning of a continuous increase in % fines, which leads to a permanent shift in the core.
One possible explanation for this is the creation and expansion of the delta, which would change
the main source of sediment in the basin from that which is produced in the ocean to sediment
derived from land. This is also consistent with the age-depth model (Figure 4.2) that shows a rapid
increased in sedimentation after this time, due to an influx of finer sediment from the Baradéres
River. Finally, in the most recent part of zone | (subzone 3, Figure 4.10), Ti and CI begin to trend
upward while Ca returns to the same relatively stable level as the earliest stages in subzone 1
(Figure 4.10). Starting at ~3600 cal BP, there is an increase in % fines, silicates, Ti, and Ti/Ca,

which accelerate abruptly at ~3200 cal BP.

Two samples of sand were collected and examined in this section, the first at 769-770 cm
downcore, and the second at 857-858 cm downcore, which encloses almost exactly the timespan
of the coral reef on either side. The sand is quite similar before and after the corals begin, and is
composed of biogenic materials such as foraminifera fragments, including full ostracods, bivalve

shells, calcareous coralline algae, echinoid spines, and gastropods (see Appendix C).
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4.3.5. Zone 11: ~2910 to ~2060 cal BP (~736 to ~557 cm)

> & < »
> > & & s & & & ¢

o & & & & e & & N &
Y‘o f o 6’6\ \0(‘(\ & & Q‘sa 6‘$ & & ,§<\ &
& ot o® & e < oF I3 & 44 S o @&

o
Q\(@
.

2000 -

o 2400 4

Age (cal yr BP

2600 -

2800 -

W00 e
3 8 S = w =
g

ERC I T S R R = AT E} AT =) [ L ) = (NN ] PLO AN W oa
@ @ o

Figure 4.11: Stratigraphic diagram of Zone II. Data is standardized to mean O and standard
deviation 1, excluding percentages, and unit of XRF data is counts per second (CPS).
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The beginning of zone 11 (Figure 4.11) is associated with an increase in Pb, Mg, % fines,
and a more variable signal in all proxies, which is at least in part due to a transformation to a new
depositional environment with a much faster sedimentation rate and a very different climate signal.
Within zone 11, we see the extension of the transition zone likely associated with the continued
development and expansions of the delta. As the delta expands, more sand is deposited at the
river’s mouth and accumulates, increasingly blocking the river’s mouth and preventing larger sand
particles from being deposited into the karst hole. Rather, we see a pronounced increase in % fines
starting at ~3600 and reaching a maximum at ~2500 cal BP, as silt increasingly enters the basin.
Moreover, starting at ~3300 this increase in fines becomes relatively constant, reaching a
maximum at the same moment when Ti, Fe, and Ti/Ca, and Rb/Sr begin to peak. This zone contains
an important event between ~2500 and ~2350 cal BP which is characterized by a peak in % fines,

organics, and terrestrially-derived elements such as Ti and Fe, with the sudden onset of P.
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Two samples of sand were collected and examined under the microscope in this section,
one at 661-662 cm depth (~2560 cal BP), and the other at 664-665 cm depth (~2575 cal BP), i.e.,
one directly on either side of the colour change associated with the change in sedimentation rate.
The sand deposited earlier is composed mainly of biogenic materials, and although particles are
small, colourful corals, bivalves, foraminifera, and OM are identifiable. After the colour change,
however, the sediment becomes muddier, and there are almost no distinguishable foraminifera.
Rather, we see more quartz, which is consistent with high silicates from the LOI and a peak in fine
sediment. As well, this corresponds to a period in the core with almost no shells fragments recorded

or collected, and high Ti values.

4.3.5. Zone I11: ~2060 to ~890 cal BP (~557 to ~309 cm)
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In zone 111 (Figure 4.12) there is one abrupt peak in Rb/Sr at ~1600 cal BP, in conjunction with
a peak in Ti and Ti/Ca and an inverse peak in Ca and carbonates. The proxy signal of this peak is
similar, though quite shorter in duration to the large peak in zone II. Mn/Fe and Ca/Ti have two

maxima in this zone, first a sharp peak at ~1900 cal BP, followed by a larger peak at ~1360 cal
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BP. Mn/Fe, Ca/Ti, K/Ti and CI show a major shift at ~1360 cal BP followed by a period of peaks
in % sand. The curves of % carbonates and Ca are almost exactly opposite to those of Ti and Ti/Ca.

There is a very short signal of P immediately before the large peak at ~1600 cal BP.

Two sand samples were examined in this zone, the first 358-359 cm into the core and the
second 509-510 cm into the core, which correspond to ~ 1100 and ~1830 cal BP, respectively.
Although both samples are primarily biogenic sand composed of relatively similar components
including bits of organic material including plant matter, possible wood, echinoid spines,
calcareous coralline algae, and carbonate foraminifera shells, the older sample had fewer large

bivalve fragments, and overall contained less sand.

4.3.6. Zone 1V: ~890 to ~220 cal BP (~309 cm to 120 cm)
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Figure 4.13: Stratigraphic diagram of Zone IV. Data is standardized to mean 0 and standard
deviation 1, excluding percentages, and unit of XRF data is counts per second (CPS).

Age (cal yr BP)

S8 &8 2 &

It was during this zone, ~500 years ago, that Europeans colonized Hispaniola, erasing the
sustainable farming practices of the indigenous Taino people, and transforming the landscape into
plantation-style sugar-cane farming (Bargout & Raizada, 2013). This could be reflected by the
large peak in Rb/Sr and Ti/Ca (Figure 4.13), which have been used as an indicator of weathering
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and increased erosion (Fritz et al., 2018) potentially related to human activities. However, this
signal could be another potential indicator of a storm-related flooding event, especially given the
correlation to a sharp influx of sand and organics. In this zone there is a general increase in Ti and
decrease in Ca. Already near the end of zone IV at ~260 cal BP we begin to see the influence of
human activities which results in increased organics, silicates, elements of terrestrial origin such
as P, K, Ti, and Fe, with more frequent peaks in Ti/Ca and Rb/Sr. It is also possible that peaks in
% sand and Cl, variability of Ti and K, and general increases in Mn and Ti/Ca between ~500 and
200 cal BP (1450 to 1750 CE) correspond to the LIA. Additionally, sand collected from 205-206
cm depth (~400 cal BP) contained a large amount of organic matter including small pieces of wood
and plant matter, and very infrequent carbonate fragments compared to other samples (Appendix

Q).

4.3.7. Zone V: ~220 to -66 cal BP (~120 to 0 cm)
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Figure 4.14: Stratigraphic diagram of Zone V. Data is standardized to mean O and standard
deviation 1, excluding percentages, and unit of XRF data is counts per second (CPS).
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Zone V is the most easily identifiable zone, as it contains a unique signal which is strongly

terrestrially driven (reflected in high values of Ti/Ca), with unprecedented increases in organics,
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silicates, and macronutrients such as P. This most recent section of the core (Figure 4.14) is
characterized by exceptionally high input of fine-grained sediment (>99%). Cu, Ti, and P are
higher than they have been at any point in the past, with the exception of large but short-duration
peaks at ~2500 cal BP and ~1600 cal BP. In this zone, the sand is composed mainly of microscopic
coral fragments and calcareous foraminifera shells, with small pieces of organic matter and some

larger bivalve shells present, but infrequent (Appendix C).

Early in this zone at ~200 cal BP there is a large peak, followed by a shorter peak at ~120
cal BP, of Ti/Ca and Rb/Sr, which are very similar (though at different scales), to the large peaks
of the same element ratios in zone Il. This, along with increased P, Ti, and Cu provide evidence
that the peak we see at ~2500 cal BP could be related to human disturbances, as there is abundant
evidence that such activities have led to widescale erosion and changes in hydrological cycles in
Haiti in the Historic era. At ~0 cal BP (1950) Si, Ti, F, and K all start a gentle decrease. This is

also represented by PCA dimension 1.

4.4. Discussion

4.4.1. General Comments

Our age-depth model is, in very general terms, consistent with other regional sedimentation
curves. Based on the calibrated ages of three sediment records from Hispaniola compiled by
Caffrey and Horn (2015), similar sedimentation rates exist in the last ca. 2,300 calibrated years in
all three sites. Lake Miragoane, the oldest of the records, has the lowest sedimentation rate overall,
and the lowest sedimentation rate before 2,300 cal BP. Laguna Saladilla had the highest overall

sedimentation rate, with some distinct changes. Specifically, the sedimentation rate was low

78



Moser, S. 2021 Master’s Thesis

between ca. 7,800 cal BP and 3,600 cal BP, but at 3,600 cal BP the lake entered a phase of very

rapid sediment accumulation, which slowed at 2,300 cal BP.

Generally, the grain size and geochemical evidence of core HATC1 agree with overall
Circum-Caribbean Holocene climate reconstructions in the sense that there is precipitation change
over time with a warmer and wetter early to middle-Holocene ~7000-4000 cal BP, followed by a
gradual drying trend reflecting a more southward migration of the ITCZ, including a drier period
from ~3600-2300 cal BP, and brief returns to humid conditions, such as 2300-900 cal BP. After
2500 cal BP, the series of abrupt influxes of Ti and Ti/Ca are associated with an influx of finer,
terrestrially-derived sediment into the bay due to enhanced discharge from the Baradéres River,
possibly due to short-duration shifts to wetter climate conditions, hurricane-induced precipitation,
and/or prehistoric-era human settlement. There is also potential evidence of a drier MWP, and

much more variable and extreme conditions following European colonisation.

Moreover, small mountainous river systems deliver significant amounts of terrestrially-
derived organic and inorganic carbon into oceanic basins, with anthropogenic activities
accelerating river flow, carbon burial, and chemical weathering (McGillis et al., 2015). Increased
levels of precipitation can also increase the runoff of terrigenous elements towards coastal basins
(Gregory et al., 2015). In this core, the ratios of Rb/Sr, Ti/Ca, and Fe/Ca appear to be potential
proxies for TC strikes, specifically after ~2500 cal BP, due to the overall “steady” nature of their
curves, where abrupt peaks are prominent at ~2500 cal BP, ~1600 cal BP, ~420 cal BP, ~183 cal
BP, ~124 cal BP, and ~9 cal BP. Storm signals vary from site to site, but in this case the hurricane
signal might be terrestrially-derived sediment washed into the bay from precipitation, flooding,
and erosion related to individual storm events. This pattern can be seen both at the full-core scale,

and in more detail in the most recent centuries, although the size of peaks is not consistent, which
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could be due to certain wider peaks essentially reflecting several different flooding events in a
short time period, or an event that passed exactly through the coring site as opposed to one that
passed somewhat further from the Baraderes Bay. It is also possible that the size of some peaks

might be altered due to the low resolution of the age-depth model.

