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Abstract 

 

Orbicella annularis is an abundant framework-building Scleractinian coral that serves as 

an ecological cornerstone throughout the Caribbean Sea. The O. annularis holobiont (all 

interacting biotic and abiotic components making up the coral) is negatively impacted by increased 

exposure to anthropogenic pollution, which results in altering coral physiology and increasing the 

risk of disease infection. Changes in O. annularis tissue cellular composition and skeletal structure 

have been tracked across a 75 km-long gradient from clean to polluted seawater on the fringing 

reef of the leeward coast of the island nation of Curaçao. A unidirectional ocean current flows to 

the northwest past the capital city of Willemstad, a large point source of human sewage and ship 

bilge. Apparently healthy coral colonies were evaluated and sampled by extracting 2.5 cm-

diameter biopsies at five sites from Water Plant to Playa Kalki within the back-reef carbonate 

sedimentary depositional facies. As a result, environmental variables other than pollution, such as 

water depth, currents, water temperature, oxygenation and other factors remained constant 

between sites.  

Two-photon confocal laser scanning microscopy (TP-LCM) was used for three-

dimensional (3D) quantification of the density of zooxanthellae and chromatophore cells within 

the coral tissues. X-ray computed tomography (BioCT) was used to determine the density of the 

outermost layer of the coral skeletal being precipitated at the time of sampling in May 2014. 

Results indicate that zooxanthellae cell tissue densities decreased as pollution concentration 

increased. Conversely, chromatophore cell tissue densities exhibited no significant covariant 

changes along the pollution gradient and varied significantly within corals at each site. This implies 

zooxanthellae cell tissue density is strongly influenced by environmental stress due to pollution, 
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while changes in chromatophore cell tissue density is controlled by other unknown factors. O. 

annularis skeletal density showed no significant changes across the geographic pollution gradient, 

as well as significant within site variations. This suggests skeletal density is not as strongly 

impacted by pollution as by other unknown biological, physical and chemical factors.  

There was a significant positive relationship between chromatophore and zooxanthellae 

tissue density as well as a negative relationship between chromatophore density and skeletal 

density. These results have been used to create a new model for healthy coral physiology, 

integrating the relationship between zooxanthellae, chromatophore and skeletal density of 

individual O. annularis polyps to better understand their collective role in coral metabolism. 
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Chapter One 

 

Introduction 

 

  Marine pollution in the form of human sewage, which includes human excrement, 

wastewater from baths, laundry, sinks and industrial effluent (EPA 2009; Wederfoort 2015), has 

been shown to have a variety of direct and indirect detrimental impacts on global coral reef health 

(Knowlton, 2001; Harvell et al. 2004). The organic and inorganic pollutants sourced from sewage, 

including steroids, metals, pharmaceuticals, inorganic N and P, semi volatile organics and flame 

retardants (EPA 2009), chemically alter seawater composition. These alterations include increased 

nutrient and microbial load, and decreased light availability (Lipp et al. 2002; Wederfoort, 2015). 

Increased nutrient load indirectly impacts coral success by altering planktonic microbial 

community structure (bacterioplankton) and increasing the density of algal competitors (Pandolfi 

et al. 2005; De’ath and Fabricius, 2010; Vermeij et al. 2010). These components of human sewage 

pollution have been shown to directly impact the coral animal by decreasing the diversity of 

microbial communities inhabiting the outermost surface layer of corals (Frias-Lopez et al. 2002; 

Klaus et al. 2005; Klaus et al. 2007b), decreasing photosynthetic rates of zooxanthellae (Klaus et 

al. 2007b), increasing susceptibility to bleaching (Goreau and Hayes, 1994) and increasing the 

prevalence of coral diseases (Buddemeier et al. 2004). These diseases include black band disease 

(Frias- Lopez et al. 2002; Klaus et al. 2005; Kaczmarsky et al. 2005; Voss and Richardson, 2006; 

Yang et al. 2014), aspergillosis (Bruno et al. 2003; Baker et al. 2007), yellow band disease (Bruno 

et al. 2003), and white plague II (Kaczmarsky et al. 2005), among others.  

  Sewage pollution is just one component of the multifaceted issue of human impacts on 

coral reef health. Increased sea surface temperature (SST) due to climate change, the most well 
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studied anthropogenic impact on reef ecosystems, has been linked to both coral bleaching 

(Berkelmans et al. 2004, McWilliams et al. 2005, Logan et al. 2014), and increasing disease 

prevalence (Harvell et al. 2002; Buddemeier et al. 2004; Bruno et al. 2007; Miller and Richardson, 

2014). The impacts of other anthropogenic stressors such as ocean acidification, nutrient loading, 

sedimentation, introduction of invasive species, overfishing, and coastal alteration are confounded 

with sea surface temperature and sewage pollution (Buddemeier et al. 2004; Ban et al. 2014; 

McClanahan et al. 2014). While coral reefs are impacted by a number of anthropogenic and natural 

factors, a controlled natural experiment was completed in the field for the present study that 

allowed for the impacts of one variable to be tested, while all other variables were held constant.  

  Though human impacts on coral health have been extensively studied over that last few 

decades, basic questions regarding the effect of sewage impact on healthy coral physiology remain 

only minimally understood (Klaus et al. 2007; Rosenberg et al. 2007). Coral reefs are complex 

ecosystems, covering wide swaths of the world’s tropical seas from the Tropic of Cancer to the 

Tropic of Capricorn (Connell, 1978; Spalding et al. 2001). Prior studies quantifying the impacts 

of sewage pollution on coral physiology have generally focused on a restricted spatial scale 

without sample sites distributed along a gradient of pollution (Al-Moghrabi et al 2001; Daszak et 

al. 2001; Kaczmarsky et al. 2005). Utilizing a “Power of Ten” methodical approach, integrating 

data across large spatial dimensions, to characterize the impacts of sewage pollution on coral health 

provides a more holistic view of coral response (Fig. 1, Sivaguru et al. 2014). This includes linking 

ecological impacts on the km-scale of a reef tract, to the μm-scale variation in tissue cell densities.  

