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  Abstract  

 

A FORAMINIFERAL PERSPECTIVE ON HOLOCENE ENVIRONMENTS OF 

THE EASTERN TROPICAL PACIFIC 

 

by Maria Angelica Zamora-Duran, M.S., Florida Institute of Technology 

Chairperson of Advisory Committee: Richard B. Aronson, Ph.D. 

 

Climate change is the primary threat facing coral reef ecosystems. How 

marginal reef systems responded to past climatic variability provides clues to their 

prospects for persisting through contemporary climate change. Reefs along the 

Pacific coast of Panamá are dominated by branching corals of the genus 

Pocillopora. These reefs experience a natural gradient of nutrients, pH, and 

temperature because of stronger seasonal upwelling in the Gulf of Panamá (GoP) 

than in the Gulf of Chiriquí (GoC). The shallow reefs within both of the gulfs of 

Panamá They are also strongly affected by climatic variability due to the El Niño–

Southern Oscillation (ENSO). It is hypothesized that ENSO variability at the 

beginning of the Late Holocene ~4000 year ago caused a 2000-year hiatus in reef-

building in Pacific Panamá. Nevertheless, the environmental conditions that drove 

the shutdown and continued to suppress reef development were inferred from the 

geochemistry of a limited number of coral samples. Foraminifera are good 
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indicators of reef-ecosystem condition because they are abundant in reef settings, 

secrete calcium carbonate, host symbionts, respond rapidly to environmental 

variation, and persist in the absence of corals. In addition, unlike some other 

benthic taxa, the diversity of benthic Foraminifera and scleractinian corals reflect 

regional differences in oceanographic conditions in the ETP. Both taxa are 

approximately half as diverse in the ETP as they are in the Caribbean.  

The composition of contemporary foraminiferal assemblages and their 

geochemistry track environmental variations in the eastern tropical Pacific. 

Temperature loggers deployed from 2016 to 2019 showed that water temperatures 

were lower on average and more variable in the GoP due to stronger seasonal 

upwelling. To determine how regional oceanography and climatic drivers influence 

modern foraminiferal assemblages between the two gulfs, I examined benthic 

Foraminifera in surface sediments. Contemporary and subfossil samples from both 

gulfs were dominated by heterotrophic Foraminifera, which was likely the result of 

overall nutrient enrichment due to upwelling—even in the weakly upwelling 

GoC—combined with ENSO effects. However, the GoC had higher abundances of 

symbiont-bearing taxa than the GoP. Since the Gulf of Chiriquí experiences weaker 

upwelling than the Gulf of Panamá, it is more characteristic of an oligotrophic reef 

environment. Geochemical analysis of contemporary, symbiont-bearing miliolids, 

Sorites marginalis, revealed that foraminiferal Mg/Ca ratios were lower in the GoP 

than in the GoC. The elemental ratio of magnesium to calcium in tests of benthic 

Foraminifera has been used successfully as a proxy for ocean temperature because 
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more magnesium is incorporated into the test during its construction with 

increasing temperature. The offset in foraminiferal Mg/Ca was consistent with the 

lower mean annual temperature observed in the GoP due to stronger seasonal 

upwelling.  

Since contemporary foraminiferal assemblages were shown to be modulated 

by environmental variations, I sought to test whether the climatic changes leading 

up to the shutdown of reef accretion also led to shifts in the foraminiferal 

assemblages over the same period. I sampled Foraminifera from two cores from 

reef-framework within the GoP (Saboga and Contadora) and one core from the 

GoC (Canales de Tierra). I also used Mg/Ca-based temperature reconstructions to 

evaluate past environmental change. Similar to assemblages found in contemporary 

sediments, heterotrophic foraminifers dominated at all sites, and Canales de Tierra 

was characterized by a greater number of symbiotic Foraminifera than those sites in 

the GoP. The density of symbiotic Foraminifera tracked Pocillopora growth 

through time at all sites, decreasing from ~15 individuals/gram of sediment to ~2 

ind/g during the hiatus in reef growth (~4000 cal yr BP to ~2000 cal yr BP).  

I conducted geochemical analyses on foraminiferal tests within the cores to 

determine Mg/Ca ratios over time. At all sites, Mg/Ca ratios were more variable 

during the hiatus period.  However, attempts to reconstruct temperature using 

Mg/Ca proxies from foraminiferal shells proved difficult in this study since shell 

Mg/Ca ratios from Contadora suggested an unrealistic temperature range of 8–64°C 

(107–247 mmol/mol) even after two rounds of analyses. At Saboga and Canales de 
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Tierra, Mg/Ca ratios did not show as much variability as those from Contadora, 

ranging from 135 to 150 mmol/mol and 101 to 203 mmol/mol, respectively. Based 

on the cores from Saboga and Canales de Tierra, I hypothesize that the greater 

variability of Mg/Ca during is likely a result of higher variability in ENSO. Strong 

La Niñas at the inception of the hiatus would result in cooler water temperatures 

which would account for the lower Mg/Ca ratios. Stronger El Niño events during 

the hiatus are most likely represented by higher Mg/Ca ratios. Reef accretion 

resumed ~2000 cal BP at which time Mg/Ca-based reconstructions of temperature 

stabilized at all sites. A local effect on Mg/Ca concentrations in Contadora could 

suggest a reason for the increased concentrations of Mg/Ca during the hiatus but 

the cause of the anomalously high Mg/Ca values is unclear. 

Predicting the long-term behavior of ENSO with ongoing climate change is 

difficult due to conflicting evidence from paleoclimate proxies and model 

projections. However, the models that best capture key ENSO dynamics also tend 

to project an increase in future ENSO-driven sea-surface temperature variability 

and magnitude under ongoing warming particularly in the ETP. Based on the 

history of reef development in Pacific Panamá, it is likely that increased warming 

and ENSO variability could result in the collapse of Pacific reef ecosystems and a 

shift toward an increasingly heterotrophic state.  
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Chapter 1: Scope of Research 

 

INTRODUCTION 

 

The rate of projected loss of coral reefs due to climate change and other 

human disturbances is alarming (Hoegh-Guldberg, 1999; Walther et al., 2002; 

Hoegh-Guldberg et al., 2007; Carpenter et al., 2008; Hughes et al., 2007). Although 

reef systems occupy less than one percent of the biosphere, they provide over $300 

billion per year in goods and services (Ahmed et al., 2007; Andersson, 2007). They 

serve as a critical food source for half-a-billion people and buffer shorelines from 

storm damage and erosion, protecting lives and property (Cesar et al., 2003). To 

predict how reefs will respond to ongoing climate change, it is increasingly 

important to understand the local and global forces that affect their growth and 

development. Benthic Foraminifera are valuable indicators of environmental 

conditions in marine ecosystems (Uthicke and Nobes, 2008; Willard and Cronin, 

2007) and have been used previously to determine if environmental conditions are 

suitable for reef growth (Hallock et al., 2003; Oliver et al., 2014). In addition, the 

geochemistry of foraminiferal tests can help us reconstruct past changes in climate 
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(Henderson, 2002; Scheibner and Speijer, 2008; Eiler, 2011). The use of modern 

analogs, in which assemblages found in contemporary ecological conditions 

calibrate reconstructions of past oceanographic and climatic variability, is a well-

proven technique. Such analyses improve our understanding of the major 

influences on coral-reef development that establish modern patterns.  

As climate change and other human disturbances continue to degrade coral 

reefs globally (Glynn, 1984; Hughes et al., 2003; Hoegh-Guldberg et al., 2007; 

Baker et al., 2008), it is becoming increasingly important to determine how 

oceanographic patterns modulate the trajectories of reef biotas. This study explores 

how regional oceanography and climatic variability influence foraminiferal 

assemblage structure and reef growth from the mid-Holocene to the present. With a 

better understanding of these controls on reef-ecosystem development, it will be 

possible to hypothesize reasons for intermittent reef accretion.  

Reefs along the Pacific coast of Panamá span a natural gradient of nutrients, 

pH, and temperature because of stronger seasonal upwelling in the Gulf of Panamá 

relative to the Gulf of Chiriquí (Fig. I.1). The ecosystems are not only influenced 

by dynamic regional oceanography but are affected by climatic variability due to 

the El Niño–Southern Oscillation (ENSO).  
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Figure 1.1: Outline map of Panamá with the two gulfs of study labeled. 

Despite the high levels of climatic and oceanographic variability, and 

species composition varying, species diversities of most benthic taxa in the eastern 

tropical Pacific (ETP) do not differ from Caribbean reef environments (Chesher, 

1972; Jones & Hasson, 1985; Allmon et al., 1993, Glynn, 2004; Cortés et al., 

2017). Scleractinian corals (Glynn, 1972; Glynn & Ault, 2000; Toth et al., 2017) 

and benthic Foraminifera (Buzas & Culver, 1991; Collins 1999; Humphreys et al., 

2019) are notable exceptions: both taxa are approximately half as diverse in the 

ETP as they are in the Caribbean. These differences in diversity primarily reflect 

regional differences in oceanographic conditions (Cortés 1997; Buzas & Culver, 

1998; Manzello 2010; Toth et al., 2013, 2017).  
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OCEANOGRAPHIC AND CLIMATIC VARIABILITY OF REEF 

ECOSYSTEMS IN PACIFIC PANAMA 

 

Off the Pacific coast of Panamá, the Gulfs of Panamá and Chiriquí 

experience seasonal differences in oceanography due to wind-driven upwelling. 

During the dry season, from December to April, the Intertropical Convergence 

Zone (ITCZ) migrates south of the Isthmus of Panamá, strengthening the trade 

winds from the Caribbean over Central America (D’Croz & O’Dea, 2007; 

Alexander et al., 2012). These northeast trade winds form wind jets where the 

topography of the isthmus is low, driving strong upwelling in the Gulf of Panamá 

(D’Croz & O’Dea, 2007; Alexander et al., 2012). Upwelling in the Gulf of Panamá 

is associated with thermocline-shoaling, nutrient enrichment, and decreased pH 

from CO2 enrichment (Legeckis, 1988; Xie et al., 2005; D’Croz & O’Dea, 2007). 

The Gulf of Chiriquí does not experience the same degree of intense, wind-driven 

upwelling that occurs in the Gulf of Panamá; however, thermocline-shoaling does 

occur in the Gulf of Chiriquí during the dry season (D’Croz & O’Dea, 2007; Wyatt 

et al., 2019). During the non-upwelling, wet season from April to December, the 

two gulfs experience similar oceanographic conditions and stratification of their 

water columns (D’Croz & O’Dea, 2007).  

During the wet season, sea-surface temperatures (SSTs) in both gulfs range 

from 27.5 to 29 °C, and salinities range from 29.5 to 33.5 ppt (D’Croz & O’Dea, 
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2007). In the Gulf of Panamá, upwelling during the dry season (December–April) 

decreases SSTs to a monthly average of 18–24 °C. In situ measurements of 

temperature in both locations from 2016–2018 showed that daily SSTs fluctuated 

up to 8.2 °C in the Gulf of Panamá and 5.8 °C in the Gulf of Chiriquí from January 

to April (Randall et al., 2020). At the peak of upwelling (February–March), 

nutrients are enriched, with chlorophyll-a concentrations reaching a monthly 

average of up to 10 mg m-3 in the Gulf of Panamá, while remaining stable around 1 

mg m-3 on average in the Gulf of Chiriquí (Randall et al., 2020). Salinities in both 

gulfs increase to ~33 ppt during the dry season (Glynn & Maté, 1997). This regime 

of wind-gap upwelling has persisted in Pacific Panamá throughout the Holocene as 

shown by palaeoceanographic reconstructions (Martínez et al., 2006; Toth et al., 

2015 a, Toth et al., 2015b). Toth et al. (2015b) showed that the intensity of this 

upwelling varied significantly over the past 7000 years, with the strongest 

upwelling occurring around 4000 years ago but then had weakened to approximate 

modern conditions 2000 years.  

In addition to seasonal upwelling, reef environments of the ETP experience 

interannual to decadal-scale climatic variability because of ENSO events. During 

El Niño years in Pacific Panamá, SSTs increase and seasonal upwelling is reduced. 

By contrast, La Niña results in cooler SSTs, increased precipitation, and stronger 

upwelling in the ETP leading to increased nutrient inputs. The shallow reefs within 

both gulfs of Panamá, which are dominated by colonies of branching corals of the 

genus Pocillopora (Glynn & Maté, 1997; Glynn et al., 2017; Toth et al., 2017), 
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respond strongly to these ENSO events (Wang & Fielder, 2006; Toth et al., 2012; 

Reymond et al., 2016; Fieldler et al., 2017; Glynn, 2017; Glynn et al., 2017; 

Manzello et al., 2017). For example, during the 1982–1983 El Niño event, Glynn et 

al. (2001) documented 85% mortality of corals in the Gulf of Panamá and 75% 

mortality in the Gulf of Chiriquí. On a millennial scale, strong variability in ENSO 

apparently led to a 2,500-year hiatus in coral growth during the Holocene, about 

4,100 cal yr BP (calibrated calendar years before present, where ‘present’ is 1950; 

Toth et al., 2012). The environmental conditions that drove the shutdown and 

continued to suppress reef development are uncertain however, in part because 

there are limited samples available for coral-based climate reconstructions. 

Nevertheless, stronger La Niña events are thought to have caused the initial 

shutdown of reef accretion whereas enhanced variability in ENSO may have 

suppressed coral growth for over 2,000 years (Toth et al., 2015, Toth et al., 2017). 

Because ENSO events are known to affect foraminiferal composition in reef 

environments (Kelmo and Hallock, 2013; Humphreys et al., 2019), analyses of 

foraminiferal abundances could be used to investigate environmental variability at a 

fine resolution and in the absence of corals.  

 

 

TAXONOMY AND BIOLOGY OF BENTHIC FORAMINIFERA 

 

Antoine van Leuwenhoek and Carl von Linné first described the complexity 

of Foraminifera, initially classifying them as mollusks. Dujardin (1835) aided in the 



7 

 

classification by concluding that Foraminifera were unicellular. Most studies 

completed in the 19th century on Foraminifera did not focus on their biology but 

instead investigated their geology, with over 50,000 fossil species described 

(Pawlowski and Holzmann, 2008). Approximately 3,000–5,000 species of 

Foraminfera are estimated to be living today (Goldstein, 2002).  

Foraminifera are currently classified according to the mechanism by which 

they build their tests, which leads to differences in composition and morphology of 

the test (Sen Gupta, 2002). Foraminifera build their tests by adding chambers 

separated by partitions connected by a hole, or foramen. Most species of 

Foraminifera are multilocular, building their tests with multiple chambers. 

Multilocular species intermittently add a new chamber by forming a cyst made of 

sediment or other foreign material filled in with an organic lining, ultimately 

resulting in calcification of the chamber and the whole test (Goldstein, 2002). Some 

species are unilocular, building their test with a single chamber. During growth, the 

unilocular forms increase the size of their single chamber by adding material to the 

inner organic lining of the test (Goldstein and Barker, 1988).  

During the earliest Cambrian the first agglutinating foraminifera made 

their first appearance in the geologic record. These “primitive” forms  built their 

test of foreign particles held together by an organic cement. This organic cement 

may have been secreted by the foraminifer in cytoplasmic vacuoles as is the case 

with Recent agglutinating foraminifera. Yet, the capability to biomineralize 

calcite did not evolve until after another 60 million years when the fusulinids 
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developed their microgranular wall. Calcitic cemented agglutinates occur even 

later, at the base of the Carboniferous. The agglutinated species construct their 

tests by cementing particles from their environment, such as organic matter and 

sand grains, with proteins, iron oxide, or calcium carbonate. Although ubiquitous in 

marine environments, agglutinated foraminifers dominate in areas with reduced 

levels of calcium carbonate, where calcareous foraminifers are stressed (Murray, 

2006). The few agglutinated taxa that use a calcareous cement to form their tests, 

like those in the order Textulariida, are common in carbonate-saturated 

environments like open shelves and/or coral reefs.  

The other groups of Foraminifera secrete certain forms of calcite to build 

their test and are subdivided into three major groups: microgranular, porcelaneous, 

and hyaline. Microgranular-walled taxa secrete subspherical grains of low-

magnesium calcite that are equal in dimension. Porcelaneous species secrete 

imperforate tests made of rods of high-magnesium calcite randomly arranged into 

inner and outer surface layers, enclosing a thick middle layer of crystal laths that do 

not contain pores. The hyaline Foraminifera add a new lamella to the test when 

forming new chambers and have perforate shells comprised of interlocking crystals 

of low-magnesium calcite. Studies on the phylogeny of these taxa support their 

current distinction based on morphology, indicating that the porcelaneous taxa and 

the hyaline taxa diverged early in the evolutionary history of these lineages (Longet 

and Pawlowski, 2007). Lee (1990) elevated Foraminifera from Order to Class 

within the Phylum Sarcomastigophora, and currently 16 orders are recognized 



9 

 

(Loeblich and Tappan, 1992; Sen Gupta, 2002). All extant orders of Foraminifera 

are benthic except for one suborder of the Order Rotaliida: the Globigerinida. Some 

benthic Foraminifera, however, can have planktonic reproductive stages (Goldstein, 

2002).  

There are three dominant orders of benthic Foraminifera that produce 

calcite shells: Miliolida, Rotaliida, and Buliminida (Sen Gupta, 2002). Of the 

calcite-producing species, many use energy to exclude magnesium (Mg) ions 

during precipitation. Porcelaneous species in the Order Miliolida, however, 

precipitate their shells close to equilibrium with seawater, resulting in shells that 

contain as much as 130–150 ppm of Mg in shallow tropical waters (Mores and 

Mackenzie, 1990). Because tests containing more than 80 ppm of Mg are relatively 

soluble under reduced carbonate saturation, miliolids are good indicators of 

carbonate supersaturation and will be the most susceptible to ocean acidification 

(Hallock, 2000). The Rotaliida include some of the most stress-tolerant generalists, 

such as members of the genus Ammonia, which can survive in hypoxic or highly 

polluted habitats (Schafer, 2000). Rotaliids also comprise some of the most highly 

specialized species including those that host algal endosymbionts. Rotaliids thrive 

and produce vast volumes of carbonate sediments in oligotrophic environments that 

are sensitive to anthropogenic pollution (Hallock, 2003).  

Benthic foraminifers exhibit a variety of feeding strategies, including 

grazing, suspension feeding, deposit feeding, carnivory, parasitism, direct uptake of 

dissolved organic carbon, and symbiosis (Goldstein, 2002). Heterotrophic forms 
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feed on detritus, bacteria, algae, or a combination thereof. Species that live in 

muddy sediments, within and below the photic zone, can use their reticulopodia 

(individual pseudopodia that form complex, branched nets) to construct feeding 

cysts (Hofker, 1927; Nyholm, 1957; Goldstein and Corliss, 1994). In this process, 

the reticulopodia gather material including sediment, algal cells, bacteria, and 

organic detritus and partition the material into small bundles, which the foraminifer 

then ingests by phagotrophy from the terminal chamber (Goldstein and Corliss 

1994). In areas of high organic matter and decomposition, increased 

hypoxia/anoxia and sulfidic conditions limit the depth in the sediments to which 

Foraminifera can live (Alve, 1995; Sen Gupta, 2002). In oligotrophic 

environments, food availability is the dominant factor that limits the depth at which 

Foraminifera live (Hallock, 2003). 

Several families of Miliolida and Rotaliida have coevolved with marine 

algae, diversifying and morphologically specializing to the benefit of their 

symbiotic relationship. These symbiotic Foraminifera can increase greatly the 

amount of fixed carbon available to them compared with the purely heterotrophic 

organisms that share the same environment (Hallock, 2002; Lee, 2006). 

Foraminifers, especially those that host endosymbionts, are common in reef 

ecosystems including reef flats, lagoons, reef slopes, and oceanic banks (Murray, 

2006). As shown in Table 1, all genera in reef environments within the same order 

share the same feeding strategy (either heterotrophic or symbiont bearing), though 

the type of symbiont can differ among genera.  
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Members of the living families within the Order Miliolida have been 

documented to host a vast range of algal symbionts (Table 1; Lee, 2006). The 

superfamily Soritacea includes a clade of reef-dwelling, porcelaneous, benthic 

foraminifers that host dinoflagellate endosymbionts similar to the zooxanthellae 

found in scleractinian corals (Pochon et al., 2007). Members of this clade are most 

commonly found in the Indo-Pacific in reef-flat environments. A second clade 

hosts chlorophyte (green-algae) endosymbionts, whereas a third hosts rhodophytes 

(red algae). These species are abundant on seagrass, macroalgae, and reef rubble in 

western Atlantic and Caribbean reef flats and lagoons. The Alveolinidae, a separate 

family of milioline Foraminifera, host diatom endosymbionts. Miliolid diversity is 

high in reef ecosystems because their warm, saline waters are typically carbonate-

supersaturated, which promotes enhanced rates of precipitation of their high-Mg-

calcite, porcelaneous shells.  

Rotaliid families, including Amphisteginidae, Calcarinidae, Asterigerinidae, 

and Nummulitidae, predominantly host diatoms (Table 1; Lee, 2006). These 

rotaliid species are usually more dominant than the Miliolida in reef environments, 

yet their diversity is lower. Of the rotaliids, Amphistegina typically dominates 

foraminiferal assemblages in reef margins and slopes. In the Indo-Malay region, 

however, the Calcarinidae can be more abundant than Amphisteginidae 

(Hohenegger, 2006). The Asterigerinidae are relatively small and morphologically 

simple. By contrast, the Nummulitidae include individuals that are among the 

largest foraminifers documented. They have highly specialized internal structures 
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to accommodate symbionts, gather light, and aid in cytoplasmic exchange among 

the internal chambers and the environment (Hottinger, 2000, 2006).  
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Table 1.1 Overview of the phylogeny of the most common orders found in reef 

environments and their feeding strategies (Based on Hallock, 2003).    