Throughout the entire core, Ca/Ti increases when % sand is greater than % fines because
sand settles more quickly than silt and clay, resulting in decreased turbidity in the basin and
therefore more sun penetration, dissolved oxygen, and biogenic activity. Cu might be a proxy for
fires as during fire events metals become more mobilized due to increase in soil surface exposure
leading to increased concentrations in soil and water systems (Abraham et al., 2017). Cu also binds
with OM, which is evident in the similarities between their curves. Finally, sea level in the
Caribbean directly and indirectly affects components of the sediment core. Corals require clear
and clean water (e.g., low pollution), sunlight (meaning shallow waters of one to two meters
penetrable by sunbeams), and high levels of salinity (low river drainage into the ocean)
(Braithwaite, 2016). Thus, the presence of corals concentrated toward to base of the core is

consistent with a particularly low sea level at this time (Toscano & Macintyre, 2003).

4.4.2. Zone |: ~8500 to ~2910 cal BP (~896 to ~736 cm)

In zone I, the curves of sand, fines, and several elements and element ratios including Ti,
Ca, Cl, Rb, Al, Cu, Ca/Fe and Ti/Ca follow a pattern that is likely forced primarily by atmospheric
phenomena such as solar insolation variability and migration of the ITCZ (Haug et al., 2001). A
core from Lake Miragoane (~60 km from our site) demonstrates a relationship between solar
insolation at 10° N and oxygen isotopes throughout the Holocene, with a peak at around 6500 cal
BP, during the so called “Holocene Thermal Maximum” (Hodell et al., 1991). Relatively high

levels of Ti/Ca, Ti/Fe, Ti, Ca, Cl, and Rb in the early part of this zone reflect the wetter period of
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the early Holocene, when sea level was low and thus the water in the basin shallow, with the abrupt
shift at ~6900 cal BP potentially marking the shift between a salt marsh and basin with a freshwater
lake or lagoon. This is somewhat consistent with regional data from Peros et al., (2017) who note
a similar shift from marsh to basin in coastal Cuba at ~7500 cal BP, with the difference in age
likely related to our simplistic age-depth model. Additionally, it is at around this time that corals
begin to be present in the sediment, which is consistent with increasing sea level rise and salinity,
as Porites divaricata are typically found in shallow and protected mangrove or lagoon habitats

(Lord et al., 2021).

Corals disappear at ~3600 cal BP along with an increase in Cl and Ti, which coincides with
reduced hurricane activity in Belize (Adomat & Gischler, 2017), and a major increase in charcoal
and sedimentation rate in the Dominican Republic (Caffrey, 2011). Element ratios such as K/Ti
may be a proxy for sea level rise (Diekmann et al., 2008), and within this zone undergo an increase
in the early Holocene (subzone 1, Figure 4.10), followed by a more stable but still gradual increase
in the middle Holocene (subzone 2, Figure 4.10), and reaching a plateau starting between ~4100
and 3600 cal BP which continues until the end of zone | (green subzone of Figure 4.10). Thus, the
deposition of corals in the basin from the Baraderes River mouth in zone | appear roughly
consistent with hydrological regime that was established as a consequence of decelerating middle

Holocene sea level rise.

With respect to a lower early Holocene sea level, Moore (1991) suggests that there may
have been two separate land bridges stretching out to the island of La Gonave in the bay of Porte-
au-Prince, with a large freshwater lake or lagoon (Moore, 1991). Similarly, this could have been
the case in the Baradéres Bay, with Baraderes possibly attached by land to ile de la Gonave with a

coastal lagoon within the karst, rather than today’s coastal basin (Figure 4.15). The lack of corals
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in the bottom ~40 cm of the core provides evidence that the depth of water in the blue hole was
shallower and fresher, which was due to the significantly lower-than-present sea level.
Furthermore, the presence of Zn adds further evidence as Zn has low abundance in marine
environments and in coastal sediments is either a signal of anthropogenic sources, or extremely

high terrigenous supply (Rothwell & Croudace, 2015b).
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Figure 4.15: Close-up image of Baradéres Bay in which submerged coastlines and underwater
karstic figures are visible including a possible channel and coastal lagoon.

This coastal marsh/lagoon environment would have been an ideal habitat for local marine
animals and reptiles as well as migrating species. Very early settlers in Haiti could have been
drawn here from the mainland by following migrating sea mammals, which would have to move

through narrow channels to get between open sea and the lagoon or lake, where they would be

most easily captured by early populations (Moore, 1991). Archaic-era shell mounds are found in
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the North Atlantic Basin as early as 9000-5800 cal BP at sites including Florida, Haiti, and
Guatemala (Binford et al., 1987). It is now understood that many coastal sites pre-dating the middle
Holocene sea level stabilization were either destroyed or submerged during marine transgression,
and changes in hydrological riverine systems. Future archaeological work should focus on

identifying such sites, potentially in this region.

Additionally, the higher values in the curve of Ca/Ti between ~4900 and 2900 cal BP
coincides with a mesic climate with high lake levels from lake Miragoane (Hodell et al., 1991).
This timeframe correlates with low Ti but potentially high aeolian dust, as Ca/Ti has been
correlated to dust content in mountain river ecosystems (Munroe et al., 2021). The delta likely
formed around ~4000 cal BP, due to wetter conditions which Kennedy et al., (2006) similarly
attribute with the formation of a bog in the Dominican Republic and Peros et al. (2015) associate
to the formation of a lagoon in Cuba. Kennedy et al., (2006) also report low pollen and organic
content influx reflecting periodic drying of the bog surface between ~3700 and 1200 cal BP, which

is similar to our results, although our core has brief periods of increased organics during this time.

In the most recent part of zone I, starting at ~3600 cal BP, there is an increase in the
elements of the first component of PCA which appears to be a continuation of the long timescale
trends of this zone mainly forced by Milankovitch precessions and sea level rise, however, at
~3200 cal BP and we see the ratios of fine sediment, organics, and silicates increase abruptly. This
is consistent with other paleoclimate records in the region which attribute this change to a sudden
drought (van Hengstum et al., 2018). Furthermore, pollen assemblages from Laguna Saladilla,
Dominican Republic indicate saline mangrove conditions from 8030 to 3500 cal BP, followed by

progression toward brackish conditions beginning at ~3500 cal BP (Caffrey, 2011).
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4.4.3. Zone 11: ~2910 to ~2060 cal BP (~736 to ~557 cm)

We associate the drastic change in sedimentation rate at ~2900 cal BP with sea level rise
in conjunction with mangrove growth the continued expansion of the delta, possible human
activities increasing the rate of erosion and sediment deposition, and potential flooding related to
hurricane activity, or some combination of these factors. Many sites in the Lesser Antilles were
abandoned and later re-occupied for various reasons. For example, Haug et al. (2003) found that
“in the anoxic Cariaco basin of the southern Caribbean, titanium content reflects variations in
riverine input and the hydrological cycle... suggesting that a century-scale decline in rainfall put
a general strain on resources in the region, which was then exacerbated by abrupt drought events,

and contributed to the social stresses that led to the Maya demise” (Haug et al., 2003).

Binford et al., 1987 studied the oldest known Maya settlements, which dated to the Ceramic
period (Figure 4.16) and demonstrated a good example of the potential settlement-impact-response
dynamic caused by early human settlements in the Caribbean. As phosphorous loading increased
in response to human population growth in Guatemala, aquatic productivity as measured by
accumulation rate and concentration of aquatic microfossils decreased. High sedimentation rates
of silt appear to have supressed lacustrine productivity, although where the deposited sediment in
Guatemala was inorganic, at our site the deposited sediment is highly organic. In this case, the
high organic deposition could have been a result of the introduction of livestock and farming, in
conjunction with arid or windy conditions, resulting in organic material entering and mixing in the
water system. Otherwise, our system reacts in the same way as the one depicted in Guatemala,
with a surge in sedimentation rate, an increase in fine sediment and silicates, an abrupt

phosphorous influx, and a decrease in lacustrine productivity (Ca/Ti, Mn/Fe). It is common that
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low values of Mn/Fe correlate with increased fluxes of OM during anoxic conditions in the bottom

of a basin while lake mixing occurs in the upper part of a basin (Naeher et al., 2013).

Further evidence of human presence in zone Il comes from 1) the apparent irreversibility
of the shift in depositional environment following the transition between zone | and zone 11, and
2) the similarity between the patterns in zone Il and zone V. Zone V is driven by anthropogenic
activities in the post-European colonization of Haiti, and involves high silt deposition, few large
shell fragments, high P, Cu, and Zn loadings, and high silicates/organics with low carbonates. This
trend is very similar to what occurred in zone 11, with these two zones having the highest overall

percentage of silicates of any point in the core.
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Figure 4.16: Modified from Binford et al. (1987). Summary of the impact of Maya settlement on
the Peten lakes, Guatemala. Bulk sediment rates and Phosphorous loading accelerated as Maya
population densities increased. High export rates of silt and inorganics during the Maya episode
appear to have suppressed lacustrine productivity.
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Another theory relating to the very large peak at ~2500 cal BP is that a high energy flooding
event forced a large volume of fine sediment into the basin in a short amount of time. This type of
event is best explained by a hurricane which passed exactly though the study site. The increase in
organics would then be explained by the flooding of coastal planes and erosion into the river.
Because many proxies such as Cu, Pb, % fines, and % water were already increasing prior to the
abrupt peak and sudden onset of P at ~2500 cal BP, this indicates that there was a separate
mechanism such as human or climate related fire/erosion altering the depositional environment
before the flooding event took place. A reasonable explanation is that a climate shift resulted in an
environment that was temporarily attractive for short-term settlers, and during this time, a very
large hurricane passed by, resulting in coastal agricultural lands being inundated or saturated, as
was the case after Hurricane Sandy in 2012 (Figure 4.17A) and an earthquake in 2010 (Figure
4.17B) caused flooding in Baraderes. Kennedy et al., (2006) noted remobilized old charcoal, along
with peaks in pollen (Poaceae, Cyathea, and Lophhosoria) at ~2900 cal BP which they suggest
may indicate a tropical storm event, and McCloskey & Liu (2012) reported an active hurricane
interval between 1450 and 2600 cal BP in Belize, which provides further evidence of potential

storm activity during this time in Hispaniola.

