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ABSTRACT 

 

Diverse benthic and pelagic habitats develop in coastal estuarine settings from land-to-

ocean physicochemical gradients, such as variations in salinity, dissolved oxygen, nutrients like 

carbon, and water circulation. Understanding the environmental controls of benthic habitat 

variability and how flora and fauna in those habitats respond to external environmental pressures, 

is of great ecological interest. Karst subterranean estuaries (KSEs) are globally distributed along 

coastal carbonate platforms wherein anchialine ecosystems exist that populate unique habitats. 

However, the environmental drivers of benthic anchialine habitat variability within karst 

subterranean estuaries is poorly understood. This dissertation explores benthic foraminiferal 

distributions in modern surface sediments and sediment cores to identify benthic anchialine 

habitat variability over time and space. The first study presents evidence for modern benthic 

anchialine habitat variability within KSEs using benthic foraminiferal distributions in caves of 

Bermuda. Benthic foraminiferal communities are controlled by provenance of organic matter 

(i.e., marine vs. terrestrial), and secondarily by other physical variables (i.e., tidal exposure, 

sediment grain size, light). The next study identifies developmental succession of benthic 

anchialine habitats in response to Holocene sea-level rise and vertical migration of a karst 

subterranean estuary since the last ice age in Bermuda. This study illuminates how sea-level rise 

can force subsurface aquatic island fauna to experience a previously unknown bottleneck event. 

Finally, the last study reveals that benthic anchialine habitat development over the last 10,000 

years is driven initially by water mass (meteoric lens vs. saline groundwater) and secondarily by 

organic matter quantity and quality. This provides further evidence that sea-level rise influences 

benthic anchialine habitat development within KSEs. Overall, findings from this dissertation 
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provide multiple pieces of evidence that benthic anchialine habitat variability, over time and 

space, is present within KSEs. Importantly, anchialine benthic habitat variability should be 

considered within marine ecosystem risk assessments, as the coastal zone in particular will face 

dramatic changes from coastal urbanization and marine climate changes during the 21st century, 

which will impact coastal faunal.  
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CHAPTER I  

INTRODUCTION  

Introduction to karst subterranean estuaries and the anchialine habitat continuum 

On carbonate platforms and islands, groundwater mixes with oceanic water in the 

subsurface to form karst subterranean estuaries (Gonneea et al. 2014) that are environmentally 

similar to subaerial estuaries (Moore et al., 1999). These environments have a global distribution, 

since ~25% of the world’s coastlines are on carbonate terrain (Ford and Williams, 2013). 

Humans access and observe karst subterranean estuaries (KSE) through groundwater wells, or 

physically explore them through often horizontally expansive flooded cave systems. In 

comparison to the subaerial counterparts, our knowledge on the biology, biogeochemistry, and 

environmental functioning of KSE is limited.  

The groundwater masses that comprise the KSE provide habitat to ecosystems and fauna 

that have been associated with the adjective “anchialine” (Holthuis, 1973; Iliffe et al., 1983; 

Stock et al., 1986; Santoro et al., 2008; Gerovasileiou et al., 2015). KSEs have an upper meteoric 

lens that is typically brackish to freshwater, and this water mass is stratified from the lower 

saline groundwater that is broadly circulating with the ocean (Garman and Garey, 2005; Santos 

et al., 2008; Menning et al., 2015; Moore, 1999). The mixing of groundwater masses in the 

subsurface, from tidal pumping and groundwater flow (Martin et al, 2004, Beddows et al., 2007), 

creates additional groundwater masses known as mixing zones. The presence, or absence, of 

meteoric lenses and mixing zones is dictated by multiple local control factors, such as antecedent 

geology, conduit size and geometry, rainfall, and regional topography. Nevertheless, the 

differences in groundwater masses create physicochemical gradients that contribute to the 



 

 

 

2 

development of diverse benthic and pelagic habitats. Understanding the drivers of subsurface 

habitat variability, and biodiversity, remain ongoing areas of scientific inquiry. 

Problematically, these groundwater mass divisions mean that coastal flooded caves and 

their fauna are often classified as freshwater (meteoric lens only), anchialine (stratified water 

column), or marine or submarine (marine water mass only). This approach has significant 

limitations, including: (a) cave passages naturally grade across different groundwater masses 

(e.g., Green Bay Cave, Bermuda or Ox Bel Ha, Mexico), (b) some anchialine taxa have an 

evolutionary history across both water masses (Sanz and Platvoet, 1995; Alvarez et al., 2005; 

Hunter et al., 2008), (c) the habitat requirements of the archetypal anchialine predator remepedia 

does not require a meteoric lens (Mejía–Ortíz et al., 2007; Neiber et al., 2011), (d) it promotes 

researcher disagreement on the correct appreciation of the word “anchialine” itself, and (e) 

modern groundwater conditions cannot explain global anchialine biodiversity patterns, since 

climate, sea level, and regional geologic change impact groundwater conditions over geologic 

time.  

The term “anchialine” was originally developed to describe land-locked ponds in Hawaii 

(Holthuis, 1973). However, the ecological load of this term was expanded just 11 years later, 

after the development of cave diving approaches, to include environments that have marine and 

terrestrial influences, subterranean connections to the sea, and restricted exposure to open air 

(Stock et al., 1986). Most recently, “anchialine” was proposed to constitute only sharp physical 

and chemical stratification in groundwater as the marine system at the coast merges with the 

groundwater system inland (Bishop et al., 2017). However, it is difficult to reconcile the Bishop 

et al. (2017) ideas of “anchialine” with observations of the archetypal anchialine predator 

remipede in offshore marine karst caves in Belize (Yager, 2013), or that meteoric lens 
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development is transient across geographic areas over geologic times (e.g., Lanzarote, Canary 

Islands, Spain). So, what is the meaning of the adjective anchialine?   

Here we consider that karst subterranean estuaries (KSEs) are populated by an anchialine 

habitat continuum that spans, but does not strictly define, groundwater mass variability from the 

ocean to the terrestrial realm on a carbonate landscape (Fig. 1). Importantly, this framework 

highlights the well-known significance of groundwater variability to the environment, but 

imparts flexibility to water mass changes (e.g., elevational changes with sea-level change, loss of 

meteoric lens from increased aridity) over geologic time. In this framework, the karst 

subterranean estuary (KSE) is considered a discrete coastal environment along carbonate 

platforms and islands, which is biologically, hydrographically, and physically different from 

other coastal environments (e.g., estuaries, calettas, mangrove swamps, carbonate tidal flats). 

This is just an application of what theoretically constitutes an environment or a depositional 

environment, which inherently includes provisions for analysis of ecospace over geologic time. 

 

Drivers of anchialine habitat variability 

Anchialine habitat variability is initially driven by water (i.e., meteoric lens, mixing zone, 

saline groundwater), as the density stratified water masses provide unique habitat divisions for 

anchialine fauna. Remipedes, for example, are classic anchialine fauna that exist only in the 

saline groundwater, below the meteoric lens (Yager, 1981), while another characteristic fauna, 

Typhlatya, is a genus that largely occurs in freshwater, with a few select species inhabiting the 

brackish to fully marine water masses (Sanz and Platvoet, 1995; Alvarez et al., 2005). Indeed, 

the water mass characteristics have been given such importance as to be used to define habitats 

in the anchialine habitat continuum. In the classic work of Palmer et al. (1997), for example,  
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Figure 1. Conceptual model of a karst subterranean estuary and the anchialine habitat continuum created by subsurface 

groundwater variability. Western North Atlantic anchialine fauna (e.g., fish, shrimps, decapods, ostracodes, foraminifera, 

marine Porifera and Bryozoa) are positioned in their typical groundwater habitat based on observations from several 

localities, including The Bahamas (  ), Yucatan Peninsula (⚫), and Bermuda (◆). 
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flooded cave habitats were designated with a bias towards the pelagic zone: arena, vestibule, 

transition, and deep cave. However, meiofaunal benthic habitat variability has received less 

attention. 

Limited research has highlighted the importance of salinity (van Hengstum and Scott, 

2011; Radolovic et al., 2015; Riera et al., 2018; Romano et al., 2018) and nutrient supply 

(Fichez, 1990; Fichez, 1991; Ape et al., 2016) on meiofaunal communities (i.e., nematodes, 

crustaceans, polychaeta), while loss of biomass and diversity from outer to inner regions of KSEs 

of suspension and filter feeders (i.e., sponges, cnidarians, bryozoans, and tunicates) has been 

shown to be the result of light attenuation  (Harmelin et al., 1985; Marti et al., 2004; Coombes et 

al., 2015), reduced tidal activity, and decreasing sediment size (Navarro-Barranco et al., 2013). 

Importantly, the paleoecological interpretation of benthic anchialine habitat variability 

depends on an understanding of the ecological processes operating at the present. For example, 

van Hengstum and Scott (2012) demonstrate the role of sea-level rise on anchialine habitat 

development over time while recent research suggests allogenic succession due to relative sea-

level rise is the link between these habitats (Chapter 3, this study). The concept of allogenic 

succession is relevant to KSEs because, arguably, the most significant environmental event to 

such cave habitats is their inundation by sea-level rise. Additionally, previous research 

documents how the vertical elevation of the mixing zone is controlled by sea level forcing on 

millennial timescales (Gabriel et al., 2009; van Hengstum et al., 2011). However, little is known 

about how sea-level rise impacts developmental succession patterns of KSEs benthic habitats. 

The primary goal of this work is to better understand benthic habitat variability in the 

anchialine continuum across recent geologic time (last 10,000 years) and geographic space (a 
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single island: Bermuda), using a model organism (benthic foraminifera) that is represented in 

statistically-significant populations in both the modern and sub-fossil environment. 

 

Introduction to benthic foraminifera 

Benthic foraminifera are single-celled protists, the majority of which secrete a calcium 

carbonate shell or test that remains in the sediment long after the organism has died (Gooday et 

al., 1992; Lea, 2003). Benthic foraminifera readily colonize most marine and transitional 

habitats, form discrete assemblages in different coastal environments (i.e., reefs, lagoons, 

marshes), and respond rapidly to external pressures such as salinity, dissolved oxygen, 

temperature, and organic matter supply (Boltovskoy et al., 1991; Dissard et al., 2010; Kaiho, 

1994; Martine et al., 2002; Murray, 2001; Waelbroeck et al., 2002). As such, their fossil remains 

are widely used to reconstruct environmental change in the marine realm (Murray, 2001) and 

investigate environmental and ecosystem dynamics in the coastal zone (Gooday et al., 1992; 

Murray, 2011; Sen Gupta and Machain- Castillo, 1993). 

 Benthic foraminifera are also known from KSEs worldwide. Romano et al. (2018) used 

benthic foraminifera as a tool to recognize distinct ecological zones in Mediterranean KSEs, 

while previous research from caves in Mexico suggest benthic foraminifera are useful salinity 

proxies (van Hengstum et al., 2009). Alternatively, Omori et al. (2010), used benthic 

foraminiferal fossil records from the Daidokutsu Cave in Japan to delineate loss of light and 

nutrient supply over the past 7,000 years.  

 Previous research in Bermuda indicates widespread colonization of diverse populations 

of benthic foraminifera. The earliest documentation identifies general benthic foraminiferal 

colonization of  shallow-waters on the Bermuda carbonate platform (Carman, 1927), while more 
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recent surveys identify foraminifera from specific coastal environments (i.e., reefs, lagoons, 

caves, mangroves, ponds; Javaux and Scott, 2003). Importantly, benthic foraminifera from 

Bermuda’s KSEs have been used to delineate both modern and prehistoric environmental 

change, specifically in response to salinity change (van Hengstum and Scott, 2011; van 

Hengstum et al., 2011).  

 

Research field area: Bermuda 

Bermuda’s karst has emerged as a global epicenter of underwater cave research (Bowman 

and Iliffe, 1985; Iliffe et al., 2011; Kornicker and Iliffe, 1989; Maddocks and Iliffe, 1986).  The 

island of Bermuda is an excellent natural laboratory to study benthic habitat variability within 

KSEs because they are locally abundant and most are in final marine stage, allowing for entire 

sea-level transgression to be recorded in sediments. Most of the research on Bermuda’s KSEs 

have focused on the aquatic cave fauna (Sket and Iliffe, 1980) which has included some 

hydrogeologic study as an ecological framework for the endemic cave fauna (e.g., Maddocks and 

Iliffe, 1986). Some superficial descriptions of Bermudian cave sediments have been published 

(Iliffe, 1987), providing evidence that Bermuda is a suitable location to test the hypotheses. 

Previous research from Bermuda suggests there are temporal and spatial variations within 

KSE benthic habitats (van Hengstum and Scott, 2011; van Hengstum et al., 2011; van Hengstum 

and Scott, 2012). Benthic foraminifera are particularly suitable to characterize the process 

linking benthic habitat development to sea-level rise (van Hengstum and Scott, 2012), and 

consequently allogenic succession. Given their statistically significant and diverse populations in 

small sediment samples, benthic foraminifera are particularly useful microfossils for 

environmental monitoring in coastal environments (Gooday et al., 1992; Gupta and Machain- 



 

 

 

8 

Castillo, 1993; Murray, 2006). In areas with sufficient sedimentation, subfossil benthic 

foraminifera in the stratigraphic record can document centennial-scale changes in groundwater 

conditions (e.g., oxygen, salinity) (van Hengstum et al., 2010; van Hengstum and Scott, 2012; 

Kovaks et al., 2017) and reconstruct anchialine and submarine environments in response to sea-

level forcing (van Hengstum et al., 2011; van Hengstum and Scott, 2012). 

In general, the research for this study is concentrated in the Palm Cave System, located on the 

isthmus between Harrington Sound and Castle Harbour. The ~1,500 m long Palm Cave System 

has been extensively explored and mapped, with at least seven entrances interconnected by an 

extensive network of underwater conduits, and the cave geometry extends to a maximum depth 

of 23 m below modern sea level (Kornicker and Iliffe, 1989). Collapse entrances provide 

physical openings to a subterranean habitat, allowing influx of terrestrial nutrients sediments, and 

non-cave dwelling organisms (Denitto et al., 2007; van Hengstum and Scott, 2011). 

Hydrographically, the Palm Cave System is a marine cave flooded by oxygenated saline 

groundwater that tidally circulates with seawater from the adjacent coastal lagoons. 

Hydrographic measurements from the 2015 summer months found the saline groundwater in the 

Palm Cave had a pH of 7.8 ± 0.2, temperature of 28.5 ± 0.2 C, and salinity of 38.7 ± 0.4 psu 

(Stoffer, 2013). The Palm Cave System is also connected to the adjacent Harrington Sound 

through subterranean conduits, which provide a source for direct tidal exchange with the adjacent 

lagoon (i.e., marine) environments (Maddocks and Iliffe, 1991).  

 The Green Bay Cave, Cow Cave, and Deep Blue cave were also study sites within 

Chapter II, addressing modern benthic habitat variability. The Green Bay Cave is a large 

anchialine cave in Bermuda with more than two kilometers of underwater passages. There are 

two primary entrances into the system: a subaerial sinkhole-based entrance (Cliff Pool Sinkhole) 
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and a submarine entrance at the end of Green Bay lagoon, part of the restricted Harrington 

Sound. Hydrographically, Green Bay Cave is currently flooded by well-oxygenated saline 

groundwater that is tidally circulated through the oceanic entrance at the Harrington Sound 

shoreline. A local brackish meteoric lens can be observed only in a few locations (e.g., Cliff Pool 

Sinkhole, Letter Box, and Air Dome), and can completely disappear during prolonged periods of 

drought.  

 Cow Cave and Deep Blue are located on the same isthmus between Harrington Sound 

and Castle Harbour as the Palm Cave System. Cow Cave is more proximal to Castle Harbour, 

located approximately 170 meters away from the shoreline. Both Cow Cave and Deep Blue have 

shallow, benthic areas that progressively deepen (Little & van Hengstum, 2019). Deep Blue is a 

single, large, crescent-shaped entrance that extends into the spatially extensive Walsingham 

Cave System, which is one of the largest underwater caves in Bermuda (van Hengstum et al., 

2015). Cow Cave has one terrestrial entrance that opens into a completely roofed cave chamber. 

Both caves are inundated by oxygenated seawater.  

 

Dissertation structure 

This dissertation is successively organized into chapters to investigate the following 

research questions and themes:  

Chapter 2: What controls modern benthic foraminiferal assemblages across multiple 

caves in Bermuda? Hypothesis: the source of sedimentary organic carbon (terrestrial versus 

marine) plays a primary environmental control. To test this hypothesis, a new database was 

generated that combined benthic foraminiferal distributions and environmental variables (i.e., 

sediment grain size, particulate organic carbon provenance using a δ13Corg analysis with a 2-end 



 

 

 

10 

member mixing analysis, and C:N ratio) from the Palm Cave, with previously compiled data 

from Green Bay Cave, Deep Blue Cave, and Cow Cave (van Hengstum and Scott, 2011; Little 

and van Hengstum, 2019). This creates the largest database yet available of modern benthic 

foraminifera from a single area. 

The results document that the source of particulate organic matter (terrestrial versus 

marine) is a fundamental driver of benthic foraminiferal distributions, while light, tidal exposure, 

and water mass are secondary. One caveat, however, is that water mass salinity is largely 

constant in our study area, which is a local characteristic of the study site and not representative 

of all global locations. These results suggest that changes in particulate organic matter flux, as a 

result of anthropogenic modifications of coastlines, may alter benthic habitats and their 

meiofaunal populations.   

Chapter 3. How do benthic anchialine habitats in a carbonate cave change and develop in 

response to sea-level forced vertical migration, and cave inundation, of a karst subterranean 

estuary since the last glacial maximum (~20,000 years ago). Hypothesis: benthic anchialine 

habitat onset is driven by deglacial sea-level rise, with subsequent habitat change influenced by 

the impacts of carbonate platform flooding and regional coastal circulation. I test the hypothesis 

using sediment cores from the Palm Cave System. Environmental change in the Palm Cave 

System over the last 10,000 years was documented by analyzing cave-wide stratigraphic patterns 

and emplacement age of sediments, organic matter provenance analysis, along with a qualitative 

assessment of preserved benthic meiofauna (e.g., foraminifera, ostracodes, bryozoans) and 

vertebrate remains (e.g., fish bones).  

The results document the most complete record yet known of developmental succession 

in anchialine habitats in response to concomitant relative sea-level rise and vertical migration of 
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a karst subterranean estuary since the last ice age in Bermuda. In addition, the results illuminate 

how sea-level rise can force subsurface aquatic island fauna to experience a previously unknown 

bottleneck event. It is highly likely that this process impacted the evolutionary history of global 

subsurface aquatic island fauna during the Phanerozoic, and problematically, 21st century island-

based marine ecosystem risk assessments are incomplete if this process is not regionally 

evaluated.  

Chapter 4: What do benthic foraminifera reveal about drivers of benthic habitat 

development as groundwater mass changes in a karst subterranean estuary since the last ice age? 

Hypothesis: the source and quantity of organic carbon (terrestrial versus marine) is a primary 

control of benthic foraminifera communities. In Chapter 4, I test the hypothesis that changes in 

organic carbon quantity and quality contribute to benthic habitat development over the last 

10,000 years in response to Holocene sea-level rise. Using the same sediment cores as Chapter 3, 

additional environmental analysis was used to investigate the environmental variables 

contributing to benthic habitat development in the Palm Cave System over the last 10,000 years.  

The results document a shift from benthic habitats that were first controlled by fresh to 

slightly brackish condition of a paleo meteoric lens, when the subaerial island of Bermuda had a 

greater geographic extent. With island shrinkage associated with continual Holocene sea-level 

rise, the paleo meteoric lens eventually vanished in northeastern Bermuda, and gave rise to caves 

only flooded by saline groundwater that was circulated with the ocean. These results further 

indicate how sea-level rise and groundwater variability are not static through geologic time, in 

which fauna in the anchialine habitat continuum must become adapted to, or are locally 

extirpated. 
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CHAPTER II  

SEDIMENTARY ORGANIC CARBON (SOURCE AND QUANTITY), PARTICLE SIZE 

AND TIDAL EXPOSURE CONTROL BENTHIC ANCHIALINE HABITAT VARIABILITY 

IN KARST SUBTERRANEAN ESTUARIES 

 

Introduction 

On global carbonate platforms and islands, groundwater mixes with oceanic water in the 

subsurface to form karst subterranean estuaries (Gonneea et al. 2014) that are environmentally 

similar to subaerial estuaries (Moore, 1999). Biologically, karst subterranean estuaries now flood 

extensive cave systems that host diverse and ancient aquatic ecosystems and fauna that have 

traditionally been described with the adjective “anchialine” (Bishop et al., 2015; Stock et al., 

1986). Early research in this unique environment was focused on creating taxonomic inventories 

of unknown animals, but attention is increasingly focused on environmental analysis (Zabala et 

al., 1989; Fichez, 1990; Santos, 2006; García et al., 2009; Radolović et al., 2015), ecosystem 

functioning (Pohlman et al., 1997, Brankovits et al., 2018), and molecular biogeographical 

approaches (Porter, 2007; Botello et al., 2013; Jurado-Rivera et al., 2017). Similar to other 

estuarine settings, complex physico-chemical gradients develop in a land-to-ocean transect that 

impacts biodiversity and biogeochemical cycling. Indeed, researchers often categorize caves, and 

their fauna, based on groundwater mass characteristics alone, such as freshwater (meteoric lens 

water mass), anchialine (multiple water masses), and marine or submarine (saline groundwater 

only), since water column variability is a well-known driver of anchialine habitat variability. 

In this study we refer to the ecospace created in the karst subterranean estuary as a 

continuum of diverse benthic and pelagic anchialine habitats (Fig. 1). Fauna and ecosystem 
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processes must be properly compared within the anchialine habitat continuum to fully understand 

their broader significance within the karst subterranean estuary.  For example, this framework 

allows for the habitat colonized by rempiedes in saline groundwater mass (e.g., Yager, 1981; 

Daenekas et al. 2009; Olesen et al., 2017) to be effectively quantified and contrasted against the 

habitat colonized by anchialine atyid shrimps and decapods colonizing the upper low salinity 

meteoric lens water mass (Sanz and Platvoet, 1995; Alvarez et al., 2005; Moritsch et al., 2014). 

However, much is unknown about the quantitative drivers of benthic and pelagic habitats 

variability in karst subterranean estuaries. Previous research documents the importance of 

groundwater mass salinity (van Hengstum and Scott, 2011; Radolovic et al., 2015; Riera et al., 

2018; Romano et al., 2018) and nutrient supply (Fichez, 1990; Fichez, 1991; Ape et al., 2016) on 

meiofaunal communities (i.e., nematodes, crustaceans, polychaeta). In caves that transect the 

lower saline groundwater mass from the ocean inland, there is a well-documented decrease in 

biomass and diversity of suspension and filter feeders (i.e., sponges, cnidarians, bryozoans, and 

tunicates) from light attenuation, reduced tidal activity, and decreasing sediment size (Navarro-

Barranco et al., 2013; Marti et al., 2004; Coombes et al., 2015). 

Increasing attention is now shifting to the supply, transport and utility of carbon sources 

through anchialine food webs, and its impact on biodiversity and habitat variability. Early work 

suggested that sedimentary organic carbon was not a primary source of carbon to pelagic animals 

in Yucatan anchialine caves (Pohlman et al., 1997), with further work indicating the significance 

of dissolved organic carbon and methane for pelagic communities (Brankovits et al., 2018). 

Fichez (1990) provides evidence that decreasing particulate organic input from the entrance to 

the inner, dark parts of the cave results in increasingly oligotrophic conditions and a decline in 

hard substrate and soft bottom communities. This suggests the flux of particulate organic carbon 
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to the benthos may be relevant to habitat variability in some areas of the karst subterranean 

estuary.  Similarly, previous work in Bermuda’s flooded caves (e.g., Green Bay Cave, Cow 

Cave, and Deep Blue) indicate that benthic foraminifera define discrete habitats in response to 

changing sedimentary organic carbon, most of which is likely delivered to the benthos as 

particulate organic carbon (POC) from the adjacent terrestrial and marine realms. 

Considering anchialine habitat variability on geologic timescales presents a further 

complication, since groundwater hydrography and elevation respond to climatic, geologic, and 

glacio-isostatic sea-level changes. For example, the Yucatan Peninsula has a geographically 

widespread upper meteoric lens water mass (salinity < 10 psu) that is mostly separated from 

dysoxic to anoxic saline groundwater below. This groundwater configuration has most likely 

persisted throughout Quaternary sea-level changes (Chapter 3, this study). In contrast, western 

Bermuda (where most of its well-studied flooded caves are) and many well-studied 

Mediterranean systems have only very localized to non-existent meteoric lens development and 

are flooded by well oxygenated saline groundwater circulated with the ocean. During lower sea-

levels on geologic timescales, Bermuda was a larger landmass that likely had a larger meteoric 

lens akin to the Yucatan-style cave systems (van Hengstum et al., 2011).  