Order Family Genera Feedi strategy 

Buliminida Reussellidae 

Bolivinidae 

Reussella 

Bolivina 

Heterotrophic 

Heterotrophic 

Trochamminida Trochamminidae Trochammina Heterotrophic 

Textulariida Lituolidae Ammobaculites Heterotrophic 

Rotaliida Nonionidae 

 

 

Planorbulinidae 

Elphididae 

 

Rosalinidae 

Rotaliidae 

Cibicididae 

Acervulinidae 

Discorbidea 

Amphisteginidae 

Asterigerinidae 

Nummilitidae 

Nonionoides 

Nonion 

Haynesina 

Planorbulina 

Cribroelphidium 

Elphidium 

Rosalina 

Ammonia 

Lobatula 

Discogypsina 

Discorbis 

Amphistegina 

Asterigerina 

Heterostegina 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Symbiotic: Diatom 

Symbiotic: Diatom 

Symbiotic: Diatom 

Miliolida Cornuspiridae 

Fischerinidae 

 

Hauerinidae 

 

 

 

 

 

Miliolidae 

Spiroloculinidae 

Tubinellidae 

Alveolinidae 

 

Peneroplidae 

 

Soritidae 

Cornuspira 

Vertebralina 

Wiesnerella 

Hauerina 

Miliolinella 

Pyrgo 

Quinqueloculina 

Schlumbergerina 

Triloculina 

Pseudohauerina 

Spiroloculina 

Articulina 

Borelis 

Alveolinella 

Laevipeneroplis 

Peneroplis 

Archais 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Heterotrophic 

Symbiotic: Diatom 

Symbiotic: Diatom 

Symbiotic: 

Rhodophyte 
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Most foraminifers are microscopic, but some species can grow to several 

centimeters in diameter, with the extinct Lepidocyclina elephatina being the largest 

ever reported at 14 cm (Grell, 1973). The algal-symbiont-bearing foraminifers are 

often referred to as larger benthic Foraminifera because many species attain large 

adult sizes, some exceeding 10 cm in diameter. Size is proportional to lifespan in 

Foraminifera, with small taxa living for days and larger taxa licing for years. 

Growth and calcification of substantial-sized shells over periods of months to years 

can only be sustained by relatively predictable environments in which juvenile and 

adult mortality are low and access to sunlight is predictable (Hallock, 1985).  

The life cycle in Foraminifera is more varied than any other group of 

protists, with other protist groups exhibiting binary fission, various forms of 

budding, and morphological dimorphism associated with their reproductive cycle 

(Goldstein, 2002). Benthic Foraminifera undergo alternation of generations 

(Goldstein, 2002). Foraminifera can have one or more asexual generations that 

typically reproduce by multiple fission, producing broods of tens to thousands of 

juveniles from the cytoplasm of the parent cell (Cushman, 1928). The young 

Cyclobiculina 

Broeckina 

Sorites 

Symbiotic: 

Rhodophyte 

Symbiotic: 

Chlorophyte 

Symbiotic: 

Chlorophyte 

Symbiotic: 

Chlorophyte 

Symbiotic: 

Dinoflagellate 
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produced by meiosis are haploid and grow to become uninucleate adults, producing 

gametes by mitosis (Le Calvez, 1946, 1950). Since meiosis can occur before 

asexual reproduction, the juveniles produced may be genetically distinct from the 

parent cell. Most species of Foraminifera also sexually reproduce by expelling 

biflagellated gametes directly into the water (Goldstein, 1997). Of the 30 species 

whose life cycles have been studied, most exhibit this general theme of alternation 

of generations. Some species exhibit obligatory alternation of generations, going 

through meiosis before multiple fission (Lee et al., 1991; Goldstein, 1997). Other 

species of Foraminifera show facultative alternation of generations, which includes 

asexual cycles that reproduce by multiple fission (Bradshaw, 1957; Schnitker, 

1974).  

 

 

FORAMINIFERA AS ENVIRONMENTAL INDICATORS 

 

Planktonic Foraminifera have proven to be invaluable assets to 

paleoceanographical and paleoclimatological research (Murray, 1991; Verhallen, 

1991; Schlesinger, 1991; Gooday, 2003) because isotopic analysis of foraminiferal 

tests can provide reliable reconstructions of paleotemperature (Naqvi et al., 1994; 

Waelbroeck et al., 2002, Groeneveld et al., 2019). The elemental ratio of 

magnesium to calcium in tests of benthic Foraminifera has been used successfully 

as a proxy for ocean temperature (Rosenthal et al., 1997; Lear et al., 2000; Billups 

and Schrag, 2002; Martin et al., 2002; Elderfield et al., 2000). Trace amounts of 
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magnesium are substituted for calcium in foraminiferal calcite during construction 

of the test, and Mg/Ca increases with increasing temperature. In addition, studies 

have recognized correlations between shell type, depth, and salinity, allowing the 

structure and morphogroup distribution of assemblages of benthic Foraminifera to 

be used to infer paleoenvironments and sediment types (Murray, 2006; Willard and 

Cronin, 2007). Paleoecological data from foraminiferal tests provide valuable 

historical perspectives to ecologists and restoration planners (Alve, 1991; Gooday, 

2003; Willard and Cronin, 2007). 

Foraminifera have also been used as environmental bioindicators of 

contemporary water quality (Havach and Collins, 1997; Ishman et al., 1997; 

Thomas et al., 2000; Gibson et al., 2000; Karlsen et al., 2000; Hallock, 2003; 

Kelmo and Hallock, 2013; Alves Martins et al., 2015 a, b). They are an effective 

tool because of their pervasive distributions, high abundances, short generation 

times, reliable fossil record, and sensitivity to certain environmental factors (Buzas 

et al., 1970; Schönfeld et al., 2012). Researchers have used the assemblage 

structure of Foraminifera to develop indices for evaluating ecosystem conditions 

(Sen Gupta et al., 1996; Hallock et al., 2003; Bouchet, 2012), which resource 

managers can then use to evaluate restoration efforts.  

Coral reefs thrive in oligotrophic waters, where mixotrophic nutrition is 

advantageous (Birkeland 1977, 1988; Hallock and Schalger, 1986). Slightly higher 

nutrient flux promotes phytoplankton blooms in the water column, limiting light 

penetration to the benthos. Light attenuation promotes the dominance of the 
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benthos by heterotrophic suspension-feeding animals, such as sponges and 

ascidians, and of detritus-feeding echinoderms and crustaceans that do not directly 

require sunlight for survival. Benthic foraminiferal assemblages respond similarly 

to nutrient flux (Hallock, 1987, 1988). In very-low-nutrient marine environments, 

including many coral reef systems, large benthic Foraminifera that host symbionts 

completely dominate the sand-sized sediments (e.g., McKee et al., 1956; Hallock, 

1981a). As nutrient supplies increase, bioeroded coral fragments, calcareous algae, 

molluscan debris, and smaller herbivorous and detritivorous foraminifers become 

more common as sedimentary constituents (Hirschfield et al., 1968; Hallock, 1988; 

Cockey et al., 1996). When the environment becomes unsuitable for the survival of 

symbiotic foraminifers, their dead tests become rare in the sediments, and remnants 

become increasingly corroded (e.g., Cottey and Hallock, 1988). These changes 

occur with high nutrient loading that does not result in a measurable increase in 

dissolved nutrients in the water column because the planktic and benthic 

communities can incorporate and utilize all available nutrients (e.g., Laws and 

Redalje, 1979). True eutrophication results in further changes in benthic-

community structure, including domination by stress-tolerant taxa that can survive 

episodic anoxia (e.g., Alve, 1995).  

On coral reefs that are subject to significant nutrient loading, populations of 

smaller heterotrophic foraminifers proliferate, and their shell numbers overwhelm 

those of symbiotic large benthic Foraminifera (Hirshfield et al., 1968; Cockey et 

al., 1996). It is becoming increasingly important to have indicators of conditions of 
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water quality that will support reef development, especially with the increase of 

multiple stressors that are causing coral mortality. Populations of large benthic 

Foraminifera are immune to coral-specific diseases and recover much more quickly 

from physical impacts than long-lived coral populations. Therefore, large benthic 

Foraminifera can serve as sensitive indicators of water-quality conditions that 

support reef development. Reef-building corals and large benthic Foraminifera 

share physiological traits as both groups depend on algal symbionts to enhance 

growth and calcification (e.g., Lee and Anderson, 1991). Physiological studies of 

corals (Falkowski et al., 1993; Steven and Broadbent, 1997) and large benthic 

Foraminifera (Lee, 1998) demonstrated that fixed-nitrogen limitation is crucial to 

maintaining the host-symbiont relationship.  

The Foraminifera in Reef Assessment and Monitoring Index (“FORAM” 

Index or FI; Hallock, 2003) applies observations from the 1970s suggesting that 

healthy coral reefs had abundant mixotrophic foraminifers (McKee et al., Hallock 

1981a, 1988). Specifically, the FORAM Index is used to determine whether water 

quality in the environment is adequate to support coral-reef growth or recovery and 

is calculated as the proportion of symbiont-bearing taxa to heterotrophic and stress-

tolerant taxa that can tolerate intermittent hypoxia. The FORAM Index is based on 

observations that symbiont-bearing foraminifers and zooxanthellate, reef-building 

corals require similar water quality (Hallock, 1996, 2003). Foraminiferal 

assemblages in sediment samples from the northwest Atlantic and Caribbean areas 

were originally used to create the FORAM Index, so it cannot be assumed to be 
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appropriate in other biogeographic regions. However, many studies have 

successfully implemented the FORAM Index in marginal and non-reefal 

environments in the subtropical north- and southwestern Atlantic, Mediterranean, 

and Indo-Pacific to show diminishing water quality in those areas (e.g., Barbosa et 

al., 2009, Dimiza et al., 2016). Though the FORAM Index has proved useful in reef 

environments outside of the Caribbean and the northwest Atlantic, it would not be 

practical to use in this study. Both the Gulfs of Panamá and Chiriquí exhibit 

seasonal upwelling and are therefore subject to higher productivity than most 

oligotrophic reef environments. Heterotrophs dominate in both gulfs due to the 

relatively high nutrient loads. For this reason, both gulfs inherently show low, but 

subtly different, FORAM Index numbers even though reefs persist in these 

conditions.  

The relationship of foraminiferal assemblage composition to productivity 

has been examined in upwelling zones (e.g., Lutze and Coulbourn, 1984; Altenbach 

and Sarnthein, 1989) and inferred from the geologic record (e.g., Van der Zwaan, 

1982; Woodruff, 1985; Loubere and Banonis, 1987). These studies show that the 

composition of benthic foraminiferal assemblages correlates with sedimentary 

organic-carbon content. In fact, nutrient increases led to the rapid rebound of 

heterotrophic taxa in Bahía, Brazil following the strong La Niña from 1999–2000 

(Kelmo & Hallock, 2013).  

Changes in sea level also influence shifts in foraminiferal assemblages. A 

recent study completed by Johnson et al. (2019) determined that benthic 
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foraminiferal assemblages responded to effects caused by reef-shallowing to keep 

up with sea level, including changes in hydrodynamic energy, light availability, and 

the carbonate content of reef-matrix sediments. This study showed the 

foraminiferal composition of nearshore reef communities were resistant to change, 

even as anthropogenic pollution and runoff continued to diminish water quality.  

 

 

RESEARCH GOALS 

 

For this research, I sought to identify how climatic and oceanographic 

variability controlled coral-reef ecosystem development in the Pacific Panamá. I 

collected samples of contemporary sediments, and sought to characterize their 

foraminiferal composition to determine whether environmental drivers led to 

differences in foraminiferal assemblages between gulfs. I then used paleoecological 

analyses of foraminiferal assemblages combined with records from cores of coral-

reef frameworks to analyze the conditions that led to the cessation and recovery of 

reef development in Pacific Panamá after ~4100 cal yr BP. I address the following 

research goals through this study. 

1. In Chapter 2, I explore differences in contemporary foraminiferal 

assemblages between the Gulfs of Panamá and Chiriquí, and I 

determine that there is not only a difference in assemblages, but that 

the difference reflects differences in mesoscale oceanography. 
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2. In Chapter 3, I investigate whether foraminiferal composition 

changed in reef frameworks throughout the Holocene and conclude 

that there were significant shifts in heterotrophs and symbiotic taxa 

through time.  

3. In Chapter 4, I seek to determine whether the geochemistry of 

foraminiferal tests relates to environmental variability, specifically 

temperature, and whether geochemical proxies show significant 

changes in temperature leading up to the hiatus in coral-reef growth 

and/or reef recovery following the hiatus. 

By answering these questions, I determined that regional oceanography led to 

heterotrophic dominance in both gulfs, yet the Gulf of Chiriquí was characterized 

by greater symbiont density than the Gulf of Panamá because of weaker seasonal 

upwelling. I also found that Mg/Ca was highly variable in Contadora during the 

hiatus in reef growth, potentially due to increased variability in ENSO.  
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Chapter 2:  Surface characterization of 

foraminiferal species composition 

 

INTRODUCTION 

 

Coral-reef ecosystems of the eastern tropical Pacific (ETP) are subject to 

some of the most stressful environmental conditions experienced by reef systems 

across the tropics (Cortés, 1997; Glynn & Ault, 2000). Reefs of the ETP are 

centered at the convergence of equatorial currents and countercurrents, experience 

varying levels of seasonal, wind-driven upwelling, and are strongly influenced by 

the El Niño-Southern Oscillation (ENSO; Wang & Fiedler, 2006; Reymond et al., 

2016; Fiedler & Lavin, 2017; Glynn, 2017; Glynn et al., 2017; Manzello et al., 

2017; Wang et al., 2016). As a result, temperature, salinity, and nutrient levels are 

highly variable in these environments (Fiedler 1992, 2002). For these reasons, the 

marginal marine environments of the eastern tropical Pacific (ETP) serve as an 

ideal natural laboratory to study how oceanographic and climatic variability 

influence coral-reef ecosystems.  

Foraminifera are effective bioindicators of water quality in the tropics, as 

elsewhere (Cockey et al., 1996, Havach & Collins, 1997; Hallock, 2000; Hallock et 

al., 2003, Martínez-Colón et al., 2009; Parker and Gischler, 2011; Kelmo & 

Hallock, 2013; Fajemila et al., 2015). Hallock et al. (2003) categorized 

foraminiferal genera into three functional groups: phototrophic, symbiont-bearing 
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taxa (hereafter referred to as symbiotic); stress-tolerant, heterotrophic taxa 

(hereafter referred to as tolerant); and other heterotrophic taxa (hereafter referred to 

as heterotrophic). As discussed in Chapter 1, the relative abundances of these three 

functional groups can be used to calculate the FORAM Index, which was 

developed to indicate whether or not an area should be expected to support reef 

growth: assemblages tend to shift from dominance of larger, symbiont-bearing taxa 

to smaller, faster-growing heterotrophs as nutrient levels increase (Hallock, 2000; 

Hallock et al., 2003). 

In this study, I characterized the contemporary foraminiferal assemblages in 

shallow-reef environments off the Pacific coast of Panamá, both taxonomically and 

in terms of functional groups. This baseline information will help us to interpret 

variability in foraminiferal assemblages in the subfossil record and project the 

future of environments supporting coral reefs under ongoing climate change, 

nutrient enrichment, and ocean acidification. My goal was to determine the imprint 

of regional oceanography on assemblage structure. I also evaluated how the 

elemental composition—the ratio of magnesium to calcium (Mg/Ca)—of a large, 

symbiont-bearing foraminifer, Sorites marginalis, varied in response to differences 

in water temperature between gulfs. I address the following research questions and 

hypotheses: 

1. Does contemporary foraminiferal composition differ between the 

two gulfs, and if so is that a reflection of differences in mesoscale 

oceanography? 
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- H1: Genera that are more characteristic of coral-reef 

environments (symbiont-bearing foraminifers) are dominant in 

the Gulf of Chiriquí whereas heterotrophs dominate in the Gulf 

of Panamá due to increased nutrients and oceanographic 

variability there.  

2. Do the Mg/Ca ratios of contemporary foraminiferal tests relate to 

differences in mean annual SSTs between the two gulfs? 

- H2: Because the incorporation of Mg as an impurity to calcite 

occurs at higher temperatures, Mg/Ca ratios from foraminifers 

within the Gulf of Chiriquí are higher than those from specimens 

from the Gulf of Panamá because the mean annual SSTs are 

lower in the Gulf of Panamá as a result of seasonal upwelling.  

 

 

METHODS 

 

SAMPLING PROCEDURES 

Reefs off the coasts of three islands in each of Panamás gulfs were chosen 

as collection sites for this study (Fig. 2.1): Pedro González, Saboga, and Contadora 

in the Gulf of Panamá; and Coiba, Uva, and Canales de Tierra in the Gulf of 

Chiriquí.  
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Figure 2.1 Locations of sampling sites in the Gulf of Panamá and the Gulf 

of Chiriquí. 

To examine seasonal differences in temperature between the two gulfs, 

multi-year temperature records were collected on the shallow reef slopes at 3 m 

below mean sea level at each site using Seabird Electronics SBE56 temperature 

recorders (0.002 °C accuracy, 0.0001 °C resolution, <10 sec response time) 

mounted just above the reef surface on reinforcing rods driven into the substrate. 

Instruments were programmed to sample at 2-min intervals during deployment 
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durations of ~6–12 months, with instruments changed out at those intervals to 

achieve near-continuous temperature records from December 2015 to March 2019.  

Samples of surface sediment were taken in March 2019, during an ENSO-

neutral year. The ETP experienced a strong El Niño event from the summer of 

2015 through the spring of 2016. The El Niño gave way to more neutral conditions 

late in 2016 and La Niña conditions in late 2017 to early 2018 

(https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino3/). These samples, 

therefore, were collected 2–3 years after as strong El Niño event and one year after 

a La Niña event. 

At each of the three sites within each gulf, five sediment samples were 

collected within stands of Pocillopora spp. at locations at least 5 m apart (n=30 

total samples). The samples were collected at a depth of ~3 m relative to mean sea 

level using SCUBA. Sediment samples were scooped and placed in plastic bags to 

a volume of 10–20 cm3. The samples were processed following the procedures 

described by Hallock et al. (2003). Half the sediment from each sample was 

washed with fresh water over a 63-µm mesh sieve to remove silt and clay, and then 

dried on filter paper at ~40 °C overnight. Subsamples were weighed to the nearest 

mg (typically 200–500 mg) and examined for foraminiferal tests under a 

stereomicroscope. The sediment samples were comprised mainly of carbonate sand, 

with little silt and clay, so the mud fraction was not included in this study. All of 

the identifiable foraminifers from each subsample were picked, transferred to 

micropaleontological slides, identified to the genus-level, and counted. If fewer 

https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino3/
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than 250–300 foraminifers were found in the subsample, the process was repeated 

for additional subsamples until at least 250–300 individuals or the whole subsample 

were picked. The total weight in grams of the sand-sized sediment that was picked 

was recorded and used to calculate foraminiferal densities.  

 

MG/CA ANALYSIS 

I used symbiont-bearing miliolids, Sorites marginalis, for Mg/Ca analysis 

because of their abundance and relatively large size. Sorites marginalis construct 

its tests of high-Mg calcite (van Dijk et al., 2017). Very few studies have 

investigated the Mg/Ca-temperature relationship in shallow-benthic Foraminifera 

with high-Mg calcite, and the temperature sensitivity of S. marginalis is presently 

unknown. However, a culture study showed a temperature sensitivity of 1.7% °C-1 

in another high-Mg-calcite, shallow-benthic species, Operculina ammonoides 

(Evans et al., 2015). I applied the Mg/Ca relationship for O. ammonoides to the 

Mg/Ca data for S. marginalis to determine whether variability in the ratio in the 

latter species provided a reasonable estimate of the temperature difference between 

the Gulfs of Chiriquí and Panamá.  

For this analysis, 10–20 individuals of S. marginalis were picked from each 

sediment sample. The tests were lightly crushed and cleaned using a modified 

procedure from Barker et al. (2003), which involved a clay-removal step (using 

MilliQ water and methanol rinses), an oxidation step to remove organic material, 

and a weak acid-leach to remove any adsorbed contaminants. Cleaned samples 

were dissolved in 2% HNO3 to achieve a target concentration of 20 ppm Ca. 
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Samples were analyzed for Mg/Ca using a PerkinElmer 7300 DV Inductively 

Coupled Plasma-Optical Emission Spectrometer (ICP-OES) at the United States 

Geological Survey’s Coastal and Marine Science Center in St. Petersburg, FL, 

USA. The Mg/Ca ratios were corrected for instrumental drift and noise using the 

internal gravimetric standard (IGS) method developed by Schrag (1999). The mean 

corrected IGS precision for Mg/Ca was 0.033 mmol/mol (1, n = 223). Three 

samples were analyzed for Mg/Ca concentrations from each of the six sites; 

however, only the samples that had concentrations of Ca within the QA/QC range 

of 10–30 ppm Ca were used for statistical analyses. Only one sample from Canales 

qualified, whereas two samples from each of the other sites were within range and 

could be used.  

 

STATISTICAL ANALYSES 

I calculated 30-day running means of the in situ temperatures from each 

site from January 2016 to March 2019. The data were plotted for each gulf to 

highlight the differences between gulfs in seasonal temperature variability. A 

nested analysis of variance (ANOVA), in which sites were nested within gulfs, was 

used to determine if the Mg/Ca ratios of S. marginalis tests were significantly 

different among sites and/or between gulfs.  

Raw counts of foraminiferal genera were recorded, and their densities in 

individuals per gram (ind/g) of picked sediment were calculated. The genera were 

categorized into the three functional groups of Hallock et al. (2003): symbiotic, 

tolerant, and heterotrophic. A nested ANOVA was used to examine differences in 



29 

 

total foraminiferal density and, separately, the densities of the dominant 

foraminiferal orders—Miliolida and Rotaliida—between gulfs and among sites, 

with sites nested within gulfs. After square-root transformation, the data met the 

assumptions of normality and homogeneity of variances required for the ANOVA. 

The ANOVAs were calculated using the “aov” function in the R statistical package 

(Chambers et al., 1992). 