In Laguna Saladilla, Dominican Republic, at ~2500 cal BP mangroves declined and
charcoal and nonarboreal taxa, particularly Amaranthaceae and Poaceae, became more abundant,
indicating a drier climate and a shift to freshwater conditions in the lake (Caffrey, 2011). There is
further evidence of a dry period from ~3.3 to 2.5 kyr in the Caribbean from an abrupt cessation of
speleothem growth in Cuba, most likely related to a decrease in regional precipitation (Fensterer
et al., 2013), and shallow coastal lagoon drying indicators (e.g., gypsum deposition) in Cuba

(Gregory et al., 2015). Additionally, Caffrey & Horn (2015) noted peaks in charcoal at Laguna
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Saladilla at 2590 and 2420 cal BP, but generally depressed charcoal values in Lake Miragoane
from 3110 to 1680 cal BP, which was attributed with the return of less fire-adapted pollen and an
indication of drier conditions. Finally, the decrease in % sand is consistent with the appearance of
mangrove pollen in Cenote Jennifer, Cuba (Agosta G’Meiner, 2016), which started at ~2400 cal

BP and over time trap sandy sediments and stabilize shorelines.
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Figure 4.17: A) Flood affected land around Baradéres. Red indicates vegetation, blue indicates
water, light blue indicates sediment filled water, and off-white indicates bare soil. The settlement
appears to have saturated soil around it (UNITAR 2012). B) Arial view of Baradéres, a commune
in the Nippes Department of Haiti after the 2010 earthquake and subsequent flooding killed 12
people and damaged over 3000 homes. Photo by Jose Manuel Jimnez /IFRC (IFRC 2014).
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4.4.5. Zone 111: ~2060 to ~890 cal BP (~557 to ~309 cm)

Zone |11 appears to be either partially, or entirely, a zone of increased hurricane activity. There
is one abrupt peak in Rb/Sr at ~1600 cal BP, in conjunction with a peak in Ti and Ti/Ca and an
inverse peak in Ca and carbonates. This is potentially a hurricane but given that there is no drastic
peak in sand, and the short presence of P this could also be a deforestation event, or even a potential
wave of human settlement. Sites at both Miragoane and Saladilla on Hispaniola show increases in
charcoal in the last ~1700 cal BP, with the Miragoane site showing a spike, followed by a decrease
in charcoal at 1475 cal BP, which was attributed to human-set fires and the arrival of
agriculturalists in the region, although it predates the earliest evidence of maize (Caffrey & Horn,
2015). This peak is very similar to, though quite shorter in duration to the large peak in zone II. It
would be unsurprising that the signal left of the environment by the Taino people who inhabited
Hispaniola before the arrival of Europeans would not be very large as they practiced a sustainable
farming practice known as Conuco- cultivating on large mounds of soil embedded with plant
matter such as branches and leaves which provided organic enrichment, improved water drainage
and aeration, and reduced erosion (Bargout & Raizada, 2013). The peaks in Mn/Fe at ~1900 and
~1360 cal BP mark periods of oxic conditions at the bottom of the basin, which also correspond
to intervals of sharp peaks in sand influx. The shift in Mn/Fe along with Ca/Ti, CI, and % organics

at ~1360 could potentially represent the beginning of the MWP.

From 2500 to 1000 BP the North Atlantic experienced an interval of intense hurricane activity
related to a more northern ITCZ position relative to present, but not as far north as the middle
Holocene (van Hengstum et al., 2016). This timeframe is slightly contested, with some researchers
finding an active hurricane period from ~2600 to 1800 cal BP (Peros et al., 2015). Regardless, this

was the beginning of Caribbean aridity relative to the middle Holocene, with the abrupt shift of
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ITCZ favouring cyclogeneses in the central MDR and reducing vertical wind shear. At 1000 BP,
intense hurricane activity decreased in the western North Atlantic, in conjunction with a southern
displacement of the ITCZ leading to decreased cyclogenesis in the MDR (van Hengstum et al.,

2016).

4.4.6. Zone 1V: ~890 to ~220 cal BP (~309 to ~120 cm)

Anthropogenic activities such as agriculture, horticulture, deforestation, and urban
development result in increases in nutrient and sediment loadings in lakes, wetlands, estuaries, and
coastal waters (Fink et al., 2018; Russell et al., 2008). For example, human activities have
fundamentally altered the global phosphorus (P) cycle (Goyette et al., 2018; Russell et al., 2008).
Fertilizer application to crops, human sewage, animal waste, and trade of feed and food result in
high P inputs to watersheds, which increases P transfer to surface waters (E. M. Bennett et al.,
2001). At our site, P increases at an unprecedented volume in the top ~1.25 cm, along with Ti, Cu,
Fe, silicates, and organics. Large P accumulations can occur is relatively short timeframes
(decades). This often leads to eutrophication (Fink et al., 2018), which has become a major
economic and public health concern both globally, and at the local level in coastal communities

(Goyette et al., 2018).

Eutrophication is a potential explanation as to why this sediment core contains fewer shells
at the top of the core, and in sections with low % sand (and therefore inversely high % fines). The
larger quantity of suspended fine particles, which do not sink as quickly and therefore linger longer
within the basin, result in increased turbidity of the water column and decreased sun penetration
and dissolved oxygen, limiting the growth of organisms and clogging the feeding apparatus of

aquatic herbivores. Higher concentrations of silt therefore limit productivity, and at the same time,
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accumulation of sand at the mouth of the basin and in the delta prevent larger terrestrial matter

such as twigs or seeds from breaching the delta and entering the CKB.

4.4.7. Zone V: ~220 to -66 cal BP (~120 to 0 cm)

In the last few centuries, erosion and sedimentation has increased in the Baradéres river,
blocking the mouth (opening), reducing waterflow into the bay, and making the water shallow and
difficult to commute through for locals who use the bay to transport to work (UNDP 2013). This
has occurred due to deforestation and land use changes which have caused an increase in erosion,
and due to persistent flooding, resulting in a feedback loop. Evidence of Haiti’s deforestation has
previously been recorded in sediment cores such as Brenner & Binford (1998), who showed
evidence of three deforestation episodes following European colonization. Also, Higuera-Gundy
et al. (1999) found pollen signals for European deforestation in a 7.6-meter core in Haiti. The large
increase in Ti/Ca closest to the present is thus best explained by deforestation, and increased runoff
and detrital input caused by human activity. We interpret this pattern as increased precipitation
variability and aridity, with increased erosion and storm-related flooding events in the most recent
~220 years, which generally agrees with other sedimentary records from the Circum-Caribbean

(Leblanc et al., 2017)

At this point in our study the accuracy of ages is relatively low, but we can attempt to
corelate the more recent peak in many proxies including sand, Ti/Ca, and Rb/Sr at ~9 cal BP,
which is equivalent to ~1941 CE to a known Hurricane strike, keeping in mind that the model
could be off by several decades. Two likely events that could account for this peak could be
Hurricane Inez, and Hurricane Flora, which occurred in 1966 and 1963, respectively. Hurricane
Flora was a major (category 4) hurricane from September 26th to October 12th, 1963, which

passed quite close to the study site, with the closest recorded coordinate of 19.1 N, 74.2 W and a

90



Moser, S. 2021 Master’s Thesis

wind speed of about 104 kt at this location. Overall, Hurricane Flora had maximum sustained wind
speeds of 126 kt and maximum recorded storm surges of over 12 feet. The more likely hurricane
to account for this peak is Hurricane Inez, which struck southwestern Haiti in late September 1966,
passing directly though the Baraderes bay, and was considered the worst hurricane since the
1920’s. As many as 1000 people were killed, and 60,000 people were left homeless, with damages
totalling $20.35 million in Haiti (“Inez Again Threatens Florida and Gulf Coast,” 1966; “Inez Hurt

Haiti,” 1966).

Additionally, it is likely that this zone contains a signal at ~65 cm downcore of the 1860
earthquake which had an aftershock epicenter in Baradéres. This appears to be represented by a
very sharp spike in Ti, Si, K, Ca, and Fe, although it is not apparent in most of the element ratios
examined. The sudden and sharp onset of so many elements could have been caused by a seismic
event which would cause this sudden input of terrestrial and marine elements. If we are to accept
that this peak is a signal of earthquakes, and specifically the sharp peak in K and Ti, then it is
possible to infer other potential earthquakes which present similar signals in the core. For example,
there is a similar peak in K and Ti at ~190 cal BP and another such signal at ~445 cal BP, both of
which appear just prior to important peaks in Rb/Sr. More work is required to understand the
specific geochemical signal that earthquakes leave at this site which is highly affected by seismic

activity.

Finally, the slight relative decrease of the elements of PCA dimension 1 starting at ~0 cal
BP (1950 CE) likely represents lost soil minerals not being replenished by synthetic fertilizers due
to poverty-related low fertilizer application rates in Haiti (Bargout & Raizada, 2013). The

predominant fertilizer 12-12-20 (nitrogen-phosphorous-potassium) appears to limit plant

91



Moser, S. 2021 Master’s Thesis

production and cause a soil nutrient imbalance (Bargout & Raizada, 2013). Unsustainable farming

practices contribute to this problem.

4.5. Conclusion

Sediment core HATC1 provides and excellent opportunity to reconstruct the poorly
understood climate patterns in the Caribbean during the Holocene but will require several more
detailed research studies to effectively interpret the data. After ~2900 cal BP, the sediment rate
has been very high, yielding a paleorecord of very high temporal resolution (approximately 4 years
per cm). Due to this very high-resolution data, this record has the potential to track changes in very

short-term climate variability, and thus makes a unique contribution to the literature.