  To have a comprehensive understanding of the impacts of human sewage pollution on O. 

annularis, the coral holobiont must be studied in its entirety. The coral holobiont is defined as all 

of the living and non-living components comprising the coral colony (Rohwer et al. 2002), 
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including (1) the coral CaCO3 aragonite skeleton; (2) the cellular components of the coral tissue, 

including mucocytes, nematocysts, chromatophores (Brown and Bythell, 1995; Houlbrèque and 

Ferrier-Pagès, 2009); (3) the endosymbiont zooxanthellae (Trench, 1971); (4) the surface 

microbial layer; and (5) other associated microorganisms, including fungi (Bentis et al. 2000), and 

nematodes (Raes et al. 2007). Previous studies measuring the impacts of human sewage waste on 

coral health have primarily focused on surface microbial communities (Rohwer et al. 2001; Lipp 

et al. 2002; Bourne and Munn, 2005). Coral microbial communities of “apparently healthy” coral, 

exhibiting no apparent disease, bleaching or physical damage, are distinct from those found within 

the overlying water column, on the surface of naked skeleton or on the surface of diseased colonies 

(Frias-Lopez et al. 2002; 2003; 2004). These unique communities play an important role in coral 

physiology (Rohwer et al. 2002; Klaus et al. 2005) and pathogen defense (Harvell et al. 2007; 

Shnit-Orland and Kushmaro, 2009). Human sewage pollution has been shown to alter microbial 

communities, decrease species diversity and increase total microbial density of “apparently 

healthy” corals (Frias-Lopez et al. 2003; Klaus et al. 2007b). This plays an important role in the 

risk for many coral diseases, such as Black Band Disease (Frias-Lopez et al. 2002), but it is not 

the only mechanism by which pollutants alter coral physiology or increase susceptibility to disease 

and mortality. Klaus et al. (2005; 2007b) provided a more extensive evaluation on the impacts of 

a gradient of human sewage pollution, along the leeward coast of Curacao, on the O. annularis 

holobiont. Microbial communities exhibited decreased diversity and increased abundance, and 

zooxanthellae photosynthetic rates decreased with increasing exposure to sewage pollution, while 

mucus chemical composition and the clade of associated zooxanthellae showed no significant 

relationship with human sewage. This still provides limited insight into the overall impacts of 

human sewage on the physiology of O. annularis however. More extensive evaluation of the coral 
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holobiont will provide a better understanding of organism level response to increased sewage 

pollution. 

  Recent advancements in instrumentation for optical, biological, mineralogical, and 

structural analyses have allowed us to image more comprehensively at or below μm-level 

resolution, with less sample processing necessary than ever before (Helmchen and Denk, 2005; 

Fouke, 2011; Sivaguru et al. 2012). Previous histological studies have played an important role in 

our understanding of coral tissue cellular composition, structure, and response to environmental 

change (Peters, 1984; Peters and Pilson, 1985; Brown et al. 1995; Brown and Bythell, 2005). 

Recently developed optical microscopy techniques, such as two-photon confocal laser scanning 

microscopy (TP-LSM), improve histological methods by allowing for optical thin-sectioning to 

view cellular components, permitting measurements of tissue cell density and three-dimensional 

distribution of an entire polyp with micron scale resolution (Sivaguru et al. 2014). When excited 

with a 750 nm laser light source, chromatophores and zooxanthellae emit green and red light 

respectively, replacing the need for staining, which can further damage these sensitive cells 

(Sivaguru et al. 2014). Improvements in BioCT scanning allow us to produce 3D skeletal images 

with µm-level resolution to evaluate density much more efficiently. The combination of these new 

techniques with more developed methods such as X-raying allow us to more accurately quantify 

variation within the coral holobiont and study the impacts of environmental stressors on health by 

providing a more objective control over measurements. 

The goal of this study is to quantify the physiological changes occurring in “apparently 

healthy” colonies of O. annularis across a gradient from high to low levels of sewage pollution. 

This has been accomplished by optically measuring changes in the density and distribution of 

zooxanthellae and chromatophore cells within the tissues, and the density and width of both high 
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density bands (HDB) and low density bands (LDB) within the skeletons as indicators. 

Zooxanthellae were chosen for this study because of their known sensitivity to elevated SST 

(Hoegh-Guldberg, and Smith. 1989; Davies et al. 1997), and their fundamental importance to coral 

physiology and metabolism (Trench, 1971; Muscatine 1980; Davies, 1984). Chromatophore 

density was evaluated because of its assumed role in improving the wavelength of incoming light 

for zooxanthellae photosynthetically active radiation (PAR) attenuation (Schlichter et al. 1994; 

Salih et al. 2006). Skeletal density was evaluated because of its sensitivity to changing 

environmental factors such as SST, and pH (Lough and Barnes, 1997; Hoegh-Guldberg et al. 2007; 

Holcomb et al. 2014), as well as its importance for structure, strength and carbon dioxide removal 

within a colony (Chamberlain Jr. 1978; Swart, 1983). Despite our in depth understanding of the 

coral skeleton, little is known about the direct role tissue physiology plays on skeletal density, and 

no relationship between skeletal density and human sewage has been previously measured. A 

baseline for healthy coral tissue and skeletal densities at a pristine site will be used for comparison 

to assess the response of the coral holobiont to the environmental stresses of raw sewage. The 

current study provides a baseline for healthy coral tissue and skeletal density at a pristine site with 

which to evaluate the stress response of Orbicella annularis with exposure to varying levels of 

human sewage pollution. This is quantifiable by changes in density of zooxanthellae and 

chromatophore cellular tissue and both high and low skeletal density bands, shifting the organism 

from an autotrophic towards a more heterotrophic lifestyle. Quantifying the direct relationship 

between human sewage pollution and individual components of the coral holobiont provides a 

more holistic understanding of the integrative physiological response of an individual colony to 

sewage pollution. 
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Chapter Two 

 

Background 

 

O. annularis has been recently reclassified from the genus Montastrea based on evaluation 

of 11 macro- and 8 micro-morphological, and 11 microstructural characteristics as well as 

molecular analyses of mitochondrial cox1 (607 bp) and cob (776 bp) DNA sequences (Budd et al. 

2012). The oldest relatives of O. annularis appeared 5.6 - 3 million years ago in the Seroe Domi 

formation of Curacao (Knowlton and Budd, 2001), arising prior to the Pliocene-Pleistocene 

extinction (Budd and Klaus 2001), and are currently abundant, from 1-20 m water depth (Weil and 

Knowlton, 1994), throughout the Caribbean as far north as Bermuda (Szmant et al. 1997). O. 

annularis precipitates a large aragonite skeleton up to 8 m in diameter and 2 m in height (Szmant 

et al. 1997), exhibiting columnar morphology with columns widening distally (Knowlton et al. 

1992; Knowlton and Budd, 2001). Tissue ranges in color from golden or tan to green (Szmant et 

al. 1997), with individual polyps, roughly 2 mm in diameter, evenly distributed throughout the 

coenosarc (tissue interconnecting polyps) (Weil and Knowlton, 1994). 