Analysis of Similarity (ANOSIM) was used to evaluate the variability of 

foraminiferal assemblages between gulfs based on the densities of functional 

groups and, separately, based on the densities of all taxa. The ANOSIMs used 

square-root-transformed Bray-Curtis dissimilarities, and sites were nested within 

gulfs. The genera that contributed the most to the differences between gulfs were 

identified using Similarity Percentage (SIMPER) analysis. The ANOSIMs and the 

SIMPER analysis were calculated using Primer v.7 (PRIMER-e 2017, Quest 

Research Ltd., Auckland, New Zealand). 

The functional-group composition of the two gulfs was also compared using 

the FoRAM Index, FI, which was calculated using the following equation:  

FI = (10*Ps) + (Pt) + (2*Ph)      (1) 

where Ps is the proportion of symbiotic species, Pt is the proportion of 

tolerant species, and Ph is the proportion of heterotrophic genera. Based on the 

thresholds proposed by Hallock et al. (2003) for Caribbean reef sediments, 

foraminiferal assemblages composed of at least 25–30% symbiotic foraminiferal 

specimens and no more than 75% heterotrophic taxa have FI ≥ 4, suggesting that 
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water quality is suitable for reef growth. The FI values between 2 and 4 suggest 

that environmental conditions are marginal for reef growth and may be unsuitable 

for reef recovery following disturbances. An FI ≤ 2 characterizes environments 

where stress-tolerant taxa are common and conditions are generally unsuitable for 

reef growth (Hallock et al., 2003). For descriptive purposes, I averaged the FI over 

all samples from all sites within each gulf. 

 

 

RESULTS 

 

IN SITU TEMPERATURE MEASUREMENTS 

 

Figure 2.2 Plot showing 30-day running-means of temperatures, measured by in 

situ data loggers placed within the reef sites at 3 m depth ‘Pedro’ refers to Pedro 

González Island and ‘Canales’ refers to Canales de Tierra Island. 
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Averaged over sites within gulfs, the mean temperature calculated from the 

in situ data loggers during the period February 2016–March 2019 was 26.9 °C ± 

0.38 SE in the Gulf of Panamá and 28.8 °C ± 0.08 SE in the Gulf of Chiriquí. Plots 

of the 30-day running means show greater temperature variability in the Gulf of 

Panamá than in the Gulf of Chiriquí due to seasonal upwelling (Fig. 2.2). The 

minimum mean temperature in the Gulf of Panamá was 21.6 °C ± 1.8 SE during the 

upwelling season, whereas the minimum mean temperature in the Gulf of Chiriquí 

was 27.5 °C ± 0.24 SE. 

 

FORAMINIFERAL ASSEMBLAGES 

 

Table 2.1 Taxonomy and functional groups of Foraminifera in samples from 

Pacific Panamá. 

Order Family Genus Functional Group 

Buliminida Bolivinidae Bolivina Tolerant 

 Reussellidae Reussella Heterotrophic 

Miliolida Alveolinidae Borelis Symbiotic 

 Hauerinidae Quinqueloculina Heterotrophic 

  Triloculina Heterotrophic 

  Miliolinella Heterotrophic 

 Miliolidae Pseudohauerina Heterotrophic 

 Peneroplidae Peneroplis Symbiotic 

 Soritidae Sorites Symbiotic 

 Spiroloculinidae Spiroloculina Heterotrophic 

 Tubinellidae Articulina Heterotrophic 

Rotaliida Amphisteginidae Amphistegina Symbiotic 

 Elphidiidae Elphidium Tolerant 

 Nonionidae Haynesina Tolerant 

  Nonionella Heterotrophic 



32 

 

 Planorbulinidae Planorbulina Heterotrophic 

 
 Cymbaloporetta Heterotrophic 

 Rosalinidae Rosalina Heterotrophic 

  Neoconorbina Heterotrophic 

 Uvigerininae Uvigerina Heterotrophic 

Textulariida Textulariidae Textularia Heterotrophic 
 

A total of 21 genera of Foraminifera were identified in the sediment 

samples from both gulfs (Table 2.1). A nested ANOVA, with sites nested within 

gulfs, showed that the mean density of foraminiferal tests per gram of sediment was 

not significantly different between gulfs (F1, 4 = 16.94, p=0.195); however, there 

were significant differences among sites (F4, 26 = 2.41, p=0.003; Fig. 2.3). An a 

posteriori Tukey honestly significant difference (HSD) test showed that the mean 

density at Contadora (Gulf of Panamá) was significantly lower than at Saboga 

(Gulf of Panamá; p=0.039), Uva (Gulf of Chiriquí; p=0.004), and Canales de Tierra 

(Gulf of Chiriquí; p=0.001). The other pairwise differences between sites were not 

significant.  

 

Functional Groups  

Symbiotic foraminifers were represented by four genera (Table 2.1), 

comprising 3.3% of the foraminiferal composition in the Gulf of Panamá and 

17.6% in the Gulf of Chiriquí. Tolerant taxa were represented by three genera, 
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amounting to 8.1% and 7.2% of the foraminiferal composition in the Gulf of 

Panamá and the Gulf of Chiriquí, respectively.  

 

Figure 2.3 Mean densities of symbiotic, tolerant, and heterotrophic Foraminifera at 

each site. Error bars represent standard errors. 

Thirteen genera comprised the dominant functional group, heterotrophs, accounting 

for 88.6% of the foraminiferal composition in the Gulf of Panamá and 75.2% in the 

Gulf of Chiriquí. The densities of these functional groups are shown for each gulf 

in Figure 2.3.  

A nested ANOSIM on the densities of the functional groups showed a large 

degree of separation between gulfs, but this result was not significant (ANOSIM: 

R=0.85, p=0.1), likely due to low sample size. Nevertheless, a bivariate plot of 

symbiotic against heterotrophic taxa (the latter including tolerant genera) shows 
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that, although foraminiferal assemblages in both gulfs were dominated by 

heterotrophs, the sites in the Gulf of Chiriquí were characterized by relatively 

higher densities of symbionts (Fig. 2.4). 

 

Figure 2.4 Bivariate plot of the densities of symbionts against the summed densities 
of heterotrophs and stress-tolerant heterotrophs. Solid shapes represent samples 
from the Gulf of Chiriquí, and open shapes represent samples from the Gulf of 
Panamá. 

There was a significant difference in assemblages at the site-level 

(p=0.001), but the degree of separation was relatively low (R=0.28). The SIMPER 

analysis suggested that the gulfs were 19% dissimilar based on functional groups, 

with symbiont-bearing genera contributing most (10%) to the dissimilarity between 

the two gulfs. 
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Averaged across samples and sites, the mean FORAM Index for the Gulf 

of Panamá was 2.2 ± 0.05 SE (n=15) and the mean FORAM Index for the Gulf of 

Chiriquí was FORAM Index of 3.3 ± 0.12 SE (n=15). In both gulfs, therefore, the 

mean FORAM Index suggests that environmental conditions were marginal for reef 

growth, reflecting elevated nutrient levels compared with other tropical-reef 

environments such as those common in the Caribbean. The preponderance of 

heterotrophic taxa in both gulfs is consistent with some degree of upwelling in the 

Gulf of Chiriquí, as well as strong upwelling in the Gulf of Panamá.  

Foraminiferal Taxa 

 

Figure 2.5 Mean densities of the two most abundant orders (Miliolida and 

Rotaliida) of Foraminifera in each gulf. Error bars represent standard errors. The 

asterisk indicates that the difference between gulfs is statistically significant for the 

Miliolida (p=0.007).  
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The Miliolida and Rotaliida were the two dominant orders represented in 

the samples, with the heterotrophs Quinqueloculina and Rosalina being the most 

abundant genera in the respective orders. These genera comprised >80% of the 

foraminiferal tests in the Gulf of Panamá and >60% of those in the Gulf of 

Chiriquí. Nested ANOVAs showed that the density of miliolids was significantly 

lower on average in the Gulf of Panamá than in the Gulf of Chiriquí (F1, 4 = 69.6, 

p=0.007; mean densities were 18.8 ind/g ± 1.6 SE and 50.3 ± 9.6 SE, respectively), 

but rotaliid densities were not significantly different between the two gulfs (F1, 4 = 

0.018, p=0.9; densities were 55.1 ind/g ± 3.6 SE and 53.6 ± 13.5 SE; Fig. 2.5).  

A nested ANOSIM did not show significant differences in generic 

composition between gulfs (ANOSIM: R=0.85, p=0.1) or sites (ANOSIM: 

R=0.004, p=0.5), likely because of the low sample size. The high R value when 

comparing gulfs suggests that there is a great degree of separation between the 

foraminiferal abundances in each gulf. The mean dissimilarity of foraminiferal 

assemblages between the two gulfs was 35% based on SIMPER analysis.  
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Figure 2.6 Mean foraminiferal densities of the eight genera that contributed ~70% 

of the dissimilarity between gulfs, based on SIMPER analysis. Error bars represent 

standard errors. Genera are coded by order (M, Miliolida; R, Rotaliida) and 

magnesium content of the shell (H, high-magnesium calcite; L, low-magnesium 

calcite).  

Eight genera contributed ~70% to that difference (Fig. 2.6): Sorites, 

Quinqueloculina, Peneroplis, Rosalina, Haynesina, Planorbulina, Cymbaloporetta, 

and Amphistegina (listed in descending order of their contributions to mean 

dissimilarity). Of these, three were symbiont-bearing (Sorites, Peneroplis, and 

Amphistegina), and the rest were heterotrophic. Sorites marginalis, which was 

more abundant in the Gulf of Chiriquí, contributed 14% to the dissimilarity, the 

largest contribution of all the genera. The two most abundant genera, 

Quinqueloculina and Rosalina, contributed 8.1% and 7.3% to the dissimilarity, 
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respectively. Quinqueloculina was more abundant in the Gulf of Chiriquí (nested 

ANOVA, p=0.030), whereas there was no significant difference between gulfs in 

the density of Rosalina (p=0.353). 

 

MAGNESIUM/CALCIUM ANALYSIS 

 

 

Figure 2.7 Plot showing mean Mg/Ca ratios of Sorites marginalis tests from each 
gulf. Error bars represent standard errors. Filled in circle represents Gulf of Panamá 
whereas open circle represents Gulf of Chiriquí. Shaded box represents the range of 
Mg/Ca measurements published for S. marginalis in culture, 143–148 mmol/mol at 
25 ºC (van Dijk et al., 2017).  

A nested ANOVA of the mean Mg/Ca ratios of S. marginalis tests from 

each site showed that Mg/Ca ratios were significantly lower in the Gulf of Panamá 

than in the Gulf of Chiriquí (F1,4=27.07, p<0.001; Fig. 2.8), but there was no 

significant difference among sites (F1,26=2.53, p=0.13). The mean Mg/Ca 
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concentration for S. marginalis in the Gulf of Panamá was 131.9 mmol/mol ± 2.10 

SE versus 145.2 ± 2.30 SE in the Gulf of Chiriquí (Fig. 2.7).  

 

 

DISCUSSION 

 

The contemporary assemblages of benthic Foraminifera in both gulfs of 

Pacific Panamá were dominated by heterotrophic genera, but the Gulf of Chiriquí 

was characterized by higher densities of symbiotic genera. The Gulf of Panamá is 

seasonally cooler, more acidic, and more nutrient-rich than the Gulf of Chiriquí as a 

result of wind-driven upwelling during the dry season (D’Croz & O’Dea, 2007; 

Manzello et al., 2008; Randall et al., 2019). Although rates of carbonate production 

do not differ between the two gulfs, Reijmer et al. (2012) suggested that the taxa 

responsible for producing sediments reflect the difference in upwelling intensity. 

Seasonally nutrient-enriched conditions in the Gulf of Panamá result in 

heterotrophic sedimentary assemblages characterized by balanids, echinoderms, 

and mollusks, whereas the sediments in the Gulf of Chiriquí are characterized by 

phototrophic assemblages dominated by corals and rhodoliths. The depositional 

environments of both gulfs, however, suggested mesotrophic to eutrophic 

conditions rather than purely tropical or purely cool-water environments (Reijmer 

et al., 2012). The dominance of heterotrophic Foraminifera in this study reflects 

these mesotrophic conditions, yet symbiotic taxa were more characteristic of 

assemblages in the Gulf of Chiriquí (Figs. 2.3 and 2.4). Heterotrophic dominance 
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reflects the fact that both systems are nutrient-enriched compared with more 

typical, oligotrophic, coral-reef environments (Halfar and Ingle, 2003; Wang & 

Fiedler, 2006; Klicpera et al., 2015; Reymond et al., 2016). Heterotrophs respond 

positively to increased nutrient levels as long as there is sufficient oxygen available 

(Hallock et al., 2003).  

Both miliolids and rotaliids are calcareous, but they differ in their 

calcification pathways. Miliolids precipitate calcite intracellularly, and their tests 

have high magnesium-to-calcium (Mg/Ca) ratios of 100–150 mmol/mol (Fig. 2.8; 

Bentov & Erez, 2006; van Dijk et al., 2017). The porcelaneous tests of miliolids are 

opaque with no perforations. In contrast, most rotaliids precipitate calcite 

extracellularly and have Mg/Ca ratios of only ~1–30 mmol/mol: they are composed 

of low-Mg calcite (Toyofuku et al., 2000; van Dijk et al., 2017). The hyaline tests 

of rotaliids are clear or translucent with small pores. Mesoscale differences in pH 

might explain the lower densities of miliolids in the Gulf of Panamá. 

Strong upwelling in the Gulf of Panamá increases the concentration of CO2 

in shallow waters, lowering the pH (D’Croz & O’Dea, 2007, Manzello et al., 2008). 

A recent culturing experiment suggests that some miliolids, including S. 

marginalis, can continue to calcify under elevated pCO2 levels as high as 1200 ppm 

(van Dijk et al., 2017); however, magnesium increases carbonate solubility (Knorr 

et al., 2015), and fewer (high-Mg-calcite) miliolids in the Gulf of Panamá could 

have resulted from an increased cost of calcification (Bentov & Erez, 2006). In fact, 

Manzello et al. (2008) reported lower cementation percentages and higher 
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bioerosion rates for reefs in the Gulf of Panamá compared with the Gulf of 

Chiriquí. Miliolids contributed ~26% of the mean foraminiferal density in the Gulf 

of Panamá, compared with 48% in the Gulf of Chiriquí, consistent with the idea of 

an environmental bias against Foraminifera with high-Mg-calcite tests.  

The contribution of miliolids in the Gulf of Panamá was similar to that in 

the southern Galápagos, an upwelling zone also dominated by heterotrophic 

species, where the overall contribution of miliolids was on average 20% 

(Humphreys et al., 2019). Upwelling strength in the Gulf of Panamá has varied 

considerably in the past and appears to have affected reef growth (Toth et al., 2012, 

2015b). I expect that miliolids would have been less abundant during times of 

strong upwelling. It should be noted, however, that the abundances of almost all 

genera recorded in this study were lower in the Gulf of Panamá compared with the 

Gulf of Chiriquí, including all but one genus—Rosalina—that secrete low-Mg-

calcite tests. In fact, of the 8 genera that contributed most to the dissimilarity 

between the two gulfs none had a significantly higher density in the Gulf of 

Panamá (Fig. 2.6). Differences in pH between the gulfs may, therefore, not be the 

only reason for differences in the densities of particular taxa.  

The geochemistry of the tests of benthic Foraminifera is known to track 

thermal variability (e.g., Lea et al., 2000; Billups and Schrag, 2002, 2003; Lear et 

al., 2003; Martin et al., 2002; Marchitto and deMenocal, 2003; Skinner et al., 

2003). Although no studies have directly evaluated the Mg/Ca-temperature 

relationship in S. marginalis, the preliminary data suggest that this proxy has 
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promise in Pacific Panamá. During times of seasonal upwelling, mean temperatures 

in the Gulf of Panamá were lower than in the Gulf of Chiriquí during this study, 

and that difference was apparently reflected in the Mg/Ca ratios of the tests of 

Sorites marginalis (Figs. 2.2, 2.7). Lower Mg/Ca ratios in S. marginalis in the Gulf 

of Panamá were associated with cooler mean temperatures compared with the Gulf 

of Chiriquí.  

Other species of shallow-benthic Foraminifera exhibit robust relationships 

between Mg/Ca and calcification temperature (Raitzsch et al. 2010; Toyofuku et 

al., 2010; Evans et al., 2015; de Nooijer et al., 2017). Evans et al. (2015) developed 

a linear calibration between Mg/Ca and temperature for the benthic foraminifer 

Operculina ammonoides. That study found a temperature sensitivity of 1.7 % °C-1 

and a linear relationship between Mg/Ca and temperature (T) as follows:  

Mg/Ca = 2.55 (± 0.39) × T + 81.7 (± 9.0)  (2) 

Operculina ammonoides is a symbiotic, shallow-dwelling, large, benthic species 

like S. marginalis, but it is in the order Rotaliida rather than Miliolida. At a 

constant 25 °C, van Dijk et al. (2017) determined a mean Mg/Ca ratio of 144 

mmol/mol for S. marginalis, which is within error of the mean Mg/Ca (145.2 ± 

2.30) from the Gulf of Chiriquí (Fig. 2.8) and calibrates to their culture temperature 

of 25 °C using the equation published for O. ammonoides (Evans et al., 2015). This 

result provides first-order evidence that Equation 2 may also be applicable to S. 

marginalis. When applied to the mean Mg/Ca concentrations of S. marginalis tests 

in this study, the equation yields estimated mean temperatures of 19.7 °C in the 
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Gulf of Panamá and 25.2 °C in the Gulf of Chiriquí. These Mg/Ca-derived 

temperatures are lower than the mean annual in situ temperatures of 26.9 °C ± 0.38 

SE and 28.8 °C ± 0.08 SE for the Gulf of Panamá and Gulf of Chiriquí, 

respectively, but are similar to the minimum mean temperatures of 21.6 ± 1.8 SE 

and 27.5 ± 0.24 SE, respectively recorded during the upwelling season. The 5.5 °C 

difference between the two gulfs estimated from Mg/Ca is also more similar to the 

5.9 °C offset observed during the upwelling season than to the difference in mean 

annual temperatures of 1.9 °C measured in situ. Specimens of S. marginalis were 

not distinguished by living vs. non-living individuals, so these samples could be 

time-averaged across multiple years, which would make the magnitude of the 

between-gulf difference in Mg/Ca difficult to interpret. Although a culturing study 

would provide the best way to confirm the relationship between Mg/Ca and 

temperature for S. marginalis, the preliminary data suggest that the calibration of 

Evans et al. (2015) could be applied to down-core samples of S. marginalis to 

estimate temporal variability in the temperature offsets between the two gulfs.  

 Foraminiferal assemblages and geochemistry in the Gulfs of Panamá and 

Chiriquí thus reflect regional oceanography, and they likely respond strongly to 

climatic variability as well. Studies of reefs in Bahía, Brazil, showed that El Niño 

events caused dramatic declines in live foraminiferal densities in all shallow-reef 

environments (Kelmo & Hallock, 2013). The 1997–1998 El Niño resulted in 

declines of symbiont-bearing taxa, due to bleaching from elevated temperatures and 

reduced turbidity, while also diminishing heterotrophic taxa due to decreased food 
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sources. Kelmo & Hallock (2013) noted that the observed rapid recovery of 

heterotrophs resulted in a significant decline of FORAM Index from ~3.0 during 

1995 to 2.5 in 2000. Likewise, densities of heterotrophic taxa in the Gulfs of 

Panamá and Chiriquí should rebound from El Niño events more quickly than 

symbiont-bearing taxa, because relatively high nutrient-levels promote blooms of 

phytoplankton and benthic algae, and the heterotrophs that feed upon them (cf. 

Hallock et al., 2003).  

Dominance by heterotrophic taxa in both gulfs may be a result of not only 

higher nutrient levels in the ETP in general, but also the influence of La Niña. La 

Niña strengthens upwelling in the ETP, leading to an increase in nutrients and, in 

turn, increased densities of heterotrophic Foraminifera. For example, nutrient 

increases because of La Niña conditions led to the rapid rebound of heterotrophic 

taxa in live assemblages in Bahía, Brazil, following the strong La Niña from 1999–

2000 (Kelmo & Hallock, 2013). Considering that both La Niña and El Niño events 

are expected to become stronger and more frequent as a result of climate change 

(Timmerman et al., 1999; Cai et al., 2018), the diversity of Foraminifera could 

decrease in the ETP due to increased heterotrophic dominance.  

Although the FI is currently higher in the Gulf of Chiriquí than the Gulf of 

Panamá, Randall et al. (2019) suggested that upwelling in the Gulf of Panamá 

could moderate high temperatures and, hence, bleaching-related coral mortality as 

the ocean continues to warm, whereas mortality events could become more 

frequent in the Gulf of Chiriquí. Based upon Caribbean FI thresholds (Hallock et 
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al., 2003), the FI values for the Gulf of Chiriquí (3.3) suggest that reefs there may 

not be able to recover as mortality events become more prevalent. Looking 

retrospectively, the composition of foraminiferal assemblages in the Holocene 

record of reef frameworks along with temperature reconstructions from test 

geochemistry could be used in tandem with other proxies (e.g., Toth et al., 2015a, 

2015b) to reconstruct past climatological and environmental conditions in the ETP.  