There are three main conclusions from this initial study. Firstly, it is very clear that post-
European settlement has resulted in dramatic changes in almost every proxy in this region,
specifically in the most recent ~220 years due to lag effects and extremely high deforestation rates,
which result in increased erosion and riverine input. The second conclusion is that there is a drastic
increase in sedimentation rate beginning around 2900 years ago, and an equally important event
at ~2500 cal BP, which likely relate to both climatic shifts, and/or pre-historic era human
disturbances to the landscape. Following this important change in depositional environment, the
resolution of climate reconstruction is very high, making this a very important study in terms of
providing evidence from small islands for the contested “Anthropocene” epoch. With that said, it
seems likely that this core contains, at least in part, a hurricane signal, specifically with the ratios

of Ti/Ca and Rb/Sr. This is especially important as other researchers have suggested that between
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4800 to 3600, 2500 to 1000, 550 to 450, and potentially in recent decades the North Atlantic Basin

experienced intervals of heightened hurricane activity (Donnelly & Woodruff, 2007).

Lastly, we can conclude that the signal prior to ~2900 cal BP was strongly affected by
Holocene sea level rise and forced predominantly by Milankovitch cycles, solar radiation changes,
and the migration of the ITCZ. The very bottom ~40 cm of the core was deposited in a time before
sea level rise was appropriate for coral growth, meaning that the site was very shallow, and likely
a marsh or coastal lagoon, connected to the ocean via a narrow channel. The future addition of
proxies such as pollen, charcoal, and stable isotope analysis would be highly beneficial to the
interpretation of climate versus human signals in this study. Ultimately, knowledge of the
relationships between paleoclimate variability, human populations, and the ecosystems of
Hispaniola will require an increase in the number of studies and study sites to allow discrimination

between systematic climate fluctuations across all sites and anthropogenic, site-specific forcings.
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CHAPTER 5:

Summary of Contributions

5.1. Conclusions

Numerous studies identify Haiti as a global biodiversity hotspot containing one of the
highest concentrations of endemic species on earth (Mittermeier et al., 2000; Smucker et al., 2007).
Southwestern Haiti’s coral reefs and mangrove deltas rank the highest in the Caribbean in
biodiversity vulnerability (Smucker et al., 2007). The driving forces of this vulnerability relate to
Haiti’s rapid and uncontrolled urbanization and population growth, coupled with acute poverty,
environmental hazards such as hurricanes, floods and landslides, and lack of environmental
education (Smucker et al., 2007). This study presents an ideal opportunity to further our
understanding of the diverse relationships between ecosystem dynamics and socio-political
changes and provides important evidence of how islands with long histories of human settlement
can be valuable in the assessment of mechanisms of ecosystem degradation and recovery. Such
islands require continuous, high resolution reconstructions of climatic and anthropogenic changes
to the environment to improve both our understanding of the driving mechanisms that affect
Caribbean ecosystems, and our ability to predict and attenuate costly damages to island ecosystems
and populations (Nogué et al., 2017). Moreover, there exists a spatiotemporal gap in
paleoclimatological and paleotempestological studies on Circum-Caribbean islands (Oliva et al.,

2018), which, for the reasons stated above, are integral in resolving.

The goal of this thesis was to answer three fundamental questions:

%94



Moser, S. 2021 Master’s Thesis

1) Does the site record sedimentary and/or geochemical evidence of climate variability and/or
human activity during the Holocene and if so, what is the nature of this variability?
2) What long- and short-term climate factors best account for this variability?

3) How does this compare to other paleoclimatological work in the region?

The answer to the first question is undoubtedly, yes - this sediment core is a prime example of
an ideal specimen for paleoenvironmental reconstruction. Although the core is ~9 meters long and
contains ~8500 years of data, the most recent ~2900 years are much higher in resolution, with a
much faster sedimentation rate, accumulating over 7 meters of sediment during this time, whereas
in the previous ~5600 years, only a couple meters of sediment accumulated. The change in
sedimentation was likely due to a co-incidence between multiple factors, likely including a strong
flooding event (probably a hurricane), in conjunction with a shift toward dryer climate conditions,
and the possible presence of pre-historic-era human settlement resulting in land-use changes and
increased erosion influencing the river drainage system. Prior to this change in sedimentation, sea
level was much higher than at present, and the basin was likely above sea level. This would imply
that the CKB was not the same deep, low energy basin, ideal for undisturbed sedimentation, that
it is today, which would explain the very slow sedimentation rate and presence of large quantities
of shell fragments within the bottom ~40 cm of the core, as well as the presence of corals between

~7075 and ~3600 cal BP in conjunction with decelerating mid-Holocene sea level rise.

Regarding our second research question, this multiproxy analysis appears to document
environmental variability related to both long- and short-term climatic and anthropogenic changes
in the Holocene. After ~2900 cal BP the depositional environment appears to document
hydrological regimes and human activities affecting sediment transport into the Baraderes Bay.

Prior to ~2900 cal BP, the curves of sand, fines, and several element ratios including Ca/Fe and
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Ti/Ca follow precessional patterns, likely forced primarily by atmospheric phenomena such as
solar insolation variability and migration of the ITCZ. The exact nature of this long- and short-
term variability will need to be explored in more detail using a more developed age-depth model,

possibly with a statistical analysis of the relationship between precessional forcing and XRF data.

In answer to the third question, our results complement other regional paleoclimate studies
relatively well. In particular, data collected from a bog in the Dominican Republic (Kennedy et al.,
2006) reported wetter conditions at ~4000 cal BP which they attributed with the formation of the
bog. Peros et al. (2015) similarly noted the initial formation of a lagoon in Cuba at around ~4000
cal BP. Our data suggests a similar wet and windy period at ~4000 cal BP reflected in high values
of sand, and likely resulting in the initial formation of the Baradéres river delta. Kennedy et al.
(2006) also report low pollen influx and OM suggesting regional periodic drying between ~3700

and 1200 cal BP which is consistent with the overall drying we see from ~3700 cal BP onward.

Additionally, Hodell et al. (1991) found evidence of an increasingly mesic environment at
Lake Miragoane from 8200 to 2500 cal BP, during which time Higuera-Gundy et al. (1999) found
an increase in charcoal and pollen of fire-resistant fauna, which was interpreted as a reflection of
this wet environment, and which is in general agreement with our data. More generally, high values
of Ti and Ti/Ca are associated with finer sediments in the core and indicate relatively humid
conditions at ~6500 cal BP, followed by a gradual drying trend, which is consistent with data from
elsewhere in the Caribbean that reflects a more southward migration of the ITCZ. Moreover, van
Hengstrum et al. (2016) suggested that from 2500 to 1000 cal BP the North Atlantic experienced
an interval of intense hurricane activity related to a more northern ITCZ position that favoured
cyclogeneses in the central MDR and reduced vertical wind shear. Our data similarly has several

short-duration peaks in organics and sand between ~2500 and ~900 cal BP which could very likely
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be attributed to hurricane strikes, but which require further evidence from additional proxies to

verify.

5.2. Limitations and Recommendations for Future Work

A major limitation in the analysis of this core, which could also be seen as a benefit to the
study, was simply the volume of information that it provided. When identifying patterns in the
core, it became essential to split the graphs and figures into smaller sections (zones) to be able to
distinguish different patterns. Specifically, the scale of XRF and grain-size data is so drastically
different before and after ~664 cm depth that when looking at the entire core, no pattern emerges

in many of the elements prior to this change in sedimentation.

Of course, statistics like PCA and cluster analysis can help us solve the mystery and start
putting pieces of the puzzle together, but these methods are limited by the knowledge of the
researcher and the constraints they ultimately apply to the data. While the fields of
paleoclimatology and paleolimnology have been developed and perfected since the early 1900’s,
the use of long timescale, high-resolution XRF data is relatively new, and the practical approaches
have been largely qualitative in nature. Further research is required to develop the best practices
for statistical analysis of such specimens, and this core has the potential to be a prime example for

such a study.

Another major limitation of this study is the lack of radiocarbon dating samples that | was
basing my assumptions upon. Given a sediment core of this length, with the distinct variations in
sedimentation rates, four terrestrial dates (with two found within the same cm of the core) provide
a decidedly low resolution and therefore account for a rather high uncertainty in the age-depth

model- especially after the large peak and abrupt sediment rate change at ~664 cm. We very
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recently obtained 15 additional marine C-14 dates from various mollusc and coral species,
however for reasons relating to the Covid-19 pandemic, setbacks relating to unsuccessful Pb-210
dating, and time constraints that come with working with several international research partners,

we did not have the time to address these new dates within the timeframe of this thesis.

That being said, preliminary assessment of the additional dates (corrected for Marine
Reservoir Effect using Marine20 calibration) reveal that the new data correlates well with existing
terrestrial C-14 dates, and that the age-depth model is likely skewed in such a way that some of
the existing peaks become much narrower than they appear in our current model. For example, we
dated two mollusks, one on either end of the large peak in Ti/Ca and Rb/Sr starting at ~664 cm
(Table 2), whose median calibrated ages were only ~20 years apart, despite having half a meter of
sediment separating them. This leads us to suspect that the theory relating to hurricane-related
patterns in ratios like Rb/Sr is likely correct, and this theory will be explored in more detail prior
to the publication of the article in Chapter 4, hopefully with 5-10 additional marine dates to solidify

our hypothesis and further reduce uncertainty in the age-depth model.

Another limitation of this approach is that coastal basins, while providing a relatively low-
energy depositional environment, are complex paleoenvironmental archives because their
geomorphic histories can be affected by climate, human activities, and also sea-level change
(Gregory et al., 2015). The overall results of this study indicate that Baie des Baradéres has been
affected by a multitude of components including sea level rise, tectonic activity, anthropogenic
forcings, and atmospheric phenomena such as hurricanes and droughts, because of its coastal
setting and its karst topography, both of which increase its sensitivity to sea level rise and human

impacts. Given this complex relationship between natural and anthropogenic climate change and

98



Moser, S. 2021 Master’s Thesis

the sensitive tropical coastal ecosystem, it can be expected that such Caribbean islands will

continue to undergo profound changes over the upcoming decades and centuries.