 The corallite of O. annularis is distinguishable by the small calyx (skeletal cup), with an 

average width of only 2.34 mm, containing 24 septa (radially arranged plates within calyx) under 

one mm in length (Fig. 2) (Knowlton et al. 1992). These calices are made up of aragonite needles, 

ranging from hundreds of nm to a few µm in diameter, produced in acicular bundles, called 

sclerodermites (Cuif and Dauphin, 1998; Gladfelter, 1983). They are precipitated below the 

epithelium, growing together in a three-dimensional fan formation around a calcification center 

rich in sulfated polysaccharides (Cohen and McConnaughey, 2003). A distinguishing 

characteristic of O. annularis’ skeletal deposition is the formation of a high and low density band 
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couplet annually (Knutson et al. 1972; Dodge et al. 1993; Leder et al. 1996; Carricart-Ganivet et 

al., 2000). Formation of a low density band occurs during low SST (October-June) and the high 

density band during high SST (July-September) (Barnes and Lough, 1993; Dodge et al. 1993; 

Carricart-Ganivet and Barnes, 2007). Thickness of these bands is dependent on deposition time 

causing low-density bands to be wider than high density bands typically (Carricart-Ganivet, 2004; 

Carricart Ganivet and Barnes, 2007). The formation of density bands is attributed to a response to 

temperature and carbonate saturation state (Carricart-Ganivet and Barnes, 2007). Both abiotic and 

biotic processes have been hypothesized to influence band formation. Increased temperature is 

associated with increased calcification rates, which is hypothesized to be the dominant cause for 

high density bands in the summer months (Al-Horani 2005; Reynaud et al., 2007). Still it is likely 

there are large biological controls indicated by the relationship between increased light and 

increased calcification rates (Kingsley and Watabe, 1985), the 100 fold increase in aragonite 

saturation state at the site of skeletogenesis compared to surrounding seawater (Tambutté et al., 

1996), and enriched skeletal δC13 in summer months when respiration rates are high (Swart et al. 

2005).  

Zooxanthellae are single-celled, dynoflagellate symbionts that inhabit the coral endoderm 

(Fig. 2), playing an important role in coral physiology (Rowan and Knowlton, 1995; Knowlton, 

2001). These cells are able to photosynthesize using CO2 derived from coral respiration, providing 

the coral animal with orders of magnitude more energy, via glucose production, than heterotrophy 

alone allows (Trench 1971; Muscatine et al. 1981; Hallock 2001; Swart et al. 2005). In return, the 

coral provides inorganic nutrients, a consistent source of carbon and a controlled environment for 

the zooxanthellae, with protection from predators and UV radiation (Shashar et al. 1997). This 

relationship has played an important role in Scleractinian coral evolution, providing them the 

http://www.jstor.org/stable/10.1086/378684#rf67
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ability to hypercalcify, excrete a rigid skeleton from CaCO3 extracted from sea water (Constantz 

1986; Stanley, 2003), and restricting them to shallow, nutrient depleted tropical ecosystems (Budd 

et al. 1996; Cohen and McConnaughey, 2003; Stanley Jr, 2006).  

Chromatophores are a light manipulating cell found within the tissue of many marine 

invertebrates with varying roles depending on host species (Schlichter et al. 1985; Messenger 

2001; Nowack et al. 2008). The exact role of chromatophores within Scleractinian coral tissues is 

uncertain, and two hypotheses have been proposed (Schlichter et al. 1994; Salih et al. 2000). One 

hypothesis suggests the primary role of chromatophore cells is to lengthen the wavelength of high-

frequency incident light to that which can be better utilized by zooxanthellae for photosynthesis 

(Schlichter et al. 1986; 1994). By improving efficiency of light attenuation, this would increase 

inhabitable depth range, and lengthen the period during which zooxanthellae can photosynthesize 

daily (Schlichter et al. 1994). The second hypothesis suggests that chromatophores function to 

protect corals from light damage by reflecting harmful, unusable radiation (Salih et al. 2000). This 

would protect zooxanthellae and photosynthetic machinery from UV damage, allowing them to 

inhabit shallow marine waters to depths of less than a meter (Weil and Knowlton, 1994). It has 

more recently been suggested that chromatophores are able to take on both physiological functions, 

acting as photo-protectors in high light intensity and photo-enhancers in low light (Dove et al. 

2001; Salih et al. 2006). Likely, there is variation between both species and environment. More 

controlled, laboratory and field experimentation is required to understand the role of 

chromatophores in O. annularis. 
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Chapter Three 

 

Materials and Methods 

 

Geobiological Setting and Characterization of Study Sites  

The Caribbean island of Curacao is the ideal location for in situ experimentation on the 

impacts of a gradient in marine sewage pollution on a coral reef tract (Fig. 3). The capital city of 

Willemstad is home to approximately 80% of the nation’s population and is a focused point source 

of human sewage pollution (Gast 1998a; Klaus et al. 2007). The primary effluent sewage pipeline 

transports untreated sewage from the municipal sewage plant at 12.106342, -68.941677 to the 

ocean at Boca Simon where it mixes with coastal waters (Sulvuran, 2014). Approximately 10,000 

m3 of sludge, containing nutrients, metals, hydrocarbons, and industrial chemicals, are released 

daily (Gast 1998a, b).  

The unidirectional oceanographic current flowing to the northwest along the southern 

margin of Curacao passes Willemstad, creating a gradient of human sewage pollution as the 

sewage is mixed and diluted with fresh seawater (Gast 1998a; Klaus et al. 2007). Quantifying this 

relationship can prove challenging, however seawater δ15N content has been shown to adequately 

reflect the concentration of a sewage pollution (Heikoop et al. 1998; 2000a, b). Human sewage is 

generally enriched in δ15N, due to bacterial transformation of dissolved inorganic nitrogen from 

human sewage through denitrification (reduction of NO3
-, NO2

-, NO or N2O to N2), nitrification 

(oxidation of ammonia to nitrite), and nitrogen fixation (N2 conversion to ammonium) (Swart et 

al. 2005; Klaus et al. 2005). Coral integrates δ15N into its tissue at rate proportional to seawater 

concentration. With regular sea water mixing, an increased distance from the point source of 

sewage pollution is characterized by a decrease in δ15N of coral tissue (Fischer et al. 2013). Coral 
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tissue δ15N of “apparently healthy” O. annularis was measured at five sites along Curacao’s 

southern coast, Boca Simon, Water Plant, Snake Bay, Playa Hundu, and Jan Thiel (Fig. 3). The 

δ15N tissue concentration was highest at Boca Simon and decreased with distance from the point 

source of human sewage (Fig. 4). Low δ15N values measured at Jan Thiel suggest seawater 

southeast of the Boca Simon sewage effluent is relatively pristine (Klaus et al. 2005).  