As a final note, according to Crouch & Poag (1979), Amphistegina species 

have not been documented in Pacific Panamá in Pleistocene or Holocene 

sediments, though fossil reworked fossil specimens have been reported in previous 

studies cited therein. My identification of Amphistegina in the sediments I collected 

was confirmed by P. Hallock (personal communication, 2019), though she could 

not identify the species nor confirm that the specimens were not reworked fossil 

material. If the specimens are indeed modern, the occurrence of Amphistegina in 

my samples may represent a new record. As such, future confirmation of live 

Amphistegina may indicate recent expansion of this genus into the ETP.  
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Chapter 3:  Shifts in the structure of 

foraminiferal assemblages during the hiatus in reef 

growth in Pacific Panamá 

 

 

INTRODUCTION 

 

It has been proposed that increasing variability of the El Niño–Southern 

Oscillation (ENSO) beginning around ~4000 ka led to a shutdown of coral-reef 

growth in Pacific Panamá that lasted for a period of ~2500 years (Toth, 2012; Toth 

et al., 2015a, 2015b). These climatic changes may also have led to shifts in the 

foraminiferal assemblage over the same period. As shown in Chapter 2, the 

composition of contemporary foraminiferal assemblages in Pacific Panamá 

responded to local oceanographic variations as well as climatic changes attributable 

to ENSO effects. Some reef areas in Pacific Panamá, did not show a complete 

hiatus in reef growth during the period of enhanced climatic variability. Reefs 

within Saboga Island showed brief resumptions of reef growth during the hiatus, 

though most of the corals sampled within the hiatus period were in poor 

taphonomic condition, suggesting that reef growth was stunted during that period. 

Under El Niño conditions, sea temperatures in Pacific Panamá are elevated 

and precipitation is reduced. By contrast, La Niña is associated with cooler SSTs, 

enhanced precipitation, and intensified upwelling. Like corals, symbiont-bearing 
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foraminifers exhibit bleaching in response to increased temperatures, including 

from El Niño events in the eastern Pacific (Kelmo and Hallock, 2013; Prazeres, 

2018). El Niño also leads to the decline of heterotrophic foraminifers as a result of 

decreasing nutrients and, therefore, declining sources of plankton and detritus 

(Kelmo and Hallock, 2013). 

 Recurring La Niña events in the eastern Pacific along with seasonal 

upwelling increase nutrients concentrations above background levels. Nutrient 

enrichment from seasonal upwelling underlies the heterotrophic dominance in both 

the Gulf of Chiriquí and the Gulf of Panamá. Furthermore, stronger upwelling 

induced by La Niña leads to lowered pH, which could also reduce densities of 

porcelaneous (high-magnesium-calcite) Foraminifera through dissolution. In 

Chapter 2, I determined that the Miliolida (porcelaneous) and Rotaliida (hyaline) 

were the two dominant orders in Pacific Panamá in modern sediments. Low pH 

affects miliolid taxa more negatively than rotaliid taxa due to the higher 

magnesium content of miliolid tests (Bentov & Erez, 2006).  

Since upwelling strength in the Gulf of Panamá has varied considerably in 

the past and appears to have affected reef growth (Toth et al., 2012, 2015a), it 

would be expected that upwelling variability would similarly affect foraminiferal 

composition in this area. In fact, as described in Chapter 2, the density of miliolids 

is significantly greater in the Gulf of Chiriquí in modern sediments than within the 

Gulf of Panamá. Stronger upwelling in the Gulf of Panamá results in lower pH 

which could be the cause of the decreased miliolid density compared with the Gulf 
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of Chiriquí. By contrast, differences in pH would have had a lesser effect on 

calcification by the lower-magnesium rotaliids. Hypothesized strong La Niña 

events or La-Niña-like conditions in Pacific Panamá at the inception of reef 

shutdown, ~4200 cal BP (Toth et al., 2015a), would be consistent with increased 

densities of heterotrophs with hyaline tests within foraminiferal assemblages.  

By sampling Foraminifera from the same cores used to reconstruct changes 

in reef accretion, I was able to determine if changes in local oceanographic 

conditions and the increased variability of El Niño and La Niña affected smaller, 

more sensitive carbonate producers compared with corals. This chapter will 

compare two sites within the Gulf of Panamá, where reefs developed in an 

environment with strong upwelling, with one site in the Gulf of Chiriquí with weak 

upwelling. By doing this, I will be able to determine whether the patterns in 

foraminiferal assemblages that were seen in Chapter 2 were persistent across 

millennial timescales. Studying changes in foraminiferal species composition will 

help infer oceanographic and climatic changes associated with the shutdown of reef 

development and/or the beginning of reef recovery. I address the following research 

questions and hypotheses:  

1. Did foraminiferal composition change on reefs in Pacific Panamá during 

the Holocene when reefs ceased to grow? Can foraminiferal 

composition be used to infer the environmental conditions that led to 

reef collapse? 
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- H1: The ratio of heterotrophic to symbiotic Foraminifera was 

greater leading up to and during the hiatus in reef development 

compared with periods before and after the hiatus, supporting 

the hypothesis of increased nutrients as a result of stronger La 

Niña events.  

- H2: Rotaliids were dominant during La Niña events/periods of 

low pH, whereas miliolids dominated during El Niño periods.  

2. Do foraminiferal assemblages from reefs that did not have a defined 

hiatus differ through time from nearby reefs where the hiatus was 

continuous? 

- H3: The ratio of heterotrophic to symbiotic Foraminifera will be 

more constant in reefs at Saboga Island, which did not 

experience a discrete hiatus in reef growth, than the reefs at 

Contadora Island and Canales de Tierra Island, which did 

experience a discrete hiatus in reef growth for ~2500 years.  

 

 

METHODS 

 

SAMPLING PROCEDURES 

 

I analyzed Foraminifera within 5-cm sections of sediment from three reef 

cores previously collected from Saboga (8°37'35'' N, 79°03'10'' W) and Contadora 
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(8°37'54'' N, 79°01'42'' W) in the Gulf of Panamá, and Canales de Tierra in the 

Gulf of Chiriquí (7°44'60'' N, 81°34'55'' W). Each 5-cm section of sediment had 

been previously washed through a 63-µm sieve and frozen. I defrosted half the 

sediment from each sample and then dried it on filter paper at ~40 °C overnight. 

Subsamples of the dried sediment were weighed and then examined by 

stereomicroscopy. The identifiable foraminifers within the entirety of each 

subsample were identified to genus-level and tallied. This process was repeated 

until at least 250–300 individuals were tallied, or until the entirety of the last 

subsample was completed. The sum of the weights of each subsample analyzed was 

totaled and used to calculate foraminiferal densities. Foraminiferal genera were 

separated into functional groups and the total densities of heterotrophs and 

symbiont-bearing foraminifers were calculated. Since heterotrophs were found to 

be dominant in both gulfs, the ratio of the densities of heterotrophic to symbiotic 

Foraminifera was calculated to determine the variability in the proportion of 

symbiotic foraminifers. Genera were also classified by orders to determine if there 

were changes in dominance through time for the two most prevalent orders, 

Rotaliida and Miliolida.  

Existing data on coral composition, coral mass, taphonomic condition of the 

corals, and radiocarbon ages from the same cores were used to compare changes in 

foraminiferal composition. Almost all the corals within the cores were fragments of 

Pocillopora spp. or Psammocora stellata. Taphonomic condition refers to the 

degree of encrustation, erosion, and boring of the coral fragments. The taphonomic 
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condition was defined as good, intermediate, or poor referring to fragments that had 

<20% alteration of the surface, 20–50% alteration of the surface, or >50% 

alteration of the surface, respectively. The ratios of the weights of Pocillopora 

specimens in good and intermediate taphonomic condition to poor taphonomic 

condition were calculated to compare the ratios of heterotrophic to symbiotic 

foraminifers. Using a ratio allowed for comparable analyses of foraminiferal 

densities and coral-fragment weights. I predicted that symbiotic foraminifera would 

be more abundant during periods of rapid reef accretion, characterized by 

dominance of Pocillopora in good and intermediate condition, leading to lower 

ratios of heterotrophic to symbiotic foraminifers.  

 

DATING 

 

 Radiocarbon dating of Foraminifera was completed to establish if the 

timing of shifts in community assemblages aligned with previously established 

changes in reef growth, and the timing of the hiatus in reef growth. Foraminiferal 

samples were radiocarbon-dated using accelerator mass spectrometry (AMS). 

Approximately 10 individuals of Sorites marginalis that were in good taphonomic 

condition were picked from sediment samples corresponding to intervals from 

before, during, and after the hiatus in reef growth. The tests were sonicated in 

deionized water to remove any particulate matter and then dried. Samples were sent 

to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility 

in Woods Hole, MA. I calibrated the conventional radiocarbon ages using the 
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Marine20 calibration curve from CALIB 8.2 software (Stuvier and Reimer 1993; 

Stuiver, M., Reimer, P.J., and Reimer, R.W., 2021). Local reservoir corrections 

(ΔR) from Toth et al. (2012), updated for the Marine20 calibration curve, were 

applied to age-dated samples. Dates include the 2σ ranges, corresponding to the 

95% confidence intervals, and are reported as calibrated calendar years before 

present (cal BP; ‘present’ refers to the year 1950 C.E.). The confidence intervals 

account for uncertainties within the calibration curve and intrinsic error associated 

with AMS radiocarbon dating.  

 

STATISTICAL ANALYSES 

 

Statistical analyses were completed on the densities of Foraminifera genera 

per gram of sediment. Bayesian change-point (BCP) analysis was used to estimate 

the number and timing of change-points associated with (i) ratio of heterotrophic to 

symbiotic Foraminifera, (ii) the ratio of Pocillopora specimens in good taphonomic 

condition to poor taphonomic condition, and (iii) the density of symbiotic 

Foraminifera through time. In addition, BCP analysis was used to determine if 

there were significant changes of the two most dominant orders, Miliolida and 

Rotaliida, through time. An assumption of BCP analysis is that an unknown 

partition of a data series exists within a certain number of blocks such that the mean 

is constant within each block. The posterior probability shows the location in the 

sequence versus the relative frequency of iterations that resulted in a change-point. 

The height of each peak is indicative of the probability that there is a change-point 
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that specific time. Tall, thin peaks represent relative certainty in the timing of a 

change-point, whereas shorter and wider peaks indicate a greater deal of temporal 

uncertainty. A posterior probability of 0.7 (70%) or greater was considered a 

significant change.  

Logarithmic transformation was applied to all datasets to reduce the 

influence of abundant taxa in the sample faunas. Spearman correlations were used 

to determine if the functional groups of Foraminifera were associated with 

Pocillopora growth. Detrended Correspondence Analysis (DCA) and 

Permutational Analysis of Variance (PERMANOVA) were conducted to determine 

if foraminiferal community structure differed significantly as a function of location 

and/or before, during, and after the hiatus in reef growth. Similarity Percentage 

analysis (SIMPER) was used to determine the species that contributed the most to 

the differences in community composition among sites. Statistical analyses were 

completed using R v.4.1.2 using the “decorana” function in vegan. Age models 

were calculated using Bayesian statistics with the age-depth modelling function in 

the “rbacon” package.  

  

RESULTS 

 

AGE COMPARISONS 

 

Dates of foraminiferal and coral samples completed for this study are shown 

along with those previously reported in Toth (2012) in Tables 3.1, 3.2, and 3.3. 
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Conventional ages and local reservoir corrections are presented in Appendix A. For 

foraminferal samples collected from Contadora Island, the 2σ age ranges generally 

correspond to those of corals from the same depth interval (Table 3.1). At depth 

interval 220–225 cm, however, the foraminiferal sample shows a date range of 

1700–1400 cal BP. This date range conflicts with the date of the coral sample from 

the depth interval above it, as well as adjacent foraminiferal sample dates, and was 

therefore removed from the model. Based on the core I analyzed from Contadora 

(EP08-26), Pocillopora growth was halted for ~3000 years from 4384–3909 until 

1205–827 cal BP. Symbiotic Foraminifera and Psammocora were still present 

during the hiatus within the 170–180 cm interval, with ages of 3067–2867 and 

3165–2779, respectively. At 55–60 cm, the top of a massive Porites coral head was 

sampled and dated, showing a range of 673–376 cal BP. This interval falls between 

two modern dates, one from Pocillopora samples and the other from foraminiferal 

samples. The older age of the Porites sample could suggest that it began to grow 

first, and the Pocillopora and Foraminifera subsequently filled the reef around it.  

 

Table 3.1. Calibrated radiocarbon dates from Contadora Island (core EP08-26). 

Radiocarbon dates that are highlighted in red samples that were rejected and 

excluded from further analysis. In addition, new/existing refers to dates that were 

analyzed from samples collected for this study versus dates that were previously 

completed and reported in Toth (2013) and recalibrated in this study.  

 
Depth in core 

(cm) 

Sample material New/Existing Median Age 

(cal BP) 

2σ range 

40–45 Pocillopora New Modern Modern 

55–60 Porites Existing 534 673–376 

60–65 Foraminifera New Modern Modern 

85–90 Pocillopora Existing 919 1117–723 

115-120 Pocillopora New 834 968–684 

150–155 Pocillopora Existing 1016 1205–827 
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170–175 Foraminifera New 2632 3067–2867 

175–180 Psammocora Existing 2974 3165–2779 

180–185 Pocillopora Existing 4142 4384–3909 

220–225 Foraminifera New 1569 1719–1399 

260–265 Foraminifera New 4420 4611–4227 

260–265 Pocillopora New 4794 4977–4589 

305–310 Pocillopora Existing 5244 5441–5035 

     

 

The Bayesian age model for Contadora (Fig. 3.1) there may have been two 

distinct periods of interrupted reef growth during the hiatus between 150–170 cm 

and 170–180 cm. There is a difference of ~1600 cal BP between the median ages 

from 150–170 cm (2632–1016 cal BP), although it must be noted that samples from 

the intervals of 160–170 cm were not dated. The Psammocora and Pocillopora 

samples dated between 175–185 cm show a difference of ~1200 cal BP (4142–

2974 cal BP). It could be argued that this hiatus is a result of sampling different 

carbonate material; however, the fact that the dates of foraminiferal samples align 

with coral samples in the interval 170–180 cm and overlap with coral samples 

within another interval (260–265 cm) suggest that the apparent hiatus is valid.  
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Figure 3.1. Bayesian age model for Contadora. Blue shaded shapes represent the 

probabilities of the ages and depth ranges based on the radiocarbon dates given to 

the model. Gray shading represents the 95% confidence interval.  

At Saboga Island (Table 3.2), the initiation of the hiatus in reef growth 

occurred around 4368–3886 cal BP and reef growth was paused for ~2000 years. A 

few of the foraminiferal samples are younger than corals taken from the same 

intervals. For example, the median age of foraminiferal samples taken from the 80–

85 cm interval is 807 cal BP. In contrast, the median age of the Pocillopora 

samples dated within the same interval is 2621 cal BP, about ~1800 years older. I 

removed the coral date from the data set because it conflicts with the coral date-

range above it. An apparent age reversal seems to occur at the 190–195 cm interval 

when comparing the dates of the foraminiferal samples to adjacent Pocillopora 

samples. The age range of the foraminiferal samples is 3070–2740 cal BP which 

shows a ~1500-year difference between coral samples, both up-core and down-



57 

 

core. In addition, these age data show that the ages of the foraminiferal samples 

taken from 190–195 cm are effectively the same age as those taken from 125–130 

cm, even though those taken from 125–130 cm align with the Psammocora dates 

taken at the same interval as well as the hiatus in reef growth. The dates of samples 

from Foraminifera and Pocillopora taken from the bottom of the core align. 

Because of this conflict, the radiocarbon dates from the foraminiferal samples at 

190–195 cm were removed from the model.  

 

Table 3.2 Calibrated radiocarbon dates from Saboga Island (core EP09-33). 

Radiocarbon dates that are highlighted in red represent were rejected and excluded 

from further analysis. In addition, new/existing refers to dates that were analyzed 

from samples collected for this study versus dates that were previously completed 

and reported in Toth (2013) and recalibrated in this study. 

 
Depth in core 

(cm) 

Sample material New/Existing Median Age 2σ range 

25–30 Psammocora New 157 183–1 

80–85 Foraminifera New 807 1045–667 

80–85 Pocillopora New 2621 2289–2086 

105–110 Pocillopora Existing 2175 2351–1963 

125-130 Psammocora Existing 2149 2358–1899 

125–130 Foraminifera New 2934 3109–2764 

160–165 Pocillopora Existing 4122 4368–3886 

190–195 Foraminifera New 2897 3070–2740 

200–205 Pocillopora Existing 4531 4807–4265 

210–215 Pocillopora New 4424 4619–4225 

220–225 Foraminifera New 4596 4794–4414 

     

 

 The Bayesian age model for Saboga (Fig. 3.2) shows a similar pattern as 

that for Contadora, with two disruptions in reef growth between the intervals of 80–

110 cm (~1300 cal BP difference in median ages) cm and 125–160 cm (~1200 cal 
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BP difference in median ages). These disruptions occur around 2600 and 4100 cal 

BP at Contadora and ~2100 and 4100 cal BP in Saboga.  

 

 

Figure 3.2. Baysian age model for Saboga. Blue shaded shapes represent the 

probabilities of the ages and depth ranges based on the radiocarbon dates given to 

the model. Gray shading represents the 95% confidence interval.  

At Canales de Tierra Island (Table 3.3), there are two reversals when 

comparing the ages of foraminiferal samples to coral samples, namely between 

120–145 cm and 260–270 cm. When comparing just the foraminiferal dates, 

however, they do not show any reversals. The initiation of the hiatus in reef growth 

occurred at 4392–4001 cal BP and lasted for ~2700 years until 1522–1374 cal BP. I 

expected the dates of the foraminiferal samples between 185–190 cm to fall within 

the range of the hiatus, yet the actual dates show that the samples are more closely 

aligned with coral samples taken at the termination of the hiatus. This result could 
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suggest that symbiotic Foraminifera were not growing during the hiatus in reef 

growth. Surprisingly, foraminiferal samples from the 265–270 cm interval show 

radiocarbon dates that fall within the hiatus in reef growth. The foraminiferal 

samples within the 140–145 cm interval also show a younger date range than the 

adjacent corals. The dates of the coral samples do not exhibit any significant age 

reversals, and adjacent dates align with each other. I chose not to remove any dates 

from the age model for Canales.  

 

Table 3.3 Calibrated radiocarbon dates from Canales Island (core EP11-41). 

Radiocarbon dates that are highlighted in red represent were rejected and excluded 

from further analysis. In addition, the study period refers to dates that were 

analyzed from samples collected for this study versus dates previously completed 

and reported in Toth (2013) and re-calibrated in this study. 

 
Depth in core 

(cm) 

Sample 

material 

New/Existing Median Age 2σ range  

40–45 Pocillopora New 332 473–164  

100–105 Pocillopora Existing 376 516–236  

115–120 Pocillopora New 361 500–220  

115–120 Foraminifera Existing 547 661–430  

120–125  Pocillopora New 1363 1524–1226   

140–145 Foraminifera New 856 1002–705  

165–170 Pocillopora Existing 1506 1522–1374  

185–190 Foraminifera New 1450 1598–1303  

225–230 Pocillopora Existing 4198 4392–4001  

260–265 Pocillopora New 4316 4502–4163  

265–270 Foraminifera New 3250 3400–3071  

290–295  Pocillopora New 4341 4517–4152   

365–370  Pocillopora Existing 4930 5208–4706   

      

 

 The Bayesian age model for Canales de Tierra (Figure 3.3) shows a distinct 

hiatus between 185–230 cm, where the median calibrated dates run from ~4200 to 

~1500 cal BP. The model was queried for the possibility of a second hiatus, yet 

there were not enough dates between 190 cm and 230 cm to determine if a second 
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hiatus is apparent. The modeled dates suggest continuous age intervals until 230 

cm, where the modeled median age goes from 2342 cal BP at 225 cm to 3728 cal 

BP at 230 cm. This hiatus date is younger than the measured radiocarbon median 

age (4198 cal BP), most likely because the foraminiferal sample between 265–270 

cm is younger than the adjacent coral samples.  

 

Figure 3.3. Bayesian age model for Canales de Tierra. Blue shaded shapes 

represent the probabilities of the ages and depth ranges based on the radiocarbon 

dates given to the model. Gray shading represents the 95% confidence interval.  

All three cores show a distinct hiatus in Pocillopora growth starting ~4100 

cal BP. Paired models of all three cores using the dates before the hiatus show a 

start-date between 4000–4250 cal BP with a median date of 4130 cal BP. In 

contrast, the termination of the hiatus in Pocillopora growth was different for each 

site: 1205–827 cal BP at Contadora, 2351–1963 cal BP at Saboga, and 1522–1374 

cal BP at Canales de Tierra.  
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FORAMINIFERAL ASSEMBLAGES AND REEF ACCRETION 

 

Functional Groups 

Similar to the modern assemblages, heterotrophic Foraminifera dominated 

in each of the three sites during the Holocene, with heterotrophs accounting for 72–

100% of total foraminiferal densities in Contadora, 81–99% in Saboga, and 72–

99% in Canales de Tierra. The core diagrams and calculated masses of Pocillopora 

(Figs. 3.4, 3.8, and 3.12) and the dates corresponding to the core logs previously 

developed by Toth (2013) are used here to examine foraminiferal assemblage 

composition through time. At each site, the density of symbiotic foraminifers tracks 

the ratio of Pocillopora in good taphonomic condition to poor taphonomic 

condition, suggesting that during periods of reef growth, symbionts proliferate. In 

addition, the ratio of heterotrophic Foraminifera to symbiotic Foraminifera peaks 

during periods when reefs were not present.  

At Contadora (Fig. 3.1), the density of symbiotic Foraminifera peaked at 26 

individuals/gram around 4000–4400 cal BP increasing from 1.5 individuals/gram 

leading up to the hiatus in reef growth. After reef growth resumed, the density of 

symbiotic Foraminifera increased to 12.9 ind/g, corresponding to a peak of 60.58 g 

for Pocillopora in good and intermediate taphonomic condition within the 125–130 

cm interval deposited around 968–648 cal BP. The density of symbiotic 

Foraminifera and the mass of Pocillopora in good and intermediate taphonomic 
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condition subsequently declined to zero between the 65–75 cm interval before 

rebounding in the top intervals of the core.  