Here we use benthic foraminifera in flooded Bermudian caves to better understand the 

broad drivers of benthic habitat variability in the marine sector of karst subterranean estuaries. 

Benthic foraminifera are unicellular protists that are highly sensitive to environmental gradients. 

Benthic foraminifera can be broadly divided into epifaunal taxa that utilize resources at the 

sediment-water interface, versus the infaunal taxa that live within the upper ~5 cm of sediment 

(Jorissen et al., 1995). Advantageously, the preservation of their simple test (or shell) remains in 

the sediment after death to record statistically-significant populations that can probe spatial 
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patterns of biodiversity and delineate benthic habitat variability, and its potential drivers, across 

the entirety of water mass variability in karst subterranean estuaries. This study analyzes recent 

benthic foraminiferal distributions throughout the expansive Palm Cave in Bermuda, and 

compares this new population assessment in Palm Cave with previous results on benthic 

foraminiferal populations in other Bermudian caves (i.e., Green Bay Cave, Deep Blue, and Cow 

Cave). 

 

Research design and study site 

The archipelago of Bermuda is a basalt core overlain by alternating wind-blown 

carbonates and paleosols that accumulated during Quaternary sea-level highstands and 

lowstands, respectively (Fig. 2)(Bretz, 1960; Land et al., 1967; Vacher and Rowe, 1997). The 

local carbonate has since weathered into a mature karst landscape from limestone dissolution and 

cave collapse events in both phreatic and vadose settings (Palmer et al., 1977). Caves are 

especially abundant between Castle Harbour and Harrington Sound (e.g., Palm Cave: 32.34o, –

64.71o, Deep Blue: 32.347o, –64.711o, and Cow Cave: 32.34o, –64.71o), and between North 

Shore Lagoon and Harrington Sound (e.g., Green Bay Cave: 32.33o, –64.74o, Palmer and Queen, 

1977; Fig. 2). Interestingly, the apex anchialine crustacean predator Remipedia has not been 

observed in Bermuda’s caves. Bermuda’s caves are ideal for investigating habitat variability in 

the marine sector of the karst subterranean estuary because the saline groundwater is well 

circulated with the ocean, which limits the confounding influence of dissolved oxygen in the 

water column on habitat variability. Consistent marine salinity in the ground water masses 

(normal marine conditions) and well-oxygenated conditions (>3 mg/L) throughout eastern 

Bermudian caves make them well suited for investigating benthic habitat variability in karst  
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Figure 2. Palm Cave System in Bermuda. (Top) Digital elevation model of Bermuda in the 

North Atlantic Ocean. (Bottom) Detailed map of Harrington Sound plotted in ArcGIS. 

Yellow markers identify locations of geological sea-level indicators from Bermuda (peat, 

n=113, Appendix A). Red stars indicate locations of study sites.  
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subterranean estuaries, independent of salinity changes (e.g., Bel Torrente Cave, Mediterranean; 

Romano et al., 2018) or decreasing dissolved oxygen changes in an overlying water mass. The 

physical process of tidal pumping (Martin et al., 2004) causes microtidal variability (<0.5 m) in 

the local groundwater level (i.e., water table), which can be observed in the cave pool entrances 

to the flooded caves (Palmer et al., 1977; van Hengstum et al., 2015, Little and van Hengstum, 

2019). Sedimentation in the Bermuda caves is dominated by silt to sand-sized carbonate 

particles, with common shells from the bivalve Barbatia domingensis. 

Palm Cave is located on the isthmus between Harrington Sound and Castle Harbour (Fig. 

3, 32.34o, –64.71o), which are marine carbonate lagoons (Neumann, 1965; Volbrecht 1996). The 

~1,500 m long Palm Cave System has been extensively explored and mapped, with an extensive 

network of underwater conduits accessed by seven known, at least human-sized entrances and 

exits. The maximum depth observed in cave passages is 23 m below modern sea level (mbsl). 

Geomorphologically, cave entrances provide physical openings to the subterranean habitats, and 

allow for the influx of terrestrial nutrients, sediments and non-cave dwelling organisms to an 

otherwise marine environment. There is currently a direct, but narrow, connection between 

Harrington Sound and Palm Cave through the passage ‘Cripple Gate’. At the current position of 

sea level, Cripple Gate allows for direct tidal exchange of seawater and nutrients between Palm 

Cave and the adjacent Harrington Sound (Fig. 3).  

Hydrographically, Palm Cave is entirely flooded by well-oxygenated saline groundwater 

that tidally circulates with seawater from the adjacent coastal lagoons. Some Bermudian caves 

have localized development of small or thin brackish water lenses (e.g., Letter Box and Cliff 

Pool areas of Green Bay Cave; see van Hengstum and Scott, 2011), but Palm Cave does not have 

similar hydrographic characteristics. The narrow landmass width (<300 m) near Palm Cave 
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Figure 3. The Palm Cave System. Detailed survey map of Palm Cave System showing 

explored cave passages that provide direct access to the subterranean estuary, with 

locations of surface sediment samples (orange circles) and cave entrances (adapted from 

original survey of Jason Richards). 
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combined with the porosity of the carbonate means that no meteoric lens (freshwater or brackish) 

discharges through Palm Cave. During summer 2015, the saline groundwater flooding the Palm 

Cave had a pH of 7.8 ± 0.2, temperature of 28.5 ± 0.2°C, and salinity of 38.7 ± 0.4 psu, which 

are similar to the conditions previously observed (Stoffer, 2013). These hydrographic conditions 

indicate salinity and dissolved oxygen in the overlying water column are likely not driving 

benthic habitat variability at the sediment-water interface where epifaunal organisms reside. 

 

Methods 

Palm Cave surface samples collection and processing 

Twenty-eight surface (<3 cm depth) sediment samples were collected from various 

depths and locations throughout Palm Cave in August 2015 using advanced technical cave 

diving procedures. Sediment sample processing generally follows van Hengstum and Scott 

(2011) and Little and van Hengstum (2019). Benthic foraminifera were concentrated by wet 

sieving sediment sub-samples (0.63 cm3 to 5 cm3) over a standard 63 μm screen mesh, with the 

remaining coarse sediment residues split using a wet splitter to enable representative census 

counts of ~300 individuals per sample (Scott & Hermelin, 1993). While van Hengstum and Scott 

(2011) used a 45 μm sieve to concentrate benthic foraminifera in their study of Green Bay Cave, 

Little and van Hengstum (2019) documented negligible difference between resultant 

foraminiferal assemblage from Bermudian caves using 45 versus 63 μm sieve sizes. Individual 

benthic foraminifera were wet picked onto micropaleontological slides and identified to generic 

level, with taxonomy confirmed by scanning electron microscopy of representative individuals 

and literature comparisons (Carman, 1993; Bermudez, 1949; Loeblich Jr & Tappan, 1987; 

Javaux & Scott, 2003; van Hengstum & Scott, 2011; Little and van Hengstum, 2019). A new 
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matrix was produced from Palm Cave comprising 28 samples by 114 foraminiferal species 

(observations), with a total of 43,087 benthic foraminifera taxonomically identified for this 

study.  

Textural variability in sediment sub-samples from Palm Cave was examined using 

standard laser diffraction particle size analysis and loss on ignition (LOI) procedures. Organic 

matter was recorded as percent-lost relative to the original total sample weight after LOI at 

550°C for 4.5 hours (Heiri et al., 2001). Mean particle size for sediment sub-samples was 

measured with a Malvern Mastersizer 2000S laser particle size analyzer (Sperezza et al., 2004), 

with individuals particles disaggregated in a sodium hexametaphosphate dispersant prior to 

analysis. 

The relative contribution of terrestrial versus marine organic carbon deposited at each 

sample station was evaluated by measuring the stable carbon isotopic value (δ13Corg) and C:N 

ratio of bulk sediment in all samples (n = 28). In general, δ13Corg values of bulk sedimentary 

organic matter reflects the relative contributions of marine, terrestrial versus algal carbon sources 

in coastal environments (Lamb et al., 2006) and this technique can also be applied to karst 

subterranean estuaries (van Hengstum et al., 2011). Terrestrial plants that preferentially use the 

C3 photosynthetic pathway produce organic tissues that are 13C-depleted and nitrogen-poor, with 

δ13Corg values generally ranging between –32‰ and –21‰ (Lamb et al., 2006). In contrast, 

marine organic matter is relatively more 13C-enriched and nitrogen-rich than terrestrial organic 

matter (Lamb et al., 2006). Carbonates were first digested with 1.0 M HCl for 12 hours, and the 

remaining sediment residue was rinsed, desiccated, powdered, and weighed into silver capsules. 

Stable carbon isotope ratios (δ13Corg) were measured against international standards at Baylor 

University Stable Isotope Laboratory on a Thermo- Electron Delta V Advantage Isotope Ratio 
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Mass Spectrometer. Final isotopic ratios are reported relative to the standard delta (δ) notation 

relative to Vienna Pee Dee Belemnite (VPDB) for carbon (expressed as parts per mil (‰)) with 

an uncertainty of ± 0.1‰.  

Lastly, the relative proportion of terrestrial versus marine organic matter in the surface 

sediment samples were estimated by isotopic mass balance: δX = Fm * δXm + Ft * δXt; where 1 = 

Ft+ Fm (Thornton & McManus, 1994). The terrestrial endmember (δXt) was –27.7‰ as measured 

on a sample from Cow Cave in Bermuda (Little and van Hengstum, 2019), and the marine 

endmember (δXm) was –15.2‰ as measured on a sample from Palm Cave (this work). 

 

Statistical analysis 

A final data matrix was compiled for further multivariate statistical analysis that 

contained 127 total samples: (a) the 28 new samples from Palm Cave (this study), 74 samples 

from Green Bay Cave (van Hengstum and Scott, 2011), 18 samples from Cow Cave (Little and 

van Hengstum, 2019), and 7 samples from Deep Blue (Little and van Hengstum, 2019). All these 

samples were integrated into a single data matrix to provide the broadest perspective yet of 

benthic habitat variability in Bermuda’s anchialine caves. First, taxonomic observations were 

grouped to the generic level to omit any taxonomic biases related to individual researchers. The 

exception was the brackish water indicator Trochammina inflata, which was left identified to the 

specific level. Also, the final data matrix amalgamated the taxonomically similar genera 

Pattelina, Heteropatellina, and Patellinoides (all members of the family Spirillind) that were 

differentiated by Little and van Hengstum (2019, Deep Blue and Cow Cave), but lumped 

together by van Hengstum and Scott (2011, Green Bay Cave). Taxonomic units were considered 

insignificant and removed from further multivariate statistical processing if the proportional 
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abundance was less than the calculated standard error at a 95% confidence interval in all samples 

where it was observed (Patterson and Fishbein, 1989), or if the species was present in only one 

sample (9 genera omitted). Additionally, one sample from the Green Bay Cave dataset (ISC-72) 

was removed because benthic foraminiferal data differed from other samples collected nearby, 

which skewed the results enough to suspect the data quality of this sample. The final data matrix 

subjected to multivariate analysis was 127 samples by 71 foraminiferal taxonomic units 

(primarily genera). 

Statistical analysis was completed using RStudio software (version 1.1.383; RStudio, 

2016). The final data of raw count abundances was first converted to proportional abundances 

(‘decostand’ function in ‘vegan’ package; Oksanen et al., 2013) then used to calculate Shannon-

Wiener Diversity Index. Unconstrained Q-mode cluster analysis was used to determine broader 

community assemblages that are ecologically meaningful by grouping statistically similar 

populations (Legendre and Legendre, 1998). Prior to cluster analysis, the proportional 

abundances were square root transformed to minimize the impact of dominant species and to 

better compare community structure (Legendre and Legendre, 1998). Samples were then 

subjected to hierarchical cluster analysis using an unweighted paired group averaging algorithm 

and the Bray-Curtis dissimilarity index (‘simprof’ function in the ‘clustsig’ package; Clarke et 

al., 2008; Whitaker and Christman, 2014; and the ‘vegdist’ function in the ‘vegan’ package; 

Oksanen et al., 2013). Similar dendrograms were produced regardless of the cluster analysis 

algorithm employed (i.e., Euclidean, Ward’s, single-linkage), which introduces confidence that 

the groupings represent community assemblages. The proportion of dominant taxa in the 

dendrogram (5% proportional abundance in at least 1 sample) were illustrated between the 



 

 

 

23 

different samples by generating a vertical stratigraphic plot (‘stratplot’ function in the ‘rioja’ 

package; Juggins, 2015). 

Several benthic environmental characteristics (explanatory variables, both categorical and 

quantitative) were statistically explored as potential drivers of the benthic foraminiferal 

assemblages (response variables). The quantitative variables measured were bulk organic matter 

content, δ13Corg, C:N, total organic carbon, terrestrial organic carbon, and mean particle size 

measured by the Malvern Mastersizer. The categorical variables included were tidal exposure, 

light, and water mass. For tidal exposure, we followed the approach of Little and van Hengstum 

(2019) and classified samples as tidally exposed (or not) if a sample station experienced 

exposure (or not) at any part of the tidal cycle. Photosynthetically available radiation at each 

station was not measured, but we categorized samples as either experiencing direct sunlight, 

indirect sunlight at some point during the day, or complete darkness. Finally, samples were 

categorized based on which water mass they were located: saline groundwater or meteoric lens. 

Note that a classic, ‘Yucatan style mixing zone’ between the meteoric lens and saline 

groundwater is not present in this area of Bermuda (van Hengstum and Scott, 2012), so the vast 

majority of samples were categorized as from the saline groundwater mass. The variance 

inflation factor (VIF) was calculated for each environmental variable to avoid collinearity issues 

between variables (‘vif’ function in ‘car’ package; Fox and Weisberg, 2011). In general, 

environmental variables with a VIF > 10 may influence multivariate models and therefore 

warrant exclusion from further analysis (Graham, 2003). By this logic, the variable terrestrial 

organic carbon was excluded from further analysis, since it is a linearly derived parameter from 

δ13Corg. 
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Multivariate regression trees (MRT) were generated in RStudio to explore relationships 

between the environmental characteristics (explanatory variables) and proportional abundances 

of benthic foraminifera (response variables). This exercise allows for an independent test of the 

drivers of the natural groupings, or foraminiferal assemblages that were identified through 

unconstrained Q-mode cluster analysis. The MRT analysis examines how environmental 

variables can explain species variation through numerous partitions and splitting of the data into 

subsets based on environmental thresholds or dissimilarities (De’Ath, 2002). MRT models were 

generated using absolute abundance data and the above mentioned environmental data (‘mvpart’ 

function in ‘mvpart’ package; De’Ath, 2007). Two separate MRT models were completed using 

all the surface samples and environmental variables previously discussed: (1) an MRT model 

was computed that used the same observations (taxonomic divisions) as the unconstrained 

hierarchical cluster analysis, and (2) an MRT model was computed that amalgamated all counts 

of any Quinqueloculina and Triloculina into a single pseudo-genera. The scientific reasoning for 

this second MRT model was to guard against any taxonomic bias imparted by individual 

researchers because of difficult-to-identify smaller miliolids. Smaller miliolid foraminifera are 

often juveniles, which do not have strong phenotypic expression of adults that is used for benthic 

foraminiferal taxonomy. Still further, Schnitker (1967) produced considerable morphologic 

variability in miliolid clone clusters, which considerable plasticity in the morphology of juvenile 

Quinqueloculina and Triloculina. Regardless, the two MRT models produced similar results in 

terms of nodding. 
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Results 

Palm Cave sediment texture and organic matter 

Palm Cave sediment is primarily coarse carbonate silt (mean 39.8 μm) with 8.6% bulk 

organic matter (range: 2.5% to 12.6%). Particle size increases from coarse silt to fine sand (mean 

123 μm) with marine bioclasts (gastropod and bivalve shells, coral fragments) and some trash 

(e.g., aluminum cans, fishing line, etc.) from the interior of the cave to the marine entrance (exit) 

to Harrington Sound (Cripple Gate; Fig. 4). 

Organic carbon delivered to the Palm Cave benthos is derived from both terrestrial and 

marine sources (Fig. 5). Samples with the most depleted carbonic isotope ratio and highest C:N 

values were collected near cave exits to the terrestrial surface above (i.e., PCS-25: –23.7‰ and 

C:N value 10.8; PCS-26: –23.7‰ and C:N value 14.2).  Samples with the most enriched carbon-

isotope values (i.e., –15.5 ‰ and –18.2‰) were collected from areas most distally positioned 

form these terrestrial exits (i.e., PCS-05: –15.2 ‰ and C:N value 10.5; PCS-06: –18.2‰ and C:N 

value 8.1). The remaining samples lay in between the marine and terrestrial dominated sections 

of the cave. 

The δ13Corg values of sediment from the Palm Cave System fall in between the previous 

results from Green Bay Cave (van Hengstum and Scott, 2011), Deep Blue, and Cow Cave (Little 

and van Hengstum, 2019). The samples with the most depleted carbon isotopes represent areas 

where the organic carbon is predominantly derived from terrestrial sources (i.e., shallow samples 

located in Cliff Pool in Green Bay Cave, Fig. 5). Alternatively, the enriched samples represent 

areas where the organic carbon is predominantly derived from marine sources and distal to any 

terrestrial or marine exits from the cave (Green Bay Cave Isolated). In some cases, however, the 

scattered δ13Corg values alongside lower C:N values indicate the organic carbon source is likely a  



 

 

 

26 

 
Figure 4. Measured environmental variables at each sample station in Palm Cave, Green Bay, Cow Cave and Deep Blue. 

Dendrogram produced by Q-mode cluster analysis using all faunal data.  
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Figure 5. Cross plot measuring δ13Corg and C:N values on bulk organic matter samples 

from the Palm Cave, Green Bay, Cow Cave, and Deep Blue. These results evaluate the 

relative contribution of terrestrial versus marine organic carbon to the KSE benthos, with 

95% ellipse confidence intervals around the mean values for unique benthic anchialine 

habitats, identified using designated groups from the Q-mode cluster analysis results. 
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mix of terrestrial, marine, and algal sources (i.e., Deep Blue and Cow Cave). This corresponds to 

areas that are proximal to terrestrial entrances with light exposure, which likely have a higher 

proportion of nitrogen-rich algal-based carbon sources (Lamb et al., 2006). In comparison to 

Green Bay Cave and shallow areas (< 2.5 m) of Deep Blue and Cow Cave, the organic carbon in 

the Palm Cave is a more even mix of terrestrial and marine sources (average: –19.8 ‰, range: –

15.2 to –23.7‰). 

 

Benthic foraminiferal assemblages 

Palm Cave has an abundance of benthic foraminifera, similarly to the previous caves 

examined from Bermuda (Green Bay Cave, Deep Blue and Cow Cave). In Palm Cave, there was 

a mean 3125 individuals per cm3 (range: 40 to 13790). No new or cave endemic species of 

foraminifera were discovered, but foraminiferal assemblages can be identified in the caves that 

are distinct from those found in other Bermudian coastal environments (Carman, 1933; Javaux, 

1999; van Hengstum and Scott, 2011). Unconstrained Q-mode cluster analysis can be used to 

identify seven foraminiferal assemblages at a dissimilarity index of ~0.55 (Fig. 6), which can be 

reconciled with the environmental variables evaluated with the MRT results (discussed further 

below). 

Assemblage 1 is from the intertidal zone of Cow Cave (Assemblage 1A) and Cliff Pool 

Sinkhole in Green Bay Cave System (Assemblage 1B). These shallow areas experience at least 

periodic exposure related to tidal variability, and lower salinity in the case of Assemblage 1B.  

Assemblage 1 is characterized by the highest bulk organic matter (mean: 24.8%) which 

predominantly includes organic carbon derived from terrestrial sources, as indicated by the stable 

carbon isotopes and C:N ratio data (mean: –25.4‰, C:N ratio mean: 16.2; Table 1) and moderate  
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Figure 6. Detailed foraminiferal results from Palm Cave, Green Bay, Cow Cave, and Deep 

Blue illustrating the proportional abundance of statistically significant taxa in the surface 

sediment samples. Only taxa with >5% in at least one sample are shown to emphasize 

significant fauna. Dendrogram produced by Q-mode cluster analysis on all faunal data. A 
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seven- cluster interpretation (Bray- Curtis dissimilarity 0.55) of the dendrogram 

distinguishes the benthic anchialine habitats controlled by environmental variables. 

total organic carbon (mean: 11.4%). This assemblage has the lowest diversity (H = 1.6) and 

species richness (R = 14.3) of all the identified assemblages. Foraminifera that are known to be 

tolerant of periodic tidal exposure, high organic matter, and lower salinities dominate the 

assemblage, and include Trochammina inflata (mean: 18%), Miliammina fusca (mean: 13%), 

and Entzia macrescens (mean: 7%; Table 1).  

Assemblage 2 is located in subtidal areas of Deep Blue in the saline groundwater mass 

(van Hengstum and Little, 2019). These samples are exposed to normal diurnal sunlight 

variability, but are not subaerially exposed at any time during the tidal cycle (van Hengstum and 

Little, 2019). This assemblage is associated with decreased bulk organic matter (mean: 18.8%) 

and total organic carbon (mean: 4.5%), however, the organic matter present has the highest 

proportion of terrestrial organic carbon (mean: –26.1‰, C:N ratio mean: 11.1; Table 1). This 

assemblage has a species richness (R = 27) and a slight increase in diversity (H = 2.5). This 

assemblage is dominated by T. inflata (mean: 18%) H. anderseni (mean: 12.9 %), and the 

infaunal genera Bolivina spp. (mean: 10%). 

Assemblage 3 occurs slightly deeper in the saline groundwater at Cliff Pool Sinkhole in 

Green Bay Cave that are neither tidally exposed nor exposed to brackish water (AC-04 to AC-11, 

van Hengstum and Scott, 2011). These samples are located in the saline groundwater mass, and 

experience attenuating sunlight through the water column. This assemblage is characterized by 

significant decrease in bulk organic matter (mean: 11.3%) yet increased total organic carbon 

(mean: 25.3%), which is predominantly derived from terrestrial sources (Fig. 5, mean: –24.2 ‰, 

C:N ratio mean: 11; Table 1). Mean species richness is 21.1, species diversity (H) of 2.3, and 
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samples are dominated by Bolivina spp. (mean: 26%), Rosalina spp. (mean: 11%), and Ammonia 

beccarii (mean: 13.5%). 

Table 1. Diversity table for surface sediment samples. Arithmetic mean of the relative 

abundance of dominant taxa and textural characteristic for each assemblage. Species with 

a mean of <1% relative abundance in the biofacies were marked with a dash so dominant 

species could be emphasized.   
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Assemblage 4 consists of samples primarily from two locations: (a) those located deeper 

in saline groundwater mass (depth: 13.7 to 18.6 mbsl), yet are still relatively proximal to Cliff 

Pool sinkhole in Green Bay Cave (AC-14 to AC-20; van Hengstum and Scott, 2011) and (b) 

subtidal areas of Cow Cave in the saline groundwater that experience more marine organic 

matter deposition than the shallow subtidal areas of Deep Blue (Little and van Hengstum, 2019). 

All these locations are located in the saline groundwater mass, are exposed to attenuating 

sunlight, and are not exposed during tidal cycle. There is an increase in bulk organic matter 

(mean: 17.1%) and a decrease in total organic carbon (mean: 9.9%), and the organic carbon is 

predominantly from terrestrial sources (mean: 69.5%, mean: –23.8‰, C:N ratio mean: 10.1; 

Table 1) relative to the entire database of samples investigated. This assemblage has an increased 

species richness (S = 31) and diversity (H = 2.8). Bolivina spp. dominates this assemblage 

(mean: 26%), followed by Rosalina spp. (mean: 11%) and Melonis barleeanum (mean: 6.6%). 

Other common species in this assemblage include Siphogenerina columellaris (mean: 5.3%), 

Siphonina spp. (mean: 4.3%), and Nonionella spp. (mean: 4.3%).  