To assess the impacts of human sewage pollution on the coral holobiont, three “apparently 

healthy” O. annularis colonies at least 1 meter in diameter, were sampled from five sites along a 

gradient of impact, Jan Thiel (12.073774, -68.878463), Playa Kalki (12.375333, -69.158882), Reef 

Marie (12.218514, -69.085878), Snake Bay (12.139423, -68.997379), and Water Plant 

(12.109514, -68.954179). Jan Thiel, Snake Bay and Water Plant were chosen because of known 

δ15N values. Reef Marie is located roughly two miles SE of Playa Hundu and was sampled instead 

for ease of access. Playa Kalki, the furthest downstream locale, was sampled to represent a return 

to pristine conditions. All colonies were sampled at approximately 5 meter water depth from within 

the back reef depositional facies (Fig. 5). A depositional facies represents a sedimentary rock 

formation characterized by the physical, chemical and biological environmental processes 

occurring during the time of deposition (Reading, 1996; Fouke et al. 2001; Fouke et al. 2011). The 

sampling of coral colonies within a facies context, ensures a controlled, comparative baseline for 

evaluating the impacts of human sewage pollution without variation in other influential 

environmental factors (Fouke et al. 2011). 

Seawater temperature and water depth were measured adjacent to each coral colony using 

an Oceanic Veo100 dive computer. Ten ml falcon tubes were flooded with seawater directly above 

each colony and pH was measured upon return to the beach using Hydrion pH 6-8 strips. 

Photosynthetic active radiation (PAR) was measured using a Li-Cor PAR unit with a Li-192 
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Underwater Quantum Sensor. Three measurements were taken at the water’s surface, immediately 

before descending for the sampling dive. Three measurements were taken laterally adjacent to each 

coral colony prior to sampling, with the sensor pointing directly towards the water’s surface. 

Measurements were normalized by calculating PAR near each colony as a percentage of PAR at 

the water’s surface.  

 

Coral Tissue-Skeleton Biopsy Collection 

Standard compressed air SCUBA diving techniques were used to collect two biopsies from 

each colony using a McMaster-Carr steel core punch, 2.5 cm in diameter, which was thoroughly 

rinsed in seawater between each use (Fig. 6). The core punch was driven through the tissue 

approximately 4 cm into the skeleton using a rock hammer, and removed slowly from the colony 

with the biopsy. The biopsy was then gently removed from the core punch and placed in a sterile 

50 ml Falcon centrifuge tubes tube flooded with seawater. Upon return to the beach, seawater was 

decanted and biopsies were immediately transferred to appropriate fixatives. Skeletal biopsies 

were stored in 70% EtOH at room temperature. Tissue samples were stored in Formalin (9:1 

diH2O: Formaldehyde) at 4oC in dark, insulated Igloo cooler. All samples were placed in a 

Styrofoam test tube holder wrapped tightly with Saran wrap and stored on icepacks within the 

cooler for transport to the University of Illinois, where further processing and analysis took place.  

 

Three-Dimensional (3D) Analysis of Coral Tissue Cellular Composition and Structure 

Tissue samples were imaged using two-photon confocal laser scanning microscopy (Zeiss 

TP-LSM710) housed at the Institute for Genomic Biology, University of Illinois at Urbana-

Champaign (Sivaguru et al. 2014). Both chromatophores and zooxanthellae exhibit auto-
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fluorescence under 780 nm wavelength UV excitation, emitting green light at 500 nm and red light 

at 675 nm respectively. This method requires no further tissue fixation or alteration which may 

impact measured cell densities. Intact coral biopsies were imaged at 20x zoom. The tile scan mode 

was used to image half of a polyp collecting 24 tiles (4x6) per plane. Samples were optically thin-

sectioned, with images taken every 10 µm moving through the z-plane to ensure no cells were 

missed or double counted when the 3D tissue samples were reconstructed (Sivaguru et al. 2014).  

IMARIS, produced by Bitplane, was used to recreate the 3D image of the coral polyp (Fig. 

7). The chromatophore and zooxanthellae cell densities of five secondary septa, chosen from three 

polyps per colony were measured to represent average tissue cell density for each colony (Fig. 8). 

Secondary septa were used, because they had the same densities as adjacent primary septa but 

exhibited less damage associated with sample collection. To measure cell density in each septa, 

the 3D volume of the entire polyp was recreated by compiling the z-stack of all the images. The 

reconstruction was cropped to isolate an individual secondary septa. The chromatophore and 

zooxanthellae tissue volume were then reconstructed using optimal thresholding selecting for 

pixels of the appropriate color. Cell density was parameterized as the volume of each cell over the 

total volume of the secondary septa analyzed. Tissue cell density provided for each colony is an 

average of all analyzed secondary septa tissue density. The tissue cell density for each locale is 

calculated as an average of all 15 secondary septa analyzed from that site.  

 

Three-Dimensional (3D) Analysis of Skeletal Structure and Density 

Tissue was gently washed off skeletal samples using a lab sink on high pressure to avoid 

any damage to the skeleton.  A 5 mm-thick section was cut from the middle of each skeletal biopsy 

using an Edco Tile Saw at the Natural Resource Studies Annex, University of Illinois at Urbana-
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Champaign. Thick sections were dried in a Fisher Scientific laboratory oven at 60 o C for 24 hours. 

Skeletal samples were imaged on a GE Proteus System Console X-ray machine (2D spatial 

resolution of 160 um) housed at the School of Veterinary Medicine, University of Illinois at 

Urbana-Champaign. These images were used for locating skeletal density bands when analyzing 

3D reconstructions. 

Three-dimensional (3D) images of skeletal samples were taken using an Xradia BioCT 

scanner housed at the Beckman Institute, University of Illinois at Urbana-Champaign. Samples 

were imaged using a 1x zoom yielding a 3D spatial resolution of 16 µm. The sample was rotated 

360o and a total of 901 images were taken. The program XMController was used to control imaging 

settings. The 2D images were compiled into a 3D reconstruction and shift and hardness were 

altered manually using XMReconstructor.  