Depth l.d. Type FModern Age + Calibration Median
from error (BP) curve Calibrated
Surface age (cal
(cm) BP)
125 HATC1 D1 1:1 12-13cm | Mollusc 1.0629 >Modern Marine20 N/A
81.5 HATC1 D1 1:1 81-82cm | Mollusc 1.1362 >Modern Marine20 N/A

214.5 HATC1 D2 2:7 90-91cm | Plant/Wood | 0.95980 330 15 Intcal20 382
2145 HATC1 D2 2:7 90-91cm | Mollusc 0.9217 655 +15 Marine20 325
294.5 HATC1 D2 3:7 25-26cm | Mollusc 0.9140 720 15 Marine20 378
343.5 HATC1 D2 3:7 73-74cm | Mollusc 0.8778 1050 +£15 Marine20 658
424.5 HATC1 D2 4:7 10-11cm | Mollusc 0.8502 1300 +20 Marine20 893
504.5 HATC1 D2 4:7 95-96cm | Mollusc 0.8296 1500 +£15 Marine20 1112
616.5 HATC1 D2 5:7 57-58cm | Mollusc 0.7555 2250 £15 Marine20 1938
667.5 HATC1_D2 5:7_108- Mollusc 0.7543 2270 £15 Marine20
109cm 1957
743.5 HATC1 D2 6:7 39-40cm | Mollusc 0.6946 2930 £20 Marine20 2778
744.5 HATC1 D2 6:7 40-41cm | Plant/Wood | 0.74150 2400 £75 Intcal20 2476

764.5 HATC1 D2 6:7 60-61cm | Coral 0.6631 3300 £20 Marine20 3222
794.5 HATC1 D2 6:7 90-91cm | Mollusc 0.6682 3240 +25 Marine20 3146
824.5 HATC1 D2 _6:7_120- Coral 0.6062 4020 +20 Marine20

121cm 4134

855.5 HATC1 D2 7:7 8-9cm Mollusc 0.5402 4950 +25 Marine20 5321
894.5 HATC1 D2 7:7 47-48cm | Mollusc 0.4309 6760 £25 Marine20 7278
895.5 HATC1 D2 7:7 48-49cm | Plant/Wood | NA 7690 £30 Intcal20 8471
895.5 HATC1 D2 7:7 48-49cm | Plant/Wood | 0.37310 7920 +65 Intcal20 8768

Table 2: Summary of terrestrial and marine macrofossils radiocarbon dated at the National Ocean
Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic
Institution (WHOI) for sediment core HATCL1. Only those highlighted in green were applied to
this study due to time constraints related to the Covid-19 pandemic. All data, plus 5-6 additional
dates will be applied to this study before it is submitted for peer-review.

Future work should include the addition of proxies from this sediment core including
pollen, charcoal, and stable isotope analysis. Charcoal and pollen identification will be especially
helpful in the interpretation of climatic versus anthropogenic shifts in the environment, while
isotope analysis will provide insight into the variations of hydrological cycles, and their

relationship to the position of the ITCZ. Ultimately, a complete comprehension of the relationships

99



Moser, S. 2021 Master’s Thesis

between climate variability, human activity, and the ecosystems of the Caribbean will require an
increase in the number of studies and study sites to allow discrimination between systematic
climate fluctuations across all sites and anthropogenic, site-specific forcings. The collaboration
with our research partners as this project grows will be greatly beneficial in this sharing of
knowledge and improvement of our interpretations. Finally, I would suggest that a potential next
step in this project should be another field trip to Hispaniola and surrounding islands to collect
additional sediment cores and other potential proxies (speleothems, tree cores) which can be
valuable in this interpretation, and which would also now cover several additional years of data,
including Hurricane Matthew (2016), Hurricane Elsa (2021) and an Mw 7.2 earthquake on August

14, 2021.
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Appendix A: Results of XRF scanning, grain size analysis, and LOI

Al: Stratigraphic diagrams of all proxy data from 8500 to -66 cal BP. XRF units are standardized
counts per second (CPS).
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Appendix B: Results of Statistical Analysis

B1: Biplot of PC1 and PC2 of PCA of full core (cm scale).
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B2: PC1-5 over time from PCA of full core (cm scale).
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B3: Scree plot for PCA of full core (cm scale). The first 5 principle components explain 79.2%
of the variance.
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B4: Bar plot of variable contributions to the first five dimensions of PCA of the full core (cm

scale).
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B5: Biplot of PC1 and PC2 of PCA of full core (mm scale).
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B7: Scree plot for PCA of full core (mm scale). The first 5 principle components explain 76.6%

of the variance.
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B8: Bar plot of variable contributions to the first five dimensions of PCA of the full core (mm

scale).
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B9: Biplot of PC1 and PC2 of PCA of 3000 to -66 cal BP (cm scale)
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B11: Scree plot for PCA from 3000 to -66 cal BP (cm scale). The first 5 principle components
explain 79% of the variance.
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B12: Bar plot of variable contributions to the first five dimensions of PCA from 3000 to -66 cal
BP (cm scale).
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Contribution of variables to Dim-3 Contribution of variables to Dim-4

Sz

21 509
§15- ] ;'\;40-
0 o
5 5301
510 5
£ :
T 1 — 3 D
JJ8[E CIE T | e —
A S B V S K N Cu Zn i A S R\ zZm S P A

Srpercent_sandSr i
name name

Rb  Zn S P Al

Contribution of variables to Dim-5

a1 ]
%
£ 301
0
C
9
5201
a
€
S04
N Mg A P Ba V S Cu 8

Ni
name

B13: Biplot of PC1 and PC2 of PCA of 3000 to -66 cal BP (mm scale)
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B14: PC1-5 over time for PCA from 3000 to -66 cal BP (mm scale)
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B15: Scree plot for PCA from 3000 to -66 cal BP (mm scale). The first 5 principle components

explain 76.7% of the variance.
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B16: Bar plot of variable contributions to the first five dimensions of PCA from 3000 to -66 cal

BP (mm scale).
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Appendix C: Microscopic pictures of sand samples throughout the
core

C1: 60-61 cm downcore

D1 1:1, 60-61 cm (60-61 cm)
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C2: 205-206 cm downcore

D2 2:7, 81-82 cm (205-206 cm)

C3: 358-359 cm downcore

D2 3:7, 89-90 cm (358-359 cm)
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C4:509-510 cm downcore

D2 4:7, 95-96 cm (509-510 cm)

C5: 661-662 cm downcore

D2 5:7, 102-103 cm (661-662 cm)
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C6: 664-665 cm downcore

D2 5:7, 105-106 cm (664-665 cm)

C7:769-770 cm downcore

D2 6:7, 65-66 cm (769-770 cm)
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C8: 857-858 cm downcore

Appendix D: Samples of Rcode used in this study

D1: PCA code

pcainput <- read.csv("XRF_GS_PCA.csv")

pcadata <- pcainput[c(3:26)]

cpca <- PCA(pcadata, scale.unit=TRUE, graph=TRUE)

# Biplot: PC1 and PC2
col.ind=pcainputdmean_Age
gradient.cols=c("#FC4EQ7", "#E7B800", "#00AFBB")

fviz_pca_biplot(cpca, geom.ind="point",col.var="black",
pointsize=2, xlab="PC1 (34.5%)",ylab="PC2 (20.9%)",

col.ind=pcainput$mean_Age,
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gradient.cols=c("#FC4EQ7", "#E7B800", "#00AFBB"),

axes.linetype="dotted", title="PCA CORE HATC1",

legend.title=""Year BP") +
theme(panel.grid.minor=element_blank())+
theme(panel.grid.major=element_blank())+
theme(panel.border=element_rect(colour="black", fill=NA))+
theme(axis.text = element_text(size=11)) +

theme(axis.text = element_text(colour="black™))

# Scores

cpcas$ind$coord

# Loadings

cpca$var$coord

# Importance of components

cpca$eig

#Visualize variance of the dimensions:
fviz_eig(cpca,
addlabels=TRUE,
linecolor="red",
X ="Principal Components",
y = "% of Variances",
title = "Variances - PCA") +

theme_classic()

#Visualize contribution of variables to dim1;
fviz_contrib(cpca,
choice="var",
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addlabels=TRUE,

axes =1,
top = 11,
fill = "lightgrey",

color="black™) +

theme_classic()

#plot PC1 over time
PC1 <- read.csv("'scores.csv")
ggplot(PC1, aes(x=mean_Age, y=Dim.1,
colour=pcainput$mean_Age)) +
geom_line() +
theme_classic()+
labs(color="Year BP", x="Mean Age", y="PC1") +

scale_color_gradient2(low="#FC4EQ07", mid = "#E7B800", high = "#00AFBB", midpoint =
4000)

D2: Cluster analysis, dendograms code

input <- read.csv("10cm_scale_-66-2900.csv")

elements <- input[c(4:46)]

rownames(elements)<-input$Age

#calculate clusters with appropriate df
diss <- dist(elements)
#cluster data

clust <- chclust(diss)

#Plot dendrogram
dend<-fviz_dend(clust, cex=0.4, k=9, k_colors = "aaas", color_labels_by k=F,

ggtheme = theme_classic(), rect = TRUE, rect_border = c(*"uchicago"),
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rect_fill = TRUE, label_cols = "black", Iwd = 1, main="")
plot(dend)
dev.off()

D3: age-depth model code

install.packages('rbacon’)
library('rbacon’)
#set working directory
setwd(""C:/Users/moser/Thesis/Bacon_runs")
Bacon(

core = "HATC1",

#if you have a depth file you want to get specific ages for:

depths.file = TRUE,

#if you want ages at certain intervals:

d.min = NA,

d.max = NA,

d.by=100000,

slump=NA,

thick = 5,

ccl = "IntCal20",

cc2 = "Marine20",

suggest = FALSE,

verbose = TRUE,

normal = TRUE,

coredir =".",

acc.mean = 11,

acc.shape = 3,

accept.suggestions = TRUE,

mem.strength = 8,
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mem.mean = 0.4,
add.bottom = TRUE,
prob = 0.95,
plot.pdf=TRUE