Assemblage 5 contains the majority of the samples that were collected from the Palm 

Cave, Cow Cave, and Green Bay Cave. Note that in the dendrogram Assemblage 5 can be 

further subdivided at a lower dissimilarity value (~0.38), which the MRT analysis further 

evaluated (discussed further below). Assemblage 5 samples were collected from the saline 

groundwater mass, are not subaerially exposed anytime during that tidal cycle, and are not 

exposed to any sunlight. Overall, this assemblage is characterized by the lowest bulk organic 

matter (mean: 8.5%), slight increase in total organic carbon (mean: 11.9%), and organic matter 

with a relatively more carbon isotopically enriched value and lower C:N ratio (mean: –19.1 ‰, 
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C:N ratio mean: 9; Table 1). Assemblage 5 has the highest species richness (R = 33.7) and 

diversity (H = 2.8) of all assemblages and is dominated by Spirillina vivipara (mean: 13.9%), 

Spirophthalmidium emaciatum (mean: 12.8%) and Bolivina spp. (mean: 8%). Other common 

species in this assemblage include Patellina spp. (mean: 7.1%), Rosalina spp. (mean: 4.5%), and 

Sigmoilina tenuis (mean: 2.3%). 

Assemblage 6 contains samples that were collected from benthic areas most distal from 

any cave exit (either terrestrial or marine) in Green Bay Cave, and one sample from Cow Cave 

that is most distal from the entrance (CC-18). Assemblage 6 is characterized by sediments that 

are marine sourced (mean:  –18.5 ‰, C:N ratio mean: 9.2), with low total organic carbon (mean: 

6.7%) and bulk organic matter (mean: 8.9%). This diverse assemblage (R = 29.7, H = 2.5) is 

dominated by Spirothalmidium emaciatum (mean: 20.4%), Spirillina vivipara (mean: 19.6%) 

and Patellina spp. (mean: 9.6%).  

Last, Assemblage 7 is located in samples collected from the marine cave entrance from 

Green Bay Cave into Harrington Sound. This assemblage is characterized by low bulk organic 

matter (mean: 9.4%), yet increased total organic carbon (mean: 28.3%), that is predominantly 

derived from a marine source, as indicated by the enriched carbon isotope value and C:N ratio 

(mean: –18.6 ‰, C:N ratio mean: 8; Table 1). This assemblage has the second highest diversity 

(H = 2.6) and species richness (R = 31.9). This assemblage is dominated by typical lagoonal 

foraminifera Quinqueloculina spp. (mean: 26%), Bolivina spp. (mean: 12 %), and Triloculina 

spp. (mean: 11.4%). 

MRT analysis 
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The MRT analysis (MRT model 1 from Section 3.2) resulted in eight final nodes that 

explained 86% of the variance in the benthic foraminiferal data, and produce very similar 

groupings as the unconstrained Q-mode cluster analysis (Fig. 7). The MRT analysis indicates  

 

Figure 7. Multiple Regression Tree (MRT) model produced using the same database of 

taxonomic divisions as the unconstrained hierarchical cluster analysis (86% of variance 

explained). 

 

 

 

that the origin of sedimentary organic carbon (terrestrial vs. marine) was the most important 

variable impacting the benthic foraminiferal assemblages. Samples with a more depleted carbon 

isotope value of bulk organic matter, which is indicative of proportionally more terrestrial 
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organic carbon (–22.3‰ to –27.7‰: Assemblages 1, 2, 3 and 4), were separated from those with 

a more enriched δ13Corg value that indicates a dominance of marine organic carbon (–15.1‰ to –

22.29‰: Assemblages 5, 6, and 7). 

Benthic anchialine habitats that are dominated by the flux of terrestrial organic carbon 

were secondarily divided by tidal exposure (Assemblage 1) versus subtidal areas (Assemblage 2, 

3 and 4). Mean particle size then further divided subtidal assemblages. Those with coarser 

substrates (particle size >118.7 μm) included Assemblage 3 from the cluster analysis 

dendrogram, and some of Assemblage 4 that were associated with the Cliff Pool sinkhole in 

Green Bay Cave. In contrast, finer substrates (particle size <118.7 μm) were dominated by 

Assemblage 2, and the samples from Cow Cave that formed part of Assemblage 4 in the 

dendrogram (Fig. 6). Light exposure determines the final split assemblages dominated by the 

flux of terrestrial organic carbon, with samples exposed to direct light (Assemblage 2) 

differentiating from those exposed to indirect light or darkness (some of Assemblage 4).  

The MRT model indicates that cave areas receiving primarily marine organic carbon are 

colonized by Assemblage 5, 6 and 7, as identified through cluster analysis (Figs. 7, 4). The MRT 

analysis further separated Assemblage 7 from Assemblages 5 and 6 based on mean particle size. 

Assemblage 7 is from the marine entrance into Green Bay Cave from Harrington Sound, which 

had a substrate with coarser particle sizes (exceeding mean 86.75 μm, very fine sand) relative to 

Assemblages 5 and 6 (less than 86.75 μm). Assemblage 7 is dominated by Quinqueloculina, 

Ammonia, Elphidium, and Peneroplis (Fig. 6), which are all taxa that dominate the shallow 

carbonate lagoons in Bermuda and elsewhere in the tropical North Atlantic Ocean (Javaux and 

Scott, 2003). 
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Further into the caves where variations in light, salinity and tidal exposure are not 

relevant at our field sites, these benthic anchialine habitats that primarily receive marine organic 

carbon are generally dominated by Spirillina, Patellina, and Spirophthalmidium (Assemblage 5 

and 6). In the MRT model (Fig. 7), however, total organic carbon emerges as segregating 

Assemblage 5 (High Carbon Marine Assemblage: >9.7% Total Organic Carbon) versus 

Assemblage 6 (Low carbon Marine Assemblage: <9.7 Total Organic Carbon). Assemblage 6 has 

proportionally more Spirophthalmidium and Spirillina than Assemblage 5, and has ancillary 

dominant taxa that include Rotaliella, Sigmoilina, and lower diversity (H index 2.5). This 

suggests these taxa are relatively more adapted to benthic areas with less sedimentary organic 

carbon. In contrast, the High Carbon Marine Assemblage 5 has similar dominant species present, 

but the High Carbon Marine Assemblage 5 has higher species richness (R = 36) and increased 

abundance of Bolivina spp. (mean: 10%), Triloculina spp. (mean: 10.5%), and Rosalina spp. 

(mean: 4.7%), while the Low Carbon Marine Assemblage 6 has a lower species richness (R = 

29.4) with higher abundance of S. emaciatum (mean: 20.4%), Patellina spp. (mean: 9.6%), and 

Rotaliella spp. (mean: 4.8%).  

While Assemblage 5 (High Carbon Marine Assemblage) was not divided into groups at a 

Bray-Curtis dissimilarity distance of 0.55 (Fig. 6), it should be noted that distinct sub-groups 

emerge at a Bray-Curtis dissimilarity index of 0.38 on the dendrogram. Based on the MRT 

model, sediment grain size determines a final split of Assemblage 5 (High Carbon Marine 

Assemblage) into samples with a mean particle size of 15.9 to 86.7 μm (fine sand to medium silt, 

Assemblage 5A) versus samples with a mean particle size <15.9 μm (medium and clay, 

Assemblage 5B). The slightly coarser substrate (>15.9 μm) characterize Palm Cave and Cow 

Cave samples (Assemblage 5A) from samples with the finest textured substrates (< 15.9 μm) in 
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circulated regions of Green Bay Cave (Assemblage 5B).  Both Assemblage 5A and 5B have 

similar species richness, but substrates with finer particle sizes (Assemblage 5B) have a greater 

abundance of Reophax spp. (mean: 3.3%) and Bolivina spp. (mean: 12%), while larger particle 

sizes (Assemblage 5A) are associated with increased abundance of Spirillina vivipara (mean: 

11.8%) and Patellina spp. (mean: 7.6%). 

 

Discussion 

Benthic anchialine habitats dominated by terrestrial organic carbon 

In general, benthic foraminiferal assemblages distinguish between benthic anchialine 

habitats with different source (terrestrial vs. marine) and amount of organic carbon (Fig. 8). 

Given the lack of photosynthetic primary productivity in the dark cave, this organic carbon was 

most likely delivered to the cave benthos as particulate organic carbon from outside the cave. 

Benthic habitats that receive proportionally greater inputs of terrestrial organic carbon are 

colonized by groups of benthic foraminifera that are well-defined in the dendrogram 

(Assemblage 1 to 4), and they have a range of δ13Corg values of –22.3‰ to –27.7‰. The 

proximity of the samples to cave openings to the forest landscape above is the obvious control on 

these benthic differences. Cave exits (entrances) provide a direct conduit for a flux of terrestrial 

sedimentation. Assemblage 1 is a mix of samples from Cow Cave and Green Bay Cave near 

Cliff Pool Sinkhole. The Cow Cave is a shallow, roofed cave with one entrance surrounded by 

the forest landscape. Cliff Pool Sinkhole is the only subaerial entrance into the Green Bay Cave 

System that likely contributes to the high quantities of terrestrial organic carbon. Assemblage 3 

and 4 are also located within Cliff Pool Sinkhole. Lastly, Assemblage 2 is made of samples from 
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Deep Blue’s exposed entrance at the base of a limestone cliff that is directly exposed to 

terrestrial sedimentation. 

Dominant benthic foraminifera in areas dominated by a terrestrial organic carbon flux are 

well known from other coastal environments influenced by terrestrial organic carbon (e.g.,  

 

Figure 8. Conceptual model reflecting source of sedimentary organic carbon controls on 

benthic anchialine habitat variability in karst subterranean estuary. This is evidenced by 

changing foraminiferal, geochemical, and sedimentological proxies. 

 

 

 

Trochammina inflata, Entzia macrescens, and Miliammina fusca). For example, Armynot du 

Chatelet et al. (2009) document increased abundances of E. macrescens and T. inflata in mixed 
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siliciclastic-carbonate tidal flat sediments with high C:N ratios, indicating dominant 

contributions from vascular (terrestrial) plants along the Canche estuary, France. M. fusca is 

known from sediments dominated by terrestrial leaf-litter in the mangrove swamps of French 

Guiana (Debenay et al., 2002) and in land-locked Bermuda ponds (Javaux and Scott, 2003), that 

are primarily influenced by terrestrial organic carbon. Additionally, the abundance of Ammonia 

spp. and Triloculina spp. in some of the terrestrial dominated habitats are comparable to those 

from terrestrially influenced carbonate lagoons in Brazil (Debenay et al., 2001). The 

foraminiferal distributions in Bermuda’s caves are consistent with previous research 

documenting distinct foraminiferal assemblages in areas receiving a higher flux of terrestrial 

versus marine organic carbon (Mojtahid et al., 2009; Armynot du Châtelet et al., 2016).  

Tidal exposure is the second most influential variable on benthic foraminifera in the 

benthic habitats dominated by terrestrial organic carbon. Samples that experience tidal exposure 

were collected from shallow areas (-0.3 to 0.6 mbsl) in Cow Cave and the Cliff Pool Sinkhole in 

Green Bay Cave (i.e., Assemblage 1). The micro-tidal changes in Green Bay and Cow Cave are 

sufficient enough to expose these sample stations during low tides. Assemblage 1 is notably less 

diverse with reduced species richness compared to all other subtidal assemblages. Reduced 

diversity and richness are common in other tidally exposed habitats (Diz et al., 2004). The 

dominant taxa present in the tidally exposed assemblages include the agglutinated brackish-

tolerant species Trochammina inflata, Miliammina fusca, and Entzia macrescens, which are 

common in salt marsh habitats that are also vulnerable to tidal exposure (Hayward et al., 1999; 

Camacho et al., 2015). For example, Ruiz et al. (2005) documented T. inflata and E. macrescens 

dominating (exceeding 90% in most samples) mixed siliciclastic-carbonate sediments in salt 

marshes that are characterized by tidal exposure. Furthermore, E. macrescens is a useful sea-
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level indicator due to its significant correlation with tidal elevation (Guilbault et al., 1995; 

Gehrels and van de Plassche, 1999). These results demonstrate that tidal exposure creates a 

distinction between assemblages vulnerable to tidal exposure at low tides and those that are 

consistently submerged. However, a limitation in our total understanding of how benthic 

foraminifera in different cave benthic habitats is that we currently do not have a modern 

analogue from a tidally exposed habitat that is dominated by marine organic carbon. 

Particle size is the third most important variable influencing benthic foraminiferal 

distributions in areas dominated by terrestrial organic carbon in subtidal locations in the saline 

groundwater. Our results show that coarser particle sizes (very coarse sand; mean: 195.1 μm) is 

associated with assemblages from Cliff Pool Sinkhole in Green Bay Cave (Assemblage 3 and 

~4) and dominated by Bolivina spp., Ammonia beccarii, and Rosalina spp. The abundance of 

Rosalina is consistent with previous research that correlates this taxon with coarser sediments, as 

they are often epibenthic on large particles, shells and rocks (Hayward, 1990). Additionally, Diz 

et al. (2004) observe abundant infaunal (e.g., Bolivina spp. and Ammonia beccarii) and epifaunal 

(Rosalina spp.) taxa in coarse sediments, suggesting that coarser particle size is better suited for 

benthic foraminiferal settlement. However, our results show no significant difference in diversity 

or abundance between habitats characterized by coarse and fine particle size. The habitats 

characterized by fine particle size (coarse silt; mean: 33.5 μm) are associated with Deep Blue and 

distal regions of Cow Cave (Assemblage 2 and ~4), and characterized by a notable increase of 

Trochammina inflata. Armynot du Chatelet et al. (2009) observed dominant T. inflata within 

marsh environments, characterized by similar particle size to those of Deep Blue. Additionally, 

similar distinctions in benthic foraminiferal assemblages based on coarse versus fine particle size 

is observed along the Guadiana River Basin (Mendes et al., 2004). While the importance of mean 
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particle size is a disputed issue (Diz et al., 2004; Debenay et al., 2001; Armynot du Châtelet et 

al., 2009), our results suggest that textural variability in the substrate creates benthic anchialine 

habitat variability in karst subterranean estuaries that influence foraminifera. 

In anchialine benthic habitats dominated by terrestrial organic carbon, the MRT model 

determined the categorical variable of ‘light’ to be the final driver of benthic foraminiferal 

distributions. None of the benthic foraminifera observed are those that employ photosymbionts 

(e.g., Amphistegina), therefore, foraminifera are all feeding on materials available in the 

substrate (e.g., algae, bacteria, detritus, or dissolved organic carbon). The results show that 

samples experiencing no restriction in diurnal light variability were collected from the large 

entrance of Deep Blue Cave (Assemblage 2), while samples that experienced attenuating light or 

complete darkness were collected from the sheltered Cow Cave (~Assemblage 4). The most 

dominant taxa present in Assemblage 2 was, Trochammina inflata, which is known to feed on 

algae (Armynot du Chatelet et al., 2009), bacteria, and terrestrial detritus (Frail-Gauthier et al., 

2019). Additionally, the abundance of epiphytic species, Rosalina spp. (Langer, 1993), further 

suggests light is likely influencing the growth of algae and plants, therefore impacting benthic 

foraminiferal distributions. Importantly, the results from this study indicate benthic foraminiferal 

assemblages can define discrete habitats based on light. 

 

Benthic anchialine habitats dominated by marine organic carbon 

Assemblage 5 and 6 are found in benthic habitats that have organic matter with a more 

enriched δ13Corgvalue (range: –15.1‰ to –22.3‰) value, which is indicative of proportionally 

more marine organic carbon in the benthos. A more marine organic carbon signature is likely a 

result of the distance of sampling areas from cave exits that supply terrestrial organic matter 
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from the land surface (Assemblage 5), or areas with enough marine organic carbon production 

and accumulation to diminish the final proportion of terrestrial organic carbon (Assemblage 6). 

Assemblage 5 is within the deeper, dark, well-oxygenated regions of the Palm Cave, Green Bay 

Cave and Cow Cave, where KSE conduit morphology likely isolates this assemblage from 

terrestrial organic carbon influences. Assemblage 6 is located in the marine entrance of Green 

Bay Cave which opens into Harrington Sound. This marine entrance is a large cave passage that 

allows unrestricted tidal currents to deposit marine-derived organic carbon. 

Habitats influenced by marine organic carbon are dominated by benthic foraminifera 

(e.g., Quinqueloculina spp., Spirophthalmidium emaciatum, Spirillina vivipara, and Patellina 

spp.) that are well-known from other coastal environments influenced by marine organic carbon. 

Specifically, Quinqueloculina spp. and other miliolids dominating the entrance of Green Bay 

Cave are similar to lagoonal assemblages worldwide. For example, in New Caledonia and 

Australia, miliolids dominate the external part of mangrove swamps open to the sea and marine 

influences (Debenay and Guillou, 2002), while Javaux and Scott (2003) document abundant 

Quinqueloculina in the marine dominated carbonate lagoons around Bermuda. Therefore, marine 

organic carbon impacting the Green Bay Cave entrance likely supports the miliolid’s high 

relative abundances. Additionally, epifaunal suspension feeders (e.g., Spirillina and Patellina) 

that dominate distal areas of the KSE marine habitats are also documented from carbonate reefs 

and lagoons around Bermuda (Javaux and Scott, 2003). This suggests these taxa are well suited 

to take advantage of the marine organic carbon present deep within the KSE. The dominant taxa 

in marine influenced habitats further emphasize provenance of organic carbon flux to the benthos 

is a primary control on benthic anchialine habitat variability. 
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Particle size is the second driver of benthic foraminiferal distributions within marine 

dominated habitats. Coarse particle size (very coarse sand; mean grain size 296.7 μm) is 

associated with the marine entrance in Green Bay Cave (Assemblage 6), where prevalent 

hydrodynamic conditions likely favour the deposition of coarse sedimentary particles. The 

dominant epifaunal taxa (e.i., Quinqueloculina spp. and Triloculina spp.) are comparable to 

those found in large particles characterized by shelly sands, which provide both shelter and 

stable substrate for epifaunal feeding (Murray, 1988; Corliss, 1991; Schönfeld, 2002). 

Alternatively, fine particle size (medium silt; mean 21.6 μm) is associated with the distal sections 

of Green Bay Cave, Palm Cave, and Cow Cave (Assemblage 5). This habitat favours a diverse 

assemblage dominated by Spirophthalmidium emaciatum, Sprillina vivipara, Bolivina spp., and 

Patellina spp. Outside of Bermuda’s caves, the response of benthic foraminifera to sediment 

texture is variable, potentially dependant upon different environments. For example, it has been 

previously observed that benthic foraminifera standing crops are higher in finer substrates in 

carbonate lagoons, compared to coarser sediments (Debenay et al., 2001; Armynot du Châtelet et 

al., 2009). However, our results show habitats defined by both fine and coarse particle size have 

similar benthic foraminiferal diversity and richness. Therefore, particle size is likely significant 

to specific taxa and remains an important variable for benthic foraminiferal distributions in this 

study (Boltovkoy et al., 1991; Frontalini et al., 2013; Armynot du Châtelet et al., 2016; Little and 

van Hengstum, 2019). 

The amount of total organic carbon delivered to the benthos is the third and final driver of 

benthic foraminiferal distributions in habitats dominated by marine organic carbon, which 

divides remaining samples into two groups: Low Carbon Marine Assemblage 6 and High Carbon 

Marine Assemblage 5. The Low Carbon Marine Assemblages (<9.7% total organic carbon) are 
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located in the most distal locations, away from any karst windows (entrances), in Green Bay 

Cave and the Palm Cave, while the High Carbon Marine Assemblage (>9.7% total organic 

carbon) is found in the well-circulated Green Bay and Palm Cave passages. Additionally, the 

High Carbon Marine Assemblage can be divided into two sub-groups based on particle size. 

Samples with larger particle size (mean: >15.9 μm) are located in the passages of the Palm Cave, 

while samples characterized by smaller particle size (mean: <15.9 μm) are located in the 

passages of Green Bay Cave. The particle size differences define habitats dominated by medium 

versus fine silt and likely are cave-specific. Both High Carbon and Low Carbon Marine 

assemblages are dominated by Spirophthalmidium emaciatum, Spirillina vivipara, Patellina spp., 

and Bolivina spp., however, the High Carbon Marine Assemblage has a higher diversity and 

species richness while the Low Carbon Marine Assemblage has higher abundances of S. 

emaciatum and members of the order Sprillinida (e.g., Mychostommina, Patellina, Spirillina). 

The abundance of benthic foraminifera within the deep, dark passages of Green Bay Cave and 

the Palm Cave suggest dominant taxa are taking advantage of marine organic carbon, however 

the increased abundance of S. emaciatum and other spirillinids in the Low Carbon Marine 

assemblage further indicates these taxa are likely indicators of anchialine habitats flooded by an 

oxygenated saline groundwater mass under oligotrophic conditions. Therefore, the results from 

this study indicate that benthic foraminifera can discriminate between benthic anchialine 

habitats, that are no longer exposed to other abiotic variables (e.g., tidal exposure, light, salinity), 

based on the source of total organic carbon. 

 

Conclusions 

The following conclusions were drawn from this study: 
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• Bermuda’s caves that are primarily flooded by oxygenated saline groundwater are 

populated by foraminifera that identify benthic anchialine habitats that are controlled by 

organic matter source (terrestrial vs. marine), total organic carbon, different groundwater 

masses in the karst subterranean estuary (i.e., salinity), benthic substrate texture, general 

light availability, and tidal exposure. 

• The flux of terrestrial organic carbon (i.e., organic matter source) to the benthos is the 

most significant environmental variable distinguishing benthic anchialine habitat 

variability in the saline groundwater mass, according to the benthic foraminifera. 

• Benthic areas with increased terrestrial organic carbonate (>58% terrestrial organic 

carbon) are dominated by Rosalina, Triloculina, and Bolivina, versus benthic areas with 

more marine organic carbon dominated by Pattellina, Sprillina, Spiropthalmidium. 

Additional foraminiferal taxa, community diversity, and species richness can evaluate the 

impact of tidal exposure, ground water mass salinity, light, and substrate texture. 

• Reduced total organic carbon (TOC) accumulation in the dark inner cave (i.e., organic 

matter quantity) further divides anchialine benthic habitats. These areas are dominated by 

Spirophthalmidium, Spirillina, Patellina, and Rotaliella. 
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CHAPTER III  

DEVELOPMENT OF ANCHIALINE CAVE HABITATS AND KARST SUBTERRANEAN 

ESTUARIES SINCE THE LAST ICE AGE* 

 

Introduction 

Sea-level oscillations during the last 500 million years (Phanerozic Eon) have impacted 

marine and terrestrial island biogeography and evolution by modifying habitat availability and 

opportunities for organismal gene flow (Hallam & Wignall, 1999; Peters, 2008; Pimiento et al., 

2017). It is generally thought that sea-level regressions can reduce the areal extent of coastal and 

neritic habitats and can cause bottlenecks in the marine realm (Valentine & Jablonski, 1991; 

Klaus et al., 2011; Ludt & Rocha, 2015), whereas terrestrial island fauna and flora benefit from 

habitat expansion during regressions (Weigelt et al., 2016; Ali & Aitchison, 2014; Fernández et 

al., 2015; Papadopoulou & Knowles, 2017). The defaunation risk in the coastal zone is elevated 

during the Anthropocene from several human-caused factors like habitat degradation and 

urbanization (McCauly et al., 2012), but disentangling how modest rates of current sea-level rise 

threaten aquatic island fauna remains difficult to assess (Holland, 2012; Harnik et al., 2012).  

Worldwide on carbonate islands and platforms, subsurface mixing of rain and marine 

water creates karst subterranean estuaries (KSEs, Fig. 1). Hydrographically, KSEs are analogous 

to subaerial estuaries by having an upper meteoric water mass of varying salinity buoyed on a 

saline groundwater mass below (Moore, 1999; Gonneea et al., 2014). These two groundwater 

bodies often destabilize in the subsurface to create mixing zones (Menning et al., 2015; 

 

* Reprinted with permission from “Development of anchialine cave habitats and karst subterranean estuaries since 

the last ice age” by van Hengstum et al., accepted (expected to be published in 2019) Scientific Reports, DOI: 

10.1038/s41598-019-48058-8. Copyright 2019 by Springer Nature. 
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Brankovits et al., 2017; Beddows et al., 2005; Whitaker & Smart, 1990), and their oceanic 

discharge impacts global biogeochemical cycles (Gonneea et al., 2014; Trezzi, et al., 2016). Only 

in the late 20th century did technical SCUBA diving procedures allow human exploration of 

KSEs through flooded caves, which lead to the discovery of their unique ecosystems, fauna, and 

habitats that are now prefaced with the adjective ‘anchialine’ (Stock et al., 1986). The fossil 

record (Steinthorsdottir & Håkansson, 2017; van Hengstum et al., 2009; Rosso et al., 2014) and 

molecular phylogenetics (Jurado-Rivera et al., 2017; Legg et al., 2013; Gonzales et al., 2017) 

suggests that anchialine fauna and ecosystems persisted through the Phanerozoic and predated 

angiosperms, whose evolutionary history and biogeochemical functioning inform early Paleozoic 

marine ecosystems and invertebrate evolution (Regier et al., 2010; Schwentner et al., 2017). 