Amira, produced by Field Emission Inc., was used for image analysis (Fig. 9). The optimal 

threshold was manually selected in the xy, yz, and xz planes (z being distance from the growing 

surface) for 3D skeletal reconstruction. Each reconstruction was cropped so only intact, 

undamaged skeleton was included in density analysis. Total skeletal volume per slice and total 

slice volume were measured for each 2D slice in the z plane. This allowed us to distinguish 

between the total densities of each growing layer. The high density bands (HDBs) and low density 

bands (LDBs) were located using 2D X-rays taken as a guideline. Density bands from the same 

growth year were analyzed for each sample. The density for 20 consecutive slices (0.2 mm), from 

the most recently deposited HDB (closest to growing surface), were averaged to estimate total 

density for the HDB. The same was done to calculate average density for the most recently 

deposited LDB, and the density of the growing surface was average for the top 0.5 mm (50 

consecutive slices).  
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Two-Dimensional (2D) Analysis of Skeletal Structure and Density 

 The Xradia BioCT scanner at the Beckman Institute, University of Illinois was used for 

high resolution two-dimensional (2D) skeletal imaging. One image for each skeletal thick section 

was taken at 0.5x zoom, yielding a spatial resolution of 14 µm per pixel. XMController and 

XMReconstructor were used to control imaging settings and reconstruction respectively. 

 Fiji, an image J product, was used for 2D skeletal analysis. Each image was cropped around 

the skeleton to increase internal contrast. Next, a fast-fourier transformation (FFT) plot of the 

image was created and the noise in images due to vertical bands was manually removed. The 

inverse FFT produced showed only the horizontal, seasonal density bands of interest. Image 

properties were converted from pixels to microns. Two 200 µm transects were analyzed for gray-

scale values from each sample. Gray scale values of less than one were associated with LDBs and 

greater than or equal to one with HDBs. The width of the high density bands closest to the growing 

surface and the distance to the first HDB were calculated for each transect using gray-scale graph 

and table values (Fig. 10). Calculated widths for each transect were averaged to estimate the HDB 

width and distance from the growing surface to the first HDB within each sample.  
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Chapter Four 

 

Results 

 

Sampling Site Environmental Conditions 

 The fringing coral reef ecosystems at Jan Thiel, Water Plant, Snake Bay, Reef Marie and 

Playa Kalki (Fig. 11) appeared healthy and productive, exhibiting high extents of seafloor coral 

coverage that were consistent with previous detailed ecological surveys conducted for each site 

several decades ago (Bak et al. 1977; Bak and Luckhurst, 1980; Van Duyl 1985). The exception 

being the underrepresentation of Acropora palmata and A. cervicornis due to population declines 

associated with white band disease (Aronson and Precht, 2001). Sites were grouped into three 

distinct types, (1) upstream low-impact normal marine at Jan Thiel; (2) high impact non-normal 

marine at Boca Simon and Water Plant; and (3) a gradient from impacted to normal marine from 

Snake Bay to Playa Kalki. Seawater temperature (26oC) and pH (7) were constant at all sites (Table 

1), while the water depth at which sampled O. annularis colonies were growing was as constant 

as possible at 5.9 to 8.3 m. The reefs at Jan Thiel, Snake Bay, Reef Marie and Playa Kalki exhibited 

a high diversity of coral species, dominated by Orbicella, Diploria, Millepora and Porites spp, 

which is expected under normal marine conditions (Van Duyl, 1985; Bak and Nieuwland 1995; 

Bruckner and Bruckner, 2006; Edmunds and Elahi, 2007). Conversely, the reef at Water Plant 

exhibited relatively low species diversity dominated by Diploria strigosa, similar to that of Boca 

Simon described by Van Duyl (1985). Furthermore, the reefs at Playa Kalki and Reef Marie were 

directly offshore from resorts that had constructed artificial beaches, with ensuing offshore sand 

transport impacting the reef health in both areas, exhibited by decreased colony abundance (Reef 
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Marie: 50%, Playa Kalki: 80% when compared with Jan Thiel) and size (predominately <1 meter) 

with increased algae cover (Fig. 11). 

 

Zooxanthellae Tissue Cell Density 

 Zooxanthellae tissue cell density did not vary significantly between colonies found at the 

same locale (Table 2). Zooxanthellae tissue cell density was negatively correlated with human 

sewage pollution (Fig. 12). Jan Thiel, the upstream low-impact normal marine environment, had a 

significantly higher zooxanthellae tissue cell density (22.7 ± 1.67) than all other locales (Table 3). 

Zooxanthellae tissue cell density was lowest at Water Plant (14.5 ± 1.23), the high impact non-

normal marine environment. Zooxanthellae cell densities at Snake Bay, Reef Marie and Playa 

Kalki, a gradient from impacted to normal marine, were all significantly lower than Jan Thiel and 

greater than Water Plant (Table 4). Zooxanthellae cellular density at Snake Bay (16.6 ± 1.69) was 

less than at Reef Marie (16.7 ± 1.05), but greater than at Playa Kalki (15.2 +/- 1.04) (Fig. 12). 

 

Chromatophore Tissue Cell Density 

 There was no evident relationship between concentration of human sewage pollution and 

chromatophore tissue cell density (Fig. 12). Chromatophore tissue cell density at Jan Thiel (5.11 

± 0.736), the upstream low-impact normal marine, and Water Plant (6.17 ± 0.781), the high impact 

non-normal marine environment showed no significant variation (Table 3). Chromatophore tissue 

cell density only varied significantly at one site along a gradient from impacted to normal marine, 

at Snake Bay (11.3 ± 1.25). Both Playa Kalki (4.47 ± 0.525) and Reef Marie (4.68 ± 0.941) showed 

no significant variation from other locales. There were significant differences in chromatophore 
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density of different colonies (Table 2) from the same locale at Jan Thiel, Water Plant, Snake Bay, 

and Reef Marie (Table 5). 

 

Density of High and Low Skeletal Density Bands 

 There were no significant differences in HDB or LDB skeletal density between any of the 

sampled sites (Fig. 13), however large variations existed in both HDB and LDB density of different 

colonies from the same locale, experiencing the same abiotic conditions. Average HDB skeletal 

density (Table 6) at the low impact, normal marine environment, Jan Thiel, was 67.18% with a 

range of 10.31%, while average LDB skeletal density (Table 7) was 54.74% with a range of 

10.14%. Average HDB skeletal density in a high impact non-normal marine environmental, Water 

Plant, was 68.15% (range: 17.42), and average LDB skeletal density was 57.72% (range: 9.05). 

Average HDB skeletal density of three colonies could only be calculated at one site along a 

gradient from impacted to normal marine, Reef Marie (74.64%, range: 5.99). There was no 

significant variation in LDB skeletal density along a gradient from impacted to normal marine. 

Average LDB skeletal density for Reef Marie was 63.45 (range: 3.85), Snake Bay was 56.3 (range: 

1.85), and Playa Kalki was 55.34 (range: 11.18).  