Although heterotrophic Foraminifera at Contadora dominated at all times, 

the ratio of heterotrophic to symbiotic Foraminifera remained between 5 and 20 

before increasing greatly at the initiation of the hiatus in reef growth and peaking at 

173.5:1 within the 155–160 cm interval corresponding to 3067–2867 cal BP. The 

ratio of heterotrophic to symbiotic Foraminifera declined as Pocillopora and 

symbiotic Foraminifera increased within the 125–130 cm interval. The ratio then 

peaks at 255:1, coupled with a decline in Pocillopora and symbiotic Foraminifera 

at 65–75 cm.  
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Figure 3.4 Core log for Contadora Island (core 08-26). The legend refers to the core 

diagram showing coral genera and taphonomic condition. Ages within the 

Pocillopora ratio graph refer to corals dated for this study. Ages within the 

heterotroph to symbiont ratio graph refer to foraminifers dated for this study.  

The Bayesian change-point (BCP) algorithm was used to calculate the 

locations where there is a shift in coral growth and foraminiferal densities within 

each core (Fig. 3.5). The tallest peaks in the change-point analysis for the 

Pocillopora ratio compared with the foraminiferal ratio are out of phase (Fig. 3.4, 

Fig. 3.5). Using the 70% significance threshold, there are two significant change 
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points according to BCP analysis on the Pocillopora ratio: immediately following 

the hiatus and at the top of the core, where there were only corals in good and 

intermediate condition present and none in poor condition. After the hiatus in reef 

growth, the ratio of Pocillopora in good and intermediate taphonomic condition to 

poor condition begins to increase ~1200–800 cal BP to its peak at 43:1 and then 

subsequently declines to 3.6:1 ~1000–700 cal BP.  

There are three significant change points in the ratio of heterotrophs to 

symbionts within the core. The first significant peak occurs around 160 cm, 

representing the increase in the heterotrophs compared to symbionts during the 

hiatus in reef growth ~3000–2800 cal BP. The next change-point occurs due to the 

subsequent decline in the ratio of heterotrophs to symbionts from its peak at 103:1 

to 7.5:1 toward the termination of the hiatus in reef growth, ~1000–800 cal BP. 

Finally, there is a drastic increase in the ratio of heterotrophs to symbionts at 60–65 

cm.  There are no significant change-points associated with the density of 

symbionts in the core, yet at 20–25 cm, there is an increase in symbiont density 

with a posterior probability of 89%.  
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Figure 3.5 Contadora core log plotted with the Bayesian change-point algorithms for the ratio of Pocillopora in good and intermediate 

condition to poor condition, the ratio of heterotrophic to symbiotic Foraminifera, and the density of symbionts. Ages posted on the 

right side of the columns reflect radiocarbon dates analyzed for this study. Ages that are skewed to the left side of the Pocillopora 

ratio column represent previous Ages reported in Toth (2013).  
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Since the peaks in Pocillopora growth seem to be correlated with symbiotic 

foraminiferal density, I completed a Spearman correlation to test the relationship 

between the two.  

 

 

Figure 3.6 Spearman correlation between the mass of Pocillopora in good 

(G) and intermediate (M) taphonomic condition and symbiotic foraminiferal 

density at Contadora.   

  

The core logs suggest a strong positive correlation between Pocillopora in good 

and intermediate taphonomic condition and symbiotic foraminiferal density (r = 

0.89, p < 0.001; Fig. 3.6). The relationship between the ratio of Pocillopora and 
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symbiotic foraminiferal density is also significant (p = 6.2x10-8; Fig. 3.6). Still, the 

relationship is not as strong as the one above, with an r-value of 0.62 compared 

with 0.89.  

 

 

Figure 3.7 Spearman correlation between the ratio of Pocillopora in good (G) 

and intermediate (M) taphonomic condition to Pocillopora in poor (B) 

taphonomic condition and symbiotic foraminiferal density at Contadora.   

 

Neither the relationship between heterotrophic foraminiferal density and 

Pocillopora in good and intermediate condition nor the ratio of Pocillopora were 

significant (r = -0.2, p = 0.11 and r = -0.084, p = 0.52, respectively, Fig. 3.7). In 
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addition, there was not a significant linear association between heterotrophic and 

symbiotic  foraminiferal density (r = -0.045, p = 0.68).  

Samples from Saboga Island (Fig. 3.8) show similar patterns to those from 

Contadora Island, with an inverse correlation between the foraminiferal and coral 

ratios. The ratio of heterotrophic to symbiotic Foraminifera declined from 64.7:1 to 

5.8:1 between the intervals 240–210 cm (~4800–4200 cal BP), most likely caused 

by a peak in symbiotic Foraminifera from ~2 ind/g up to 15.7 ind/g at 195 cm 

(~4100 cal BP; Fig. 3.8). Around this same time, the ratio of Pocillopora in good 

and intermediate taphonomic condition to bad taphonomic condition showed a 

slight increase from 0.3:1 to 16.5:1 at the 200–205 cm interval (~4200 cal BP). 

During the hiatus in reef growth, the ratio of Foraminifera increased to a peak of 

119.6:1 at the 125–130 cm interval, dated to 3109–2764 cal BP. Concurrently, the 

density of symbiotic Foraminifera dropped from 12.5 ind/g to 0.89 ind/g. There 

was a rebound of symbiotic Foraminifera and Pocillopora in good and intermediate 

taphonomic condition within the 80–85 cm interval (~1000–700 cal BP), where the 

density of symbionts increases to 18.9 ind/g and the ratio of Pocillopora peaks at 

114.2:1. After a decline in the Pocillopora ratio at 60 cm, there is a peak in both the 

Pocillopora ratio and symbiotic foraminiferal density in “modern” times at 20–25 

cm from 0.5:1 to 51:1 and 3:1 to 25:1, respectively.  
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Figure 3.8 Core log for Saboga Island (Core 09-33). The legend refers to the core 

diagram showing coral genera and taphonomic condition. Ages within the 

Pocillopora ratio graph refer to corals dated for this study. Ages within the 

heterotroph to symbiont Ratio graph refer to foraminifers dated for this study.  

Figure 3.9 depicts the BCP analysis for the Saboga core log. Using the same 

threshold of significance as for the Contadora core (70% probability), the two 

significant increases in Pocillopora growth occur after the hiatus in reef growth at 

the 80–85 cm interval and the 20–25 cm interval. The change-points for the 

heterotroph/symbiont ratio are not significant at the 70% probability threshold. 

Still, there is a trend of increased heterotrophic Foraminifera beginning at the 
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inception of the hiatus in reef growth ~4300–3800 cal BP. There are no significant 

changes in symbiotic foraminiferal density, most likely because their densities are 

inherently low. 
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Figure 3.9 Saboga core log plotted with the Bayesian change-point algorithms for the ratio of Pocillopora in good and intermediate 

condition to poor condition, the ratio of heterotrophic to symbiotic Foraminifera, and the density of symbionts. Ages posted on the 

right side of the columns reflect radiocarbon dates analyzed for this study. Ages that are skewed to the left side of the Pocillopora 

ratio column represent previous ages reported in Toth (2013). 
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As was the case with Contadora, symbiotic foraminiferal density positively 

correlated with the mass of good and intermediate Pocillopora, (r = 0.86, p = 

7.4x10-16; Fig. 3.10) as well as the Pocillopora ratio (r = 0.7, p = 1.4x10-8; Fig. 

3.11). 

 

Figure 3.10 Spearman correlation between the mass of Pocillopora in good 

(G) and intermediate (M) taphonomic condition and symbiotic foraminiferal 

density at Saboga.   

There was not a significant association between heterotroph density and symbiotic 

foraminiferal density (r = -0.12, p = 0.39). Similarly, neither the association 

between the ratio of heterotrophs to symbiotic forams and Pocillopora in good and 

intermediate condition (r = -0.13, p = 0.38), nor the Pocillopora ratio were 

significant (r = -0.0087, p = 0.95).  
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Figure 3.11 Spearman correlation between the ratio of Pocillopora in good 

(G) and intermediate (M) taphonomic condition to Pocillopora in bad (B) 

taphonomic condition and symbiotic foraminiferal density at Saboga.   

 

The core logs for Canales de Tierra are depicted in Figure 3.12. Peaks in the 

ratio of heterotrophic to symbiotic Foraminifera are out of phase with peaks of the 

Pocillopora ratio down-core. Although the density of symbiotic Foraminifera tends 

to follow the overall pattern of Pocillopora growth (the abundance of Pocillopora 

in good and intermediate taphonomic condition), surprisingly, the density of 
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symbiotic Foraminifera stays relatively high through time. 

 

 

Figure 3.12 Core log for Saboga Island (Core 09-33). The legend refers to the core 

diagram showing coral genera and taphonomic condition. Ages within the 

Pocillopora ratio graph refer to corals dated for this study. Ages within the 

Heterotroph to Symbiont Ratio graph refer to foraminifers dated for this study.  

BCP analysis shows three significant change-points in the coral growth log 

(Fig. 3.13). The first occurs within the 345–350 cm interval around 5200–4700 cal 

BP, where the ratio of Pocillopora increases to 17.3:1. This peak declines to a 

posterior mean of ~1.8 and remains steady until it peaks again at ~473–164 cal BP, 
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where the Pocillopora ratio increases to 27:1 within the 50–55 cm interval. The 

final change-point represents the decrease of the Pocillopora ratio from 27:1 to the 

posterior mean of 14.7 and then the final decrease to a posterior mean of 2.4. There 

are three significant change-points in the ratio of heterotrophic to symbiotic 

Foraminifera. The first occurs toward the end of the hiatus in reef growth ~1600–

1300 within the 200–205 cm interval, where the ratio of heterotrophs/symbionts 

increases from 9:1 to a peak of 67.8:1. The next significant change point occurs 

within the 115–120 cm interval, where the foraminiferal ratio peaks at 63.9:1. After 

decreasing to a posterior mean of ~12, the heterotrophs drastically increase to a 

peak of 127:1 within the 60–65 cm interval around 500–160 cal BP. 
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Figure 3.13 Saboga core log plotted with the Bayesian change-point algorithms for the ratio of Pocillopora in good and intermediate 

condition to poor condition, the ratio of heterotrophic to symbiotic Foraminifera, and the density of symbionts. Ages posted on the 

right side of the columns reflect radiocarbon dates analyzed for this study. Ages that are skewed to the left side of the Pocillopora 

ratio column represent previous dates reported in Toth (2013).  
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The peaks and valleys of symbiont density appear to follow the same trend 

exhibited by the Pocillopora ratio. However, when considering the BCP analysis, 

the posterior means do not change beyond 0.3 ind/g. For this reason, the probability 

of a change is functionally zero, and one cannot conclude that there was a 

significant change in the density of symbionts through time within the Canales de 

Tierra core.  The correlation between symbiotic foraminiferal density and 

Pocillopora measurements are still significant, although the correlations are not as 

strong as those of Contadora and Saboga. Symbiotic foraminiferal density is 

positively correlated with both Pocillopora in good and intermediate condition (r = 

0.59, p = 2.6x10-8; Fig. 3.14) and the Pocillopora ratio (r = 0.62, p = 4.5x10-9; Fig. 

3.15). The correlation between heterotroph density and Pocillopora in good and 

intermediate condition as well as the Pocillopora ratio were not significant (r = 

0.0034, p = 0.98 and r = -0.059, p = 0.62 , respectively). 
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Figure 3.14 Spearman correlation between the mass of Pocillopora in good 

(G) and intermediate (M) taphonomic condition and symbiotic foraminiferal 

density at Canales de Tierra.   
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Figure 3.15 Spearman correlation between the ratio of Pocillopora in good 

(G) and intermediate (M) to bad (B) taphonomic condition and symbiotic 

foraminiferal density at Saboga.   

  

Although the correlations between heterotroph and symbiotic foraminiferal 

density were not statistically significant, the bivariate plots in Figure 3.16 show that 

there were distinctively fewer symbiotic Foraminifera in Contadora and Saboga 

(Figs. 3.16 A and 3.16 B, respectively) compared with Canales de Tierra (Fig. 3.16 

C) during the hiatus in reef growth. The bivariate plots also show that symbiotic 

foraminiferal density rebounded after the hiatus.  
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Figure 3.16 Bivariate plots showing the density of heterotrophs and symbiotic 

foraminiferal density (ind/g) for each core, where (A) is Contadora, (B) is Saboga, 

and (C) is Canales de Tierra.  



81 

 

Foraminiferal Assemblages 

 

Foraminiferal assemblages in the cores were consistent with those found in 

modern sediments, with miliolids and rotaliids dominating throughout time. At 

Saboga and Contadora, rotaliids outnumbered miliolids within almost every 

interval (Fig. 3.17 A, B). The bivariate plots in Figure 3.17 show apparent changes 

in the densities of rotaliids and miliolids at Saboga and Contadora depending on if 

the samples were taken before, during, or after the hiatus in reef growth. In 

contrast, densities of rotaliids and miliolids at Canales de Tierra overlapped 

independent of the time period (Fig. 3.17 C).  
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Figure 3.17 Bivariate plots showing the density of rotaliid and miliolid density 

(ind/g) for each core, where (A) is Contadora, (B) is Saboga, and (C) is Canales de 

Tierra.  
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To determine when the shifts in densities occurred and if they are 

significant, I performed another BCP analysis, this time on the densities of 

miliolids and rotaliids at each site. At Contadora (Fig. 3.18), there was a decrease 

in miliolids within the interval of 190–195 cm, corresponding to the initiation of 

the hiatus ~4300–3900 cal BP; however, the probability that a change occurred at 

this point is only 60%, which is lower than the 95% threshold for significance. 

After the decrease in miliolid density, the density of rotaliids began to increase. 

There is a steep change-point within the 170–175 cm interval corresponding to 

3000–2800 cal BP within the hiatus period. Yet this change is not significant as the 

probability is 77%. Unlike the decreasing trend in the mean density of miliolids, the 

mean density of rotaliids after the hiatus in reef growth was similar before and after 

the hiatus. It is important to note, however, that the density of rotaliids was greater 

than that of miliolids for the entirety of the core, most likely because of depressed 

pH due to upwelling (Zamora-Duran et al., 2020).  
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Figure 3.18 Contadora core log plotted with the Bayesian change-point algorithms for miliolid and rotaliid densities. Orange shading 

represents the period of the hiatus in reef growth.  
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 Interestingly, the density of miliolids at Saboga showed an opposite pattern 

compared with that of Contadora before and after the hiatus (Fig. 3.19), which is 

corroborated by the bivariate plots in Figure 3.17 a,b. There is an increasing trend 

in the mean density of miliolids at the termination of the hiatus, but the uncertainty 

is too high to determine if the change was significant (Fig. 3.19). There were no 

significant changes in the mean density of rotaliids throughout time. As was the 

case with the Contadora core, the density of rotaliids was greater than that of 

miliolids throughout time.  
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Figure 3.19 Saboga core log plotted with the Bayesian change-point algorithms for miliolid and rotaliid densities. Orange shading 

represents the period of the hiatus in reef growth.
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 At Canales de Tierra, the density of miliolids was greater through time 

compared with Contadora and Saboga. The mean density of miliolids at Canales 

remained around 45–55 ind/g except for a steep peak within 30–35 cm. The 

average miliolid densities were greater than the highest mean densities at both 

Contadora (39 ind/g) and Saboga (30 ind/g). The bivariate plot also shows that the 

densities of miliolids and rotaliids overlapped at Canales de Tierra, independent of 

the hiatus in reef growth (Fig. 3.16c).  

There is only one significant change-point for miliolid densities between 

30–35 cm. This change-point shows an 80% probability that the mean density of 

miliolids increased to a peak of 98.2 ind/g, corresponding to 473–164 cal BP (Fig. 

3.20). There was a significant increase in the mean density of rotaliids from 50.4 to 

71.5 at the inception of the hiatus. The mean rotaliid density remained steady at 

~71 ind/g until the 200–205 cm interval, where it dropped to 43.5 ind/g. This 

change-point occurs near the termination of the hiatus, ~1600–1300 cal BP (Fig. 

3.20).  

There is another prominent peak in rotaliid density at the same depth 

interval as the peak in miliolid density (30–35 cm). Mean rotaliid density increased 

from 48.15 ind/g to 90.24 ind/g before dipping back down to 56.4 ind/g at the 15–

20 cm interval. This peak was primarily driven by the high densities of two 

individual genera: one miliolid, and one rotaliid. The miliolid, Quinqueloculina, 

reached a density of 75.4 ind/g and the rotaliid, Rosalina, exhibited a density of 

62.3 ind/g. These two genera were also the most abundant in the modern sediments 
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(Chapter 2). The average percentage of miliolids made up of Quinqueloculina and 

rotaliids made up of Rosalina are shown in Table 3.4.  
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Figure 3.20 Canales core log plotted with the Bayesian change-point algorithms for miliolid and rotaliid densities. Orange shading 

represents the period of the hiatus in reef growth. 
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Table 3.4 Average percentage (±SE) of miliolids and rotaliids made up of 

Quinqueloculina and Rosalina within each core. 
 Mean Percent 

Quinqueloculina 

Mean Percent Rosalina 

Contadora 50±14.2 81±10.8 

Saboga 49±12.3 81±13.2 

Canales 59±11.7 68±11.4 

 

Although only two genera contributed to the majority of the two most-

common orders, rare species may have led to differences in community 

composition. In order to determine if community composition differed based on 

location a Detrended Correspondence Analysis (DCA) was completed for each site. 

The DCA plot in Figure 3.21 shows relationships among genera from Contadora. 

For the most part, miliolids are grouped together and rotaliids are grouped together 

along DCA axis 1. The eigenvalues are notably low (DCA1=0.054, DCA2=0.046) 

suggesting that there is little variance in the matrix.  
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Figure 3.21 DCA plot depicting foraminiferal genera within 5-cm interval samples 

from Contadora.  

  

   



92 

 

 

Figure 3.22 DCA plot depicting foraminiferal genera within 5-cm interval samples 

from Saboga.  

   

 The DCA on the foraminiferal composition in Saboga (Fig. 3.22) is similar 

to that of Contadora, with miliolids grouping together and rotaliids grouping 

together along DCA axis 1. There is an obvious outlier with Reusella being 

separate from the rest of the foraminiferal genera. The eigenvalue for DCA 1 was 

higher at Saboga than that of Contadora (0.07 versus 0.05), whereas the eigenvalue 

for DCA 2 was lower at Saboga (0.026 versus 0.046). The DCA for Canales (Fig. 

3.23) shows a separation of heterotrophs and symbiont bearing genera along Axis 2 
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with the eigenvalue of DCA 1 being 0.042 and for DCA 2 being 0.031 lower than 

those from both Contadora and Saboga.  

 

Figure 3.23 DCA plot of foraminiferal genera within 5-cm interval samples 

from Canales de Tierra. 

 PERMANOVA was used to evaluate if there are statistically significant 

differences in foraminiferal species composition based on site, hiatus period, and 

the interaction of the two. The results of the PERMANOVA (Table 3.5) show that 

the time period, the site, and the interaction between hiatus period and site 

significantly influence community composition. Yet, the R2 values for each are 
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very low, suggesting that there is substantial variation that the model does not 

explain (indicated by the high R2 of the residuals).  

Table 3.5 PERMANOVA table shows the relationship between hiatus period, site, 

and interaction between hiatus period and location and species composition.  

 Df SS MeanSq F R2 p-value 

Hiatus 1 0.13 0.13 4.25 0.019 0.002** 

Site 2 1.34 0.67 22.5 0.19 0.001*** 

Hiatus x 

Site 

2 0.33 0.03 5.56 0.05 0.001*** 

Residuals 182 5.37 0.03  0.79  

Total 185 7.18   1  

 

Similarity Percentage (SIMPER) analysis using the Bray-Curtis 

dissimilarity matrix was used to determine the genera that contributed the most to 

the differences between the hiatus period and location. Comparisons were made for 

differences between each site and intervals before and after the hiatus in reef 

growth, after and during the hiatus, and before and during the hiatus. Figure 3.22 

shows the DCA plots for each site. The DCA plots (Figures 3.22 A, B, C) show 

differences in community composition between sites. Table 3.6 shows the overall 

dissimilarity between the sites based on the Bray-Curtis dissimilarity index.
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Table 3.6 Overall dissimilarity between sites based on the Bray-Curtis dissimilarity index. 

 

 

 

  

  

 The same five genera contributed to 70 percent of the dissimilarity between 

sites: Quinqueloculina (a heterotrophic miliolid), Peneroplis (a symbiotic miliolid), 

Triloculina (a heterotrophic miliolid), Haynesina (a heterotrophic rotaliid), and 

Sorites (a symbiotic miliolid). Quinqueloculina was the genus that contributed the 

most to the dissimilarity between Saboga and Contadora and between Saboga and 

Canales, whereas Haynesina was the main contributor to the dissimilarity between 

Contadora and Canales. It is important to note that although these five species 

contribute the greatest to the dissimilarity between sites, the cumulative sum of 

their contribution is only ~34–36%. A full table of species and their contributions 

to the dissimilarity between sites is shown in Appendix B. The overall dissimilarity 

at all sites is low most likely because two heterotrophic genera, Quinquloculina and 

Rosalina dominate at each site.  

In order to determine if community composition differed due to hiatus 

period, I conducted a SIMPER analysis for each site. At Contadora, 11 genera 

contributed the most to the differences in community composition when comparing 

Sites Percent Dissimilarity 

Saboga + Contadora 29% 

Saboga + Canales 29% 

Contadora + Canales 32% 
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all intervals. Not surprisingly, Quinqueloculina (the genus that constitutes the 

highest percentage of miliolids) was the highest contributor to the differences in 

composition between each of the intervals. When comparing the composition after 

and during the hiatus in reef growth, ten other genera contributed ~70% to the 

difference in the community composition: Nonionoides, Sorites, Triloculina, 

Peneroplis, Reusella, Rosalina, Uvigerina, Haynesina, Elphidium and 

Neoconorbina (with genera listed in descending order of their contributions to 

mean dissimilarity). Only two of these genera are symbiotic (Sorites and 

Peneroplis), whereas the others are heterotrophic. Four of these genera are 

miliolids (Quinqueloculina, Sorites, Triloculina and Peneroplis), whereas the other 

seven are rotaliids. The differences in community composition before and during 

the hiatus in reef growth were defined by Sorites, Peneroplis, Nonionoides, 

Cymbaloporetta, Rosalina, Reusella, Triloculina, Uvigerina, Borelis and 

Neoconorbina. Finally, when comparing community composition before and after 

the hiatus, the ten genera (besides Quinqueloculina) that contributed to ~70% of the 

difference are Triloculina, Peneroplis, Sorites, Borelis, Cymbaloporetta, 

Planorbulina, Nonionoides, Uvigerina, Articulina and Elphidium. 