Steep environmental gradients create diverse benthic and pelagic sub-habitats in the subsurface 

from the ocean transecting inland (Fig. 1), such that aquatic coastal caves are often categorized 

as freshwater caves (meteoric water mass), anchialine caves (both water masses), or marine 

caves (saline water mass). Despite this segregation, some taxa have a modern distribution and 

evolutionary history in both water masses (e.g., atyid shrimps; Moritsch et al., 2014). If these 

habitats are also linked through allogenic succession, then it is perhaps more appropriate to 

consider these sub-habitats as part of an anchialine habitat continuum so evolutionary adaptions 

to environmental change can be more easily assessed (Fig. 1). 

Pioneering cave ecologist Riedl first hypothesized that coastal cave habitats experienced 

allogenic succession from sea-level forced vertical migration of KSEs, which isolated 

subterranean aquatic fauna and promoted speciation through vicariance (Riedl & Ozretić, 1969). 

This process was subsequently termed the ‘regression model’ (Holsinger, 1994; Stock, 1980), 

which could be caused by either tectonic uplift or relative sea-level fall, and used to evaluate the 
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disjunct biogeography of subterranean fauna. However, significant barriers exist for developing 

physical data on developmental succession in anchialine habitats, during either regressions or 

transgressions. Instrumental records (e.g., decadal scale) of hydrographic change in KSEs are 

unavailable, and speleothems (e.g., stalagmites) cannot be used to document millennial-scale 

environmental change when caves are flooded (Richards et al., 1994; Dutton et al., 2009). Soft-

bodied endemic cave fauna have a poor fossil preservation, and picturesque clean cave galleries 

are created by either poor sedimentation in caves (Collins et al., 2015), or subsurface currents 

blowing-out cave sediment. Thus far, available sediment records of environmental change in 

KSEs are either temporally-fragmented (Fornós et al., 2009; van Hengstum et al., 2011), or only 

document the hydrographic history of an individual groundwater mass (Collins et al., 2015; 

Collins et al., 2015; van Hengstum et al., 2010). These knowledge gaps mean that 21st century 

marine ecosystem risk assessments have little evidence to support forecasting how sea-level rise 

will impact global subsurface aquatic island fauna. 

Here we present the most complete record yet known of developmental succession in 

anchialine habitats in response to concomitant relative sea-level rise and vertical migration of a 

KSE since the last ice age. The highest quality sediment record yet found in an underwater cave 

in Bermuda documents the turnover of anchialine habitats, and their sub-habitats, in response to 

vertical migration of the KSE. Sea-level rise during the early Holocene first flooded cave 

passages with a meteoric lens, followed by a paleo mixing zone, and finally saline groundwater 

to create modern marine cave habitats in western Bermuda. Developmental succession of 

anchialine habitats during a transgression is now resolved, and more significantly, the results 

illuminate how sea-level rise can force subsurface aquatic island fauna to experience a 

previously unknown bottleneck event. It is highly likely that this process impacted the 
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evolutionary history of global subsurface aquatic island fauna during the Phanerozoic. More 

problematically, 21st century island-based marine ecosystem risk assessments are incomplete if 

the impact of sea-level rise on anchialine ecosystems is not regionally evaluated. 

Study site 

Bermuda is a ~35 million year old volcanic seamount in the North Atlantic Ocean capped 

by Quaternary-aged carbonates (limestone) that were deposited during sea-level highstands, 

interspaced by paleosols that accumulated during the ice ages (Vacher et al., 1995). The 

limestone units are lithified wind-blown dunes of shallow marine carbonate particles (Rouse et 

al., 2018), which subsequently weathered into a mature karst landscape. Large caves in Bermuda 

were first dissolved by both rain and groundwater, which then subsequently experienced 

repetitive collapse events (Vacher & Rowe, 1997; Land et al., 1967; Palmer et al., 1977). 

Bermuda is an ideal location for this study for several reasons. The local flooded caves 

are an established biodiversity hot spot of endemic anchialine fauna, and the region has served as 

an important island model for understanding the evolutionary history of anchialine fauna (Iliffe 

et al., 1983).  The ~30-80 m thick carbonate cap and its caves (Pirsson, 1914; Mylroie et al., 

1995) would have been dry during the last glacial maximum (~20,00 years ago) when local 

relative sea level and groundwater was ~120 m lower (Miller et al., 2005). Since then, deglacial 

sea-level and groundwater-level rise first flooded topographic depressions to create freshwater 

lakes in the Bermuda banktop, followed by their conversion to shallow lagoons with complete 

platform flooding (Vollbrecht, 1996; Ashmore & Leatherman, 1984). Modern Bermudian 

flooded caves must have similarly developed by the upward displacement of the KSE, with 

endemic anchialine fauna migrating into newly created ecospace either from the volcanic 

lithology below or oceanic dispersal (Iliffe et al., 1983). Low groundwater current velocities 
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allow sediment to accumulate on cave floors, and most caves in western Bermuda are at the final 

stage of oceanic flooding with active seawater circulation.  

On the northeastern margin of Harrington Sound in Bermuda, the Palm Cave System 

occurs to a maximum depth in the subsurface of 23 m below modern sea level (mbsl). There is 

no halocline in Palm Cave because a meteoric lens does not develop on the narrow isthmus 

between Harrington Sound and Castle Harbour, so the passages are all flooded by oxygenated 

saline groundwater (Fig. 9). Despite the absence of a local meteoric lens, Palm Cave is part of 

the anchialine habitat continuum, and can be colloquially referred to as a marine cave (Fig. 1). In 

summer 2015, the conditions of the saline groundwater mirrored the impact of strong 

summertime evaporative and radiative forcing on the adjacent Harrington Sound source water 

(pH of 7.8 ± 0.2, 28.5 ± 0.2°C, 38.7 ± 0.4 psu, Fig. 9). Multiple physical openings from the 

coastal lagoon (i.e., Harrington Sound) and subaerial forest landscape (e.g., 32.34°, −64.71) 

allow terrestrial and marine organic matter to erode into the cave. Sediment push cores (n = 13) 

were collected using technical cave diving procedures (Fig. 9, Supplementary Table S1) from the 

deepest parts of the cave that preserve sediment accumulations, and areas with representative 

sedimentary units. Multiple cores sampled the stratigraphy to limestone bedrock. 

 

Methods 

After collection, cores were transported back to the laboratory to be split lengthwise for 

x-radiography, photography, textural and micropaleontological analysis (Table 2).  Cores were 

sub-sampled at 1-cm intervals downcore for analysis of sedimentary bulk organic matter content 

using a standard Loss-on-Ignition procedure, whereby the mass lost during combustion at 550°C 

for 4.5 hrs is expressed as a weight percent (Heiri et al., 2001). The textural variability in the 
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Figure 9. Bermuda and detailed survey Palm Cave System. Digital elevation model of Bermuda in the North Atlantic Ocean. 

(Bottom) Detailed map of Harrington Sound plotted in ArcGIS. Yellow markers identify locations of geological sea-level 

indicators from Bermuda (peat, n = 113, Appendix A). Detailed survey of Palm Cave (adapted after original survey of Jason 

Richards, with locations of sediment cores and cave entrances.
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Table 2. Detailed information on core locations in Palm Cave relative to the Earth’s 

surface. GPS co-ordinates were estimated from overlaying cave survey (≤ 3 m horizontal 

uncertainty) in Google Earth (± 3 m horizontal uncertainty). 

 
 

 

 

coarse sedimentation deposition (e.g., coarse fraction) was quantified in contiguous 1-cm 

intervals downcore on separate sediment sub-samples using a Sieve-first Loss-on-Ignition 

procedure (van Hengstum et al., 2016). Contiguous 1-cm sediment sub-samples, with a 

standardized initial volume of 2.5 cm3, were first wet sieved over a 63-μm mesh, dried for 12 

hours in an oven at 80 °C and weighed to determine the original sediment mass. Samples were 

the ignited for 4.5 hours at 550 °C in a muffle furnace to remove organic matter from the 

sediment samples to concentrate the remaining mineral residue, and re-weighed to determine 

remaining mineral mass after combustion. The variability in coarse sediment was then expressed 

as mass per unit volume (D>63 um mg cm−3). Core 4 (n = 26) and core 10 (n = 23) were 

quantitatively analyzed for preserved subfossil benthic foraminiferal assemblages. Downcore 

sediment subsamples (2.5 cm3, 0.5 cm core width) were sieved over a 63 m mesh, and wet-

picked onto micropaleontological slides for taxonomic identification and assemblage analysis  

Core Label Water Depth (m)
Water Depth 

Uncertainty
Latitude Longitude Core termination

Final core length 

(cm)

SM-C2 20.1 0.3  32.345072° -64.711072° sediment 0.78

SM-C3 20.3 0.3  32.345411° -64.711962° hardground 0.8

SM-C4 20.7 0.3  32.345627° -64.711658° sediment 0.79

SM-C6 20.3 0.3  32.345466° -64.712108° sediment 0.78

SM-C7 9.7 0.3  32.345822° -64.712690° hardground 0.66

SM-C8 5.3 0.3  32.345869° -64.712214° hardground 0.25

SM-C9 20.3 0.3  32.345438° -64.711141° hardground 0.57

SM-C10 20.7 0.3 32.344779 -64.711037 hardground 1.75

SM-C11 18 0.3  32.346000° -64.711450° sediment 0.46

SM-C12 20.4 0.3  32.345367° -64.711143° hardground 0.38

SM-C13 20.4 0.3  32.345417° -64.711189° sediment 0.43

SM-C14 20.7 0.3 32.345039° -64.711257° hardground 0.88

SM-C15 21.9 0.3 32.345361° -64.711628° hardground 0.83
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Figure 10. Downcore proportional abundance of dominant benthic foraminifera in cores 4 

and 10. Assemblages of foraminifera were identified with dendrograms produced from Q-

mode constrained cluster analysis on statistically significant taxa. Benthic foraminifera 

were rare in core 4 from 15.5 to 32.5 cm, and core 10 from 12.5 to 25.5 cm, but Bolivina sp. 

was observed. 



 

 

 

54 

with Q-mode cluster analysis (Fig. 10). The qualitative (presence vs. absence) preservation of 

meiofauna (e.g., ostracodes, foraminifera) and macrofauna (e.g., bivalves, gastropods) in all 

cores was assessed by wet sieving bulk sediment over a 63 m mesh at 3 to 5 cm downcore, with 

representative individuals imaged with a Hitachi desktop scanning electron microscope. To 

further understand the provenance of accumulating bulk organic matter, sediment samples (n = 

215) from selected cores (3, 6, 10, 14, 15) were analyzed for the stable carbon isotopic value 

(13Corg) and C:N ratio of bulk organic matter. Samples were first treated with a 10% HCl 

digestion to remove carbonates, followed by geochemical measurements in a Costech 200 

Elemental Analyzer connected to Thermo-Electron Delta V Advantage Isotope Ratio Mass 

Spectrometer. Final 13Corg values are reported in per mil notation (‰) relative to the standard 

Vienna Pee Dee Belemnite (VPDB) for carbon (expressed as parts per mil, ‰), with analytical 

precision on 13Corg better than ±0.2‰ (1) and ±0.1 on C:N. Age control is provided by 

radiocarbon dating (n = 51) on a combination of bulk organic matter from the organic-dominated 

facies, terrestrial plant macrofossils (when available), and marine bivalves. Twenty-seven 

samples were processed by accelerator mass spectrometry radiocarbon, with twenty-six dated 

using the Continuous Flow AMS (CFAMS) method. All radiocarbon dates were calibrated to 

sidereal years before 1950 AD (Cal Yrs BP1950) using IntCAL1386 (Table 3). Samples from 

notably iron-rich carbonate and paleosols (cores 10 and 4) were subject to X-ray diffraction to 

determine dominant minerals (Table S4). Selected samples were analyzed on a Bruker-AXS D8 

Advanced Bragg-Brentano X-ray powder diffractometer employing the standard XRD laboratory 

protocols. Final mineral determination was made by comparing the resultant diffractograms with 

the 2005 International Center for Diffraction Data material identification database to determine 

final mineralogy. 
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Table 3. Radiocarbon data (n = 51) generated by the National Ocean Sciences Accelerator 

Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution, and all 

were calibrated to sidereal years before present (BP1950) using IntCal 135, with the highest 

probability 2 result used to frame the results. Other lower probability calibration results 

do not change the interpretations of the data. Raw calibration data from this table is then 

rounded to the nearest decade for presentation in Figure 3 in the text, as per radiocarbon 

convention. The NOSAMS process abbreviations include: (a) gas bench (GB) is the 

continuous-flow accelerator mass spectrometry technique6 (CF-AMS), (b) OC is for the 

standard alkali-acid-alkali organic carbon pretreatment for Standard AMS dating, and (c) 

HY is for hydrolysis of biogenic carbonate. 
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A new database of sea-level indicators from Bermuda was compiled from earlier work 

(Vollbrecht, 1996; Ashmore & Leatherman, 1984; Ellison, 1993; Redfield, 1967; Neumann,  

1971; Kuhn, 1984) that is mostly derived from basal peat in contact with limestone (Appendix 

A). This database is currently unavailable in other databases of global sea-level indicators 

(Hibbert et al., 2018). The radiocarbon-dated sedimentary deposit is these earlier works is often 

designated simply peat, without any differentiation between brackish and freshwater peat using 

preserved microfossils (i.e., defined indicative meaning). Nevertheless, much of the new 

database compiled here is derived from peat collected at the limestone contact (Vollbrecht, 1996; 

Kuhn, 1984), and thus can still be conservatively used as maximum sea-level indicators 

(terrestrial limiting)(Hibbert et al., 2018). 

The model results were determined using the same glacial isostatic adjustment model as 

described elsewhere (Milne & Peros, 2013), but using different inputs. These inputs are: (1) a 

reconstruction of changes in grounded ice distribution and (2) solid Earth viscosity structure. In 

one case, the ice model used was ICE-5G (Peltier, 2004) and the viscosity model one that 

provides good fits to a global distribution of various data types for this ice model (VM2, with a 

90 km thick lithosphere; Peltier, 2004). The other model estimate is also based on the ICE-5G ice 

history but with North American component replaced with output from a calibrated glaciological 

model (L2016, model #9894; Tarasov et al., 2012). The Earth viscosity model was one found to 

produce an optimal fit to a regional Holocene sea-level data base that includes the Atlantic and 

Gulf coasts of the US (Love et al., 2016). The main cause of the difference between the two 

curves are the higher Earth viscosity values found in L2016, which provides a modeled sea level 

curve that is most compatible with the Bermuda observations. 
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Sedimentary deposits and habitats 

The deposits from Palm Cave can be organized into four groups (paleosols, organic-rich 

deposits, iron-rich deposits, and carbonate deposits), and further subdivided into seven units 

(Fig.11). These units correspond to hydrographic and environmental change in the cave from 

internal and external flooding of the Bermuda carbonate platform by concomitant groundwater 

and relative sea-level rise (Fig. 9). Limitations of the record include decreased sedimentation 

rates from ~8500 to ~7000 calibrated years before present (Cal yrs BP), and no one single 

location in the cave preserves a complete Holocene environmental history. However, the 

recovered deposits collectively provide the most detailed physical and biological picture yet 

known of Holocene environmental change in a KSE, and are described below from oldest to 

youngest. 

 

Pre-Holocene vadose deposits 

The oldest deposits are pre-Holocene (>11,600 years ago) terra rosa paleosols, which 

occur at the base of cores (core 13), in areas with negligible Holocene sedimentation (core 8), 

and near terrestrial openings. These coarser-grained sediments have a deep red color (Fig. 12; 

Table 4), and they contain no fossil material (Fig. 11). Mineralogically, they are primarily 

crandallite (mean 52.6%), kaolinite (mean 16.5%), quartz (22.8%) and goethite (8.1%, Table 5), 

which is similar to Bermudian Pleistocene-aged terra rosa paleosols (Muhs et al., 2013). African 

dust is an important contributor to Bermudian soils during Quaternary Ice Ages (Muhs et al., 

2013), which helps create diagnostic terra rosa soils that are known to erode into Bermudian 

caves (Hearty et al., 2004). Similarly, paleosol eroded into Palm Cave prior to Holocene 

flooding. 
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Figure 11. Preserved sedimentary and biological archives. The sediment and biological remains deposited into Palm Cave, 

Bermuda, over the last 10,000 years. Inset is crossplot of δ13Corg and C:N values on sub-samples from cores marked with an 

asterisk to evaluate the relative contribution of terrestrial versus marine organic carbon to the sedimentary record, with 95% 

ellipse confidence intervals around the mean values for individual sedimentary units (except iron-rich deposits).
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Figure 12. Representative photographs and radiographs for key sedimentary units and 

transitions, along with the core logs (and symbols) from the core logs (and symbols) from 

Figure 11. 
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Table 4. Arithmetic averages for measured sedimentary characteristics in the recovered seven different sedimentary units and 

preserved biological remains. Note that the stable carbon isotopic ratio (13Corg ‰ VPBD, analytical uncertainty ±0.2‰) and 

C:N (analytical uncertainty ±0.1‰) were only determined on cores 3, 6, 10, 14, and 9 (n  = 215). Symbols for biological 

remains: ostracods (o) and foraminifera (f). 
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Table 5. Difference in mineralogy between the terra rosa paleosols and iron-rich sedimentary units. Some samples were re-

analyzed after treatment with 10% HCl to observe remaining minerals after removal of carbonates (aragonite and calcite), 

and amplify the XRD-signal of the non-acidified mineral residue. 

Core Depth Interval
Sedimentary 

unit
Pretreatment

Crandallite Kaolinite Quartz Goethite Pyrite Aragonite Calcite Woodhouseite Maghemite Lepidocrocite Rectorite Montroseite

8 5-6 none 43.5 12.2 39.1 5.2 0 0 0 0 0 0 0 0

8 10-11 none 50.3 14.7 28.8 6.3 0 0 0 0 0 0 0 0

8 15-16 none 58 17.7 16.6 7.7 0 0 0 0 0 0 0 0

13 35-36 none 50 17.4 20.5 12.1 0 0 0 0 0 0 0 0

13 40-41 none 61 20.6 9.3 9 0 0 0 0 0 0 0 0

52.6 16.5 22.9 8.1 0 0 0 0 0 0 0 0

14 14 none 0 0 0 0 0 53.3 36.4 9.4 0 0.9 0 0

14 14 10% HCl 0 0 87.5 2.8 0 0 0 6.2 0 0 2.4 1.1

15 15 none 25.8 17.3 8.2 30.3 18.4 0 0 0 0 0 0 0

4 7 none 0 0 0 0 0 68.4 31.6 0 0 0 0 0

4 7 10% HCl 0 17.2 22.3 0 0 8.1 1.2 39.9 9.2 2.1 0 0

4 16 none 0 16.7 28.4 20.7 0 0 26.8 7.4 0 0 0 0

4 16 10% HCl 0 23.1 10.8 37.2 0 0 2 26.9 0 0 0 0

10 13 none 0 0 67.8 3.7 0 0 27.8 0 0 0.7 0 0

10 13 10% HCl 0 4.4 82.6 6.9 0 0 0 5 0 1 0 0

10 145 none 0 0 61.6 2.9 0 0 27.9 4.4 0 3.2 0 0

10 145 10% HCl 0 0 87.7 3.9 0 0 0.4 4.8 0 3.2 0 0

5.16 5.666667 27.6667 9.6 3.0667 20.2833 25.0833 3.533333333 0 0.8 0 0

Minerals (Relative Abundance %)

Arithmetic averages

Arithmetic averages

terra rosa 

paleosol

iron and 

carbonate
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Freshwater habitats in a meteoric lens 

The preserved sedimentary and biological remains (e.g., fish bones, foraminifera, 

ostracodes) indicate that freshwater aquatic habitats were created in the Palm Cave from 9750 ± 

210 (core 14) to 8370 ± 30 (core 3) Cal yrs BP when a fresh to oligohaline meteoric lens first 

flooded the cave. The modern marine anchialine ecosystem in Palm Cave could not have 

colonized these conditions. In contrast, these early Holocene freshwater conditions would have 

been suitable to Bermuda’s olighaline-adapted anchialine amphipods like Pseudoniphargus 

carpalis and P. grandimanus (Stock et al., 1986). In eastern passages, grey sapropel (mean 16% 

organic matter) with calcium-rich layers was accumulating by ~9750 Cal yrs BP (cores 14 and 2, 

Table 3). The organic carbon was primarily terrestrial in origin, based on the stable carbon 

isotopic content of the bulk organic matter (13Corg: −24.1 ± 0.6‰) and relative amounts of 

organic carbon and nitrogen (C:N ratios: 17.2 ± 1.1). The only meiofauna preserved in the grey 

sapropel were the benthic ostracodes Darwinula stevensoni and Cypridopsis vidua, which occur 

in global freshwater habitats and Yucatan freshwater caves. At ~9620 Cal yrs BP, the deepest 

cave areas (e.g., cores 4, 10) began accumulating dark brown sapropel (mean 31% organic 

matter, −24.1 ± 0.9‰, 16.8 ± 1.1, n = 43), which pass into a lighter-hued light brown sapropel 

upcore (mean: 24% organic matter, 13Corg: −23.5 ± 0.9‰, C:N: 14.9 ± 1.1, n = 39). 

Biologically, the sapropel primarily contains benthic foraminiferal assemblages that are 

dominated by Polyscammina iophalina, Entzia macrescens, Tiphotrocha comprimata (Fig. 10, 

13). At the base of some cores (core 10), Bolivina sp. was dominant at first, but the high 

sedimentation rate at this site indicates these assemblages rapidly transitioned to Entzia-

dominated assemblages. In modern settings, these benthic foraminifera dominate subtidal 

anchialine habitats that are flooded by a low salinity (oligohaline) meteoric lens on the Yucatan  
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Figure 13. Representative scanning electron micrographs of significant biological and 

sedimentary remains preserved in the different sedimentary units from core 4 and 10 (1-48, 

benthic foraminifera; 49- 65, other). Benthic foraminiferal taxonomy followed published 

regional2,3 and international literature4. 1-3, Dorsal and ventral views of Tiphotrocha 

comprimata (Cushman & Brönnimann, 1948). 4-7, Polysaccammina ipohalina (Scott, 1976). 

8, Eggerella scabra (Williamson, 1858). 9, Labrospira evoluta (Natland, 1938). 10-12, Dorsal 

and ventral views of Trochammina quadriloba (Höglund, 1948). 13, Entzia macrescens 

(Brady, 1870).14, Bolivina pseudopunctata Höglund (1947). 15, Bolivina paula (Cushman 

and Ponton, 1932). 16, Bolivina striatula (Cushman, 1922). 17-18, Bolivina variablis 

(Williamson, 1858). 19-22, Miliolinella circularis (Bornemann, 1855). 23, Quinqueloculina 

bosciana d,Orbigny (1846). 24, Spirophthalmidium emaciatum (Haynes, 1973). 25 Sigmoilina 

tenuis (Czjzek, 1848). 26-27, Patellina corrugata Williamson (1858). 28, Mychostommina 

revertens (Rhumbler, 1906). 29- 30, Spirillina vivipara (Ehrenberg, 1843). 31, Cyclogyra 

involvens (Reuss, 1850). 32-33, Melonis barleeanum (Williamson, 1858). 34, Nonion 

pauperatum (Balkwill & Wright, 1885). 35, Globocassidulina subglobosa (Brady, 1881). 36, 

Dorsal view of Svratkina australiensis (Chapman, Parr, & Collins, 1934). 37- 40, Dorsal and 

ventral views of Rosalina spp. 41-43, Siphonina temblorensis (Garrison, 1959). 43-45, Dorsal 

and ventral views of Rotaliella arctica (Scott & Vilks, 1991). 46-47, Dorsal and ventral views 

of Heronallenita spp. 48, Trifarina occidentalis (Cushman, 1922). 49 dorsal view of 

ostracode Cypridopsis vidua (Müller, 1776) 50-51, ventral view of ostracode Cypridopsis 

vidua (Müller, 1776), 52, dorsal view of Paranesidea sterreri Maddocks (1986). 53. Sponge 

spicules. 54- 55, Branching bryozoans. 56, Cheilostome bryozoan. 57, Bivalve. 58, 

Brachiopod. 59, Mollusk. 60, Encrusting tube-worm. 61- 63, Teleost (Fish) vertebrae. 64-

65, Calcite rafts. All scale bars represent 100 μm. 
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Peninsula (Tiphotrocha, Entzia)(van Hengstum et al., 2010; van Hengstum et al., 2008), and 

subtidal marine settings in Bermuda dominated by terrestrial organic carbon (Bolivina)(Little & 

van Hengstum, 2019). Calcite rafts occurred intermittently in the organic-rich deposits, which 

only form near freshwater-air interfaces in caves (van Hengstum et al., 2011; Kovaks et al., 

2017), and their occurrence indicates the continual cave passage flooding. Previous work 

indicates that the shoreline of an early Holocene inland brackish pond in Harrington Sound was 

very close to Palm Cave by ~9500 years ago (Vollbrecht, 1996), which likely provided a source 

of organic-rich sediment that was transported into the cave through a southern tunnel connecting 

Palm Cave to Harrington Sound (Fig. 9). Continual water-level rise in the cave or conduit 

collapse events likely decreased organic matter sedimentation at the core sites, as has been 

observed in Yucatan flooded caves (Collins et al., 2015). 