 

Comparative Chromatophore and Surface Skeletal Density  

 The linear correlation between average chromatophore cell density and skeletal density at 

the growing surface (top 0.5 mm) for all 15 colonies sampled (Table 9) has an associated R-value 

of -0.478, indicating a negative correlation between the two variables, with a significant one-tailed 

p-value of 0.036 (Fig. 14).  
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Skeletal Density Band Width 

 There was no significant relationship between HDB width and concentration of human 

sewage pollution, however large variations existed in HDB width of different colonies from the 

same locale (Fig. 15). Average HDB width (Table 8) at the low impact normal marine 

environment, Jan Thiel (1152 µm), and the high impact non-normal marine environment, Water 

Plant (1173.33 µm), showed no significant difference. Average HDB width along a gradient from 

impacted to normal marine environments, Snake Bay (1117.33 µm), Reef Marie (884 µm), and 

Playa Kalki (860 µm), showed no significant variation. Intra-site HDB width varied dramatically 

at all five locales, with the greatest range in HDB width of 1008 µm measured at Jan Thiel (Water 

Plant: 608 µm, Snake Bay: 752 µm, Reef Marie: 528 µm, Play Klaki: 984 µm).  
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Chapter Five 

 

Discussion 

 

The systematic changes in coral tissue δ15N documented by Klaus et al. (2005) provides an 

environmental baseline against which changes in coral physiology and cellular structure can be 

quantitatively gauged. Human sewage is generally enriched in δ15N, due to bacterial 

transformation of dissolved inorganic nitrogen from human sewage through denitrification 

(reduction of NO3
-, NO2

-, NO or N2O to N2), nitrification (oxidation of ammonia to nitrite), and 

nitrogen fixation (N2 conversion to ammonium; Swart et al. 2005; Klaus et al. 2005). With regular 

sea water mixing an increased distance from the point source of sewage pollution is characterized 

by a decrease in δ15N of coral tissue. The increase in the δ15N of O. annularis tissue with increased 

proximity to Boca Simon indicates apparently healthy O. annularis colonies are consuming and 

assimilating human sewage pollutants into their tissue (Klaus et al 2005). Jan Thiel, the low-

impact, normal marine environment, had the most apparently healthy reef tract, exhibited by the 

greatest species diversity and large colony size. Reefs along a gradient from impacted to normal 

marine exhibited intermediate reef health. Snake Bay exhibited large colony size and intermediate 

species diversity, dominated by Orbicella species and D. strigosa. Both Reef Marie and Playa 

Kalki were characterized by intermediate species diversity, with Orbicella species and D. strigosa 

dominating. The presence of artificial sand beaches along the back reef seemed to increase algal 

cover and decrease colony size within the back reef facies. Apparent health was lowest at the 

impacted non-normal marine reef, Water Plant, characterized by lower species diversity, and a 

community dominated by D. strigosa. The reef community of Boca Simon, characterized by Van 
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Duyl (1985), showed low species diversity, and reefs dominated by Diploria and Orbicella species 

very similar to that of Water Plant both then and today.  

Apparently healthy O. annularis colonies were present at all sites, but physiological 

variation exists between colonies exposed to different concentrations of human sewage pollution. 

Human sewage pollution has previously been shown to cause an increase in coral disease and 

mortality (Bruno et al. 2003; Buddemeier et al 2004; Yang et al. 2014). The impacts of human 

sewage pollution on surficial microbial communities has been extensively studied (Lipp et al. 

2002; Frias-Lopez 2003; Klaus et al. 2005; Kline et al. 2006). The sewage effluent being released 

at Boca Simon has been shown to alter the microbes inhabiting the surface of corals by decreasing 

diversity of microbial communities, and increasing abundance (Klaus et al. 2005). This shift in the 

microbial communities of apparently healthy corals with pollution exposure is also evident in the 

transition between healthy and diseased colonies (Fig. 16) suggesting changing communities may 

be associated with increased infection rates (Frias-Lopez et al. 2002; Klaus et al. 2005). 

Furthermore, exposure to human sewage pollution along the Curaçao reef tract has resulted in a 

decrease in the zooxanthellae photosynthetic activity in O. annularis (Klaus et al. 2007). The 

present study builds directly upon these findings, adding quantitative analyses of changes in the 

cellular and skeletal composition of O. annularis across the Curaçao reef tract pollution gradient.  

 

Impacts of Sewage Pollution on O. annularis Zooxanthellae Tissue Cell Density 

 Zooxanthellae tissue cell density was significantly greater at the low-impact normal marine 

site, Jan Thiel, than all sites located downstream of Boca Simon, impacted by human sewage 

pollution (Fig. 12). The lowest zooxanthellae tissue cell density was found at the high-impact, non-

normal marine environment, Water Plant. This indicates an increase in human sewage pollutant 
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concentration decreases the success of zooxanthellae within the coral tissue. Zooxanthellae tissue 

cell density at all sites along a gradient from impacted to normal marine, Snake Bay, Reef Marie 

and Playa Kalki, were greater than at the high, non-normal marine environment but lower than at 

the low-impact normal marine site. A similar response was exhibited with exposure to other 

pollutants including, cyanide (Cervino et al. 2003), and heavy metals (Goh and Chou, 1997), while 

other studies suggest some pollutants, such as nitrate, increase zooxanthellae density (Marubini 

and Davies, 1996). This implies zooxanthellae tissue density decreases as the tissue environment 

becomes less suitable for their success. The same relationship is seen with increased sea surface 

temperature (Goreau and Hayes, 1994; Brown 1997; Loya et al. 2001; Hoegh-Guldberg 1999). In 

situations of extreme thermal stress, this is visible as coral bleaching (Glynn 1996; Downs et al. 

2002; Berkelmans et al. 2004). Our results suggest that zooxanthellae density can be significantly 

lower without visible bleaching however.  

The evolutionary success of frame-work building corals, such as O. annularis, has been 

driven by their coevolution with zooxanthellae (Stanley and Swart, 1995). Many studies have 

shown loss of zooxanthellae due to thermal bleaching has been associated with increased risk of 

disease and increased mortality rate (Kuta and Richardson, 2002; Miller et al. 2006; Muller et al. 

2008; Thornhill et al. 2011). The longer coral suffers from bleaching the greater their vulnerability 

to disease becomes (Toller et al. 2001; Brandt and McManus, 2009). Input of pollution on the 

southern coast of Curacao is consistent, suggesting lower zooxanthellae density is maintained 

throughout the year. It is possible maintaining low zooxanthellae density consistently would 

increase risk of disease without evident bleaching, but further controlled studies would be needed 

support this.  
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Impacts of Sewage Pollution on O. annularis Chromatophore Tissue Cell Density 

 Our results suggested there was no significant relationship between pollution and 

chromatophore density (Fig. 12). We expected chromatophore density to decrease with increased 

exposure to human sewage. This is because loss of zooxanthellae would encourage a shift to a 

more heterotrophic lifestyle. If the dominant role of chromatophores is in improvement of 

zooxanthellae light attenuation (Schlichter et al. 1994), then we would expect coral to allocate less 

energy to chromatophore production and allocate more energy to heterotrophy.   