 Within the Saboga core, Quinqueloculina was the greatest contributor to 

differences in community composition only when comparing the communities after 

and during the hiatus in reef growth and before and during the hiatus. When 

comparing the communities before and after the hiatus in growth, Nonionoides 

contributed the most to the differences in composition. The other genera that 
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contributed to the differences in composition at Contadora were the same for 

Saboga except for Pseudohauerina, which contributed a small percentage to the 

differences after and during the hiatus in reef growth (4%) and before and after the 

hiatus in growth (6%).  

Within the Canales core, 12 genera contributed the most to the differences 

in community composition when comparing all intervals. Triloculina was the top 

contributor to the difference when comparing community composition during and 

after and before and during the hiatus in reef growth, unlike Quinqueloculina in 

Contadora and Saboga. The eleven other genera that contributed ~70% to the 

difference in the community composition during and after the hiatus (in descending 

order of their contributions to mean dissimilarity) were Haynesina, Sorites, 

Peneroplis, Neoconorbina, Pseudohaureina, Spiroloculina, Bolivina, 

Cymbaloporetta, Elphidium and Uvigerina. There are five miliolids within this 

group: Triloculina, Sorites, Peneroplis, Pseudohauerina and Spiroloculina.  

The differences in community composition before and during the hiatus at 

Canales were caused by variability in the same genera except for Borelis (a 

symbiotic miliolid), Articulina (a heterotrophic miliolid), and Reusella (a rotaliid). 

These genera contributed 6%, 5%, and 4.5% of the difference, respectively. Finally, 

when comparing community composition before and after the hiatus, the 11 genera 

that contributed to ~70% of the difference are Haynesina, Triloculina, Peneroplis, 

Sorites, Borelis, Cymbaloporetta, Planorbulina, Nonionoides, Uvigerina, 

Articulina and Elphidium.  
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DISCUSSION 

 

 As was the case within the modern foraminiferal assemblages (Chapter 2), 

two primary patterns are evident within the cores: heterotrophic dominance overall 

and rotaliid dominance in the Gulf of Panamá. The core from Canales is 

characterized by a greater density of symbiont-bearing Foraminifera and miliolids 

than the cores from the Gulf of Panamá. Oceanographic variability produced by the 

persistence of strong wind-gap upwelling for the last ~6750 years (Martinez et al., 

2006; Toth et al., 2012, 2015a, b, Arellano-Torres et al., 2013) is likely the key 

driver of differences in foraminiferal assemblage between the two gulfs. Greater 

productivity caused by upwelling leads to blooms of heterotrophic Foraminifera in 

reef ecosystems if sufficient oxygen is available (Hallock et al., 2003). Low 

abundances of porcelaneous, miliolid taxa within the Gulf of Panamá may be a 

result of low pH, which is known to affect porcelaneous forms more strongly than 

hyaline forms (i.e., the rotaliids; Bentov and Erez, 2006). Strong upwelling would 

have lowered the pH in the Gulf of Panamá, resulting in an increased cost of 

calcification for miliolids and overall lower densities (Bentov and Eres, 2006; 

Knorr, 2015).  

 In addition to the differences in regional oceanography caused by 

upwelling, foraminiferal assemblages likely responded to climatic variability 

through time. In Pacific Panamá, El Niño-like periods are characterized by a warm, 

dry climate and a reduction in seasonal upwelling. La Niña-like periods lead to 
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wetter, cooler conditions, and increased seasonal upwelling. Decreases in 

foraminiferal density would have been expected during El Niño-like periods due to 

bleaching in symbiont-bearing taxa and decreased food sources available for 

heterotrophic Foraminifera (Kelmo and Hallock, 2013). La Niña, on the other hand, 

should have resulted in increased densities of heterotrophic taxa because of 

increased productivity (greater food sources) and decreases in symbiotic taxa 

because of low-light conditions caused by increased turbidity (Hallock, 2003; 

Kelmo and Hallock, 2013).  

Existing records from the mid-Holocene suggest high oceanic productivity 

and low ENSO variability in the ETP (Kouvatas and Joaides, 2012; Pennington et 

al., 2006). During that same time period (~7000–5000 cal yr BP), the geochemistry 

of corals from a Contadora core indicates a cool, wet period characterized by 

moderate upwelling (Toth et al., 2015a). Sr/Ca ratios from Contadora coral samples 

showed increased warming from ~19°C to 25.5°C between ~5100–4600 cal yr BP 

with a stable δ18O, suggesting a warm, dry period characteristic of stronger El Niño 

events and weaker upwelling (Toth et al., 2015a). The newly calibrated dates in this 

study based on coral samples show that the inception of the hiatus in the Gulf of 

Panamá occurred ~4300–4000 cal BP. Reconstruction of oceanic radiocarbon 

variability combined with paleoclimate reconstructions suggested that upwelling 

strength increased ~4300 ka and intensified for the next 500 years (Toth et al., 

2015a, 2015b). Around 3900 cal BP, paleoclimate reconstructions are consistent 
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with a cooler, wetter climate suggesting La Niña-like conditions (Toth et al., 

2015a).  

In the Gulf of Panamá, the ratio of heterotrophic to symbiotic Foraminifera 

began to increase drastically around the same time as the inception of the hiatus in 

reef growth. Although a negative correlation between Pocillopora in good and 

intermediate taphonomic condition (which suggests a good coral growth phase) and 

heterotrophic density was not determined to be significant, there was a significant 

positive correlation between symbiotic foraminiferal density and Pocillopora 

growth. This non-significant correlation between heterotrophs and Pocillopora 

reflects the fact that heterotrophs are, and have always been, dominant in Pacific 

Panamá, whereas symbiotic foraminifers respond to oceanographic/climatic events 

similarly to corals.  

In Saboga and Contadora, the heterotroph/symbiont ratio peaked ~3100–

2700 cal BP. The high density of heterotrophic compared with symbiotic 

Foraminifera from ~4300 cal BP to its peak ~2900 cal BP align with other studies 

that hypothesize a transition to more frequent La Niña events from 3500–3000 cal 

BP (Thompson et al., 2017). Other studies have suggested that El Niño events 

peaked around 3000 cal BP (Sandweiss et al., 2001; Moy et al., 2002), which could 

explain the reason that the ratio of heterotrophic to symbiotic Foraminifera started 

to decline around that time: due to of reduced food supply. The increased climatic 

variability between ~4200–2000 (Rein et al., 2005; Thompson et al., 2017) was not 

only the most likely cause of the hiatus in reef growth, but also the reason for the 
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drastic changes in foraminiferal assemblages. Declines in the 

heterotrophic/symbiotic ratio at the termination of the hiatus in reef growth at 

Saboga and Contadora were most likely due to a reduction in the 

variability/strength of El Niño and La Niña. Reef accretion resumed ~1200–800 cal 

BP in Contadora and intermittent accretion was seen ~2400–1900 in Saboga, 

suggesting that the hiatus was longer in Contadora. Including foraminiferal and 

Psammocora samples into the age model provided evidence of intermittent 

deposition in Saboga ~2100 cal BP and in Contadora ~2600 cal BP. More sampling 

will be necessary to confirm the second hiatus.  

Interestingly, there is a peak in the ratio of heterotrophic to symbiotic 

Foraminifera again at Contadora during “modern” times that is not present in 

Saboga. Symbiont-bearing foraminifers increase in density at Saboga to a mean of 

~8.7 ind/g after the hiatus, whereas symbiont-bearing densities remain around 4 

ind/g in the core from Contadora until a peak of ~15 ind/g in the 15–20 cm interval. 

This discrepancy could indicate oceanographic differences potentially due to the 

reefs of Saboga being more protected from oceanic influences than those of 

Contadora (Glynn and Macintyre, 1977, Macintyre et al. 1992).  

The patterns seen in the foraminiferal assemblage from the Gulf of Chiriquí 

from the Canales de Tierra core differed from those in the Gulf of Panamá. There 

were three peaks in the heterotrophic/symbiotic ratio, with the first peak occurring 

at the termination of the hiatus in reef growth ~1500–1300 cal BP. Except for those 

three increases in the heterotroph/symbiotic ratio, the ratio remained constant and 
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did not significantly change through time. Even the density of symbionts did not 

change significantly at Canales de Tierra. Foraminiferal assemblages, therefore, 

could be more affected by upwelling strength than climatic effects in the ETP. The 

fact that heterotrophic dominance is a pattern seen through time in both gulfs 

suggests that the Gulf of Chiriquí historically exhibited weak upwelling, supporting 

the conclusion of Toth et al. (2015b). The peaks in heterotrophic densities could 

have resulted from pulses of increased productivity. Although the overall ratio of 

heterotroph to symbiont-bearing Foraminifera does not change significantly at the 

inception of the hiatus, the decrease in miliolids coupled with the increase in 

rotaliids when reef growth is halted (Fig. 3.18) could suggest a La Niña-like state. 

Increased nutrients could have led to increases in rotaliid heterotrophs, yet the low 

pH would have resulted in a decrease in miliolid heterotrophs and symbiotic 

foraminfers.  

The decrease in density of miliolids in the Gulf of Chiriq uuí at the inception 

of the hiatus in reef growth was minor compared with samples within the Gulf of 

Panamá. Whereas the mean density decreased from 54 to 44 ind/g at Canales de 

Tierra, Contadora experienced a decrease from 39 to 15 ind/g in the interval right 

before the hiatus. In addition, miliolid density rebounded to pre-hiatus levels in 

Canales de Tierra, but in Contadora miliolid densities remained low after the initial 

decrease. Interestingly, miliolid density at Saboga remained constant at ~15 ind/g 

before and during the hiatus and increased to 30 ind/g after the hiatus. This 
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discrepancy could be another indicator of differences in regional oceanography 

between these two sites.  

The PERMANOVA suggests that foraminiferal assemblages were distinct 

based on location and hiatus period; however, there was substantial variation that 

could not be explained by the model. The differences in community assemblages in 

the Gulf of Panamá were driven by the lower densities of primarily symbiotic and 

miliolid taxa during the hiatus, most likely due to increases in upwelling strength. 

Rare genera seemed to contribute to differences in community assemblages in the 

Gulf of Panamá. The densities of individual genera did not show a significant 

change through time, most likely because the densities of all genera (except for 

Quinqueloculina and Rosalina) were low. In addition, each of the rare genera 

contributed to less than 10% of the differences in community composition.  

Although the DCA did not explicitly show differences in functional groups 

or foraminiferal orders correlated with the hiatus, change-point analysis did show 

significant shifts through time. Increasing climatic and oceanic variability during 

the period of the hiatus influenced functional groups and foraminiferal taxa. 

Increased nutrients induced by a La Niña-like state appeared to result in increases 

in heterotroph densities. At the same time, low pH and high turbidity could have 

led to decreases in high-Mg-calcite Foraminifera as well as symbiont-bearing taxa. 

Strong upwelling seems to have persisted in the Gulf of Panamá during the hiatus 

in reef growth. The combined ENSO–ocean acidification effect, in concert with the 

predicted increase in the frequency of strong ENSO events (Cai et al., 2014, 2018) 
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and declining oceanic pH (Uthike et al., 2013) in the future, could result in a 

decrease of foraminiferal diversity due to the enhanced dominance of heterotrophic 

rotaliids, accompanying a shutdown of reefs in the ETP similar to the historical 

hiatus.  
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Chapter 4: Variability of Holocene climate in the 

ETP during the hiatus in reef growth 

 

 

INTRODUCTION 

 

The results from Chapter 3, as well as previous research on coral in core 

samples from the ETP (Toth, 2012), suggest that climatic variability during the late 

Holocene was the primary influence on reef development. For much of the work 

that has been completed on corals, however, researchers have only been able to 

characterize conditions before and after the hiatus in reef growth (Toth et al., 2012; 

2015), when corals were available in the reef cores. The analyses of Foraminifera 

presented here allow for the reconstruction of some aspects of environmental 

conditions during the hiatus ~4100–1200 cal BP yet should be interpreted with 

caution. 

Measuring the elemental ratio of magnesium to calcium in tests of benthic 

foraminifera has been used successfully to reconstruct past ocean temperatures 

(e.g., Gillups and Schrag, 2002; Elderfield et al., 2006; Lear et al., 2000; Martin et 

al., 2002). During test construction, a small amount of magnesium is incorporated 

and can form impurities in the calcite. The amount of magnesium in calcite 

precipitated from seawater is temperature-dependent; Foraminifera incorporate 

more magnesium into their tests in warmer water. In present-day seawater which 
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has a Mg/Ca ratio of ~5, the kinetically preferred mineral to be precipitated 

inorganically is aragonite because calcite growth is inhibited by Mg and possibly 

other ions (Davis et al., 2000; Morse and Bender, 1990). Aragonite is also the 

mineral deposited by corals and many mollusks. It has previously been shown that 

in shallow coral-reef environments, Foraminifera dominated when corals became 

rare during the Paleocene (Scheibner and Speijer, 2008). Therefore, by using the 

geochemistry of Foraminifera, I will test predictions of changes in regional 

environmental conditions even in the absence of corals in core records. 

Geochemical reconstructions using foraminifera make it possible to analyze 

climatic and oceanographic variability during the hiatus between ~4100–1200 cal 

BP, for which there are currently limited data. 

Although there have been successful temperature reconstructions using 

benthic Foraminifera, most of the literature on this subject focuses on planktonic 

species or benthic individuals from deep ocean environments. Therefore, 

constraints on using benthic Foraminifera to reconstruct temperature in coral-reef 

ecosystems have not been fully explored. In this chapter, I provide a review of 

relevant literature regarding Mg/Ca paleothermometry and attempt to determine the 

constraints to using foraminiferal reconstructions in comparison with Sr/Ca 

paleothermometry from corals.  

By understanding the environmental drivers during the hiatus, I aimed to 

determine how coral populations were suppressed by climate in the past and what is 

probable for the future. Impacts of future climate change are thought to increase the 
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amplitude of El Niño and La Niña events in the ETP, leading to increased ENSO 

variability (Cai et al., 2014, 2018). Analyzing the geochemistry of foraminiferal 

tests will provide insight into the environmental conditions leading up to and 

during the suppression of coral-reef growth. I tested the following hypothesis in 

this study:  

1. Does the geochemistry (Mg/Ca) of Sorites marginalis suggest a change in 

temperature leading up to the hiatus in coral reef growth and/or reef 

recovery? 

- H1: Increased temperature variability led to and persisted during the 

hiatus in reef growth. 

 

MG/CA PALEOTHERMOMETRY IN FORAMINIFERA 

 

The distribution coefficient relating temperature to the Mg composition of 

calcite formed from seawater is:  

𝐷 =
(
𝑀𝑔

𝐶𝑎
)𝑐𝑎𝑙𝑐𝑖𝑡𝑒

(
𝑀𝑔

𝐶𝑎
)𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

      (2) 

with Mg/Ca referring to the molar ratio of Mg2+ to Ca2+ in calcite and 

seawater. More Mg is incorporated into calcite with increasing temperature, which 

increases the distribution coefficient. The modern molar Mg/Ca ratio in seawater is 

high (i.e., 5.2), which leads to inorganic calcite with greater than 5 mol % MgCO3, 

or high-Mg calcite (Mucci, 1987). High-Mg calcite forms naturally in marine 

sediments except in the deep oceans where the low temperatures and low pH 
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produce low-Mg calcite (Mucci, 1987). Early experiments showed an increase of 

3.1% in Mg/Ca per degree Celsius in inorganic calcite precipitated from seawater 

over a temperature range of 10–50 °C (Oomori et al., 1987).  

Marine organisms that secrete calcite can control the chemical composition 

of their calcite skeletons, but the uptake of Mg varies with temperature (Chave, 

1954). Distribution coefficients are specific for each calcifer. Most planktic 

Foraminifera precipitate low-Mg calcite, with Mg/Ca ratios less than inorganic 

calcite precipitated from seawater (Lea, 2003). Porcellaneous benthic foraminifers, 

on the other hand, precipitate high-Mg calcite.  

By measuring both Mg/Ca and δ18O in planktic foraminifera, temperature 

and local variations in evaporation and rainfall (i.e., salinity) can be estimated (Lea 

et al., 2000). The Mg/Ca temperature proxy is calibrated to show the relationship 

between calcite shell Mg/Ca and seawater temperature. Mg-temperature 

relationships were first established in planktonic foraminiferal shells by using 

controlled culture experiments, sediment trap timeseries, and analysis of 

foraminifers from the tops of sediment cores (core-top studies; Rosenthal and 

Linsey, 2006). Mg/Ca calibrations are expressed as an exponential dependence of 

temperature in the form:  

 Mg/Ca (mmol mol-1)= bemT     (3) 

where Mg/Ca is measured from marine calcite, T is temperature, and m and 

b are the constants (Lea et al., 2003). The exponential fit to the empirical data is 

based on the thermodynamic prediction of exponential response. The exponential 



109 

 

relationship assumes that Mg/Ca responds to a given temperature change (in mmol 

mol-1 per °C reflected by the constant), implying increased sensitivity with 

increasing temperature. Mg/Ca correlates well with Atlantic and Pacific mean 

annual sea-surface temperatures (SST), but there is an intraspecific offset attributed 

to different depths of habitat between/among species (Dekens et al., 2002). 

Although planktic Foraminifera secrete lower Mg-calcite than benthics, the 

temperature dependence in planktic Foraminifera is larger than that of benthic 

foraminifers with exponential constants of ~10% compared with ~2.5%, 

respectively (Rosenthal et al., 1997, Lea 2003).  

The first temperature calibration for benthic species was based on the 

rotaliid, epibenthic species Cibicidoides pachyderma from a shallow bathymetric 

transect (~300–1500 meters) on the Little Bahama Bank (LBB) spanning a 

temperature range of 5–18°C (Rosenthal et al., 1997). Core-top calibrations 

conducted by Lear et al., 2002 and Martin et al., 2002 determined that the 

temperature sensitivity of Cibicidoides Mg/Ca agreed with the findings of 

Rosenthal et al. 1997, showing a ~10% increase in Mg/Ca per °C observed in 

planktonic foraminifera. However, differences in Mg uptake do exist for different 

species of Cibicidoides (Elderfield et al., 2006).  Lear et al. (2002) also observed a 

temperature sensitivity of ~10% in other benthic species including Planulina spp., 

Oridorslis umbunatus, and Melonis spp. whereas other species, Uvigerina spp. and 

Planulina aremenensis, showed a sensitivity of about 6% per °C. Elderfield et al. 

(2010) suggested that Uvigerina may be the best species to use for temperature 
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reconstructions because, being an infaunal species, it is less affected by bottom-

water carbonate-ion differences.   

In addition to differences attributed to habitat depth, the pattern of Mg/Ca 

variation is also significantly different between symbiont-bearing and symbiont-

free, heterotrophic species. Shells of symbiont-bearing Foraminifera show cyclic 

variations between high- and low- Mg/Ca layers within individual chambers, which 

are absent from heterotrophic species (Sadekov et al., 2005). In symbiotic planktic 

species, high-Mg/Ca bands (~8–11 mmol/mol) are intercalated between broader 

low Mg/Ca bands (~1–5 mmol/mol) equating to an apparent calcification 

temperature change of 10°C or more. This variation is more likely due to biological 

effects on the co-precipitation of Mg in foraminiferal calcite, as such high 

variability in temperature is highly improbable (Sadekov et al., 2005). The 

intercalated growth bands are consistent with a diurnal origin, modulated by 

changing pH within the foraminiferal microenvironment due to the day–night, 

photosynthesis–respiration cycle of algal symbionts (Eggins et al., 2004).  

Light not only affects variability due to banding but also trace element 

incorporation in foraminiferal shells. Researchers have shown bands of high-Mg 

calcite are associated with calcite formed in dark conditions (Spero et al., 2015; 

Holland et al., 2017) Al-Horani et al. (2003) found light dependent Ca2+-ATPase in 

corals, suggesting a mechanistic link between light and elemental incorporation. 

Similar mechanisms in Foraminifera could make elemental incorporation in 

foraminiferal shells light dependent (Erez, 2003).  This effect could be enhanced by 
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migration of planktonic species in the water column, which would affect symbiont 

activity (Köhler-Rink and Kühl, 2000; 2005).  

A recent study showed that light not only impacts variability due to banding 

but also significantly affects the average concentration of Mg/Ca within chambers 

of the large benthic, symbiont-bearing foraminifer Amphistegina lessonii. Mg/Ca 

ratios of Foraminifera that calcify for longer in the dark were 23 mmol mol -1 

higher than those formed completely in the light (Dämmer et al., 2019). This 

difference in Mg/Ca translates to an increase of about 2.3 mmol/mol Mg/Ca per 

10% decrease of light exposure duration during calcification, implying a change of 

~1.4°C. When comparing temperature reconstructions based on symbiotic 

Foraminifera Mg/Ca from different latitudes, it is important to consider how 

substantial differences in day lengths affect the Mg/Ca ratio. There should be no 

bias when comparing a single population’s average Mg/Ca, as the population is 

subject to the same amount of light exposure in terms of seasons and latitude.  

Segev and Erez (2006) revealed a positive correlation of shell Mg/Ca with 

Mg/Ca in the culturing media with slightly different curves for two symbiont-

bearing species, Amphistegina lessonii and Amphistegina lobifera. The researchers 

determined that calcification rates were sensitive to Mg/Ca ratio rather than the 

concentration of either Ca2+ or Mg2+. The concentration ratios of Mg2+ in seawater 

to Mg2+ in the foraminiferal shell, known as the partition coefficients of Mg2+ 

(DMg), for A. lobifera and A. lessonii were intermediate between deep benthic and 

shallow benthic species, at 0.012 and 0.010 respectively. Partition coefficients of 
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Mg2+ display a large range from 0.028 in hyaline benthic species (Toyofuku et al., 

2000) to 0.0006 in planktonic species (Nürenberg et al., 1996). Toyofuku et al. 