 

Mixing zone iron curtain deposits 

The Iron-rich carbonate deposits provide evidence for benthic habitats becoming flooded 

with saline groundwater, whereby upwelling anoxic saline groundwater was mixing with the 

overlying freshwater in a paleo mixing zone [base of cores 3, 15 and 9, and intercalated within 

cores 4,10, 11 and 9 (Fig. 11)]. These deposits were not recovered from shallower sampling 

locales (Table 2). Unlike the terra rosa paleosols, these iron-rich carbonate sediments have a 

distinctive orange-hue (Fig. 12), have a fine texture, and they contain rare marine benthic 

foraminifera adapted to low-oxic environments (i.e., Bolivina spp.). The dominant minerals 

present were carbonates (mean 45% calcite and aragonite), quartz (mean 27.6%), Fe-based 

minerals (mean 13.4% goethite, woodhouseite, and lepidocrocite), and less crandallite and 

kaolinite than the paleosol deposits (Table 5). Organic carbon was dominated by marine sources 
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(13Corg: −21.2 ± 2.9‰, CN: 13.3 ± 2.9, n = 22, Fig.  11). The meiofuna and minerology 

differentiates these sediments from known Fe-oxide deposits produced by microbialites in anoxic 

saline groundwater59. A Saharan dust origin is also not likely, given the contemporaneously 

flooded cave would have hampered wind-borne dust accumulation, and African dust export to 

the western tropical North Atlantic was diminished from ~11,000 to 5,000 years ago (McGee et 

al., 2013). 

Alternatively, these iron-rich deposits developed at the deepest elevations from the 

oxidative precipitation of Fe(II) in an ‘iron curtain’ at the sediment-water interface. On 

siliciclastic coastlines, the oxidative precipitation of dissolved Fe(II) from the mixing of seawater 

and groundwater generates a distinctive increase in iron oxide deposits in a subsurface zone 

(Charette & Sholkovitz, 2002). This process is driven by pH gradients between the anoxic saline 

versus oxygenated freshwater above (Spiteri et al., 2006), and the iron curtain can spatially 

migrate in response to sea-level (Roy et al., 2010) or rainfall (Roy et al., 2013) changes. It is 

likely that anoxic saline groundwater was displaced upwards under sea-level forcing, and iron 

oxide precipitated when anoxic water upwelled and mixed with an overlaying oxygenated water 

mass. The previously observed iron-oxide coatings on early Holocene calcite rafts in another 

Bermudian flooded cave likely formed through the same process (van Hengstum et al., 2011). 

 

Oxygenated marine habitats in saline groundwater 

By a maximum of 6600 ± 70 Cal yrs BP (core 2), the entirety of Palm Cave became a 

fully-oxygenated marine aquatic habitat. This is demarcated by widespread carbonate deposition 

(fine-grained micrite and mixed carbonate), and the appearance of marine bivalves (e.g., 

Barbatia domingensis), bryozoans (Cheilostomata), coral (Coenocyathus goreaui), brachiopods 
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and marine ostracodes. The marine foraminifer Spirophthalmidium emaciatum also colonizes 

Palm Cave, which lives in marine caves in Bermuda and Cozumel with oxygenated saline 

groundwater65 (Fig. 12, 13). White- to brownish-hued micrite deposits often transition into 

mixed carbonate facies (e.g., cores 14, 2, 15) towards the top of cores, but the timing is site 

specific (e.g., core 12: ~2690 Cal yrs BP vs. core 15: ~3610 Cal yrs BP). The spatial and 

temporal variability of carbonate sedimentary units is perhaps related to conduit-specific 

physical or hydrodynamic processes (e.g., diffuse- vs. conduit-driven saline groundwater 

circulation). The carbonate deposits contained the highest proportion of marine organic matter 

based on the C:N and 13Corg values (micrite: 13Corg −20.4 ± 1.9‰; C:N  11.7 ± 2.0‰,  n = 40, 

mixed carbonate facies: 13Corg −19.4 ± 1.2‰; C:N  10.3 ± 1.2, n = 38). Occasionally, clasts of 

the terra rosa paleosol become eroded and re-worked into the carbonate deposits (cores 13 and 

14). These deposits indicate that conditions in Palm Cave were finally suitable for colonization 

by the soft-bodied marine anchialine fauna, such as Parhippolyte sterreri and Procaris chacei sp. 

 

Sea-level forcing of successional development 

There is striking congruency between when aquatic ecosystems were emplaced in Palm 

Cave, subaerial indicators of sea-level change from the Bermuda carbonate platform, and 

numerical models of relative sea-level rise (Fig. 14). Terrestrial and freshwater peat deposits 

recovered in contact with the carbonate platform from Bermuda provide maximum sea-level 

indicators (Fig. 14), meaning sea level was no higher in elevation at this time. This constrains 

glacioisotatic processes and past sea levels (Hibbert et al., 2018). In contrast, cave sedimentary 

deposits are minimum sea-level indicators because groundwater must have achieved this 

elevation for aquatic habitats develop (Little & van Hengstum, 2019). The sedimentary and  
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Figure 14. Evidence for Holocene sea-level rise in Bermuda and the allogenic succession of 

anchialine habitats in Palm Cave, which is caused by the upward migration of the local 

karst subterranean estuary. Marine limiting sea level indicators from Palm Cave (this 

study) and Green Bay Cave (van Hengstum et al., 2011; symbol size exceeds age and depth 

uncertainties), along with a new regional database of terrestrial limiting sea level indicators 

(freshwater peat, see methods) are compared to the output from two glacial isostatic 

adjustment models (purple: Peltier, 2004 and orange: Love et al., 2016). The L2016 model 

allows for marine limiting sea level indicators from Palm Cave and Green Bay to be 

flooded, whole coeval terrestrial limiting dates remain exposed.  
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meiofaunal remains in contact with the limestone indicates a meteoric lens flooded Palm Cave by 

9750 ± 210 Cal yrs BP at core 14 (21.6 ± 0.3 mbsl), 9620 ± 80 Cal yrs BP at core 10 (22.5 ± 0.3 

mbsl), and 9670 ± 120 Cal yrs BP at core 15 (22.7 ± 0.3 mbsl). A comparison with output from 

the ICE-5G model is within uncertainties of early Holocene minimum (cave-based) and 

maximum (terrestrial peat) sea-level indicators (Fig. 14, L2016 Model). From previous work in 

Green Bay Cave in Bermuda, there was a delayed onset in sedimentation to first documented 

aquatic conditions at ~7,900 Cal yrs BP (van Hengstum et al., 2011). However, the estimated 

time for drowning of the ceiling in Green Bay Cave is very close to the anticipated position of 

relative sea level (Fig. 14, L2017 Model). By 7,000 years ago, both Harrington Sound 

(Vollbrecht, 1996) and North Lagoon (Gischler & Kuhn, 2018) were transitioned into marine 

lagoons from continual inundation of the Bermuda banktop by Holocene sea-level rise. This 

allowed tidal exchange of seawater between the saline groundwater and adjacent marine 

carbonate lagoons, which initiated oxygenated saline groundwater habitats in Palm Cave. 

Collectively, these results indicate that relative sea-level change is a principle driver of 

successional development of anchialine habitats. This primarily occurs from sea-level forced 

vertical migration of groundwater, and secondarily by sea-level forced changes to banktop 

oceanographic-groundwater circulation regimes. 

 

Global implications 

The successional development of anchialine habitats caused by sea-level rise has multiple 

implications for the biogeography, evolutionary history, and ecosystem functioning across the 

anchialine habitat continuum. Today, anchialine fauna include taxa that are adapted to habitats 

and environmental conditions created by specific groundwater masses in the KSE, in addition to 
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taxa that have an evolutionary history in both water masses. For example, Bahamian remipedes 

remain in their ancestral marine-based habitat, whereas others like the Yucatan decapod 

Creaseria morleyi have become adapted to the low salinity habitat created by the meteoric lens. 

On geologic timescales, anchialine fauna and ecosystems must vertically migrate upwards (or 

downwards) with sea-level rise (or fall) with groundwater masses in the KSE to remain within 

their suitable ecological tolerance ranges. The sedimentary record from Palm Cave indicates that 

the available anchialine habitat in western Bermuda associated with a meteoric lens (freshwater 

to brackish salinity) decreased with Holocene sea-level rise. This is likely coincident with 

regional reduction in the Holocene aerial extent of Bermuda, and ultimate potential for a 

meteoric lens to form in the antecedent limestone. The possibility of suitable aquatic habitat is 

first established by the sea level boundary condition, and thereafter, the subsurface hydrography 

is modified by other known secondary factors, such as changes in coastal circulation (van 

Hengstum & Scott, 2012), conduit morphology and connectivity to adjacent marine and 

terrestrial environments (Collins et al., 2015; van Hengstum et al., 2011), or changing rainfall 

(Cant & Weech, 1986; Vacher & Wallis, 1992; Brankovits et al., 2018). 

On Phanerozoic timescales, transgressions cause bottlenecks to anchialine habitats and 

fauna dependent upon a meteoric lens, if carbonate platform areal extent and island relief are 

considered (Fig. 15). The earlier regression model first proposed by Riedl (Riedl & Ozretić, 

1969; Stock, 1980) hypothesized how the draining of epicontinental seas on geologic timescales 

first promoted subsurface habitat colonization. However, the regression model did not evaluate 

or describe how sea-level oscillations can continuously drive adaptation, community evolution, 

and potential for regional extinctions. During the Quaternary alone, smaller carbonate platforms 

and islands were repetitively and completely flooded by sea level during interstadials from the 
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~100,000-year climate cycle (Lisiecki, 2010). As such, meteoric lenses contracted, fragmented, 

and potentially disappeared (e.g., Bermuda, or Cay Sal Bank in The Bahamas). The sediment and 

preserved meiofauna in Palm Cave effectively documents habitat reduction associated with a 

contracting meteoric lens in northwestern Bermuda from sea-level rise during the most recent 

deglaciation. There is little evidence to suggest that this process has not persisted through 

geologic time. By extension, this means that fauna and ecosystems in the anchialine habitat 

continuum that depend upon a meteoric lens must have faced recurrent habitat fragmentation and 

bottleneck events coincident with sea-level rise linked to the ~100,000-year climate cycle during 

the Quaternary (Lisiecki, 2004). Indeed, recently discovered anchialine food web dynamics and 

habitats that depend on terrestrial organic carbon and meteoric lenses could not exist on low-

relief carbonate islands and platforms during transgressions (Brankovits et al., 2017). The 

mechanism for carbon and energy transfer between anchialine fauna and ecosystems in saline 

groundwater devoid of meteoric lenses remains currently unknown. It is likely that global 

anchialine fauna in the meteoric lens of KSEs experienced increased extinction rates during 

Pliocene (+6 above present) or late Paleocene (+75 m above present) transgressions (Miller et 

al., 2005; Rohling et al., 2014). More broadly, subsurface defaunation on different types of 

carbonate platforms from transgression-related extinction events requires evaluation. 

In contrast, carbonate platforms with higher elevation may have insulated the anchialine 

habitat continuum from transgression related bottlenecks during global ice volume, tectonic 

changes or isostatic changes (e.g., Yucatan Peninsula, Fig. 15). For example, the post-Pliocene 

migration and diversification history of Yucatan freshwater copepods Microcyclops and 

Diacyclops Diacyclops have benefited from the continuous presence of a meteoric lens on the  
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Figure 15. Sea-level change over the last million years impacts anchialine habitat availability. Eustatic sea-level change based 

on global ice-volume changes (Bintanja & van de Wal, 2008), the relative time spent below the modern sea level position, and 

the time spent at different eustatic sea level elevations spanning the last million years. This is compared to a single 

transgression event on three idealized carbonate platforms with different topographic relief and internal migration of their 

karst subterranean estuaries, which in turn causes bottlenecking (expansion) of the freshwater (saline) anchialine habtitats.
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Yucatan Peninsula during the Quaternary, and associated lack of regional bottlenecking during 

sea-level highstands (Suárez et al., 2014). Anchialine fauna in the saline groundwater mass of a 

KSE may actually benefit from habitat expansion during banktop inundation coincident with 

Quaternary interstadials, potentially favoring increased genetic exchange or speciation through 

the mixing-isolation-mixing mechanism (He et al., 2018).   

Looking forward, worldwide fauna in the anchialine habitat continuum remain omitted 

from 21st century marine ecosystem risk assessments (Mammola et al., 2019). The threat of 

habitat loss related to subsurface contaminants is now apparent (Metcalfe et al., 2011), along 

with potential impacts from increasing coastal sea surface temperatures (Chevaldonné & 

Lejeusne, 2003). However, recent groundwater modeling work indicates that <1 m of sea-level 

rise can reduce meteoric lens volumes by over 50%, and thus available area of brackish and 

freshwater ecological niches in the anchialine habitat continuum, when inherited topography and 

platform flooding are collectively considered (Gulley et al., 2016). The results presented here 

indicate that the effects of sea-level rise on the anchialine habitat continuum must also be 

regionally evaluated. It is likely that anchialine fauna on low-lying carbonate platforms and 

islands are most vulnerable to potential bottlenecking during 21st century sea-level rise. 
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CHAPTER IV 

10,000 YEARS OF BENTHIC HABITAT CHANGE IN A KARST SUBTERRANEAN 

ESTUARY: IMPACTS OF SEA-LEVEL FORCING ON THE LOCAL GROUNDWATER, 

ORGANIC CARBON FLUX, AND CARBONATE PLATFORM FLOODING 

 

Introduction 

In the subsurface coastal zone, the mixing of continental derived groundwater with the 

ocean creates subterranean estuaries, which impacts the biogeochemical cycles of coastal oceans 

(Moore et al., 1999). In general, an upper meteoric lens is stratified from the lower saline 

groundwater, which circulates with the ocean (Garman and Garey, 2005; Santos et al., 2018; 

Menning et al., 2015; Moore, 1999). Subterranean estuaries can occur on either carbonate 

(Goneaa et al., 2014) or volcanic landscapes, which are often perforated by cave networks that 

allow for human exploration and scientific observation in the subterranean estuary (Bowman and 

Iliffe, 1985; Iliffe et al., 2011; Kornicker and Iliffe, 2009). The groundwater and biology of caves 

in subtropical and tropical carbonate islands have received considerable scientific attention, 

giving rise to their environmental designation as karst subterranean estuaries (Goneaa et al., 

2014; Fig. 1). Traditionally, the unique fauna and ecosystems that live in volcanic and karst 

subterranean estuaries have been classified with the adjective ‘anchialine’ (Stock et al., 1986). 

Our understanding of how anchialine habitats change as a result of sea-level-forced vertical 

migration of karst subterranean estuaries on geologic timescales remain poorly understood. 

Many authors have published conceptual models for the vertical migration of 

groundwater masses belong to subterranean estuaries in response to rising global sea levels since 

the last ice age (Shinn et al., 1996; Suric et al., 2005; van Hengstum et al., 2011; Gregory et al., 
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2017). This framework is well-supported by speleothem data from the tropical North Atlantic 

and Mediterranean indicating that groundwater levels concomitantly rise with sea-level (Li et al., 

1989; Lundberg et al., 1994; Richards et al., 1999; Dutton et al., 2009). However, detailed 

knowledge on how habitats in the subsurface change in response to the vertically migrating 

subterranean estuary remain less well understood because speleothems cannot record how cave 

environments change when they become flooded. Like their subaerial counterparts, however, the 

geochemical and biological processes that depend upon specific groundwater masses in the 

subterranean estuary must vertically migrate with the coastal aquifer. Change in the vertical 

position of the subterranean estuary results in shifts to environmental gradients, including 

salinity (van Hengstum et al., 2010), dissolved oxygen, nutrients (van Hengstum and Scott, 

2012), which in turn impacts benthic and pelagic fauna and anchialine habitats within KSEs. 

Sediment that accumulates in cave networks can be used to investigate cave 

environmental change on millenial and human timescales (White, 2007; Fornos et al., 2009; van 

Hengstum et al., 2010; van Hengstum et al., 2011; Collins et al., 2015). Sediment particles can 

be derived from the terrestrial landscape above (e.g., Schmitter-Soto et al., 2002; van Hengstum 

et al., 2010; Collins et al., 2015a), adjacent marine environments (e.g., carbonate bioclasts), or 

produced within the cave itself (e.g., calcite rafts and micrite mud). Cave sediments can even 

preserve the remains of meiofanua (e.g., benthic foraminifera, ostracode valves, testate amoeba) 

that live in the cave and provide diagnostic information of paleo groundwater conditions like 

salinity and dissolved oxygen (van Hengstum et al., 2011; van Hengstum and Scott, 2012; 

Maddocks and Iliffe, 1991; Gabriel et al., 2009; Collins et al., 2015). Problematically, cave 

sediment records are often limited through intervals of hiatus or negligible sedimentation rates, 

so available records often document only when the cave was flooded by meteoric water (Collins 
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et al., 2015; van Hengstum et al., 2011; Kovaks et al., 2017) or saline groundwater (Fornos et al., 

2009). 

Recent results indicate that the Palm Cave in Bermuda has accumulated sediment 

spanning at least the last 10,000 years, with clear evidence documenting how the cave was first 

flooded by a meteoric lens with deglacial sea-level rise ~9500 years ago, followed by multiple 

environmental changes driven by Holocene regional oceanographic and groundwater 

development. Here we use subfossil benthic foraminifera preserved in sediment records from 

Palm Cave to better understand the development of benthic anchialine habitats in response to 

groundwater changes in northwestern Bermuda during Holocene sea-level rise. Benthic 

foraminifera are unicellular protists that are highly sensitive to environmental gradients (Gooday 

et al., 1992; Gupta and Machain- Castillo, 1993; Murray, 2001). Given the preservation potential 

of their simple tests and their statistically significant and diverse populations, benthic 

foraminifera are particularly suitable to characterize the environmental drivers of benthic 

anchialine habitat development associated with sea-level rise (van Hengstum and Scott, 2012). 

The results indicate that changing groundwater conditions, feedbacks between inundation of 

carbonate platform and groundwater, and particulate organic carbon flux to the benthos are 

important drivers of long-term benthic habitat change. 

 

Study site 

The North Atlantic archipelago of Bermuda is ~35 million year old volcanic seamount 

capped by Quaternary-aged carbonates that have weathered into a mature karst landscape 

(32.31°, -64.75°; Land et al., 1967; Palmer et al., 1977; Vacher and Rowe, 1997)(Fig. 9). Caves 

on Bermuda are characterized by large chambers that formed in both phreatic and vadose settings 
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that are presently interconnected by collapse zones (Palmer and Quenn, 1977; Mylroie et al., 

1995). The ~30 to 80 m thick carbonate cap was in the unsaturated (vadose) zone during the last 

glacial maximum when relative sea-level was ~120 meters lower (Miller et al., 2005). Now, 

majority of the limestone platform is submerged due to deglacial sea-level and groundwater-level 

rise. 

The caves of Bermuda are ideal to study how a karst subterranean estuary changes on 

Holocene timescales as the caves are now in a mature environmental state (flooded by marine 

groundwater). Previous research in Green Bay Cave in Bermuda documents change in 

environmental conditions in response to sea-level rise over the Holocene (van Hengstum and 

Scott, 2012). In response to rising sea and groundwater, modern cave environments developed by 

the upward displacement of the KSE, transitioning from vadose through freshwater in the upper 

KSE to completely marine in the lower KSE when the platform flooded.  However, Holocene 

sedimentation in Green Bay Cave was episodic, leading to many millennial-scale intervals of 

interrupted environmental history. 

The Palm Cave System (32.34o, –64.71o) is located on the isthmus between Harrington 

Sound and Castle Harbour (Fig. 9). The Palm Cave System has been extensively explored and 

mapped, with at least seven karst windows (entrances) that are interconnected by ~1,500 m long 

network of underwater conduits. The cave geometry extends to a maximum depth of 23 m below 

modern sea level. Karst windows provide physical openings to the subterranean habitats, which 

allow for the influx of terrestrial nutrient sediments from the surrounding forest landscape. There 

is currently a direct, but narrow, connection between Harrington Sound and Palm Cave through 

subterranean conduits that provides a source for direct tidal exchange of seawater and marine 

nutrients. 
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 The Palm Cave is entirely flooded by well-oxygenated saline groundwater (>3 

mg/L) that tidally circulates with seawater from the adjacent coastal lagoons. The narrow island 

width combined with porosity of the carbonate lithology means that no meteoric lens 

(freshwater, brackish) discharges through, or is formed in the area of, the Palm Cave. The 

groundwater conditions (i.e., pH, temperature, salinity) are hydrographically similar to those 

measured in van Hengstum et al. (2019, submitted) and remain consistent with conditions 

previously observed (Stoffer, 2013). 

 

Methods 

Sediment core collection and analysis 

Fourteen push cores were collected from throughout the Palm Cave using advanced 

technical cave diving procedures in August 2015, with multiple cores reaching refusal 

on limestone below. Cores were transported back to the laboratory, split lengthwise for x-

radiography and photography, and perpetually stored at 4°C until further analysis. 

 Textural variability of all cores was examined at 1-cm intervals downcore through loss on 

ignition (LOI, Heiri et al., 2001) and sieve-first LOI (van Hensgtum et al., 2016). Bulk organic 

matter was quantified by mass lost through combustion at 550°C for 4.5 hours (Heiri et al., 

2001), with organic matter content recorded as weight percent. Sieve-first LOI procedure was 

used to quantify the variability in coarse sediment particle deposition (>63 μm, fine sand and 

coarser). Separate sediment sub-samples (2.5 cm3) were first wet-sieved over a 63 μm mesh, then 

dried in an oven (80°C for 14 hours), and remaining organic matter in the sample was ignited in 

a muffle furnace (at 550°C for 4.5 hours). Remaining coarse sedimentary particles were recorded 

as milligrams per cm3 (van Hengstum et al., 2016). 
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Chronological constraint for the cores was established using accelerator mass 

spectrometry (AMS) and Continuous Flow AMS (CF-AMS; McIntyre et al., 2011). Bulk organic 

matter from the organic-dominated facies, and marine bivalves were used for radiocarbon dating 

(n = 51; Table 1). Radiocarbon data was generated by the National Ocean Sciences Accelerator 

Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution, and all were 

calibrated to sidereal years before 1950 AD (Cal yrs BP1950) using IntCal 13 (Reimer et al., 

2013), with the highest probability 2 result used to frame the results. Other lower probability 

calibration results do not change the interpretation of the data. Raw calibration data is then 

rounded to the nearest decade for presentation in Figure 4 (strat plot) in the text, as per 

radiocarbon convention.  

The stable carbon isotopic value (δ13Corg) and C:N ratio of bulk sedimentary organic 

matter was measured to estimate the provenance of organic matter accumulating through time. In 

general, δ13Corg values of bulk sedimentary organic matter reflects the relative contributions of 

marine, terrestrial versus algal carbon sources in coastal sediment records (France 1995; Lamb et 

al., 2006), and has also been demonstrated as also useful indicator in coastal underwater caves 

(van Hengstum et al., 2011; Little and van Hengstum, 2019). In dark underwater caves, however, 

photosynthetic primary productivity can potentially be negligible, so the flux of organic matter in 

flooded caves can be proportionally estimated between terrestrial (and freshwater phytoplankton) 

organic carbon with a more depleted δ13Corg value, versus marine organic carbon that has a more 

enriched δ13Corg value. Separate sediment sub-samples were obtained from the core for 

geochemical analysis from core levels also targeted for benthic foraminiferal analysis (core 3, n 

= 33; core 6, n = 27; core 10, n = 55; core 14, n = 48; core 15, n = 52).  For processing, 

carbonates were first digested with 1.0 M HCl for at least 12 hours, while the remaining 
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sediment residue was rinsed, desiccated, powdered, and weighed into silver capsules. Stable 

carbon isotope ratios (δ13Corg) were measured against international standards at Baylor 

University Stable Isotope Laboratory on a Thermo- Electron Delta V Advantage Isotope Ratio 

Mass Spectrometer. Final isotopic ratios are reported relative to the standard delta (δ) notation 

relative to Vienna Pee Dee Belemnite (VPDB) for carbon (expressed as parts per mil (‰)) with 

an uncertainty of ± 0.1‰. Lastly, the relative proportion of terrestrial versus marine organic 

matter in the surface sediment samples were estimated by isotopic mass balance: δX = Fm *δXm + 

Ft * δXt; where 1 = Ft+ Fm (Thornton & McManus, 1994). The terrestrial endmember (δXt) was –

27.7‰ as measured on a sample from Deep Blue Cave in Bermuda (Little and van Hengstum, 

2019), and the marine endmember (δXm) was –15.2‰ as measured on a sample from Palm Cave 

(this dissertation, Chapter 2).  