 Though there were was no clear relationship between pollution level and chromatophore 

density, significantly higher chromatophore tissue density was measured at Snake Bay. It is 

possible this is related to unique environmental conditions. Variation in chromatophore density 

has been shown to vary with water depth (Schilchter et al. 1994; Salih et al. 2000). However, 

temperature, pH, PAR and sampling depth were consistent across all five sites and Snake Bay has 

an intermediate level of human sewage pollution. Intra-site variation in chromatophore tissue cell 

density was significant at Water Plant, Jan Thiel, Snake Bay and Reef Marie. Abiotic conditions 

at each site are assumed to be consistent, with some colonies sampled only a few meters apart. 

This suggests phenotypic variation may play a more important role in chromatophore density than 

environment. These variations could be genetic, epigenetic, or related to a colony’s life stage.  

 Previous studies evaluating the role of chromatophores have focused on variation in 

chromatophore tissue cell density between colonies across changing environmental conditions 

(Schlichter et al. 1994; Salih et al. 2000). If variation in chromatophore tissue cell density is 

primarily dependent on biological differences between the colonies rather than environment, 

studies comparing chromatophore density across environmental gradients may not be effective for 

evaluating their physiological role (Schlichter et al. 1985; Schlichter et al. 1994; Salih et al. 2000). 
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To understand the role of chromatophores in coral physiology, future research should focus on 

long-term field studies of the same colonies, and controlled experimentation on fragments from 

the same colony. Additionally, more extensive proteomic analyses could help quantify 

chromatophore activity.   

 

Impacts of Sewage Pollution on O. annularis Skeletal Growth 

There was no significant difference in HDB or LDB skeletal density, or HDB width at any 

of the sites evaluated, and therefore no clear relationship with human sewage pollution (Fig. 13, 

Fig. 15). Decreased skeletal density due to increased water acidity has been associated with 

weakening of the coral holobiont (Hoegh-Guldberg et al. 2007; Cao et al. 2007). This suggests that 

though increased acidity can alter skeletal density, human sewage pollution of neutral pH does not 

likely have direct impacts on coral skeletal density. Many aspects of skeletal growth were not 

measured in this study however, including growth rate. Relationships between zooxanthellae 

density and growth rate have been identified (Goreau and MacFarlane, 1990). Because 

zooxanthellae density decreases with increased exposure to human sewage pollution, it is possible 

that growth rate varies while density is maintained. Long-term growth studies and skeletal imaging 

would be necessary to evaluate this.  

 It is possible a relationship between skeletal growth and human sewage exists, but was not 

evident due to the small sample size of three colonies per site. Historically, variation in skeletal 

density band growth has been attributed primarily to changes in temperature, carbon saturation 

state, and pH (Marshall and Clode, 2004; Cooper et al. 2008), however none of these seemed to 

vary significantly between sites. Interestingly, the intra-site variation in colony skeletal density, 

both of HDBs and LDBs, at the same locale was large. Previous studies have suggested variation 
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in skeletal density is driven primarily by abiotic conditions (Highsmith, 1979; Barnes and Lough, 

1993), however we measured variations of greater than 15% between density bands from the same 

depositional period of different colonies exposed to the same abiotic conditions. This suggests 

there is a biotic control impacting skeletal density as well. It has been previously suggested that 

skeletal density is influenced by coral metabolism with higher density bands produced when 

colonies are more heterotrophic and need to remove excess metabolic CO2, and lower density 

bands produced when zooxanthellae are consuming excess CO2 for photosynthesis (Marubini and 

Davies, 1996; Gattuso et al. 1999; Swart et al. 2005). We suggest the formation of density bands 

are primarily driven by abiotic conditions, however variation seen between skeletal band densities 

of different colonies within the same deposition period are controlled by metabolic CO2 

availability. Future studies should use fragments from the same colony in controlled environmental 

conditions to better understand the role of environmental impacts on skeletal growth.  

 

Integrating chromatophore and skeletal density 

The correlation between chromatophore tissue cell density and skeletal density at the 

growing surface (top 0.5 mm) suggests 22.8% of variance in skeletal density can be associated 

with the chromatophore tissue cell density of the colony. This significant negative correlation 

indicates that as chromatophore density increases, skeletal density decreases. This supports the 

hypothesis of Schlichter et al. (1994) suggesting chromatophores of O. annularis play a role in 

improving zooxanthellae light attenuation. When colonies experience the same amount of 

available light, those with greater chromatophore density would be more photosynthetically 

efficient. As previously stated, it has been hypothesized that increased rates of photosynthesis 

decrease skeletal density by consuming CO2 and decreasing metabolic concentrations available for 
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CaCO3 production (Swart et al. 2005).  It is possible that variation in other environmental or 

physiological conditions impact both chromatophore and skeletal density independently. 

However, intra-site variation suggests against this and most environmental conditions were 

relatively consistent between sites. Extensive experimentation, such as controlled aquaria studies, 

are required to indicate direct causation between increased chromatophore density and decreased 

skeletal density. Still, our data suggests that chromatophores likely play an important role in coral 

physiology extending past simply protecting from UV radiation.  

 

Physiological response of O. annularis to human pollution and disease susceptibility 

 A variety of anthropogenic pollution sources have been correlated with an increase in the 

occurrence of many important coral diseases including: black band disease (Frias-Lopez et al. 

2002; Kuta and Richardson 2002; Kaczmarsky et al. 2005; Voss and Richardson, 2006), 

aspergillosis (Kim and Harvell, 2002; Bruno et al. 2003), yellow band disease (Bruno et al. 2003), 

and white plague II (Kaczmarsky et al. 2005). Our results support the findings of previous studies 

(Walker and Ormand, 1982; Hayes and Goreau, 1998; Klaus et al. 2007) that human sewage 

pollution weakens the coral holobiont and alters the physiology of the O. annularis. Zooxanthellae 

tissue cell density was negatively impacted by exposure to pollution with significantly higher 

tissue density measured at Jan Thiel (the pristine locale) than at sites downstream from the source, 

with the lowest tissue density recorded at WP. An observed decrease in the total density of 

zooxanthellae within coral tissues causes the coral to compensate by increasing active 

heterotrophic feeding. This would have no impact on inorganic nutrient intake, because active 

feeding is the only source of Nitrogen and Phosphorous (Grottoli et al. 2006; Houlbrèque and 

Ferrier-Pagès, 2009), but sugar production via zooxanthellae photosynthesis is a crucial energy 



26 
 

source for O. annularis (Davies et al. 1977; Swart, 1983, Swart et al. 2005). Therefore, maintaining 

decreased zooxanthellae tissue densities would reduce total energy available to the colony. With 

less total available energy, the coral animal would have to alter its energy budget. Because our 

results indicate there is no change in chromatophore density or skeletal density, it is likely not 

reducing energy used for maintaining these structures. If O. annularis prioritizes energy use on 

maintenance of body and structure before immune function, this could explain the general increase 

in disease susceptibility. 