(2000) determined that salinity does not influence DMg so the variability among 

species is most likely caused by biomineralization effects on the incorporation of 

Mg into foraminiferal calcite. On the other hand, Dueñas-Bohórquez et al. (2011) 

determined that alteration of Ca2+ concentrations changes the calcite saturation state 

which, in turn, affects the incorporation of Mg in two species of shallow benthic 

Foraminifera. 

 

SALINITY AND PH EFFECTS  

A weak positive relationship between planktonic foraminiferal Mg/Ca and 

seawater salinity was determined (Lea et al., 1999; Nürnberg et al., 1996), whereas 

Mg/Ca showed an inverse dependence on pH (Lea et al., 1999; Russell et al., 

2004). A 7±4% change in Mg/Ca per salinity unit (SU) was determined for G. 

sacculifer and O. universa translating to an uncertainty of ~0.3–1°C (Lea, 2003). In 

both species, Mg/Ca ratios decrease by about 7±6% per 0.1 ppm pH, reflecting a 

change of 0– -1.2 °C per pH unit (Russell et al., 2004). Arbuszewski et al. (2010) 

also attributed salinity to be the cause of the ~1–2 mmol/mol difference in Mg/Ca 

ratios from equatorial foraminiferal samples compared with those from more saline 

subtropical gyres. However, excess Mg/Ca in the subtropical gyres may skew 

estimates by several degrees C, as laboratory culture experiments observed salinity 

effects that were an order of magnitude smaller than those suggested by 
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Arbuszewski et al. (Lea et al., 1999; Russel et al., 2004; Kisakurek et al., 2008; 

Dueñas-Bohórquez et al., 2009). 

 

DISSOLUTION EFFECTS 

Core-top studies along bathymetric transects show a decrease in Mg/Ca 

ratios of planktonic foraminifera with increasing depth, independent of the 

overlying sea-surface temperatures, thereby suggesting that foraminiferal Mg/Ca is 

altered by partial dissolution after deposition on the seafloor, driven by the decrease 

in carbonate saturation levels with increasing depth (Dekens et al., 2002; Rosenthal 

et al., 2000). Mg-rich calcite that forms in warmer surface waters is more 

susceptible to dissolution (Brown and Elderfield, 1996). Therefore, the shell’s bulk 

Mg/Ca is shifted toward the composition acquired in colder waters below the 

thermocline (Rosenthal et al., 2000). Dissolution effects on Mg/Ca concentration 

are more prevalent in deep-dwelling species than in shallow dwelling species, since 

deep-dwelling species calcify over a larger range of temperatures (Brown and 

Elderfield, 1996; Dekens et al., 2002).  

Besides temperature, dissolution is the main cause of Mg/Ca variability. 

Various approaches have been offered to correct for dissolution effects on Mg/Ca, 

including adding an ocean-depth correction to calibration equations (Lea et al., 

2000; Dekens et al., 2002). The applied dissolution correction suggests a potential 

error of 0.5°C in estimates for recent Atlantic sediments that are deeper than 2.8 km 

and Pacific sediments >1.6 km but must be adjusted for times when the lysocline 

depth differed from modern conditions (i.e. glacials; Dekens et al., 2002). In 
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addition, this approach does not quantify the dissolution effects on specific 

samples, which might respond more to changes in pore-water chemistry than shifts 

in lysocline depth.  

To address dissolution effects on specific samples, Rosenthal and Lohmann 

(2002) suggested that the relationship between shell weight and the decrease in 

Mg/Ca could be used. Further studies demonstrated that the shell size-weight 

relationship depends on the carbonate content of seawater in which they grow and 

not just dissolution (Barker and Elderfield, 2002), so the initial shell weight would 

have to be known in order to correct Mg/Ca ratios for dissolution effects. Recent 

studies of calcite dissolution in planktic Foraminifera suggest a percent loss of Mg 

in individuals rather than a molar loss of Mg in individuals or a loss of the highest-

Mg individuals from a population (Rongstad et al., 2017).  

Diagenetic alteration is also a concern in the use of Mg/Ca as a temperature 

proxy. Foraminiferal shells may be altered in the water column and at and within 

bottom sediments even at depths above the lysocline (Berger et al., 1982). MgCO3 

is more soluble than CaCO3, resulting in the dissolution of Mg and lower Mg/Ca 

ratios (Dekens et al., 2002). Mg/Ca in benthic foraminifers appears to be more 

resistant to partial dissolution (Elderfield et al., 2006).  

 

SUMMARY OF SR/CA PALEOTHERMOMETRY IN CORALS 

 

Sr/Ca in hermatypic coral skeletons has been shown to be highly correlated 

with monthly or seasonal variations in water temperature (Beck et al., 1992, Alibert 
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and McCulloch, 1997; Linsley et al., 2000; Linsley et al., 2004; Marshall and 

McCulloch, 2002). More Sr is incorporated into the coral skeleton at lower 

temperatures than at higher temperatures. The relationship between Sr/Ca and 

temperature is:  

(Sr/Ca)coral (mmol mol-1) = B + A(SST)     (4) 

where SST is given in °C, and the slope A= 0.062 mmol mol-1 per °C (Beck 

et al., 1992). Similar to foraminiferal Mg/Ca paleothermometry, using Sr/Ca in 

corals to reconstruct temperature also has constraints that can limit the use of this 

proxy. Similar to dissolution effects in Foraminifera, coral Sr/Ca ratios are highly 

susceptible to diagenesis (Cohen and Hart, 2004; Allison 2005). Even moderately 

altered sections of the same fossil coral can show Sr/Ca estimates that are 0.6 mmol 

too high, roughly equivalent to -6 °C SST (Sayani et al., 2021). A variety of 

imaging tools (i.e., x-ray diffraction, scanning electron microscopy) are used to 

screen corals for diagenetic alteration, which is effective in heavily altered corals. 

Yet light to moderately altered corals can escape detection. Including even 1% of 

altered powders can introduce differences of 1–2 °C in temperature reconstructions 

(Allison et al., 2007; Sayani et al., 2011). In addition, pH and dissolved inorganic 

carbon have shown contrasting effects on skeletal Sr/Ca depending on the coral 

species (Cohen, et al., 2009; Gagnon et al., 2013). 

The incorporation of Sr (along with other trace elements) in the aragonite 

coral skeleton is influenced by physiological processes (Cardinal et al., 2001; 

Cohen et al., 2006; Gagnon et al., 2013; Kuffner et al., 2012). Yet the 
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understanding of biological mechanisms whereby corals form their skeleton and 

how they incorporate materials into that skeleton as a function of the concentrations 

in the surrounding seawater is still somewhat limited. Therefore, Sr/Ca 

concentrations can differ within and among species requiring the need for species-

specific and site-specific calibrations that relate Sr/Ca concentrations to 

temperature (Rosenthal and Lindsay, 2006). For example, the sensitivity of coral 

Sr/Ca to SST varies among Porites spp. colonies, both within and across different 

sites. Differences in Sr/Ca‐SST calibrations for Porites spp. corals growing at 

different sites are well documented (e.g., Alibert & McCulloch, 1997), and 

published Sr/Ca‐SST slopes ranging from −0.04 to −0.12 mmol mol−1 °C−1 , with 

an average of −0.06 mmol mol−1 °C−1 (Corrège, 2006; Sinclair, 2015). Some of the 

observed spread may be a result of differences in methodology, (Corrège, 2006; 

Hathorne et al., 2013; DeLong et al., 2013), yet studies examining 

contemporaneous corals from the same site also have reported a similar range of 

Sr/Ca‐SST slopes (−0.03 to 0.09 mmol mol−1 °C−1; Alibert & McCulloch, 1997; 

Alpert et al., 2016; DeCarlo et al., 2016). Without a site-specific calibration, only 

relative changes in SST can be accurately constructed (+/- 0.5°C; Marshall and 

McCulloch, 2002). These calibrations, however, are sometimes based on annual 

cycles to infer interannual or longer-term variations (Rosenthal and Lindsay, 2006; 

Sayani et al., 2019).   

Paired measurements of coral Sr/Ca and coral δ18O allow for the 

quantification of both SST and salinity variations in the past (e.g., Ren et al., 2002; 
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Cahyarini et al., 2008). This paired approach allows for a more complete 

understanding of natural versus anthropogenic temperature and/or hydrological 

changes across the tropics (Felis et al., 2009; Nurhati et al., 2009; Hetzinger et al., 

2010; Nurhati et al., 2011; Carilli et al., 2014; Toth et al., 2015a). Nonetheless, the 

use of paired coral Sr/Ca and δ18O are subject to the same challenges listed above.  

For example, numerous studies on Porites spp. show intercolony offsets in Sr/Ca 

and δ18O that cannot be attributed to small-scale environmental variability (Cobb et 

al., 2003; Felis et al., 2003; Stephans et al., 2004; Linsley et al., 2008; Dassié et al., 

2014) These offsets can be as large as 0.14 mmol/mol for Sr/Ca and up to 0.4‰ for 

δ18O, equivalent to ~2°C. It is unclear whether these intercolony offsets differ from 

site to site or, as stated above, represent differences in biomineralization of 

elements during calcification.  

 

METHODS 

 

To test whether temperature variability changed over time within the Gulf 

of Panamá and the Gulf of Chiriquí, foraminiferal tests from existing cores were 

processed to develop temperature reconstructions based on Mg/Ca ratios using 

Inductively Coupled Plasma-Optical Emission spectroscopy (ICP-OES). The high-

Mg calcite tests of Sorites marginalis, a symbiont-bearing species, were picked 

from cores from Contadora and Saboga in the Gulf of Panamá and Canales de 

Tierra in the Gulf of Chiriquí. All the 5-cm intervals within the hiatus in reef 

growth were sampled from each core, as well as intermittent intervals from before 
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and after the hiatus. A total of 24 intervals were sampled from within the Contadora 

core, 18 intervals from Saboga, and 20 intervals from Canales. Around 10–20 

individuals in good taphonomic condition were picked from each interval, which 

were analyzed to compare the variability of Mg/Ca ratios within and between the 

three cores. The methods for sample preparation described in Chapter 2 were used 

for the core samples: sonication, oxidation, and leaching (Barker et al., 2003). 

Bayesian change-point (BCP) analysis was used to estimate the locations where 

Mg/Ca changed over time. The full list of Mg/Ca results are recorded in Appendix 

C, with the samples that had Ca concentrations less than 10 ppm highlighted in red 

to indicate those samples that fell below QA/QC requirements.   

 

RESULTS 

 

As depicted in Figure 4.1, Mg/Ca concentrations changed dramatically in 

Contadora during the hiatus compared with those in Saboga and Canales de Tierra. 

In fact, the variability of the Mg/Ca results in Contadora were so unexpected that 

new samples were collected, and a second analysis was performed (Contadora 

Round 2, Fig. 4.1). The second round of analyses showed similar results, with 

dramatic increases in Mg/Ca during the hiatus in reef growth. At a constant 

temperature of 25°C, Mg/Ca ranges 144±1 mmol/mol. Slight increases or decreases 

around this ratio are expected with varying temperatures, as is seen in Saboga and 

Canales, yet temperature variations alone cannot explain the anomalously high/low 

ratios seen in Contadora.  
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Figure 4.1 Mg/Ca ratios from all three cores. Contadora Round 1 and Round 2 

represent the two rounds of samples that were analyzed. Shaded areas represent the 

hiatus in reef growth. The same scale is used for each axis to emphasize the high 

variability in Contadora. Shading represents the period of the hiatus for each core.  

 

The linear relationship between Mg/Ca and temperature developed for 

Operculina ammonoides (Evans et al., 2015; Chapter 2, Equation 2) was used to 

estimate temporal variability in temperature within each core. The temperature 

reconstructions for the Contadora core are shown in Figure 4.2 (based on the 

second round of samples analyzed); however, these temperatures are not realistic 

and suggest that the Mg/Ca ratios are influenced by other factors in Contadora.  
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Figure 4.2 Mg/Ca ratios, posterior mean and probability from Bayesian change 

point analysis, and temperature reconstructions from the Contadora core. X1 and x 

represent the posterior mean and posterior probabilities, respectively.  

  

As shown in Figure 4.2, Mg/Ca ratios at Contadora increased leading up to 

the hiatus in reef growth and fluctuated within the hiatus before decreasing at the 

termination of the hiatus in reef growth. The temperature reconstructions based on 

the linear equation from Operculina ammonoides shows temperature ranging from 

8–64°C, which is not realistic. Therefore, I used the posterior means from the BCP 

analysis instead of the measured Mg/Ca to calculate a more reasonable temperature 

reconstruction ranging from 21.4–23.3°C (Fig. 4.3). The Mg/Ca analysis shows a 

likely increase in temperature leading up to the hiatus in reef growth at Contadora, 
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yet the probability calculated by BCP analysis does not suggest a significant 

change in Mg/Ca.  

 

Figure 4.3 Mg/Ca ratios, posterior mean and probability from Bayesian change 

point analysis, and temperature reconstructions based on the posterior means from 

the Contadora core.  

 

When compared with the high variability seen at Contadora, the Mg/Ca 

ratios at Saboga seem relatively stable through time (Fig. 4.1). The difference of 

scale for Mg/Ca concentration in Figure 4.4 compared with Figure 4.1 better shows 

the changes that occurred at Saboga. There is greater variability within the hiatus 

period at Saboga, with temperature increasing up to the inception of the hiatus to a 

maximum of 25.8°C and then dropping to 21.7°C at the 160–165 cm interval.  

Another, change occurs during the hiatus ~130 cm with the increase in temperature 
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from ~21°C to ~25°C before dropping back down to ~21°C. As with Contadora, 

the variability in Mg/Ca and temperature is greater during the hiatus in reef growth. 

However, it is important to note that the changes in Mg/Ca (and therefore 

temperature) are not significant according to BCP analysis with all probabilities 

being <0.015.  

 

Figure 4.4 Mg/Ca ratios, posterior mean and probability from Bayesian change 

point analysis, and temperature reconstructions from the Saboga core.  

 

The Mg/Ca results from Canales de Tierra are similar to those of Saboga, 

showing relatively stable ratios through time with some variability during the 

period of the hiatus in reef growth (Fig. 4.5).  At the inception of the hiatus in reef 

growth, temperatures drop from ~25°C to 22°C between 220–210 cm before 

increasing again to ~27°C between 180–190 cm. There is a subsequent decrease in 

temperature at the end of the hiatus to ~22°C and then an increase to ~28°C at the 
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120–125 cm interval, which is associated with 1524–1226 cal BP. Again, the 

probability calculated by BCP analysis does not show a significant change in 

Mg/Ca as the probability of a change occurring at any point is <0.008.  

 

Figure 4.5 Mg/Ca ratios, posterior mean and probability from Bayesian change 

point analysis and temperature reconstructions from the Canales de Tierra core. 

 

The linear relationship between temperature and Mg/Ca for Operculina 

ammonoides (Evans et al., 2015) seems to hold up for downcore temperature 

reconstructions using Sorites marginalis, at least for samples from Saboga and 

Canales de Tierra. The mean temperatures calculated for the Canales de Tierra core 

are higher than those calculated for Saboga and relate to the modern in situ 

temperatures reported in Chapter 2. In the temperature reconstructions for Saboga, 

temperatures ranged from ~21–26 °C, which is similar to the recorded minimum 

mean temperatures and mean annual temperatures measured in the Gulf of Panamá 

of 21.6 ± 1.8 SE and 26.9 °C ± 0.38, respectively. The in situ temperatures 
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measured in the Gulf of Chiriquí were higher than the reconstructed temperatures 

from the Canales core. In situ temperatures ranged from 27.5 °C–30.4 °C with a 

mean annual average of 28.8 °C ± 0.08 SE compared with a range of 22.4 °C–28.5 

°C and a mean of ~24.6°C C ± 1.22 SE calculated from the temperature 

reconstruction. The higher in situ temperatures recorded in the Gulf of Chiriquí 

compared with lower temperatures reconstructed from downcore samples could 

indicate increased contemporary warming due to climate change.  

 

DISCUSSION 

 

Foraminiferal Mg/Ca ratios have proven to be a useful proxy of temperature 

(e.g., Lea et al., 2000; Billups and Schrag, 2002, 2003; Lear et al., 2003; Martin et 

al., 2002; Marchitto and deMenocal, 2003; Skinner et al., 2003) and seem to 

provide realistic temperature reconstructions from two cores analyzed in this study 

using the Mg/Ca-temperature relationship for Operculina ammonoides. However, 

the Mg/Ca ratios from Contadora are highly variable, especially during the hiatus, 

and are apparently influenced by other variables besides temperature.  Geochemical 

reconstructions show higher variability in Mg/Ca during the hiatus within all three 

cores. However, Mg/Ca ratios from the foraminiferal samples did not show 

significant differences through time based on BCP analysis.  

The high variability in Mg/Ca in the Contadora samples is cannot be solely 

a result of temperature, as the calculated temperatures would not be realistic for that 

site. As described above, other environmental variables can offset Mg-
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incorporation, for example, salinity and carbonate chemistry, dissolution effects, or 

even light availability (Lea et al., 1999; Dueñas-Bohórquez et al., 2011; Hönish et 

al., 2013; Geerken et al., 2018). However, those environmental variables are 

expected to be similar in Saboga due to the proximity (<3 km) of the two reefs. The 

availability of light could affect Mg/Ca ratios, as a 23 mmol/mol difference in 

Mg/Ca was observed between carbonate formed entirely in the dark versus. 

completely in the light in large benthic, symbiont-bearing Foraminifera (Dämmer et 

al., 2019). Yet even if high turbidity led to lower light levels in Contadora, the light 

reduction would not have been comparable to the latter study and could not explain 

the ~130 mmol/mol increase during the hiatus. The fact that analyses of two 

different rounds of samples presented higher-than-expected Mg/Ca ratios during 

the hiatus at Contadora shows that there is most likely a local influence on Mg/Ca 

concentrations. This local influence could be the reason why a discrete hiatus was 

seen in Contadora and not in Saboga.  

Geochemical analysis of another Contadora core completed by Toth et al. 

(2012) showed highly variable, but realistic ranges of Sr/Ca-based temperatures 

during the Holocene, even when the reef was accreting. This pattern is not directly 

shown based on Mg/Ca records of foraminiferal tests. In fact, BCP analysis shows 

relatively stable Mg/Ca ratios outside of the hiatus within all cores, with the highest 

variability occurring at Contadora. Mg/Ca-based temperature reconstructions 

before the hiatus were stable, consistent with published reconstructions of ENSO 

that show a Holocene minimum in variance from ~4 to 5 cal BP (Kouvatas and 
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Joanides, 2012; Cobb et al., 2013; Carré et al., 2014; Emile-Geay et al., 2016). 

These same reconstructions, however, show large variations in ENSO variance 

before ~6 ka and after ~4 ka.  

The first change-points for Mg/Ca from samples within each core occur 

~4300–3900 cal BP, depicting an increase in temperature of ~2°C in Saboga and 

Contadora and a decrease in temperature of ~3°C in Canales de Tierra. However, 

the probability of a change occurring at that interval within each of these cores is 

<1%. The increased temperature recorded in the Gulf of Panamá could reflect the 

stronger El Niño events after 4 ka (Rein, 2007; Carré, 2014). The initial increase in 

temperature at Saboga, followed by a sharp decline to ~21°C within the 150–155 

cm interval occurring between ~4300 and ~2700 cal BP, could represent the 

postulated increased La Niña activity between 3800 and 3200 cal BP (Conroy et al., 

2008). Mg/Ca-based temperature reconstructions in Contadora begin to decrease 

~3067–2867 cal BP before decreasing to a stable mean temperature around ~21.4 

°C. The first (though non-significant) change-point at Canales de Tierra occurred 

within the 190–195 cm interval, representing a temperature range of ~6°C around 

~1598–1303 cal BP.  

Numerous models of ENSO variability have been published based on a 

variety of reconstructions of Holocene paleoclimate. Yet predicting the long-term 

behavior of ENSO with ongoing climate change has been difficult, leading to 

conflicting evidence on the external forcing of ENSO (Clement, 2010; Cobb et al., 

2013; Carré et al., 2014; Emile-Geay et al., 2016). More recent studies using paired 
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measurements of δ18O and Mg/Ca in foraminiferal shells to account for salinity and 

temperature differences show promise, yet the same challenges presented above are 

prevalent. A recently developed model, Foraminifera as Modelled Entities 

(FAME), takes into account the potential modulation of δ18Ocalcite and the 

temperature recorded in the calcite by planktonic foraminiferal growth (an estimate 

of the proxy Mg/Ca) to determine if these parameters directly record the ENSO 

cycle (Roche et al., 2017). Using this model, Metcalfe et al. (2019) showed that 

foraminiferal-based proxies offer sufficient spatiotemporal continuity allowing for 

the reconstruction of past changes of ENSO for a large part of the Pacific Ocean, 

but that slow sedimentation rates and proximity to the calcite compensation depth 

reduce the available area for reconstructions.  