 

Benthic foraminiferal analysis 

The most expanded sedimentary records were selected for detailed benthic foraminiferal 

analysis (sampled in cores 2, 4, 7, 10, 14, and 15). Benthic foraminifera were first concentrated 

by wet sieving 0.63 cm3 to 1.25 cm3 of bulk sediment sub-samples over standard 63 μm screen 

meshes, with the remaining coarse sediment residues split using a wet splitter (Scott & Hermelin, 

1993) to enable representative census counts of ~300 individuals per sample. Individual benthic 

foraminifera were wet picked onto micropaleontological slides and identified to generic level, 

with taxonomy confirmed by scanning electron microscopy of representative individuals and 

literature comparisons (Carman, 1993; Bermudez, 1949; Loeblich Jr & Tappan, 1987; Javaux & 

Scott, 2003; van Hengstum & Scott, 2012; Little and van Hengstum, 2019).  
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An original data matrix from containing 110 samples and 64 taxonomic observations was 

produced from the Palm Cave sediment cores, with a total 38,618 individual foraminifera tests 

counted as part of this study. However, taxa were considered insignificant and removed from 

further multivariate cluster analysis if the proportional abundance was less than the calculated 

standard error at a 95% confidence interval in all samples (Patterson and Fishbein, 1989), or if 

the species was present in only one sample. A final data matrix contained 110 samples with 49 

taxonomic observations after insignificant taxa were removed. The final data of raw count 

abundances was first converted to proportional abundances (‘decostand’ function in ‘vegan’ 

package; Oksanen et al., 2013), and was also used to calculate Shannon-Wiener Diversity Index 

(H) (using ‘vegan’ package; Oksanen et al., 2013). Statistical analysis was completed using 

RStudio software (version 1.1.383; RStudio, 2016).  

Unconstrained Q-mode cluster analysis was used to emphasize community-level patterns 

(Legendre and Legendre, 1998) and identify assemblages that are ecologically meaningful. Prior 

to cluster analysis, the proportional abundances were square root transformed to minimize the 

impact of dominant species and to better compare community structure (Legendre and Legendre, 

1998). Samples were then clustered using an unweighted paired group averaging algorithm and 

the Bray-Curtis dissimilarity index (‘simprof’ function in ‘clustsig’ package; Clarke et al., 2008; 

Whitaker and Christman, 2014; and ‘vegdist’ function in ‘vegan’ package; Oksanen et al., 2013). 

Lastly, a stratigraphic plot was created in RStudio to compare membershop of dominant benthic 

foraminifera in relation to the previously generated assemblages identified in the dendrogram 

from cluster analysis. The stratigraphic plot only shows taxa with 5% proportional abundance in 

at least 1 sample (‘stratplot’ function using ‘rioja’ package; Juggins, 2017). 
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Cave stratigraphy and age 

Four sediment deposits that are further subdivided into seven units were identified within 

the cores (Fig. 10; Chapter 3, this study). The oldest deposits are pre-Holocene (>11,600 years 

ago) terra rosa paleosols, that contain coarse-grained sediments with a deep red color, and no 

fossil material. Mineralogically, they are similar to Bermudian Pleistocene-aged terra rosa 

paleosols (i.e., crandallite, kaolinite, quartz, and goethite; Muhs et al., 2012). 

The organic rich deposits along the north and eastern passages (cores 2, 3, 4, 6, 10, 11, 

14, 15), preserved sedimentary and biological remains (e.g., fish bones, foraminifera, ostracodes) 

that indicate freshwater aquatic habitats developed in the Palm Cave from 9750 ± 210 to 8370 ± 

30 Cal yrs BP, when a fresh to oligohaline meteoric lens first flooded the cave. The organic-rich 

deposits can be subdivided into three units. Grey sapropel (9750 ± 210 to 9650 ± 100 Cal yrs 

BP), dominated by the freshwater ostracodes Darwinula stevensoni and Cypridopsis vidua, 

passed into the second unit of organic rich deposits, the dark brown sapropel. The dark brown 

sapropel (9650 to 9000 Cal yrs BP) passes into the third unit, the light brown sapropel was 

deposited approximately 9000 to 8370 Cal yrs BP. Biologically, the dark to light brown sapropel 

contains benthic foraminiferal assemblages that are dominated by Polysaccammina ipohalina, 

Entzia macrescens, and Tiphotrocha comprimata. At the base of some cores, Bolivina sp. 

initially dominated, but the high sedimentation rate at this site indicates these assemblages 

rapidly transitioned to Entzia-dominated assemblages. Additionally, calcite rafts occurred 

intermittently throughout the organic- rich sediments, which form at a near freshwater air-water 

interface in caves. 

The iron-rich carbonate deposits formed in the deepest areas of the Palm Cave (base of 

core 3, 15, and 9, and intercalated within cores 4,10,11 and 9), which indicated that the KSE 
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benthic habitats was flooding with anoxic saline groundwater that displaced the overlaying 

oxygenated water mass through the vertical migration of the mixing zone. Mixing of the anoxic 

saline groundwater and oxygenated water mass created an ‘iron curtain’ at the sediment-water 

interface with a distinctive orange-hue, a fine texture, marine-sourced organic carbon, and rare 

marine benthic foraminifera that are knowth to be adapted to low-oxic environments (i.e., 

Bolivina, Gupta & Macahin-Castillo, 1993; Chapter 3, this dissertation).  

The complete onset of carbonate deposits by a maximum age of 6600 ± 70 Cal yrs BP 

across the entirety of the Palm Cave suggests that the benthos became an oxygenated marine 

aquatic habitat. The carbonate deposits are subdivided into two units. The micrite unit passes 

upcore into the carbonate mud unit and both sediment units are characterized by marine bivalves 

(e.g., Barbatia domingensis), bryozoans (Cheilostomata), coral (Coenocyathus goreaui), 

brachiopods and marine ostracodes. The marine foraminifera Spirophthalmidium emciatum, 

known from modern Bermudian KSEs with oxygenated saline groundwater (van Hengstum and 

Scott, 2011), also colonize these deposits. 

 

Benthic foraminiferal results 

Seven assemblages of benthic foraminifera can be identified on the dendrogram produced 

through unconstrained Q-mode cluster analysis, and are so-named in relation to water mass 

variability and organic carbon content: (i) terrestrial organic matter dominated subtidal 

assemblage (ii) low-brackish, (iii) mid-brackish, (iv) high-brackish, (v) marine low-organic 

carbon assemblage, (vi) marine mid-organic carbon assemblage, and (vii) marine high-organic 

carbon assemblage (Fig. 16). Faunal differences and their inferred environmental conditions 

during deposition are described in further detail below, generally from oldest to youngest. 
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Figure 16. Detailed foraminiferal results from sediments cores in the Palm Cave System 

illustrating proportional abundance of statistically significant taxa in the surface sediment 

samples. Only taxa with >5% in at least one sample are shown to emphasize significant 

fauna. Dendrogram produced by Q-mode cluster analysis on all faunal data. A seven- 

cluster interpretation (Bray- Curtis dissimilarity 0.55) of the dendrogram distinguishes the 

benthic anchialine habitats controlled by environmental variables. 
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Terrestrially- dominated subtidal assemblage (9540 ± 60 to 9480 ± 50 Cal yrs BP) 

The oldest sediments sampled from the deepest cave areas are dark brown sapropel, 

which contains the Terrestrially- dominated subtidal assemblage. This assemblage is located in 

core 4 (15 cm), core 10 (140 to 160 cm) and core 15 (67 cm), characterized by terrestrially-

sourced organic carbon (δ13Corg mean:  –23.1 ‰; terrestrial organic carbon mean: 62.8%), 

abundant total organic carbon (mean: 19.3%), and very fine silt (mean: 4.3μm). Radiocarbon 

ages collected at 67 cm in core 15, and 140 cm and 160 cm in core 10 were 9080 ± 60, 9480 ± 

50, and 9540 ± 60 Cal yrs BP, respectively. The Terrestrially- dominated subtidal assemblage is 

diverse (H’ = 2.3; R = 26) and dominated by Bolivina spp. (mean: 36.4%), and epifaunal 

rotaliids such as Rosalina spp. (mean: 15.1%), Globocassidulina subglobosa (mean 10.8%), and 

Svratkina australiensis (mean: 3.5%; Table 6). 

 

Low- brackish assemblage (9180 ± 110 Cal yrs BP) 

The Low-brackish assemblage is located at the base of the light brown sapropel 

sediments in core 4 (72 to 78 cm) and in core 10 (120 cm). The silty sediments (medium silt 

mean: 27.7 μm) are primarily terrestrial in origin (terrestrial organic carbon mean: 72.2%; total 

organic carbon mean: 25%), based on the stable carbon isotopic content of the bulk organic 

matter (δ13Corg mean:  –24.2 ‰) and C:N ratio (mean: 15.8). The radiocarbon age at 72 cm in 

core 4 is 9180 ± 110 Cal yrs BP. The benthic foraminiferal community has a low diversity (H’ = 

0.6) and species richness (R= 3), and is dominated by Polysaccammina ipohalina (mean: 

69.6%), Tiphotrocha comprimata (mean: 28.1%), and Entzia macrescens (mean: 1.3%). These 

are well known taxa that colonize low salinity water in coastal environments elsewhere (Scott, 

1976; Scott et al., 1990; Scott et al., 1996), likely less than 5 psu. Additional meiofaunal remains  
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Table 6. Diversity table for sediment cores. Arithmetic mean of the relative abundance of 

dominant taxa and textural characteristic for each assemblage. Species with a mean of 

<1% relative abundance in the biofacies were marked with a dash so dominant species 

could be emphasized. 

 

 

 

 

Saline groundwater

Assemblages

Terrestrial-organic 

carbon dominated 

subtidal assemblage Low brackish Mid brackish High brackish

Low- marine 

organic 

carbon

Mid- marine 

organic 

carbon

High- marine 

organic 

carbon

n  = 6 n  = 4 n  = 17 n  = 11 n  = 10 n  = 25 n  = 27

Approximate Timeframe 9540- 9080 9180 ± 110 8980- 9230 8480 ± 60 6600- 3812 3610- 720

Sediment Properties

Coarse sediment (mg/cc) 4.3 ± 4.1 27.7 ± 26.4 15.4 ± 14.4 8.6 ± 6.6 18.2 ± 20.5 9.7 ± 14.3 52.7 ± 129.4

δ13Corg −23.1 ± 1.6 −24.2 ± 0.4 −24.1 ± 0.8 −23 ± 0.3 −19.3 ± 2 −19.5 ± 1.3 −19.5 ± 1.1

C:N 15.7 ± 2.6 15.8 ± 0.6 15.6 ± 0.7 14.3 ± 0.7 11.6 ± 1.7 11.4 ± 1.6 10.3 ± 1

Terrestrial organic carbon (%) 62.8 ± 13.1 72.2 ± 3.5 71.3 ± 6.3 62.7 ± 2.6 32.5 ± 16.3 34.1 ± 10.6 33.8 ± 8.5

Total organic carbon (%) 19.3 ± 11 25 ± 5.9 24.2 ± 4.5 14.3 ± 3.6 2.2 ± 1.5 3.6 ± 1.6 6.7 ± 3

Foraminifera

Total Individuals (cm -3) 355 85.8 197 168.4 5743.5 14021 9855

Shannon-Wiener Diversity (H) 2.3 0.6 0.4 1 2.4 2.6 3

Species Richness ( R ) 26 3 5.3 5.8 25.6 27.8 31

Relative Abundance

Bolivina  spp. 36.4 − − 71.8 17.1 8.2 7.8

Cibicides lobatulus 3.6 − − − 1.4 − 2.8

Cyclogyra involvens − − − − − 1.7 4

Entzia macrescens − 1.3 3.2 4.3 − − −

Globocassidulina subglobosa 10.8 − − − 5.6 3.8 2.5

Melonis barleeanum 3.4 − − − 1.9 − 2.6

Miliolinella  spp. − − − − 1.2 4.3 7.3

Patellina spp. 1.2 − − − 1.1 13.5 5.5

Polysaccammina ipohalina − 69.6 2.5 1 − − −

Quinqueloculina  spp. − − − − 1.1 7.3 8.6

Rosalina  spp. 15.1 − − 8.1 7.9 7 7.7

Rotalliella  spp. 1.6 − − − 24.2 13.8 5.8

Sigmoilina tenuis − − − − 3.7 3 1.7

Siphonina  spp. 2.7 − − − 2.5 − 1.3

Spirillina vivipara − − − − 1.4 11.1 8.9

Spirophthalmidium emaciatum − − − − 12.4 10.7 4.1

Svratkina australiensis 3.5 − − − 3.8 1.5 2.3

Tiphotrocha comprimata 2.4 28.1 90.6 9.8 − − −

Triloculina  spp. − − 1.4 − − − 1.5

Trochammina  spp. − − − − 2.8 − 5

Tubenilla  spp. − − − − − 2.8 6.8

Sum 99.4 100 99.9 99.9 99.3 99.6 98.9

Meteoric Lens

Marine Organic Carbon

Saline groundwater  

Terrestrial Organic Carbon
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include the freshwater ostracodes D. stevensoni and C. vidua (Gandolfi et al., 2001; 

Külköylüoğlu & Vinyard, 2000; Külköylüoğlu, 2004; Yilmaz & Külköylüoğlu, 2006) and 

multiple fish vertebrae (Table 6). 

 

Mid- brackish assemblage (9230 ± 100 to 8980 ± 50 Cal yrs BP) 

The light brown sapropel sediments also contain the Mid-brackish assemblage. The Mid-

brackish assemblage is located in core 4 (52 to 71 cm) and core 10 (55 to 111 cm). The fine silt 

sediments (mean: 15.4 μm) are characterized by terrestrially sourced organic carbon (δ13Corg 

mean:  –24.1 ‰; terrestrial organic carbon mean: 71.3%; total organic carbon mean: 24.2%). The 

age in core 4 at 60 cm is 8980 ± 50 Cal yrs BP and in core 10 at 110 cm is 9230 ± 100 Cal yrs 

BP. The Mid-brackish assemblage has a low diversity (H’ = 0.4) and species richness (R = 5.3) 

and is characterized by T. comprimata (mean: 90.6%), with low abundance of P. ipohalina 

(mean: 2.5%) and Entzia macrescens (mean: 3.2%)(Table 6). 

 

High- brackish assemblage (8580 ± 60 Cal yrs BP) 

The High-brackish assemblage is present in core 4 (35 to 47 cm) and in core 10 (25 to 35 

cm). The High-brackish assemblage is present at the top of the light brown sapropel sediments 

that are characterized by fine silt (mean: 8.6 μm) and terrestrial organic carbon (δ13Corg mean:  –

23 ‰; total organic carbon mean 14.3%). This radiocarbon date collected from core 4 at 32 cm 

was aged at 8480 ± 60 Cal yrs BP. This assemblage is characterized by increased diversity and 

species richness (H’ = 1; R = 5.8). There is also increased abundance of the infaunal biserial taxa 

Bolivina spp. (mean: 71.8 %) and the epifaunal rotaliid Rosalina spp. (mean: 8.1%), while T. 

comprimata decreased (mean: 9.8%; Table 6). 
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Low-marine organic carbon assemblage 

Micrite sediments in cores 4 (7 to 12 cm), 10 (5 to 12 cm), 2 (36 to 40 cm), and 7 (65 cm) 

contain the Low-marine organic carbon assemblage. The sediments are characterized by medium 

silt (mean: 18.2 μm) and an enriched carbon isotope value (δ13Corg mean: –19.3 ‰; C:N ratio 

mean: 11.6; total organic carbon mean: 2.2%). An enriched carbon isotope value suggests that 

the organic carbon at this time is likely sourced from the marine environment, entering from 

adjacent lagoons. The Low-marine organic carbon assemblage is notably diversified from 

previous assemblages (H’ = 2.4; R = 25.6). There were no radiocarbon ages collected within 

these samples however, based on the deposition of these sediments and known dates above and 

below these samples, it can be assumed that the age is between 8480 ± 60 and 6600 ± 210 Cal 

yrs BP. The Low-marine organic carbon assemblage is dominated by Rotaliella spp. (mean: 

24.2%), Bolivina spp. (mean: 17.1%), Spriophthalmidium emaciatum (mean: 12.4%) and other 

rotaliid taxa (e.g., Svratkina, Globocassidulina, Rosalina, and Cibicides) are present in smaller 

abundances. The common marine taxa present within this assemblage suggests marine conditions 

were established at this time (Table 6). 

 

Mid- marine organic carbon assemblage (6600 ± 210 to 3812 ± 490 Cal yrs BP) 

The Mid- marine organic carbon assemblage is present in core 2 (12 to 32 cm), core 14 (8 

to 28 cm), and core 15 (43 to 66 cm). The carbonate mud sediments (terrestrial organic carbon 

mean: 32.5%) are characterized by fine silt (mean: 9.7 μm) and marine organic carbon (δ13Corg 

mean: –19.5 ‰; C:N ratio mean: 11.4) with low total organic carbon (mean: 2.2%). The ages 

collected from core 2 (32 and 12 cm) and core 15 (43, 50, 55, and 65 cm) indicates these 

sediments were deposited 6600 ± 70 to 3812 ± 490 Cal yrs BP. The Mid- marine organic carbon 
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assemblage is diverse (H’= 2.6; R= 27.8) and characterized by Rotalliella spp. (mean: 13.8%), 

Patellina spp. (mean: 13.5%), and Spirillina vivipara (mean: 11.1%). S. emaciatum, Bolivina 

spp., Quinqueloculina spp, and Rosalina spp. were also present in smaller abundances (Table 6). 

 

High- marine organic carbon assemblage (3610 ± 480 to 720 ± 290 Cal yrs BP) 

Mixed carbonate sediments in core 2 (4 to 8 cm), core 14 (4 to 6 cm), core 15 (4 to 42 

cm), and core 7 (10 to 60 cm) contain the High- marine organic carbon assemblage. The 

sediments are characterized by marine organic carbon (δ13Corg mean: –19.5 ‰; C:N ratio mean: 

10.3) and increased total organic carbon (6.7%) with coarse silt (mean: 52.7 μm). The ages 

collected from core 7 (10 cm & 60 cm) and core 15 (6, 10, 14, 20, 39, and 40 cm) indicate these 

sediments were deposited 3610 ± 480 to 720 ± 290 Cal yrs BP. The High- marine organic carbon 

assemblage is a diverse assemblage (H’ = 3; R = 31) that is dominated by Spirillina vivipara 

(mean: 8.9%), Quinqueloculina spp. (mean: 8.6%), Bolivina spp. (mean: 7.8%), and Rosalina 

spp. (mean: 7.7%; Table 6). 

 

Discussion 

Findings of this study demonstrate that benthic habitats within the Palm Cave System 

have changed over the last 9,500 years in response to Holocene sea-level rise. Habitat shifts 

inferred from changes in core assemblages were influenced primarily by groundwater mass 

(meteoric lens vs. saline groundwater) and secondarily by organic carbon flux (terrestrial vs. 

marine) to the sediment. The recovered cores collectively provide the most detailed physical and 

biological picture yet known of Holocene environmental change in a karst subterranean estuary. 
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Initial flooding: ~9600 Cal yrs BP 

Based on relative sea-level in Bermuda and the depth of the cave (~23 mbsl), the floor of 

the Palm Cave System was initially flooded by the vertically rising saline groundwater in 

response to sea-level rise approximately 9,500 Cal yrs BP. While the dominant dark-brown 

sapropel sediments suggest the organic matter is largely sourced from the forest landscape 

entering through subaerial karst windows, the benthic foraminiferal community indicates marine 

conditions were present. The Terrestrial-organic matter dominated subtidal assemblage within 

the dark-brown sapropel sediments is characterized by high species richness (R=26) and benthic 

foraminifera that are known from other marine environments (e.g., lagoons, reefs; Javaux and 

Scott, 2003). After initial flooding of saline groundwater, the benthic habitat was dominated by 

Bolivina spp, Rosalina spp., and Globocassidulina subglobosa, which suggests low-oxic, marine 

conditions were likely present in the benthos. Bolivina are common low-oxic indicators (Sen 

Gupta & Machain- Castillo, 1993), while Bernhard (1989) found Globocassidulina to be tolerant 

of oxygen deprivation in deep- Antarctic sediments. Additionally, according to Kaiho’s (1994) 

benthic foraminiferal dissolved-oxygen index, Rosalina spp. is a suboxic (0.3-1.5 mL/L) 

indicator taxa. This suggests that in the case of Palm Cave, it is likely that, contrary to other 

literature, saline groundwater was the initial water mass to flood the cave floor, and only after 

saline inundation did that meteoric lens develop. Flooding created permanent standing water in 

the cave, resulting in new physical processes, aquatic ecosystems, and diverse deposition of 

terrestrial organic matter, fish bones, benthic foraminifera, and calcite rafts. 
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Meteoric lens and associated benthic habitats: 9200 to 8400 Cal yrs BP 

Groundwater flooding the Palm Cave rapidly shifted from saline groundwater at 9500 Cal 

yrs BP to either a mixing zone or brackish meteoric lens at ~9100 Cal yrs BP, as noted by a 

significant decrease in species richness (R=3) and benthic foraminiferal community switch to 

brackish taxa. Overall, the benthic foraminifera within the light-brown sapropel deposits (e.g., 

Polysaccammina ipohalina, Tiphotrocha comprimata, and Entzia macrecens) suggests low-

saline, brackish conditions (discussed below). A decrease in salinity is likely in response to 

increased rainfall events (Odum, 1988), which resulted in development of the meteoric lens 

(Mylroie and Carew, 1995). The meteoric lens would have been suitable to brackish-adapted 

cave crustaceans, like Typhlatya, that is known from current subterranean habitats flooded by the 

meteoric lens (Sanz and Platvoet, 1995; Alvarez et al., 2005). However, these fauna are not 

preserved in the sediment record, and must have emigrated from the Palm Cave in response to 

continued habitat change during the Holocene. Alternatively, benthic habitat change in response 

to the development of the meteoric lens is evidenced by three benthic foraminiferal assemblages 

throughout the light-brown sapropel deposits. 

In general, the light-brown sapropel sediments are dominated by taxa that closely 

resemble those from brackish environments (i.e., marshes). Marsh habitats are characterized by 

salinity gradients which are strongly impacted by precipitation and tidal flooding (Odum, 1988) 

and distribution patterns of benthic foraminifera are generally related to this salinity gradient 

(Hayward and Hollis, 1994). The dominant benthic foraminifera (i.e., P. ipohalina- 69.6% and T. 

comprimata- 28.1%) in the Low-brackish assemblage (~ 9100 Cal yrs BP) are known from high 

marsh environments, that receive less tidal inundation compared to mid- and low- marsh 

environments (Scott, 1976; Scott et al., 1990; Scott et al., 1996), suggesting these taxa are 
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tolerant to low- salinity conditions. A significant increase of T. comprimata (90.6%) and 

decrease of P. ipohalina (2.5%) in the Mid-brackish assemblage (~8980 Cal yrs BP) suggests 

increased salinity in the meteoric lens, as T. comprimata is a dominant taxa in mid- to low- 

marsh environments (Scott, 1976; Scott et al., 1990; Scott et al., 1996) and has been closely 

associated with paleo-tidal levels (Gehrels, 1994). Therefore, the dominance of P. ipohalina 

(Low-brackish assemblage) followed by T. comprimata (Mid-brackish assemblage) suggests 

increasing salinity in the meteoric lens as it was vertically shifting at this time as saline 

groundwater continued to rise with sea-level.  