2021

Master’s Thesis

Appendix E: Ages from age-depth model inferred for each cm of core

HATC1

depth min max
0 -68 -64
0.5 -67 -62
15 -67 -55
2.5 -66 -47
35 -66 -40
4.5 -66 -32
55 -65 -27
6.5 -64 -25
7.5 -63 -21
8.5 -62 -17
9.5 -62 -12
10.5 -60 -8
115 -58 -6
125 -57 -3

135 -56 0

145 -55 5

155 -54 9

16.5 -52 11
17.5 -51 14
18.5 -50 18
19.5 -49 22
205 -47 26
215 -45 28
22.5 -44 30
23.5 -43 33
24.5 -41 36
255 -40 39
26.5 -38 41
275 -36 44
285 -35 47
29.5 -34 51
30.5 -32 54
315 -29 57
325 -28 59
335 -26 62
345 -24 65
355 -22 69
36.5 -21 71
375 -19 74
38.5 -17 77
39.5 -16 81

median

-66
-65
-63
-61
-59
-57
-55
-53
-50
-48
-46
-44
-41
-39
-36
-34
-32
-29
-27
-24
-22
-20
17
-14
12
-10
-7

-2

O© NI O

14
16
19
21
23
26

mean
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40.5 -14 84 28 30
415 -11 87 31 32
425 -10 90 33 35
435 -8 93 36 37
445 -6 97 38 40
455 -4 99 40 42
46.5 -2 101 43 45
475 0 103 45 47
48.5 2 106 47 49
495 3 109 50 52
50.5 5 112 52 54
515 8 115 54 56
52.5 10 118 57 59
53.5 11 120 59 61
545 13 124 62 64
555 15 127 64 66
56.5 18 129 67 68
57.5 20 131 70 71
58.5 22 134 72 73
59.5 23 137 74 76
60.5 25 140 77 78
61.5 27 143 79 81
62.5 30 146 82 83
63.5 32 148 84 85
64.5 34 151 87 88
65.5 36 153 89 90
66.5 39 155 91 93
67.5 41 157 94 95
68.5 43 160 96 97
69.5 45 163 99 100
70.5 47 166 101 102
715 49 167 104 105
72.5 51 170 106 107
73.5 53 173 109 109
74.5 55 175 111 112
75.5 57 178 113 114
76.5 59 180 116 116
775 61 183 118 119
78.5 63 185 121 121
79.5 65 188 123 124
80.5 67 191 125 126
81.5 69 193 128 128
82.5 71 195 130 131
83.5 73 197 133 133
84.5 74 200 135 136
85.5 76 203 138 138
86.5 79 205 140 140
87.5 81 207 142 143
88.5 84 210 145 145
89.5 86 213 147 147
90.5 88 216 149 150
91.5 91 218 152 152
925 94 220 155 155
935 96 223 157 157
945 98 226 159 159

955 100 228 161 162
96.5 102 231 164 164
97.5 104 232 166 167
98.5 105 234 169 169
99.5 107 237 171 171
1005 110 240 173 174
1015 112 241 176 176
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1025 115 244 179 178
1035 117 246 181 181
1045 119 249 184 183
1055 121 252 186 186
106.5 124 253 188 188
1075 126 256 190 191
1085 128 258 193 193
1095 130 261 195 195
1105 133 263 197 198
1115 135 264 200 200
1125 138 267 202 202
1135 140 269 204 205
1145 143 272 207 207
1155 145 275 209 209
1165 148 277 211 212
1175 150 279 214 214
1185 152 281 216 216
1195 155 284 218 219
1205 157 286 221 221
1215 160 288 223 223
1225 162 290 226 226
1235 165 293 228 228
1245 166 295 231 231
1255 169 297 233 233
1265 171 299 236 235
1275 173 301 238 238
1285 175 303 240 240
1295 177 305 243 242
130.5 180 307 245 245
1315 183 310 247 247
1325 186 311 250 250
1335 188 314 252 252
1345 190 317 255 254
1355 193 319 257 257
136.5 196 321 259 259
1375 198 323 262 261
1385 200 326 264 264
1395 202 329 266 266
1405 204 331 269 268
1415 206 333 271 271
1425 208 335 274 273
1435 210 337 276 275
1445 213 339 278 278
1455 215 341 281 280
1465 219 343 283 283
1475 222 345 286 285
1485 224 347 288 287
1495 226 349 290 290
1505 228 352 293 292
1515 231 354 295 294
1525 233 356 297 297
1535 235 358 300 299
1545 238 361 302 302
1555 241 363 305 304
156.5 243 365 307 306
1575 246 367 310 309
1585 248 369 312 311
1595 250 371 315 314
160.5 253 373 317 316
1615 255 375 320 319
1625 258 377 322 321
1635 261 378 324 323