The data presented here show that there was likely increased climatic 

variability associated with the hiatus and a potential local effect at Contadora. Few 

studies have investigated whether shallow benthic Foraminifera can reconstruct 

long-term variability in ENSO. Future studies using paired measurements of δ18O 

and Mg/Ca could potentially provide deeper insight into ENSO effects on the 

hiatus in the ETP as well as local influences on foraminiferal-calcite Mg/Ca.  
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Chapter 5: Synthesis 

How marginal reef systems responded to past climatic variability provides 

clues to their prospects for persisting through contemporary climate change. Reefs 

along the Pacific coast of Panamá experience a natural gradient of nutrients, pH, 

and temperature because of stronger seasonal upwelling in the Gulf of Panamá than 

in the Gulf of Chiriquí. These reefs are also strongly affected by climatic variability 

due to the El Niño–Southern Oscillation (ENSO). Increased ENSO variability at 

the beginning of the Late Holocene is thought to have caused a 2500-year hiatus in 

reef-building in Pacific Panamá (Toth, 2012). However, the environmental 

conditions that drove the shutdown were inferred from the geochemistry of a 

limited number of coral samples. Foraminifera are useful indicators of reef-

ecosystem condition because they are abundant in reef settings, secrete calcium 

carbonate and can host symbionts, respond rapidly to environmental variation, and 

persist in the absence of corals. By examining benthic Foraminifera in modern 

(Chapter 2) and fossil sediments (Chapter 3 and 4) collected from the Gulf of 

Panamá and the Gulf of Chiriquí, regional oceanography and climatic drivers were 

determined to influence foraminiferal assemblage changes that were 

contemporaneous with shifts in coral growth.  
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ANALYSIS OF CONTEMPORARY FORAMINIFERAL ASSEMBLAGES 

  

Contemporary foraminiferal samples from both gulfs were dominated by 

heterotrophic Foraminifera, which was likely the result of overall nutrient 

enrichment due to upwelling, even in the weakly upwelling Gulf of Chiriquí. 

However, the Gulf of Chiriquí had higher abundances of symbiont-bearing taxa 

than the Gulf of Panamá. Temperature loggers deployed from 2016 to 2019 showed 

that water temperatures were lower on average (26.9 °C ± 0.38 SE) and more 

variable (22 °C–29 °C) in the Gulf of Panamá than in the Gulf of Chiriquí (average 

28.9 °C ± 0.08; range 28 °C–30°C) due to stronger seasonal upwelling. 

Geochemical analysis of contemporary, symbiont-bearing miliolids, Sorites 

marginalis, revealed that foraminiferal Mg/Ca ratios were lower in the Gulf of 

Panamá (131.9 mmol/mol ± 2.10 SE) than in the Gulf of Chiriquí (145.2 ± 2.30 

SE), consistent with the lower mean annual temperature observed in the Gulf of 

Panamá.  

Whereas heterotrophic dominance reflects nutrient enrichment caused by 

upwelling in both gulfs, the lower densities of miliolids in the Gulf of Panamá 

could be a result of depressed pH due to stronger upwelling compared with the 

Gulf of Chiriquí. Lower pH results in an increased cost of calcification for 

miliolids, as their shells contain high-Mg calcite that is subject to dissolution 

(Bentov and Eres, 2006; Knorr, 2015). Miliolids contributed ~26% of the mean 

foraminiferal density in the Gulf of Panamá, compared with 48% in the Gulf of 

Chiriquí, potentially due to the increased cost of calcification (Bentov & Erez, 



130 

 

2006). Overall, the composition of contemporary foraminiferal assemblages and 

their geochemistry reflect regional oceanography in the eastern tropical Pacific.  

 

ANALYSIS OF FORAMINIFERAL ASSEMBLAGES ASSOCIATED WITH 

THE HIATUS IN REEF GROWTH 

 

Increased variability of the El Niño–Southern Oscillation (ENSO) 

beginning around ~4.2 ka was proposed to have led to a shutdown in coral growth 

for ~2500 years (Toth, 2012; Toth et al., 2015a, 2015b). Updated analyses of 

radiocarbon dates from coral and foraminiferal samples were used to create 

Bayesian age models that showed all sites exhibited a hiatus in Pocillopora growth 

between 4000–4250 cal BP but terminated at different times. Contadora 

experienced the longest hiatus, lasting ~3000 years, with the second being Canales, 

lasting ~2700 years. Saboga exhibited intermittent reef growth, evidenced by 

radiocarbon dates of Pocillopora in poor taphonomic condition during the hiatus. 

Although a discrete hiatus was not seen at Saboga, reef development was 

effectively shut down for 2000 years.  Toth (2013) reviewed concurrent hiatuses at 

other reefs in the Pacific, surmising that climatic changes, rather than local or 

regional influences, had widespread effects that led to the shutdown of reef growth. 

By adding foraminiferal samples to the age models, a possible second hiatus 

was observed at Contadora and Saboga around 2600 cal BP and 2100 cal BP, 

respectively. A second hiatus could be possible for Canales, but additional samples 

would have to be dated to detect it, if it occurred. This second hiatus could be 

associated with the decline in the variability of the mean position of the 
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Intertropical Convergence Zone ~2500 cal BP (Haug et al., 2001; Sachs et al., 

2018). A more northerly ITCZ have decreased ENSO variability but enhanced 

eastern-Pacific upwelling and produced cooler sea temperatures in the ETP. That 

would have inhibited the production of the symbiont-bearing Sorites marginalis 

which were dated in this study.  

Shifts in the structure of foraminiferal assemblages during the hiatus in reef 

growth suggest that foraminifers respond not only to oceanographic effects but also 

to climatic variations. Core logs from each site showed increases in the ratio of 

heterotrophic to symbiotic Foraminifera associated with the hiatus in reef growth. 

These shifts in foraminiferal assemblage did not predict the hiatus in reef growth, 

but instead occurred within the period of the hiatus at all sites. The peak in the 

heterotroph-to-symbiont-bearing foraminiferal ratio within the Gulf of Panamá 

occurred ~3100–2700 cal BP, concurrent with the inferred peak of El Niño strength 

~2800 cal BP (Rein 2005; Tudhope 2001). It is surprising that the peak in the 

heterotroph ratio is seen during the previously predicted peak in El Niño strength, 

when productivity and, therefore, food sources were low; however, the ratio 

declined drastically leading up to the termination of the hiatus suggesting that 

densities were influenced by the heightened El Niño.  

The decrease in miliolids within the Gulf of Panamá was evident prior to 

the inception of the hiatus ~4300 cal BP. This decline could have been associated 

with the change to a La Niña-like state, which would have caused increased 

upwelling leading to dampened pH and low light levels. In addition, all of the 
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symbiont-bearing foraminifers found at these sites were miliolids and would be 

affected by the low-light conditions caused by increased turbidity from La Niña. 

Interestingly, there are no significant changes in foraminiferal composition in the 

Gulf of Chiriquí within the period of the hiatus, which could suggest that 

foraminiferal abundances can rebound more quickly than corals. The peak in the 

heterotroph ratio occurred closer to the termination of the hiatus ~1600–1300 cal 

BP, and the decrease in the density of miliolids at the inception of the hiatus was 

not significant.  

 

GEOCHEMICAL ANALYSIS OF HOLOCENE CLIMATE 

 

Attempts to reconstruct temperature using Mg/Ca proxies from 

foraminiferal shells proved difficult in this study. Mg/Ca ratios from samples in 

Saboga and Canales de Tierra aligned with expected concentrations (~138–145 

mmol/mol) and translated to realistic temperatures for Pacific Panamá (~21–29 °C). 

Based on Mg/Ca analyses, there was an increase in temperature of ~2°C in Saboga 

and a decrease in temperature of ~3°C in Canales de Tierra around ~4300–3900 cal 

BP, yet the changes were not significant according to Bayesian change-point 

analysis. Both sites showed a pattern of decreasing temperature following the 

initiation of the hiatus ~4300–3900 cal BP. The initial increase in Mg/Ca (and 

therefore temperature) at Saboga was followed by a decrease in Mg/Ca, which 

could reflect a switch to a La Niña-like state.  
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Further confounding the Mg/Ca-temperature reconstructions were the 

geochemical results from Contadora, where Mg/Ca concentrations ranged from 

101–247 mmol/mol. This would translate to an unrealistic range of 8–64°C. The 

signal is not thought to be erroneous, as the same pattern was shown in two rounds 

of analyses. However, the absolute temperatures calculated from these Mg/Ca 

concentrations are problematic. Therefore, some local effect(s) most likely led to 

the increase in Mg/Ca concentrations during the hiatus. Low light has been shown 

to increase Mg/Ca concentrations in foraminiferal shells (Dämmer et al., 2019), as 

has higher Mg/Ca ratios of the ambient seawater (Segev and Erez, 2006). However, 

even these factors would only explain up to a 23 mmol/mol increase in Mg/Ca, 

whereas this study found a difference of ~145 mmol/mol between the lowest and 

highest measured concentrations.  A local effect on Mg/Ca concentrations in 

Contadora could suggest a reason why a discrete hiatus was seen at Contadora, 

whereas the reef at Saboga experienced intermittent growth. The pattern of 

increased Mg/Ca concentrations during the hiatus shown in this study suggests 

changes in ocean conditions. This observation could be strengthened by future 

studies using simultaneous measurements of δ18O, Sr/Ca and Mg/Ca, which, by 

making it possible to parse out the effects of temperature and salinity, and would 

provide deeper insight into ENSO effects on the hiatus in the ETP, as well as local 

influences on foraminiferal-calcite Mg/Ca.  
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CONCLUDING REMARKS 

 

In Pacific Panamá, oceanographic and climatic variability affected 

foraminiferal composition during the Holocene. Persistent, strong seasonal 

upwelling in the Gulf of Panamá and weaker upwelling in the Gulf of Chiriquí 

explain the dominance of heterotrophs seen at all times in the core records. 

Symbiotic Foraminifera were significantly correlated with Pocillopora growth and 

increases in the ratio of heterotrophic to symbiotic Foraminifera coincided with the 

initiation of the ~2500 year hiatus in reef growth beginning 4000–4250 cal BP. 

Evidence from corals and Foraminifera from these cores suggests that climatic 

variability related to ENSO led to the hiatus and continued to suppress reef growth 

within the Gulf of Panamá and the Gulf of Chiriquí. Although geochemical 

reconstructions of climate were apparently confounded by other environmental 

variables in this study, the results suggest that local effects can influence widely 

used geochemical proxies. Enhanced dominance of heterotrophic rotaliids, due to 

the potential bleaching of symbiotic miliolids, combined with a potential shutdown 

of reefs similar to the historical hiatus are predicted for the current trajectory of 

climate change. As climate change is predicted to increase the frequency of 

extreme ENSO events (Cai et al., 2014, 2018), and ocean acidification will increase 

with increased anthropogenic emissions of CO2, it is likely reefs of the ETP and 

their foraminiferal assemblages will shift increasingly toward a heterotrophic state.  
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APPENDIX A 

RADIOCARBON DATES 

This appendix includes a complete list of radiocarbon Contadora, Saboga, and Canales de Tierra. Radiocarbon dates are 

calibrated according to the local (Gulf-specific) reservoir correction (ΔR). Both the mean date of the probability 
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Table A-1. Radiocarbon dates from fore-reef cores at Contadora, Iguana, and Canales de Tierra. 

 

Site Core # 

Depth in 

core (cm) Coral genus 

Dating 

technique 

Conventional 
14C age ΔR Cal BP  

Cal BP  

2σ range 

Contadora EP08-26 40–45 Pocillopora Bulk 14C Modern    

  55–60 Porites Bulk 14C 1020±50 -83±36.8 534 673–376  

  65–70 

80–85  

Foraminifera 

Pocillopora 

Bulk 14C 

Bulk 14C 

Modern 

1450±60 

 

-83±36.8 

 

919 

 

1117–723  

  115–125 Pocillopora Bulk 14C 1370±15 -83±36.8 834 1205–827  

  145–150 Pocillopora Bulk 14C 1540±50 -83±36.8 1016 1205–827  

  165–170 Foraminifera Bulk 14C 2930±20 -87±35.1 2632 3067–2867  

  175–180 

180–185 

225–230  

260–265 

260–265 

305–310    

Psammocora 

Porites 

Foraminifera 

Foraminifera 

Pocillopora 

Pocillopora 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

3730±40 

4490±60 

2100±20 

4700±25 

4840±20 

5060±30 

419±32.7 

256±31.8 

56.5±35.3 

256±31.8 

100±38.5 

-34±3709 

2974 

4142 

1569 

4420 

4794 

5244 

3165–2779  

4384–3909  

1719–1399  

4611–4227  

4977–4589 

5441–5035 

 

 

Site Core # 

Depth in 

core (cm) Coral genus 

Dating 

technique 

Conventional 
14C age ΔR Cal BP  

Cal BP  

2σ range 

Saboga EP09-33 25–30 Psammocora Bulk 14C 565±20 -134±37.5 157 183–1 

  80–85 Foraminifera Bulk 14C 1340±20 -83±36.7 807 1045–667  
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  80–85 

105–110  

Pocillopora 

Pocillopora 

Bulk 14C 

Bulk 14C 

2920±15 

3070±50 

-87±35.1 

419±32.7 

2621 

2175 

2289–2086 

2351–1963  

  125–130 Psammocora Bulk 14C 3050±70 419±32.7 2149 2358–1899  

  125–130 Foraminifera Bulk 14C 3700±20 419±32.7 2934 3109–2764  

  160–170 Pocillopora Bulk 14C 4460±60 241±34.5 4122 4368–3886  

 

 

 

 

Canales  

 

 

 

 

EP11-41 

190–195 

205–210 

210–215  

225–230 

45–50  

100–105 

115–120 

115–120  

120–125  

140–145 

165–170 

190–195 

225–230 

260–265 

270–275 

290–295 

365–370 

 

  

Foraminifera 

Pocillopora 

Pocillopora 

Foraminifera 

Pocillopora 

Pocillopora 

Pocillopora 

Foraminifera 

Pocillopora 

Foraminifera 

Pocillopora 

Foraminifera 

Pocillopora 

Pocillopora 

Foraminifera 

Pocillopora 

Pocillopora 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

Bulk 14C 

3670±25 

4560±80 

4610±20 

4740±25 

795±15 

850±30 

830±15 

1050±15 

1880±30 

1390±15 

2000±30 

1950±20 

4150±30 

4340±20 

3580±20 

4360±20 

4760±60 

419±32.7 

163±37.9 

163±37.9 

163±37.9 

-69±37.4 

-69±37.4 

-69±37.4 

-69±37.4 

-86.5±32.9 

-86.5±32.9 

-104±32.9 

-104±32.9 

-125±32.9 

-26±32.7 

-53.5±33.1 

-26±32.7 

-83±34.2 

2897 

4531 

4424 

4596 

332 

376 

361 

547 

1363 

856 

1506 

1450 

4198 

4316 

3250 

4341 

4930 

3070–2740  

4807–4265  

4619–4225  

4794–4414 

473–164 

516–236 

500–220 

661–430 

1524–1226 

1002–705 

1522–1374 

1598–1303 

4392–4001 

4502–4163 

3400–3071 

4517–4152 

5208–4706  
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APPENDIX B 

SIMPER RESULTS 

This appendix includes a complete list of species that contribute to the differences between sites and the cumulative sum 

of the percent difference.   

 

Table B-1. Genera and their percent contribution to differences between Contadora and Canales de Tierra.  

 

Genus Average Standard 

Deviation 

Avg. to 

SD 

ratio 

Average 

Abundance 

A 

Average 

Abundance 

B 

Cumulative 

Sum 

Hayesina 0.03 0.02 1.58 0.67 0.26 0.08 

Quinqueloculina 0.03 0.02 1.31 1.46 1.04 0.16 

Peneroplis 0.02 0.02 1.41 0.70 0.46 0.23 

Triloculina 0.02 0.02 1.34 0.53 0.36 0.30 

Sorites 0.02 0.02 1.28 0.74 0.57 0.36 

Pseudohauerina 0.02 0.01 1.45 0.44 0.18 0.42 

Spiroloculina 0.02 0.01 1.43 0.44 0.19 0.47 

Rosalina 0.02 0.01 1.48 1.55 1.83 0.52 

Borelis 0.02 0.01 1.25 0.30 0.27 0.57 

Uvigerina 0.02 0.01 1.37 0.40 0.47 0.62 

Neoconorbina 0.02 0.01 1.32 0.43 0.32 0.67 

Bolivina 0.02 0.01 1.31 0.48 0.62 0.72 

Cymbaloporetta 0.01 0.01 1.39 0.27 0.32 0.76 

Nonionoides 0.01 0.01 1.29 0.24 0.29 0.81 

Elphidium 0.01 0.01 1.31 0.34 0.36 0.85 
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Reusella 0.01 0.01 1.35 0.23 0.29 0.89 

Articulina 0.01 0.01 1.08 0.20 0.23 0.93 

Planorbulina 0.01 0.01 1.22 0.20 0.27 0.97 

Marginopora 0.01 0.01 1.19 0.13 0.11 1.00 

 

Table B-2. Genera and their percent contribution to differences between Saboga and Contadora. 

 

Genus Average Standard 

Deviation 

Avg. to 

SD Ratio 

Average 

Abundance 

A 

Average 

Abundance 

B 

Cumulative 

Sum 

Quinqueloculina 0.02 0.02 1.31 0.99 1.04 0.08 

Hayesina 0.02 0.01 1.51 0.53 0.26 0.15 

Peneroplis 0.02 0.01 1.38 0.47 0.46 0.22 

Sorites 0.02 0.01 1.36 0.57 0.57 0.29 

Triloculina 0.02 0.01 1.37 0.40 0.36 0.35 

Nonionoides 0.02 0.01 1.34 0.35 0.29 0.41 

Elphidium 0.02 0.01 1.27 0.52 0.36 0.48 

Uvigerina 0.02 0.01 1.27 0.45 0.47 0.53 

Borelis 0.02 0.01 1.17 0.12 0.27 0.58 

Bolivina 0.01 0.01 1.30 0.61 0.62 0.63 

Cymbaloporetta 0.01 0.01 1.33 0.19 0.32 0.68 

Reusella 0.01 0.01 1.34 0.15 0.29 0.73 

Neoconorbina 0.01 0.01 1.29 0.29 0.32 0.78 

Planorbulina 0.01 0.01 1.25 0.21 0.27 0.83 

Pseudohauerina 0.01 0.01 1.25 0.20 0.18 0.87 

Articulina 0.01 0.01 1.22 0.11 0.23 0.91 

Spiroloculina 0.01 0.01 1.33 0.22 0.19 0.95 

Rosalina 0.01 0.01 1.26 1.82 1.83 0.97 



156 

 

Marginopora 0.01 0.01 0.85 0.05 0.11 1.00 

 

Table B-3. Genera and their percent contribution to differences between Saboga and Canales de Tierra. 

 

Genus Average Standard 

Deviation 

Avg. to 

SD Ratio 

Average 

Abundance 

A 

Average 

Abundance 

B 

Cumulative 

Sum 

Quinqueloculina 0.03 0.02 1.51 0.99 1.46 0.09 

Peneroplis 0.02 0.01 1.47 0.47 0.70 0.16 

Triloculina 0.02 0.01 1.43 0.40 0.53 0.22 

Hayesina 0.02 0.01 1.35 0.53 0.67 0.29 

Sorites 0.02 0.01 1.46 0.57 0.74 0.35 

Pseudohauerina 0.02 0.01 1.50 0.20 0.44 0.41 

Spiroloculina 0.02 0.01 1.53 0.22 0.44 0.47 

Elphidium 0.02 0.01 1.32 0.52 0.34 0.52 

Bolivina 0.02 0.01 1.32 0.61 0.48 0.58 

Nonionoides 0.02 0.01 1.38 0.35 0.24 0.63 

Rosalina 0.02 0.01 1.79 1.82 1.55 0.68 

Borelis 0.02 0.01 1.17 0.12 0.30 0.73 

Neoconorbina 0.01 0.01 1.39 0.29 0.43 0.78 

Uvigerina 0.01 0.01 1.38 0.45 0.40 0.83 

Reusella 0.01 0.01 1.32 0.15 0.23 0.87 

Cymbaloporetta 0.01 0.01 1.38 0.19 0.27 0.91 

Articulina 0.01 0.01 0.90 0.11 0.20 0.94 

Planorbulina 0.01 0.01 1.36 0.21 0.20 0.98 

Marginopora 0.01 0.01 1.08 0.05 0.13 1.00 
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APPENDIX C 

MG/CA AND SR/CA RATIOS 

This appendix includes a complete list of Mg/Ca and Sr/Ca ratios from Contadora, 

Saboga, and Canales de Tierra.   

 

Table A-1. Mg/Ca and Sr/Ca concentrations from cores at Contadora, Saboga, and 

Canales de Tierra. 

Site Core # 

Depth 

in core 

 (cm) 

Mg/Ca 

(mmol/

mol) Sr/Ca (mmol/mol) 

     

Contadora EP08-26 10 127.51 2.04 

  20 126.54 3.52 

  60 115.93 2.70 

  70 123.04 3.69 

  80 123.65 3.99 

  90 112.75 5.90 

  110 101.65 3.87 

  120 109.02 4.38 

  130 102.36 5.74 

  140 134.96 4.21 

  150 139.51 2.22 

  160 203.37 3.44 

  165 139.60 2.07 

  170 247.18 3.50 

  175 151.43 3.51 

  180 207.71 2.87 

  185 116.93 5.10 

  190 115.67 5.08 

  210 116.79 2.09 

  220 143.95 2.28 

  240 137.41 2.15 

  260 139.74 2.35 
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  280 143.10 3.06 

  300 141.54 3.78 

Saboga EP09-33 15 135.64 2.16 

  30 136.30 2.91 

  60 139.09 2.35 

  80 140.12 2.44 

  90 142.69 2.15 

  100 140.70 2.08 

  110 135.76 2.19 

  120 135.97 2.03 

  125 135.39 1.95 

  130 145.39 1.94 

  140 136.91 1.98 

  145 139.59 2.02 

  150 135.42 2.04 

  160 147.58 2.23 

  190 140.98 2.04 

  210 141.06 2.15 

  220 140.82 2.05 

  240 142.61 2.12 

Canales 11-41 20 144.28 2.17 

  60 146.93 2.32 

  90 145.60 2.24 

  110 145.13 2.32 

  120 154.44 2.67 

  165 143.86 2.09 

  170 142.29 2.09 

  175 139.48 2.18 

  180 150.04 2.09 

  185 146.41 2.08 

  190 147.64 2.07 

  195 139.25 2.04 

  200 139.65 2.21 

  210 138.89 2.89 

  220 140.02 2.31 

  240 146.13 2.23 

  270 143.55 2.09 

  300 146.42 2.24 

  320 144.41 2.13 

  360 145.11 2.03 
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