The High-brackish assemblage (~8480 Cal yrs BP) dominates the light-brown sapropel 

sediments, upcore from the Low- and Mid- brackish assemblages. This assemblage is 

characterized by a significant increase of Bolivina spp. (71.8%), Rosalina spp. (8.1%), Entzia 

macrescens (4.3%), and a decrease of T. comprimata (9.8%) and P. ipohalina (1%). Abundance 

of calcareous taxa (e.g., Bolivina, Rosalina) suggests increasing saline conditions (Sen Gupta, 

1999), while E. macrescens has been documented in higher-saline areas along salinity gradients 

in marsh environments (Scott et al., 1996). Alternatively, the dominance of Bolivina and 

Rosalina suggests low-oxic conditions are present (Seiglie, 1968; Kaiho, 1994), likely in 

response to the abundant organic matter deposited in the sediments at this time. Additionally, 

Entzia macrscens has been shown to flourish in organic rich environments, due to its epiphytic 

and infaunal life modes (Matera & Lee, 1972; Alve and Murray, 1999; Ozarko et al., 1997). 

These results suggest increasing salinity in a low-oxic meteoric lens habitat, in response to the 

vertically rising saline groundwater. 

Overall, Brackish assemblages develop in the karst subterranean estuary when it became 

flooded by the meteoric lens and dominated by terrestrial processes. Historically, anchialine has 
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been characterized based on the distribution of characteristic stygobitic fauna and having marine 

and terrestrial influences, subterranean connections to the sea, and restricted exposure to open air 

(Holthuis, 1973; Stock et al., 1986). Therefore, salinity and organic matter likely controlled the 

benthic anchialine environment 9100 to 7000 Cal yrs BP. Importantly, cave sediments deposited 

during periods of brackish conditions are useful sea-level indicators because the terrestrially 

dominated organic matter and brackish benthic foraminiferal taxa indicate general position of the 

meteoric lens/mixing zone (Gehrels, 1994). Anchialine sedimentation patterns are observed 

elsewhere and are useful sea-level indicators. For example, Steadman et al. (2007) used mid- to 

late- Holocene anchialine entrance diamicts from Sawmill Sink, Bahamas to reconstruct local 

paleoecology. Based on the available evidence, similar sedimentary processes operate globally in 

anchialine environments.  

 

Deposition of iron-rich carbonates: ~8400 to 7000 Cal yrs BP 

The Iron-rich carbonates deposits were largely void of meiofaunal remains. Negligible 

foraminifera were noted, only the rare low-oxic tolerant Bolivina spp. were observed. Previous 

research has shown oxidative precipitation of dissolved Fe (II) from the mixing of seawater and 

groundwater generates a distinctive increase in iron oxide deposits in the subsurface zone 

(Charette & Sholkovitz, 2002). This process is driven by pH gradients between the anoxic saline 

versus oxygenated freshwater above (Spiteri, et al., 2006), and the iron curtain can spatially 

migrate in response to sea-level (Roy et al., 2010). Therefore, the Iron-rich carbonate deposits 

and general absence of foraminifera suggests an upwelling of anoxic saline groundwater under 

sea-level forcing, mixed with the overlying oxygenated fresh/brackish water, resulting in 

precipitation of iron oxide. 
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Circulating saline groundwater: ~6000 Cal yrs BP 

A marine habitat was established ~6600 Cal yrs BP when saline groundwater completely 

inundated the Palm Cave benthos. The δ13Corg values and C:N ratios of the organic matter 

indicates these habitats received regular inputs of marine organic matter at this time. The 

presence of marine organic matter is likely a result of increased circulation with adjacent lagoons 

as saline groundwater completely floods the Palm Cave System. This also resulted in a 

completely different suite of benthic foraminiferal communities. 

The dominant taxa within the benthos at this time are consistent with other coastal marine 

environments (Javaux and Scott, 2003) and can be further divided into three assemblages that are 

likely distinguished based on total organic carbon. The first assemblage, Low-marine organic 

carbon assemblage, is characterized by low total organic carbon (mean: 2.2%) and marine taxa 

(e.g., Spirophthalmidium emaciatum, Spirillina vivipara, Bolivina spp., and Rotaliella spp.). This 

assemblage is comparable to previous research in the Palm Cave System that found S. 

emaciatum and Spirillinids associated with oligotrophic conditions in modern surface sediment 

samples (Chapter 3, this study). Additionally, Bolivina spp. indicates low-oxic conditions 

(Bernhard and Sen Gupta, 1999), likely associated with limited tidal flow due to the initial 

inundation of saline groundwater in the karst subterranean estuary benthos. Limited tidal flow 

also likely limited the flux of total organic carbon to the benthos. Alternatively, the Mid-marine 

organic carbon assemblage is characterized by increasing total organic carbon values (mean: 

3.6%) and species richness (R=27.8), with similar dominant marine taxa. This suggests after 

marine conditions were established, sea-level continued to rise, which increased circulation, 
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thereby increasing the flux of total organic carbon to the sediments throughout the Palm Cave 

System. 

 

Increased organic carbon deposition through time: ~3600 Cal yrs BP 

A final shift in benthic foraminiferal taxa is observed in the High- marine organic carbon 

assemblage. This assemblage is characterized by the highest species richness (R=31) and 

diversity (H= 3). The dominant marine taxa include Spirillina vivipara, Patellina spp., 

Miliolinella spp., and Quinqueloculina spp. with lower abundance of Spirophthalmidium 

emaciatum. Previous research documented S. emaciatum as a dominant taxa in oligotrophic 

conditions, where is is not outcompeted by other marine, lagoonal miliolids (van Hengstum & 

Scott, 2011). Therefore, decreased S. emaciatum in the High- marine organic carbon assemblage 

likely suggests increased species diversity outcompetes S. emaciatum in response to increased 

increased total organic carbon. Additionally, increased total organic carbon likely supports the 

increased species diversity and abundant miliolids that are common to Bermuda’s carbonate 

lagoons (Javaux & Scott, 2003). 
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CHAPTER V 

CONCLUSIONS 

Subterranean estuaries harbour a poorly understood, but globally dispersed anchialine 

ecosystem with diverse endemic cave-adapted fauna (Bishop et al., 2015; Iliffe and Kornicker, 

2009; Stock et al., 1986). Interestingly, variability in geological, hydrological, and chemical 

characteristics has yielded a great variety of what are now considered anchialine settings, 

although not all settings are agreed upon by all researchers.  

Anchialine ecosystems that are known to persist on non-karst landscapes, in water-filled 

pools and depressions on Hawaiian Islands, coastal tectonic faults and fissures in the Galapagos 

Islands, and flooded lava tubes in the Canary Islands (Brock et al., 1987; Iliffe, 1991; Santos, 

2006; García et al., 2009), can be argued as anchialine ecosystems populating a volcanic 

subterranean estuary. The anchialine ecosystems in volcanic subterranean estuaries are beyond 

the scope of this work, but many ideas are developed in this dissertation that become fruitful 

hypotheses to test. 

This research specifically addresses anchialine ecosystems within karst subterranean 

estuaries. Anchialine ecosystems within karst subterranean estuaries have been documented in 

cave conduits in the Caribbean and Mediterranean, and deep vertical shafts in Bahamas and 

Australia (Stock et al., 1986; Humpherys, 1999; Kornicker and Yager, 2002; Iliffe and 

Kornicker, 2009). Importantly some anchialine ecosystems exhibit obvious division of water 

masses (i.e., Yucatan, Mexico) while others exhibit a more homogenous environment dominated 

by the saline groundwater (i.e., submarine environment; Bermuda). Here we consider that karst 

subterranean estuaries are populated by an anchialine habitat continuum that spans, but does not 

strictly define, based on groundwater mass variability from the ocean to the terrestrial realm on a 
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carbonate landscape. While water mass characteristics have been given such importance to 

define habitats in the anchialine habitat continuum, benthic habitat variability has received less 

attention.  

Previous research has highlighted the importance of salinity (van Hengstum and Scott, 

2011; Radolovic et al., 2015; Riera et al., 2018; Romano et al., 2018) and nutrient supply 

(Fichez, 1990; Fichez, 1991; Ape et al., 2016) on meiofaunal communities (i.e., nematodes, 

crustaceans, polychaeta), while loss of biomass and diversity from outer to inner regions of KSEs 

of suspension and filter feeders (i.e., sponges, cnidarians, bryozoans, and tunicates) has been 

shown to be the result of light attenuation  (Harmelin et al., 1985; Marti et al., 2004; Coombes et 

al., 2015), reduced tidal activity, and decreasing sediment size (Navarro-Barranco et al., 2013). 

However, if the karst subterranean estuary ecosystem is disrupted, due to natural or 

anthropogenic forcings (i.e., pollution, sea-level rise), faunal communities will shift, ultimately 

impacting ecosystem biodiversity and function. 

This research addresses some basic questions to further understand karst subterranean 

estuary’s benthic anchialine habitat variability over time and space: (i) how does organic carbon 

flux to the benthos impact benthic habitat variability in karst subterranean estuaries relative to 

other large-scale environmental variables (e.g., tidal exposure, ground water mass salinity), (ii) 

how do benthic habitats in a cave change and develop on a carbonate platform in response to sea-

level forced vertical migration, and cave inundation, of a karst subterranean estuary since the last 

glacial maximum (~20,000 years ago), and (iii) how do benthic foraminifera document benthic 

habitat develop in a karst subterranean estuary since the last ice age?  

In order to address these questions, this dissertation first systematically investigated 

modern benthic foraminiferal distributions occurring in eastern Bermudian karst subterranean 
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estuaries. Importantly, the paleoecological interpretation of benthic anchialine habitat variability 

depends on an understanding of the ecological processes operating at the present. Once the 

environmental controls for modern distributions could be constrained, core records were then 

used to identify habitat development and investigate environmental drivers over time. 

 As demonstrated in Chapter II, a primary finding of my research is that benthic 

anchialine habitat variability is driven by multiple environmental gradients within karst 

subterranean estuaries. Within Eastern Bermudian karst subterranean estuaries, benthic 

anchialine habitat variability is primarily driven by provenance of organic carbon (terrestrial vs. 

marine) accumulating in the benthos and secondarily by salinity, light, and tidal exposure. 

Within the dark regions of karst subterranean estuaries, where salinity, oxygen, darkness and 

lack of tidal exposure is constant, provenance of organic carbon is again, the main control of 

benthic foraminiferal distributions. The dominance of characteristic benthic foraminiferal taxa 

provides evidence that certain environmental conditions were present. These findings contribute 

to our understanding of benthic anchialine habitat variability within KSEs. Habitat variability is 

likely to be of particular importance because of the strong link between habitat and species 

diversity. Furthermore, habitat variation as a driver of functional composition and diversity 

suggests that habitat heterogeneity should be explicitly included within studies trying to predict 

the effect of species loss on ecosystem function.  

Chapter III provides evidence of benthic anchialine habitat development in eastern 

Bermudian KSEs in response to Holocene sea-level rise. The results document the most 

complete record yet known of developmental succession in anchialine habitats in response to 

concomitant relative sea-level rise and vertical migration of a karst subterranean estuary since 

the last ice age in Bermuda. In addition, the results illuminate how sea-level rise can force 
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subsurface aquatic island fauna to experience a previously unknown bottleneck event. It is highly 

likely that this process impacted the evolutionary history of global subsurface aquatic island 

fauna during the Phanerozoic, and problematically, 21st century island-based marine ecosystem 

risk assessments are incomplete if this process is not regionally evaluated.  

 Chapter IV contributes to our understanding of the environmental controls on benthic 

anchialine habitat development the Palm Cave System. Specifically, how organic matter quantity 

and quality contribute to benthic habitat development. Benthic foraminiferal communities helped 

identify benthic anchialine habitat variability. Based on benthic foraminiferal distributions, from 

9,500 to 7,000 Cal yrs BP, the karst subterranean estuary benthos was comparable to a 

fresh/brackish aquatic environment, dominated by terrestrial organic carbon and common 

marsh/brackish taxa (i.e., Polysaccammina ipohalina, Tiphotrocha comprimata). This suggests 

the meteoric lens, buoyed on top of the saline groundwater, had inundated the floor of the Palm 

Cave System, creating a fresh/brackish aquatic environment. From ~7000 Cal yrs BP to the 

present, marine organic matter and carbonate mud dominated the sediment, with abundant 

common marine/lagonal taxa (i.e., Spirophthalmidium emaciatum, Spirillina vivipara). These 

results suggest as sea-level continued to rise and marine water completely flooded the Bermuda 

carbonate platform, marine organic carbon contributed to benthic anchialine habitat 

development.   

One of the key goals of my dissertation research was to expand the basic understanding 

of environmental impacts on benthic anchialine habitat variability by comparing benthic 

foraminiferal communities with environmental variables. Understanding that benthic anchialine 

habitat variability is driven by environmental gradients (i.e., nutrient supply, sediment grain size, 

light, tidal exposure) over time and space is important, considering urgently needed monitoring 



 

 

 

101 

of anchialine cave ecosystems, and the use of effective indicators, such as the benthic 

foraminifera studied here, could provide effective tools to assist marine cave conservation. 

Findings of my research are significant from an ecological point of view because they confirm 

that benthic anchialine habitat variability is controlled by important environmental gradients that 

also contribute to benthic anchialine habitat development over time. Important questions 

regarding other environmental gradients (i.e., pH, other nutrients, dissolved oxygen, temperature) 

impacting benthic habitat variability in karst subterranean estuaries remain unresolved. In 

addition, future studies should investigate linkages (coupling) between benthic and pelagic 

environmental conditions and their effect on benthic habitat variability, focus on different 

anchialine ecosystems (i.e., volcanic subterranean estuaries), improve the models for benthic 

habitat variability and change over time, and explore the effects of diverse environmental 

interactions within the karst subterranean estuaries and impacts on meiofaunal communities. 
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APPENDIX A 

BERMUDA SEA-LEVEL POINTS 

 

 

Index No.

Sample 

Identification 

Code

General 

Locaiton in 

Bermuda

Lab number
Original 

Source

Origin of GPS Position 

Information

Depth of 

sample 

(mbsl)

Latitude Longitude
Material 

dated

Specified 

Environmental 

Indicator

SL Indicator 

Type (This 

Work)

Conventional 
14

C age
Conventional error δ

13
Corg

Calibration 

Curve

1s Minimum, 

Calibrated yrs. 

BP1950

1s Maximum, 

Calibrated yrs. 

BP1950

Probability

2s Minimum, 

Calibrated yrs. 

BP1950

2s Maximum, 

Calibrated yrs. 

BP1950

Probability

Highest 

Probability 1s 

Midpoint

Highest Probability 1s 

Uncertainty

Highest 

Probability 2s 

Midpoint

Highest Probability 

2s Uncertainty

1 ACN #D12
Devonshire 

Marsh
ML 559

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

3.4 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
3815 ±95 3815 95 N/A IntCal13 4089 4300 0.783 3962 4440 0.98 4194.5 105.5 4201 239

2 ACN #D9
Devonshire 

Marsh
ML 556

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

5.8 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
4585 ±100 4585 100 N/A IntCal13 5053 5189 0.412 4967 5487 0.943 5121 68 5227 260

3 ACN #D11
Devonshire 

Marsh
ML 555

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

7.4 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
5070 ±100 5070 100 N/A IntCal13 5713 5917 0.976 5594 6002 0.999 5815 102 5798 204

4 ACN #D1
Devonshire 

Marsh
ML 553

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

8.9 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
6000 ±110 6000 110 N/A IntCal13 6716 6980 0.959 6618 7164 0.989 6848 132 6891 273

5 ACN #D5
Devonshire 

Marsh
Ml 552

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

10.7 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
6510 ±110 6510 110 N/A IntCal13 7316 7508 0.981 7242 7591 0.986 7412 96 7416.5 174.5

6 ACN #D4
Devonshire 

Marsh
ML 550

Neumann 

(1971)

Not specified in Vollbrecht 

(1996), so a central position in 

Devonshire Marsh estimated 

from Google Earth

12.5 32.307686 -64.755452
freshwater 

peat
No data

terrestrial 

limiting
6970 ±120 6970 120 N/A IntCal13 7690 7874 0.848 7594 8000 1 7782 92 7797 203

7
GS 01: 1.22-

1.28
Great Sound KI-1997

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
12.6 32.296135 -64.830826

freshwater 

peat
No data

terrestrial 

limiting
7250 ±90 7250 90 -27.2 IntCal13 7997 8165 1 7929 8218 0.946 8081 84 8073.5 144.5

8
GS 02: 5.94-

6.01
Great Sound KI-1998

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
27.1 32.280491 -64.846911

freshwater 

peat
No data

terrestrial 

limiting
9150 ±210 9150 210 -27.9 IntCal13 10132 10605 0.861 9677 10823 0.967 10368.5 236.5 10250 573

9 ACN #HS
Harrington 

Sound
ML 69-2A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

4.4 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
4994 ±80 4994 80 N/A IntCal13 5644 5761 0.658 5601 5903 1 5702.5 58.5 5752 151

10 ACN #HS
Harrington 

Sound
ML 69-3A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

4.7 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
4760 ±100 4760 100 N/A IntCal13 5447 5593 0.742 5293 5719 1 5520 73 5506 213
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11
HS-TB 02/2: 

1.35-1.4

Harrington 

Sound
KI-2045.02

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
4.7 32.32442222 -64.7398861

freshwater 

peat
No data

terrestrial 

limiting
3830 ±95 3830 95 -26.4 IntCal13 4146 4359 0.801 3971 4446 0.975 4252.5 106.5 4208.5 237.5

12 HS-TI: 1.8-1.85
Harrington 

Sound
KI-2117.02

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
5.5 32.33430556 -64.7260472

freshwater 

peat
No data

terrestrial 

limiting
4990 ±65 4990 65 -29 IntCal13 5646 5755 0.722 5606 5798 0.712 5700.5 54.5 5702 96

13 ACN #HS
Harrington 

Sound
ML-69-13A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

5.6 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
4787 ±105 4787 105 N/A IntCal13 5447 5608 0.776 5298 5745 1 5527.5 80.5 5521.5 223.5

14
HS-TB/1: 0.85-

0.90

Harrington 

Sound
KI-2044

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
7 32.32479444 -64.7376861

freshwater 

peat
No data

terrestrial 

limiting
5800 ±80 5800 80 -27.7 IntCal13 6493 6677 0.996 6413 6757 0.984 6585 92 6585 172

15 ACN #HS
Harrington 

Sound
ML 69-12A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

7.6 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
5829 ±110 5829 110 N/A IntCal13 6494 6749 0.992 6399 6911 1 6621.5 127.5 6655 256

16 ACN #HS
Harrington 

Sound
ML 69-16A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

9.4 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
6785 ±120 6785 120 N/A IntCal13 7560 7748 0.914 7435 7853 0.994 7654 94 7644 209

17 ACN #HS
Harrington 

Sound
ML 69-17B

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

11.2 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
6800 ±120 6800 120 N/A IntCal13 7565 7763 0.942 7458 7866 0.981 7664 99 7662 204

18 ACN #HS
Harrington 

Sound
ML 69-17A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

11.4 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7221 ±110 7221 110 N/A IntCal13 7957 8164 1 7838 8223 0.947 8060.5 103.5 8030.5 192.5

19
HS-PH/2: 3.45-

3.5

Harrington 

Sound
KI-3408

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
12.3 32.33470278 -64.731125

freshwater 

peat
No data

terrestrial 

limiting
6850 ±100 6850 100 -28.9 IntCal13 7605 7787 0.987 7562 7873 0.95 7696 91 7717.5 155.5

20 ACN #HS
Harrington 

Sound
ML 69-18C

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

13 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7280 ±100 7280 100 N/A IntCal13 7996 8184 0.986 7938 8327 1 8090 94 8132.5 194.5

21 ACN #HS
Harrington 

Sound
ML 69-18A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

13.2 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7360 ±160 7360 160 N/A IntCal13 8027 8328 1 7915 8453 0.979 8177.5 150.5 8184 269

22 8450ACN #HS
Harrington 

Sound
ML 69-19A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

15.1 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7709 ±140 7709 140 N/A IntCal13 8360 8649 0.99 8294 8810 0.896 8504.5 144.5 8552 258

23 ACN #HS
Harrington 

Sound
ML 69-20A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

17.3 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7400 ±135 7400 135 N/A IntCal13 8153 8360 0.817 7956 8429 1 8256.5 103.5 8192.5 236.5

24 ACN #HS
Harrington 

Sound
ML 69-15A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

17.4 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
7880 ±100 7880 100 N/A IntCal13 8584 8789 0.72 8510 8999 0.977 8686.5 102.5 8754.5 244.5
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25 ACN #HS
Harrington 

Sound
ML 69-22A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

17.9 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
8833 ±140 8833 140 N/A IntCal13 9731 9965 0.565 9552 10208 1 9848 117 9880 328

26 ACN #HS
Harrington 

Sound
ML 69-27B

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

18.3 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
8030 ±140 8030 140 N/A IntCal13 8648 9033 0.943 8544 9305 0.997 8840.5 192.5 8924.5 380.5

27 ACN #HS
Harrington 

Sound
ML 69-27A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

18.6 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
8785 ±140 8785 140 N/A IntCal13 9599 9939 0.827 9541 10189 1 9769 170 9865 324

28 ACN #HS
Harrington 

Sound
ML 69-24A

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

19.2 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
8195 ±100 8195 100 N/A IntCal13 9021 9282 1 8974 9463 0.977 9151.5 130.5 9218.5 244.5

29
HS-MR 05/2: 

0.8-0.85

Harrington 

Sound
KI-2121

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
19.8 32.33066667 -64.7186028

freshwater 

peat
No data

terrestrial 

limiting
8900 ±160 8900 160 -27.9 IntCal13 9767 10204 1 9543 10299 0.989 9985.5 218.5 9921 378

30
HS-MLB 

02/2:2.2-2.26

Harrington 

Sound
KI-2120

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
19.9 32.33863611 -64.7267861

freshwater 

peat
No data

terrestrial 

limiting
8760 ±125 8760 125 -30.1 IntCal13 9556 9918 0.954 9541 10164 1 9737 181 9852.5 311.5

31
HS-MR 08: 1.8-

1.85

Harrington 

Sound
KI-2111.01

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
20.3 32.33463333 -64.7132611

freshwater 

peat
No data

terrestrial 

limiting
8900 ±100 8900 100 -28.3 IntCal13 9887 10195 0.978 9679 10235 1 10041 154 9957 278

32 Unlabeled
Harrington 

Sound
ML-186

Redfield 

(1967)

Given the Depth, Devil's Hole 

in Harrington Sound is the 

assumed position

20.7 32.323903 -64.719874
freshwater 

peat
No data

terrestrial 

limiting
9145 ±150 9145 150 N/A IntCal13 10182 10523 0.965 9887 10727 0.996 10352.5 170.5 10307 420

33
HS-CB 03: 2.59-

2.64

Harrington 

Sound
KI-2119

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
21.6 32.33749167 -64.7192389

freshwater 

peat
No data

terrestrial 

limiting
8800 ±100 8800 100 -28.5 IntCal13 9672 9945 0.769 9579 10161 0.985 9808.5 136.5 9870 291

34
HS-CD 02: 3.45-

3.5

Harrington 

Sound
KI-2118

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
21.9 32.33795833 -64.7078139

freshwater 

peat
No data

terrestrial 

limiting
9410 ±170 9410 170 -28 IntCal13 10414 10813 0.784 10253 11148 1 10613.5 199.5 10700.5 447.5

35
HS-CB 05/2: 

3.75-3.80

Harrington 

Sound
KI-3932.38

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
22.2 32.34195833 -64.7139389

freshwater 

peat
No data

terrestrial 

limiting
9370 ±95 9370 95 -28.7 IntCal13 10484 10725 0.921 10266 10796 0.947 10604.5 120.5 10531 265

36
HS-MR 07: 1.24-

1.29

Harrington 

Sound
KI-2113

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
22.3 32.33019722 -64.7206167

freshwater 

peat
No data

terrestrial 

limiting
9440 ±110 9440 110 -28.2 IntCal13 10514 10794 0.803 10398 11135 1 10654 140 10766.5 368.5

37
HS-SP 01: 392-

3.98

Harrington 

Sound
KI-1800.03

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
23 32.333575 -64.7119722

freshwater 

peat
No data

terrestrial 

limiting
9940 ±170 9940 170 -25.4 IntCal13 11208 11722 0.979 11068 12082 0.968 11465 257 11575 507

38
HS-PT 02: 1.10 - 

1.15

Harrington 

Sound
KI-2112

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
23.2 32.32978056 -64.7185528

freshwater 

peat
No data

terrestrial 

limiting
9150 ±165 9150 165 -28.2 IntCal13 10167 10579 1 9769 10752 1 10373 206 10260.5 491.5

39
HS-PT 01: 1.71-

1.76

Harrington 

Sound
KI-1733.01

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
23.2 32.32978056 -64.7185528

freshwater 

peat
No data

terrestrial 

limiting
9640 ±95 9640 95 -27.3 IntCal13 10793 10965 0.552 10720 11219 1 10879 86 10969.5 249.5