144



Moser, S. 2021 Master’s Thesis

1645 263 381 327 326
1655 266 383 329 328
166.5 269 385 332 330
1675 271 387 334 333
1685 273 388 336 335
169.5 275 391 339 337
1705 278 393 341 340
1715 281 395 344 342
1725 283 396 346 345
1735 285 399 349 347
1745 287 402 351 349
1755 290 404 353 352
176.5 293 406 356 354
1775 296 408 358 356
1785 298 410 361 359
1795 301 412 363 361
180.5 304 414 365 363
1815 308 416 368 366
1825 311 418 370 368
1835 314 420 372 371
1845 316 423 375 373
1855 318 425 377 376
186.5 322 426 380 378
1875 324 428 382 380
188.5 327 430 384 383
1895 329 432 387 385
1905 332 434 389 388
1915 336 436 392 390
1925 339 437 394 392
1935 342 439 396 395
1945 344 441 399 397
1955 347 442 401 400
196.5 350 444 404 402
1975 353 446 406 404
1985 356 448 409 407
1995 358 450 411 409
2005 360 452 413 412
2015 363 453 416 414
2025 366 455 418 416
2035 369 457 420 419
2045 372 459 422 421
2055 375 460 425 423
206.5 379 462 427 426
2075 381 463 429 428
2085 384 465 432 431
2095 385 467 434 433
2105 389 469 437 436
2115 393 470 439 438
2125 396 471 441 441
2135 399 473 444 443
2145 401 475 447 446
2155 405 480 450 449
216.,5 409 489 455 454
2175 414 498 459 459
2185 416 511 464 464
2195 420 524 467 468
2205 423 533 472 473
2215 427 539 476 478
2225 430 546 481 483
2235 433 555 485 488
2245 436 566 489 493
2255 439 575 494 498
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2265 442 580 499 502
2275 445 586 503 507
2285 448 593 508 512
2295 451 600 512 517
230.5 454 606 517 521
2315 458 611 522 526
2325 462 616 527 531
2335 465 624 532 535
2345 468 631 536 540
2355 472 638 541 545
236.5 476 644 546 550
2375 480 650 550 554
2385 483 658 555 559
239.5 485 664 559 564
2405 489 670 564 568
2415 493 676 569 573
2425 495 682 574 578
2435 498 691 579 583
2445 500 699 583 588
2455 504 705 588 592
2465 508 709 592 597
2475 513 715 597 602
2485 515 721 602 606
2495 518 727 607 611
250.5 522 733 611 615
2515 526 738 615 620
2525 529 745 620 625
2535 533 752 625 630
2545 536 759 629 634
2555 540 765 634 639
256.5 545 770 639 644
2575 548 775 643 648
2585 552 783 648 653
2595 555 790 652 658
260.5 560 797 657 662
261.5 563 802 661 667
2625 566 806 666 672
2635 568 810 671 676
2645 571 816 675 681
2655 575 822 680 685
266.5 579 827 685 690
2675 584 834 690 695
268.5 587 840 694 699
269.5 591 847 699 704
270.5 596 853 704 709
2715 601 858 708 713
2725 603 862 712 718
2735 607 867 717 723
2745 610 875 722 727
2755 614 881 726 732
276.5 619 887 731 737
2775 623 892 736 742
2785 626 899 740 746
2795 630 905 746 751
280.5 633 910 750 756
2815 638 916 755 761
2825 641 921 760 765
2835 645 926 765 770
2845 649 932 769 775
2855 653 937 774 780
286.5 657 942 779 785
2875 662 948 784 789
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2885 665 954 788 794
2895 668 961 793 799
2905 672 967 798 804
2915 677 971 803 808
2925 682 975 808 813
2935 686 981 812 818
2945 690 986 817 822
2955 695 992 821 827
296.5 699 998 826 832
2975 703 1003 831 836
2985 706 1008 835 841
2995 710 1014 840 845
3005 713 1019 844 850
3015 717 1023 848 855
3025 721 1028 853 859
3035 724 1033 858 864
3045 727 1039 863 869
3055 731 1045 868 873
306.5 736 1050 873 878
3075 739 1053 877 883
3085 743 1059 882 888
3095 747 1066 886 892
3105 751 1071 891 897
3115 755 1076 896 902
3125 757 1083 901 906
3135 760 1089 905 911
3145 763 1096 910 916
3155 767 1101 915 921
3165 772 1107 919 925
3175 775 1112 924 930
3185 778 1116 929 935
3195 782 1121 933 940
3205 786 1126 938 944
3215 792 1131 942 949
3225 797 1134 947 954
3235 800 1140 952 959
3245 804 1146 957 963
3255 808 1152 961 968
3265 812 1158 966 973
3275 816 1164 971 977
3285 820 1170 976 982
3295 824 1177 981 987
3305 828 1182 987 992
3315 833 1186 991 996
3325 838 1190 996 1001
3335 841 1195 1000 1006
3345 844 1202 1005 1011
3355 848 1208 1010 1015
336.5 853 1212 1015 1020
3375 858 1217 1019 1025
3385 861 1224 1025 1029
3395 864 1231 1029 1034
3405 868 1236 1034 1039
3415 873 1240 1039 1043
3425 877 1246 1043 1048
3435 880 1251 1048 1053
3445 883 1258 1053 1057
3455 886 1264 1057 1062
3465 891 1269 1062 1067
3475 896 1273 1067 1072
3485 899 1279 1072 1076
3495 903 1285 1077 1081
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350.5 908 1289 1081 1086
3515 911 1293 1086 1091
3525 915 1301 1091 1095
3535 918 1309 1095 1100
3545 921 1315 1100 1105
3555 927 1319 1104 1110
356.5 932 1324 1109 1114
3575 935 1327 1114 1119
3585 937 1333 1119 1124
3595 942 1339 1124 1129
360.5 945 1346 1128 1133
3615 950 1351 1133 1138
3625 953 1356 1138 1143
3635 956 1360 1142 1148
3645 960 1368 1147 1152
365.5 964 1374 1152 1157
366.5 968 1377 1156 1162
3675 974 1383 1161 1166
3685 979 1388 1166 1171
369.5 983 1394 1171 1176
3705 987 1400 1175 1181
3715 993 1404 1180 1185
3725 998 1410 1185 1190
3735 1003 1417 1190 1195
3745 1006 1422 1195 1199
3755 1010 1427 1199 1204
376.5 1016 1431 1204 1209
3775 1018 1436 1209 1214
3785 1022 1441 1213 1218
3795 1028 1447 1218 1223
3805 1032 1454 1223 1228
3815 1037 1457 1228 1233
3825 1041 1461 1233 1237
3835 1044 1466 1237 1242
3845 1047 1471 1241 1246
3855 1051 1477 1246 1251
386.5 1056 1482 1251 1256
3875 1060 1487 1256 1261
3885 1064 1494 1261 1266
3895 1067 1500 1266 1271
3905 1072 1506 1271 1276
3915 1076 1514 1276 1280
3925 1080 1520 1281 1285
3935 1084 1526 1286 1290
3945 1087 1532 1290 1295
3955 1091 1537 1295 1300
396.5 1096 1541 1300 1305
3975 1100 1545 1305 1309
3985 1105 1551 1311 1314
3995 1109 1556 1315 1319
4005 1112 1562 1320 1324
4015 1117 1568 1325 1328
4025 1121 1573 1330 1333
4035 1125 1579 1335 1338
4045 1129 1584 1339 1343
4055 1134 1589 1344 1348
4065 1138 1594 1348 1352
4075 1143 1598 1353 1357
4085 1146 1603 1358 1361
4095 1150 1608 1362 1366
4105 1154 1612 1367 1371
4115 1158 1616 1371 1375
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4125 1165 1620 1375 1380
4135 1169 1627 1380 1385
4145 1173 1632 1384 1390
4155 1177 1639 1389 1394
4165 1181 1643 1394 1399
4175 1185 1649 1398 1404
4185 1188 1654 1402 1409
4195 1191 1658 1407 1414
4205 1195 1666 1413 1418
4215 1200 1670 1418 1423
4225 1205 1674 1422 1428
4235 1208 1680 1426 1432
4245 1212 1683 1431 1437
4255 1217 1688 1436 1442
4265 1221 1692 1441 1447
4275 1227 1698 1446 1451
4285 1230 1702 1451 1456
4295 1233 1708 1456 1461
4305 1237 1713 1462 1466
4315 1242 1717 1466 1470
4325 1246 1721 1471 1475
4335 1249 1727 1475 1480
4345 1254 1734 1480 1484
4355 1259 1740 1485 1489
436.5 1263 1746 1489 1494
4375 1266 1751 1494 1498
4385 1270 1756 1498 1503
4395 1275 1763 1502 1508
4405 1279 1769 1508 1513
4415 1285 1773 1513 1517
4425 1289 1777 1518 1522
4435 1293 1783 1522 1527
4445 1298 1788 1527 1531
4455 1303 1794 1531 1536
4465 1308 1798 1536 1541
4475 1314 1802 1541 1546
4485 1318 1808 1545 1550
4495 1322 1814 1550 1555
4505 1326 1820 1554 1560
4515 1331 1826 1559 1564
4525 1335 1829 1564 1569
4535 1340 1832 1568 1574
4545 1344 1837 1573 1578
4555 1347 1842 1578 1583
456.5 1353 1846 1583 1588
4575 1357 1851 1588 1593
4585 1360 1856 1594 1597
4595 1365 1861 1599 1602
460.5 1369 1865 1603 1607
4615 1375 1869 1608 1611
4625 1379 1874 1612 1616
4635 1384 1879 1618 1621
4645 1387 1884 1622 1626
4655 1392 1889 1628 1630
466.5 1398 1896 1632 1635
467.5 1403 1900 1637 1640
468.5 1408 1905 1642 1645
469.5 1413 1912 1646 1650
4705 1416 1918 1652 1654
4715 1421 1924 1656 1659
4725 1425 1929 1660 1664
4735 1430 1935 1665 1669
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4745 1433 1940 1670 1674
4755 1437 1946 1674 1678
476.5 1442 1950 1679 1683
4775 1446 1954 1684 1687
4785 1450 1960 1689 1692
4795 1453 1965 1694 1697
4805 1457 1969 1698 1701
4815 1462 1974 1703 1706
4825 1466 1978 1708 1711
4835 1470 1981 1713 1716
4845 1474 1986 1717 1720
4855 1480 1991 1722 1725
486.5 1484 1996 1726 1730
4875 1489 2001 1731 1734
4885 1492 2006 1736 1739
489.5 1495 2011 1741 1744
490.5 1500 2017 1746 1748
4915 1506 2022 1751 1753
4925 1511 2029 1755 1758
4935 1514 2035 1760 1763
4945 1517 2039 1764 1767
4955 1522 2044 1768 1772
4965 1526 2049 1773 1777
4975 1531 2054 1777 1782
4985 1536 2058 1782 1786
4995 1540 2062 1787 1791
500.5 1544 2067 1792 1796
501.5 1548 2071 1796 1800
5025 1552 2077 1801 1805
5035 1556 2083 1806 1809
5045 1559 2088 1810 1814
5055 1563 2092 1815 1818
506.5 1568 2097 1820 1823
5075 1574 2102 1825 1828
508.5 1579 2108 1830 1832
509.5 1584 2114 1835 1837
5105 1589 2119 1839 1842
5115 1592 2124 1844 1846
5125 1596 2129 1848 1851
5135 1601 2134 1852 1856
5145 1604 2141 1857 1860
5155 1607 2148 1861 1865
5165 1612 2151 1866 1870
5175 1618 2154 1871 1875
5185 1621 2161 1876 1880
5195 1625 2165 1881 1884
5205 1629 2171 1886 1889
5215 1634 2173 1891 1894
5225 1639 2178 1895 1898
5235 1643 2183 1900 1903
5245 1645 2189 1903 1908
5255 1650 2195 1908 1912
526.5 1654 2200 1912 1917
5275 1658 2205 1917 1921
5285 1663 2209 1921 1926
5295 1665 2213 1927 1931
530.5 1670 2217 1932 1935
5315 1674 2222 1937 1940
5325 1679 2226 1942 1945
5335 1682 2232 1946 1949
5345 1687 2237 1950 1954
5355 1692 2242 1956 1958
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536.5 1695 2249 1960 1963
5375 1699 2255 1965 1968
5385 1703 2262 1969 1973
539.5 1707 2266 1974 1977
5405 1712 2271 1979 1982
5415 1718 2276 1985 1987
5425 1724 2280 1990 1992
5435 1730 2285 1995 1997
5445 1734 2290 2000 2002