40 ACN #HS 78ft
Harrington 

Sound
ML 526

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Harrington Sound estimated 

from Google Earth

23.8 32.33217 -64.719905
freshwater 

peat
No data

terrestrial 

limiting
9180 ±140 9180 140 N/A IntCal13 10223 10521 0.974 10116 10731 0.951 10372 149 10423.5 307.5
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41
HS-GP (24.3): 

2.39-2.43

Harrington 

Sound
KI-1732.01

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
23.9 32.32819444 -64.7231194

freshwater 

peat
No data

terrestrial 

limiting
9020 ±115 9020 115 -25.3 IntCal13 10113 10275 0.556 9761 10437 0.981 10194 81 10099 338

42
HS-GP (01.4): 

3.25-3.3

Harrington 

Sound
KI-1732.02

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
24.8 32.32819444 -64.7231194

freshwater 

peat
No data

terrestrial 

limiting
9720 ±100 9720 100 -26.3 IntCal13 11070 11243 0.71 10742 11292 0.997 11156.5 86.5 11017 275

43
HS-CS/1: 2.85-

2.90

Harrington 

Sound
KI-2114

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
24.8 32.33146111 -64.7218556

freshwater 

peat
No data

terrestrial 

limiting
9450 ±170 9450 170 -29.5 IntCal13 10505 10879 0.735 10287 11180 1 10692 187 10733.5 446.5

44
HS-CD 01: 4.15-

4.20

Harrington 

Sound
KI-2116

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
24.8 32.337525 -64.7078806

freshwater 

peat
No data

terrestrial 

limiting
10130 ±90 10130 90 -29.4 IntCal13 11604 11988 0.952 11340 12076 1 11796 192 11708 368

45
HS-SP 04: 5.72-

5.75

Harrington 

Sound
Beta-88712

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
26.8 32.32954167 -64.7174306

freshwater 

peat
No data

terrestrial 

limiting
9730 ±60 9730 60 -29.3 IntCal13 11108 11227 1 11068 11251 0.841 11167.5 59.5 11159.5 91.5

46
HS-SP 03: 5.78-

5.82

Harrington 

Sound
KI-2172

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
27 32.32919722 -64.7168528

freshwater 

peat
No data

terrestrial 

limiting
9750 ±120 9750 120 -29.1 IntCal13 11067 11274 0.684 10713 11409 0.975 11170.5 103.5 11061 348

47
HS-PB 01: 6.75-

6.78

Harrington 

Sound
KI-2171

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
27.3 32.32768333 -64.7276944

freshwater 

peat
No data

terrestrial 

limiting
10110 ±110 10110 110 -29 IntCal13 11596 11845 0.567 11271 12081 1 11720.5 124.5 11676 405

48 ACN #ML1
Mangrove 

Lake
ML 557

Vollbrecht 

(1996)

Estimate of Position from 

Google Earth
5 32.325734 -64.708029

freshwater 

peat

fern-sedge peat 

(Vollbrecht, 

1996, Table 2)

terrestrial 

limiting
 4120 ±100 4120 100 N/A IntCal13 4527 4727 0.751 4408 4865 1 4627 100 4636.5 228.5

49 Unlabeled
Mangrove 

Lake
Unlabeled

Watts and 

Hansen 

(1986)

Estimate of position based on 

description in paper and 

Google Earth

18 32.325827 -64.707423
freshwater 

peat

pollen, Typha 

latifolia (See 

Watts and 

Hanson, 1986)

terrestrial 

limiting
9260 ± 200 9260 200 N/A IntCal13 10218 10730 1 10113 11129 0.949 10474 256 10621 508

50 ACN #P1
Pembroke 

Marsh
ML 547

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Pembroke Marsh estimated 

from Google Earth

14.5 32.301239 -64.782209
freshwater 

peat

Sedge Rootlets 

(Vollbrecht, 

1996, Table 2)

terrestrial 

limiting
7630 ±120 7630 120 N/A IntCal13 8336 8559 1 8175 8654 0.992 8447.5 111.5 8414.5 239.5

51 ACN #P2
Pembroke 

Marsh
ML 546

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

Pembroke Marsh estimated 

from Google Earth

16.9 32.301239 -64.782209
freshwater 

peat

Sedge Rootlets 

(Vollbrecht, 

1996, Table 2)

terrestrial 

limiting
8530 ±130 8530 130 N/A IntCal13 9403 9685 0.975 9234 9906 0.982 9544 141 9570 336

52
PR o3/2: 5.46-

5.49

Port Royal 

Bay
KI-2000

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
20.8 32.26416 -64.855092

freshwater 

peat
No data

terrestrial 

limiting
8890 ±70 8890 70 -27.9 IntCal13 9911 10165 1 9736 10201 1 10038 127 9968.5 232.5

53 Unlabeled
Port Royal 

Bay
Unlabeled

Ashmore and 

Leatherman 

(1984)

Estimated using Google Earth 

and Fig 1 in MG paper
25.2 32.261899 -64.853756

freshwater 

peat

Fern 

(Osmunda ), 

and sedge 

(Ashmore and 

Leatherman, 

1984)

terrestrial 

limiting
9590 ±100 9552 89 N/A IntCal13 10772 11102 1 10659 11202 0.998 10937 165 10930.5 271.5

54
PR 01/1, 4.07-

4.1

Port Royal 

Bay
KI-1999

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
26.7 32.262654 -64.856715

freshwater 

peat
No data

terrestrial 

limiting
9400 ±85 9400 85 -28.8 IntCal13 10508 10742 1 10383 10869 0.914 10625 117 10626 243

55 Unlabeled
Shelly Bay, 

North Shore
I-1683

Redfield 

1967
Estimated using Google Earth 1.7 32.331638 -64.742539

freshwater 

peat
No data

terrestrial 

limiting
1850 ±110 1850 110 N/A IntCal13 1690 1897 0.855 1532 2013 0.99 1793.5 103.5 1772.5 240.5

56 Unlabeled
Shelly Bay, 

North Shore
I-1684

Redfield 

1967
Estimated using Google Earth 2.3 32.331638 -64.742539

freshwater 

peat
No data

terrestrial 

limiting
1820 ±120 1820 120 N/A IntCal13 1609 1880 1 1516 2006 0.97 1744.5 135.5 1761 245

57 ACN #FR
St. George's 

Harbour
ML 549

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

St Georges' Harbour estimated 

from Google Earth

9.9 32.374306 -64.679036
basal 

brackish peat

Rhizophora 

mangle 

(Vollbrecht, 

1996, Table 2)

index 6070 ±110 6070 110 N/A IntCal13 6787 7028 0.839 6673 7179 0.98 6907.5 120.5 6926 253

58 ACN #TC
St. George's 

Harbour
ML 551

Vollbrecht 

(1996)

Not specified in Vollbrecht 

(1996), so a central position in 

St Georges' Harbour estimated 

from Google Earth

12.3 32.374306 -64.679036
freshwater 

peat

Wax Myrtle 

(Vollbrecht, 

1996, Table 2)

terrestrial 

limiting
7460 ±120 7460 120 N/A IntCal13 8173 8389 1 8011 8458 0.995 8281 108 8234.5 223.5

59
SGH 02: 6.14-

6.22

St. George's 

Harbour
KI-2001

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
20.1 32.377759 -64.675211

freshwater 

peat
No data

terrestrial 

limiting
8780 ±100 8780 100 -29.1 IntCal13 9605 9922 0.897 9553 9970 0.77 9763.5 158.5 9761.5 208.5

60 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1685
Redfield 

1967

Estimate of position from 

Google Earth
0.5 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
880 ±120 880 120 N/A IntCal13 725 914 0.942 645 1009 0.969 819.5 94.5 827 182

61 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1969
Redfield 

1967

Estimate of position from 

Google Earth
0.6 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
1210 ±95 1210 95 N/A IntCal13 1056 1191 0.689 955 1295 1 1123.5 67.5 1125 170
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62 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1764
Redfield 

1967

Estimate of position from 

Google Earth
1 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
1510 ±110 1510 110 N/A IntCal13 1314 1445 0.66 1255 1628 0.974 1379.5 65.5 1441.5 186.5

63 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1971
Redfield 

1967

Estimate of position from 

Google Earth
1.3 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
2440 ±110 2440 110 N/A IntCal13 2358 2540 0.636 2306 2758 0.983 2449 91 2532 226

64 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1973
Redfield 

1967

Estimate of position from 

Google Earth
1.7 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
2530 ±100 2530 100 N/A IntCal13 2489 2748 1 2350 2787 1 2618.5 129.5 2568.5 218.5

65 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1975
Redfield 

1967

Estimate of position from 

Google Earth
2 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
2690 ±90 2690 90 N/A IntCal13 2740 2887 0.952 2690 3037 0.933 2813.5 73.5 2863.5 173.5

66 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1686
Redfield 

1967

Estimate of position from 

Google Earth
2.3 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
3900 ±120 3900 120 N/A IntCal13 4151 4446 0.897 3979 4645 0.975 4298.5 147.5 4312 333

67 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1762
Redfield 

1967

Estimate of position from 

Google Earth
3.1 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
3600 ±120 3600 120 N/A IntCal13 3817 4014 0.647 3588 4241 1 3915.5 98.5 3914.5 326.5

68 Unlabeled

Long Bay, 

Somerset 

Bermuda

I-1763
Redfield 

1967

Estimate of position from 

Google Earth
3.2 32.305502 -64.872838

freshwater 

peat
No data

terrestrial 

limiting
3930 ±120 3930 120 N/A IntCal13 4223 4525 0.896 4073 4659 0.922 4374 151 4366 293

69
NL 031/4: 4.73-

4.81
North Lagoon KI-1991.02 Kuhn (1984) Gischler and Kuhn (2018) 26.1 32.443 -64.643

freshwater 

peat
No data

terrestrial 

limiting
9700 ±90 9700 90 -28.5 IntCal13 11070 11228 0.68 10761 11247 1 11149 79 11004 243

70 NL 039: 1.5-1.6 North Lagoon KI-1992 Kuhn (1984) Gischler and Kuhn (2018) 19.6 32.328 -64.89
freshwater 

peat
No data

terrestrial 

limiting
7870 ±95 7870 95 -27.8 IntCal13 8552 8782 0.817 8510 8995 0.974 8667 115 8752.5 242.5

71
NL 040: 4.78-

4.81
North Lagoon KI-1993.04 Kuhn (1984) Gischler and Kuhn (2018) 23 32.443 -64.798

freshwater 

peat
No data

terrestrial 

limiting
9230 ±150 9230 150 -31.3 IntCal13 10238 10579 1 10126 10796 0.955 10408.5 170.5 10461 335

72
NL 048: 2.31-

2.35
North Lagoon KI-1994.02 Kuhn (1984) Gischler and Kuhn (2018) 17 32.33 -64.75

freshwater 

peat
No data

terrestrial 

limiting
8710 ±80 8710 80 -27.1 IntCal13 9548 9780 0.989 9531 9936 0.965 9664 116 9733.5 202.5

73
NL049: 1.07-

1.12
North Lagoon KI-1995 Kuhn (1984) Gischler and Kuhn (2018) 3.1 32.3 -64.87

freshwater 

peat
No data

terrestrial 

limiting
3980 ±55 3980 55 -24.3 IntCal13 4404 4527 0.942 4248 4578 0.995 4465.5 61.5 4413 165

74
NL051: 2.83-

2.87
North Lagoon KI-1996.04 Kuhn (1984) Gischler and Kuhn (2018) 14.6 32.307 -64.876

freshwater 

peat
No data

terrestrial 

limiting
8010 ±95 8010 95 -28.8 IntCal13 8725 9011 1 8596 9128 1 8868 143 8862 266

75
NL 054: 4.52-

4.57
North Lagoon KI-2585.02

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
19.1 32.36262 -64.71724

freshwater 

peat
No data

terrestrial 

limiting
9010 ±125 9010 125 -28.5 IntCal13 9909 10274 1 9729 10438 0.977 10091.5 182.5 10083.5 354.5

76
NL 055/2: 5.5-

5.54
North Lagoon KI-2586.03

Vollbrecht 

(1996)

Estimated from Appendix in 

Vollbrect (1996)
18.3 32.36187 -64.716751

freshwater 

peat
No data

terrestrial 

limiting
8800 ±120 8800 120 -28.1 IntCal13 9664 9949 0.735 9555 10174 1 9806.5 142.5 9864.5 309.5

77 MS-C6 Mill Share GX-21542
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

2.71 32.294518 -64.801283
mangrove 

peat
No data

impacted by 

autocompaction
2940 ±60 2940 60 N/A IntCal13 2997 3175 1 2924 3251 0.976 3086 89 3087.5 163.5

78 DC06 Mill Share GX-21545
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

2.9 32.294518 -64.801283
basal 

brackish peat
No data

terrestrial 

limiting
2930 ±60 2930 60 N/A IntCal13 2992 3167 1 2921 3243 0.977 3079.5 87.5 3082 161

79 C05 Mill Share GX-21543
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

2.32 32.294518 -64.801283
basal 

brackish peat
No data

terrestrial 

limiting
1070 ±60 1070 60 N/A IntCal13 930 1009 0.733 905 1151 0.952 969.5 39.5 1028 123

80 C02 Mill Share GX-21544
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

1.37 32.294518 -64.801283
mangrove 

peat
No data

impacted by 

autocompaction
510 ±55 510 55 N/A IntCal13 505 555 0.857 477 569 0.722 530 25 523 46

81 DC05 Mills Creek GX-21546
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

4.45 32.300589 -64.80162
basal 

brackish peat
No data

terrestrial 

limiting
2940 ±60 2940 60 N/A IntCal13 2997 3175 1 2924 3251 0.976 3086 89 3087.5 163.5

82 DC05 Hungry Bay GX-21547
Javaux 

(1999)

Not specified in Javaux 

(1999), so a central position in 

the wetland was chosen

1.65 32.290241 -64.758863
basal 

brackish peat
No data

terrestrial 

limiting
2010 ±50 2010 50 N/A IntCal13 1893 2004 0.978 1869 2114 1 1948.5 55.5 1991.5 122.5

83 HB1-9 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
5.55 32.290233 -64.759236

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay (at HB-1) 

prior to 2000 

years ago 

(Ellison, 1996)

terrestrial 

limiting
4870 ±90 4870 90 -27 IntCal13 5577 5718 0.756 5447 5761 0.892 5647.5 70.5 5604 157

84 HB2-1 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
5.45 32.291561 -64.758066

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
4940 ±100 4940 100 -27.6 IntCal13 5588 5753 0.852 5573 5912 0.933 5670.5 82.5 5742.5 169.5
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85 HB5-2 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
2.25 32.28906 -64.75989

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
3990 ±110 3990 110 -27.4 IntCal13 4285 4587 0.895 4216 4729 0.871 4436 151 4472.5 256.5

86 HB1-1 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
0.65 32.290233 -64.759236

mangrove 

peat

Rhizophora 

mangle 

(Ellison, 1993, 

Global Ecology 

and 

Biogeography 

Letters)

terrestrial 

limiting
390 ±90 390 90 -25.1 IntCal13 425 510 0.555 282 556 0.977 467.5 42.5 419 137

87 HB1-2 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
1.45 32.290233 -64.759236

mangrove 

peat

Rhizophora 

mangle 

(Ellison, 1993, 

Global Ecology 

and 

Biogeography 

Letters)

terrestrial 

limiting
1080 ±80 1080 80 -26.4 IntCal13 920 1080 0.968 892 1182 0.913 1000 80 1037 145

88 HB1-3 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
2.45 32.290233 -64.759236

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
2090 ±90 2090 90 -21 IntCal13 1946 2154 0.932 1881 2311 1 2050 104 2096 215

89 HB1-4 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
3.45 32.290233 -64.759236

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
2740 ±110 2740 110 -26.9 IntCal13 2749 2966 1 2697 3171 0.97 2857.5 108.5 2934 237

90 HB1-6 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
4.45 32.290233 -64.759236

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
3880 ±100 3880 100 -26.5 IntCal13 4152 4424 1 3985 4537 0.991 4288 136 4261 276

91 HB2-2 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
0.85 32.291561 -64.758066

mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay at HB-2 

prior to 750 

years ago 

(Ellison, 1996)

terrestrial 

limiting
730 ±80 730 80 -25.3 IntCal13 639 735 0.828 541 796 0.992 687 48 668.5 127.5

92 HB4-1 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
0.23 32.289378 -64.759618

mangrove 

peat

Mangrove peat 

(Ellison, 1993, 

Global Ecology 

and 

Biogeography 

Letters)

terrestrial 

limiting
750 ±60 750 60 -25.3 IntCal13 658 733 1 634 790 0.921 695.5 37.5 712 78

93 HB5-1 Hungry Bay
not given 

(Beta)

Ellison 

(1993)

Estimated using Google Earth 

and Fig 3 from paper
0.35 32.28906 -64.75989

mangrove 

peat

Mangrove peat 

(Ellison, 1993, 

Global Ecology 

and 

Biogeography 

Letters)

terrestrial 

limiting
1460 ±60 1460 60 -22.3 IntCal13 1303 1396 1 1285 1423 0.86 1349.5 46.5 1354 69

94 DC04 Hungry Bay
UGAMS-

4589

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

2.57 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
2580 ± 20 2580 20 -26.1 IntCal13 2731 2748 1 2720 2751 1 2739.5 8.5 2735.5 15.5

95 DC05 Hungry Bay
UGAMS-

4590

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

1.19 32.291685 -64.757743
mangrove 

peat

Dr. David B. 

Scott examined 

marsh 

foraminifera in 

these samples

terrestrial 

limiting
810 ± 20 810 20 -23.3 IntCal13 698 730 1 684 748 0.978 714 16 716 32

96 DC06 Hungry Bay
UGAMS-

4591

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

0.85 32.291685 -64.757743
mangrove 

peat

Dr. David B. 

Scott examined 

marsh 

foraminifera in 

these samples

terrestrial 

limiting
230 ± 20 230 20 -24.7 IntCal13 285 298 0.613 280 306 0.573 291.5 6.5 293 13
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97 DC17 Hungry Bay
UGAMS-

4592

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

0.7 32.291685 -64.757743
mangrove 

peat

Dr. David B. 

Scott examined 

marsh 

foraminifera in 

these samples

terrestrial 

limiting
530 ± 20 530 20 -24.2 IntCal13 525 544 1 516 554 0.937 534.5 9.5 535 19

98 DC18 Hungry Bay
UGAMS-

4593

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

0.6 32.291685 -64.757743
mangrove 

peat

Dr. David B. 

Scott examined 

marsh 

foraminifera in 

these samples

terrestrial 

limiting
490 ± 20 490 20 -24.2 IntCal13 513 529 1 507 537 1 521 8 522 15

99 DC13 Hungry Bay
UGAMS-

4594

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

1.96 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
3240 ± 25 3240 25 -25.6 IntCal13 3443 3480 0.68 3392 3511 882 3461.5 18.5 3451.5 59.5

100 DC14 Hungry Bay
UGAMS-

4595

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

1.82 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
2800 ± 25 2800 25 -25.6 IntCal13 2865 2929 0.976 2844 2965 0.994 2897 32 2904.5 60.5

101 DC15 Hungry Bay
UGAMS-

4596

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

2.02 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
3110 ± 30 3110 30 -25.3 IntCal13 3331 3373 0.565 3237 3386 1 3352 21 3311.5 74.5

102 DC07 Hungry Bay
UGAMS-

4597

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

3.44 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
3630 ± 25 36330 25 -26.1 IntCal13 3906 3874 1 3867 3990 0.943 3890 -16 3928.5 61.5

103 DCC8B Hungry Bay OS-72328

van 

Hengstum et 

al (2011)

Not specified in van Hengstum 

(2011), a northeastern position 

in the wetland was chosen

2.01 32.291685 -64.757743
mangrove 

peat

Terrestrial 

marshes did not 

exist in Hungy 

Bay prior to 

2000 years ago 

(Ellison, 1996)

terrestrial 

limiting
2490 ± 45 2490 45 -26.4 IntCal13 2491 2643 0.788 2424 2738 0.971 2567 76 2581 157

104
GB-Core 5, 

31.25 cm

Green Bay 

Cave
OS-78019

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

2.25 32.32609 -64.739467
marine 

sediment
bivalve marine limiting 2040 ± 25 2040 25 -0.57 IntCal13 1949 2007 0.827 1926 2063 0.958 1978 29 1994.5 68.5

105
GB-Core 9, 37.5 

cm

Green Bay 

Cave
OS-81364

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

2.25 32.326145 -64.739456
marine 

sediment
bivalve marine limiting 2000 ± 25 2000 25 0.29 IntCal13 1926 1988 1 1892 1997 1 1957 31 1944.5 52.5

106
GB-Core 11, 

37.25 cm

Green Bay 

Cave
OS-81365

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

2.25 32.326306 -64.739394
marine 

sediment
bivalve marine limiting 2020 ± 25 2020 25 0.29 IntCal13 1942 1996 0.963 1898 2009 0.947 1969 27 1953.5 55.5

107
GB-Core 5, 51.5 

cm

Green Bay 

Cave
OS-80321

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

14.3 32.32609 -64.739467 sediment

marine 

foraminifera, 

ostracodes, 

calcite rafts

marine limiting 6800 ± 25 6800 25 -0.14 IntCal13 7619 7664 1 7594 7676 1 7641.5 22.5 7635 41

108
GB-Core 5, 

61.25 cm

Green Bay 

Cave
OS-79218

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

20.8 32.32609 -64.739467 sediment

marine 

foraminfera, 

ostracodes, 

calcite rafts

marine limiting 7160 ± 65 7160 65 -1.59 IntCal13 7931 8032 0.951 7915 8073 0.778 7981.5 50.5 7994 79
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109
GB-Core 9,  

59.5 cm

Green Bay 

Cave
OS-81373

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

14.3 32.326145 -64.739456 sediment

marine 

foraminifera, 

ostracodes, 

calcite rafts

marine limiting 6700 ± 35 6700 35 -0.72 IntCal13 7562 7595 0.685 7494 7622 1 7578.5 16.5 7558 64

110
GB-Core 11, 

46.75 cm

Green Bay 

Cave
OS-81369

van 

Hengstum et 

al (2011)

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

20.7 32.326306 -64.739394 sediment

marine 

foraminfera, 

ostracodes, 

calcite rafts

marine limiting 7210 ± 40 7210 40 -0.93 IntCal13 7964 8047 1 7955 8071 0.802 8005.5 41.5 8013 58

111
SM-C15_79-80 

cm

Palm Cave 

System
OS-129829  this work

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

22.7 32.345361° -64.711628° sediment

brackish 

foraminifera 

(Polysaccamin

a ipohalina, 

Entzia 

macrescens )

marine limiting 8710 ± 35 8710 35 -26.8 IntCal13 9584 9697 0.945 9548 9782 0.996 9640.5 56.5 9665 117

112
SM-C14_86-87 

cm

Palm Cave 

System
OS-135568  this work

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

21.6 32.345039 -64.711257 sediment

brackish 

foraminifera 

(Polysaccamin

a ipohalina, 

Entzia 

macrescens )

marine limiting 8740 ± 30 8740 30 -24.7 IntCal13 9583 9827 0.831 9540 9955 0.881 9705 122 9747.5 207.5

113
SM-C10_174-

175 cm

Palm Cave 

System
OS-122745  this work

Estimated from Google Earth, 

based on overlays of 

underwater cave surveys and 

maps

22.4 32.344779 -64.711037 sediment

brackish 

foraminifera 

(Polysaccamin

a ipohalina, 

Entzia 

macrescens )

marine limiting 8680 ± 35 8680 35 -23.7 IntCal13 9556 9634 0.828 9554 9704 0.998 9595 39 9629 75

Notes: 

(2) Older ages without d
13

C values (not reported by original authors) reported may be offset by an additional few hundred years because a d
13

C-correction could not be preformed.

(1) Brackish peat verified by salt marsh foraminifera (Javaux, 1993) or botanical remains (Vollbrecht, 1996 and Ellison, 1993). However, we (this study) consider all the "basal peat" data previously reported from Hungry Bay as "Freshwater Peat", based on the extensive work of Kemp et al., (2019, Open Quaternary, doi.org/10.5334/oq.49.)

(4) Sample Index points 80-83 were d
13

C-corrected (Javaux, 1999, p. 283), although d
13

C values not reported in original publication (the thesis).

(5) Table only includes samples collected from <30 m bsl.

(3) A maximum vertical uncertainty  estimate (most conservative) on basal mangrove peat depth of Vollbrecht (1996) is the maximum 1.2 m tidal range in Bermuda