5455 1738 2295 2005 2006
546.5 1743 2299 2009 2011
5475 1749 2303 2014 2016
5485 1752 2309 2018 2021
5495 1757 2315 2023 2025
550.5 1762 2319 2028 2030
5515 1767 2323 2033 2035
5525 1771 2327 2038 2040
5535 1774 2333 2042 2044
5545 1779 2337 2046 2049
5555 1783 2343 2051 2054
556.5 1788 2349 2055 2058
5575 179 2353 2060 2063
5585 1799 2356 2064 2068
559.5 1803 2360 2069 2072
560.5 1808 2364 2074 2077
5615 1814 2368 2079 2082
562.5 1819 2372 2084 2087
5635 1825 2376 2089 2091
5645 1826 2381 2094 2096
565.5 1832 2388 2098 2101
566.5 1837 2392 2103 2105
567.5 1840 2398 2107 2110
568.5 1843 2403 2112 2115
569.5 1847 2408 2117 2119
5705 1851 2412 2121 2124
5715 1857 2414 2126 2129
5725 1862 2421 2131 2133
5735 1865 2426 2135 2138
5745 1872 2431 2140 2143
5755 1876 2437 2144 2148
576.5 1880 2439 2150 2152
5775 1885 2446 2154 2157
5785 1887 2450 2159 2162
5795  189% 2454 2163 2166
580.5 1897 2459 2168 2171
581.5 1900 2464 2172 2176
5825 1904 2468 2177 2181
583.5 1908 2472 2183 2185
5845 1912 2479 2187 2190
5855 1916 2484 2192 2195
586.5 1921 2487 2196 2200
587.5 1925 2489 2200 2204
588.5 1930 2495 2205 2209
589.5 1934 2499 2210 2214
590.5 1938 2504 2214 2218
5915 1942 2509 2219 2223
5925 1946 2513 2223 2228
5935 1952 2519 2228 2232
5945 1956 2526 2233 2237
5955 1960 2530 2238 2241
596.5 1964 2533 2243 2246
5975 1970 2538 2249 2251
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5985 1974 2545 2253 2256
5995 1979 2552 2258 2260
600.5 1984 2556 2263 2265
601.5 1991 2561 2268 2270
602.5 199 2566 2272 2275
603.5 1999 2570 2276 2279
6045 2003 2578 2281 2284
605.5 2007 2584 2286 2289
606.5 2013 2589 2291 2294
607.5 2016 2595 2296 2299
608.5 2020 2599 2301 2303
609.5 2024 2603 2306 2308
6105 2028 2608 2310 2313
611.5 2034 2612 2315 2318
6125 2038 2616 2320 2322
6135 2044 2620 2325 2327
6145 2049 2624 2330 2332
6155 2053 2629 2334 2337
616.5 2056 2634 2338 2341
617.5 2060 2638 2344 2346
6185 2066 2641 2348 2351
619.5 2072 2645 2353 2355
6205 2075 2649 2358 2360
621.5 2079 2654 2362 2365
6225 2085 2659 2367 2369
6235 2092 2665 2371 2374
6245 2097 2670 2375 2379
6255 2102 2674 2380 2384
626.5 2106 2679 2385 2388
6275 2110 2684 2390 2393
6285 2114 2690 2394 2398
629.5 2118 2695 2399 2402
630.5 2123 2700 2403 2407
631.5 2127 2703 2408 2412
6325 2132 2710 2413 2417
633.5 2138 2715 2418 2421
6345 2141 2721 2423 2426
6355 2146 2727 2428 2431
636.5 2149 2730 2433 2436
637.5 2155 2735 2438 2440
638.5 2158 2740 2443 2445
639.5 2162 2745 2447 2450
6405 2167 2749 2452 2455
6415 2172 2753 2455 2459
6425 2176 2759 2460 2464
6435 2181 2765 2465 2469
6445 2187 2770 2470 2473
6455 2192 2776 2474 2478
646.5 2195 2781 2478 2483
6475 2200 2787 2483 2487
648.5 2206 2793 2488 2492
649.5 2209 2797 2492 2497
650.5 2214 2802 2498 2502
6515 2219 2805 2504 2506
6525 2225 2811 2509 2511
653.5 2229 2817 2514 2516
6545 2233 2826 2519 2521
655.5 2237 2830 2524 2525
656.5 2242 2834 2529 2530
657.5 2248 2837 2533 2534
658.5 2251 2840 2537 2539
659.5 2254 2846 2540 2543
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660.5 2259 2850 2545 2548
661.5 2264 2856 2550 2553
662.5 2270 2862 2555 2558
663.5 2276 2869 2560 2563
6645 2282 2875 2565 2567
6655 2287 2879 2569 2572
666.5 2291 2883 2573 2577
667.5 2297 2889 2578 2582
668.5 2302 2894 2582 2586
669.5 2307 2899 2587 2591
6705 2312 2902 2591 2596
6715 2317 2906 2596 2601
6725 2322 2910 2600 2605
6735 2326 2914 2606 2610
6745 2330 2920 2610 2615
6755 2334 2924 2615 2619
676.5 2340 2928 2619 2624
6775 2343 2932 2623 2629
6785 2348 2938 2628 2633
679.5 2354 2943 2633 2638
680.5 2359 2949 2638 2643
681.5 2364 2953 2642 2648
6825 2369 2957 2647 2652
683.5 2374 2962 2652 2657
6845 2378 2967 2657 2661
685.5 2383 2971 2661 2666
686.5 2388 2976 2666 2671
687.5 2396 2980 2671 2675
688.5 2401 2987 2676 2680
689.5 2405 2992 2681 2685
690.5 2410 2997 2685 2689
6915 2414 3000 2691 2694
6925 2418 3006 2696 2699
6935 2421 3011 2700 2703
6945 2424 3016 2704 2708
695.5 2428 3020 2709 2712
696.5 2434 3026 2714 2717
697.5 2440 3031 2718 2722
698.5 2444 3034 2722 2727
699.5 2449 3039 2727 2731
700.5 2454 3044 2732 2736
701.5 2459 3050 2736 2741
7025 2464 3055 2741 2745
703.5 2468 3061 2746 2750
7045 2472 3065 2750 2755
705.5 2476 3070 2755 2760
706.5 2481 3077 2760 2765
707.5 2487 3083 2765 2769
708.5 2492 3088 2770 2774
709.5 2495 3092 2774 2779
7105 2500 3096 2779 2784
7115 2505 3099 2786 2789
7125 2511 3104 2790 2793
7135 2517 3112 2795 2798
7145 2521 3120 2799 2803
7155 2526 3126 2805 2807
716.5 2532 3133 2809 2812
7175 2538 3141 2814 2817
7185 2543 3145 2818 2822
7195 2548 3151 2824 2827
7205 2553 3155 2829 2831
7215 2557 3163 2834 2836
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7225 2563 3165 2838 2841
7235 2568 3169 2843 2846
7245 2572 3174 2847 2850
7255 2576 3180 2851 2855
7265 2582 3187 2856 2860
7275 2587 3194 2862 2865
7285 2591 3201 2867 2869
7295 2597 3207 2872 2874
7305 2602 3211 2877 2879
7315 2608 3216 2882 2884
7325 2613 3221 2886 2889
7335 2618 3226 2891 2893
7345 2623 3233 2895 2898
7355 2628 3241 2899 2903
736.5 2634 3253 2903 2908
7375 2640 3260 2907 2912
7385 2646 3269 2912 2917
739.5 2652 3276 2917 2922
740.5 2657 3281 2921 2927
7415 2664 3288 2925 2932
7425 2672 3295 2930 2937
7435 2677 3302 2935 2943
7445 2682 3310 2941 2948
7455 2699 3323 2960 2968
7465 2717 3343 2995 3002
7475 2728 3383 3036 3037
7485 2738 3449 3077 3072
7495 2747 3526 3109 3106
7505 2770 3588 3149 3142
7515 2798 3629 3183 3179
7525 2820 3685 3215 3217
7535 2837 3742 3249 3254
7545 2853 3803 3278 3291
7555 2883 3858 3314 3327
756.5 2913 3893 3352 3363
7575 2936 3939 3387 3399
7585 2962 3995 3418 3435
759.5 2980 4054 3454 3470
760.5 3005 4098 3489 3506
7615 3036 4129 3527 3543
7625 3068 4167 3566 3579
763.5 3088 4228 3603 3615
7645 3110 4284 3639 3652
7655 3142 4329 3673 3688
766.5 3177 4371 3710 3725
767.5 3208 4411 3748 3762
768.5 3235 4458 3784 3799
769.5 3259 4516 3819 3836
7705 3288 4569 3856 3873
7715 3325 4598 3893 3909
7725 3355 4644 3930 3946
7735 3383 4685 3968 3982
7745 3413 4738 4004 4019
7755 3439 4775 4043 4056
776.5 3479 4809 4083 4095
7775 3509 4844 4120 4134
7785 3533 4882 4159 4173
779.5 3559 4928 4195 4212
780.5 3593 4974 4231 4249
7815 3631 5011 4271 4285
7825 3659 5052 4306 4322
7835 3692 5094 4343 4358
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7845 3726 5146 4382 4394
7855 3757 5188 4416 4431
786.5 3792 5223 4453 4467
7875 3820 5263 4486 4503
7885 3851 5300 4523 4539
789.5 3874 5339 4561 4575
790.5 3902 5382 4598 4612
7915 3945 5424 4633 4648
7925 3980 5465 4669 4684
7935 4013 5518 4702 4721
7945 4046 5554 4739 4757
7955 4079 5599 4778 4795
796.5 4124 5635 4821 4834
7975 4157 5675 4859 4873
7985 4193 5721 4895 4912
799.5 4225 5769 4934 4951
800.5 4265 5808 4972 4988
8015 4298 5841 5007 5023
802.5 4325 5871 5040 5059
803.5 4359 5911 5075 5094
8045 4379 5953 5109 5130
805.5 4408 5985 5144 5166
806.5 4450 6018 5183 5203
807.5 4482 6057 5219 5239
808.5 4512 6096 5257 5276
809.5 4537 6144 5298 5313
810.5 4576 6183 5337 5352
8115 4625 6202 5382 5392
8125 4655 6230 5425 5432
8135 4691 6263 5467 5472
8145 4714 6308 5508 5512
8155 4758 6349 5548 5549
816.5 4793 6380 5581 5584
817.5 4828 6407 5617 5619
818.5 4863 6441 5652 5654
819.5 4884 6472 5684 5689
820.5 4918 6511 5719 5724
8215 4963 6537 5756 5760
8225 4997 6563 5793 5797
8235 5035 6603 5832 5833
8245 5076 6646 5872 5869
8255 5110 6678 5908 5905
8265 5141 6709 5944 5940
8275 5175 6747 5980 5975
8285 5205 6792 6015 6010
8295 5235 6839 6049 6045
830.5 5265 6878 6084 6080
8315 5309 6903 6123 6117
8325 5344 6929 6160 6154
8335 5373 6961 6197 6191
8345 5405 6996 6235 6227
8355 5448 7025 6272 6265
836.5 5515 7053 6308 6303
837.5 5560 7080 6347 6341
8385 5602 7113 6386 6379
839.5 5632 7147 6423 6417
840.5 5678 7177 6457 6454
8415 5734 7212 6497 6491
8425 5781 7247 6537 6529
8435 5824 7290 6575 6566
8445 5850 7330 6610 6603
8455 5887 7366 6646 6641
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846.5 5930 7389 6686 6678
8475 5971 7410 6725 6716
8485 6012 7429 6765 6753
8495 6042 7465 6803 6791
850.5 6084 7499 6839 6828
8515 6123 7524 6875 6865
8525 6163 7548 6913 6903
8535 6195 7580 6952 6940
8545 6225 7618 6990 6977
8555 6274 7644 7029 7015
856.5 6322 7664 7066 7052
8575 6362 7690 7103 7090
8585 6408 7721 7142 7128
859.5 6442 7762 7184 7165
860.5 6478 7801 7221 7202
861.5 6527 7823 7257 7238
862.5 6579 7851 7295 7274
863.5 6624 7877 7332 7310
864.5 6658 7910 7369 7347
8655 6703 7934 7405 7383
866.5 6748 7952 7443 7421
8675 6781 7974 7482 7458
868.5 6815 8005 7521 7495
869.5 6845 8037 7560 7533
870.5 6906 8070 7596 7570
8715 6972 8084 7635 7608
8725 7035 8109 7673 7646
8735 7089 8137 7712 7684
8745 7126 8170 7749 7722
8755 7159 8200 7785 7757
876.5 7204 8214 7818 7791
8775 7248 8235 7853 7825
8785 7290 8259 7887 7858
8795 7317 8291 7921 7892
880.5 7365 8311 7957 7927
8815 7421 8326 7995 7963
8825 7470 8340 8032 8000
8835 7522 8358 8070 8036
884.5 7549 8384 8109 8073
8855 7622 8405 8146 8111
886.5 7723 8416 8179 8150
887.5 7808 8428 8215 8189
888.5 7880 8445 8254 8228
889.5 7926 8466 8295 8267
890.5 8003 8488 8331 8305
8915 8101 8496 8360 8342
8925 8203 8506 8389 8379
893.5 8300 8520 8418 8416
8945 8388 8539 8449 8452
8955 8424 8560 8470 8476
896.5 8432 8574 8481 8487
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