Increased SST and coral bleaching have been associated with a weakening of the coral 

holobiont and an increase in disease susceptibility as well (Harvell et al. 1999; Rosenberg and 

Ben-Haim, 2002; Jones et al. 2004). When exposed to increased SST O. annularis has previously 

been shown to exhibit a similar response of zooxanthellae loss (Goreau and Macfarlane, 1990; 

McWilliams et al, 2005), which is visible under extreme conditions as coral bleaching. Though 

colonies sampled in high levels of pollution did not exhibit bleaching with zooxanthellae loss, 

these colonies maintain diminished populations compared with their pristine counterpart. 

Zooxanthellae loss visible during bleaching events occurs for brief periods of high SST (Hoegh-

Guldberg, 1999; Berkelmans et al. 2004). Though the environmental stressors and mechanisms for 

zooxanthellae loss are different in both instances, we propose the diminished zooxanthellae tissue 

density is the common factor leading to a weakened holobiont and increased disease susceptibility. 

With decreased zooxanthellae tissue density, there is a decrease in total sugar available to the coral 

and consistency of available energy. In both cases, this will stress the colony and alter energy use 

by the organism (Porter et al. 1989; Grottoli et al. 2004). A decrease in immune system 

maintenance has been previously associated with coral bleaching (Palmer et al. 2010; Mydlarz et 

al. 2009; 2010). Mydlarz et al. (2009) suggests that the increase in disease susceptibility during 
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bleaching events is due to suppressed immune activity, represented by altered activity of 

prophenoloxidase (PPO), peroxidase (POX), lysozyme-like (LYS) and antibacterial (AB) activity. 

We hypothesize a similar response in colonies exposed to anthropogenic pollution. This has been 

previously suggested by Hayes and Goreau (1998). They hypothesized increased disease 

prevalence may be due to a decrease in coral defense such as mucus production, nematocysts, 

mesenterial filaments and cilia. It is likely that a similar physiological response is occurring in 

organisms exposed to pollution. 

To test this, future studies needs to be done quantifying the impacts of zooxanthellae loss 

in apparently unbleached colonies. Though the physiological importance of zooxanthellae are 

well-established and it is clear energy loss is significant in bleaching events, little has been done 

to look at the impacts of zooxanthellae loss in apparently unbleached corals. Quantifying this 

would give insight on the overall impacts of decreased zooxanthellae concentration on the 

metabolism of O. annularis. The immune activity of corals should be studied with zooxanthellae 

density along a polluted coast. Evaluating immune system activity, by quantifying mucocyte 

density and activity, nematocyst density, PPO, POX, LYS, or AB, is important for understanding 

the direct impacts of zooxanthellae loss on coral energy budgeting.  
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Chapter Six 

 

Conclusions 

 

 Exposure to human sewage pollution significantly decreases zooxanthellae tissue cell 

density of O. annularis. This decrease in zooxanthellae tissue cell density in corals exposed to 

human sewage pollution encourages a shift to heterotrophy, weakens the coral holobiont and over 

time increases susceptibility to disease. A decrease in chromatophore tissue density was expected 

as well, however there was no significant positive correlation with concentration of human sewage 

pollution. Instead, significantly greater concentrations were observed in colonies from Snake Bay, 

and significant variation was seen between the polyps from different colonies at the same locale. 

This suggests variables associated with colony phenotype are more likely to impact chromatophore 

density than environmental factors. Furthermore, skeletal density did not have a significant 

relationship with pollution and there was no significant variation between any of the locales. This 

may be due to small sample size, or large intra-site variation in skeletal density. Because abiotic 

conditions were constant within each locale, this suggests biotic factors, such as metabolic CO2 

availability, may influence skeletal density. 

Future studies, trying to understand the impacts of human sewage pollution on the coral 

holobiont and disease susceptibility should look at more coral cellular components known to be 

related to environmental stress such as mucocyte density, and carbonic anhydrase abundance. This 

may help create a better understanding of how anthropogenic pollution impacts weakens the coral 

holobiont and increases risk of disease. Additionally, more controlled aquaria studies on fragments 

from the same colony are necessary for limiting the impacts of environmental and genotypic 

variation. 
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Chapter Seven 

 

Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The ‘Powers of Ten’ hierarchal spatial scale for studying coral reef ecosystems 

(Modified from Sivaguru et al. 2014). 
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Figure 2. Cross-section model of the coral holobiont (Modified from Buddemeier et al. 2004) 
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Figure 3. Map of Curacao. The five sites sampled for this study are shown on the map along with their 

proximity to the point source of anthropogenic pollution. The unidirectional moving from SE to NW is 

shown as well (Modified from Klaus et al 2005). 

  

Figure 4. Tissue δ 15N of O. annularis colonies sampled at five sites along a gradient in 

human sewage pollution (Klaus et al. 2005). 
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Figure 5. Reef facies model based off work of Wilson, 1974; James, 1978; Flugel, 1981. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. O. annularis colony with one tissue-skeletal biopsy removed.  

  

5 cm 
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Figure 7. IMARIS 3D reconstruction of LSM 710 image of O. annularis polyp.  
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Figure 8. A) IMARIS 3D recreation of half polyp imaged with LSM 710 B) Secondary septa tissue isolated 

from half polyp C) Isolated secondary septa used for analysis D) Zooxanthellae cells of isolated secondary septa 

E) Chromatophore cells of isolated secondary septa 
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2 mm 

1 mm 

Figure 9. A) XY plane with thresholding of skeleton in AMIRA B) YZ plane with thresholding of skeleton C) XZ 

plane with thresholding of skeleton D) AMIRA 3D reconstruction of skeletal thick section using thresholding 

technique.  
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Figure 10. A) 2D unaltered BioCT scan of skeleton B) Fast-Fourier Transformation (FFT) plot of 2D skeletal 

image C) Altered FFT plot with vertical banding removed D) Inverse FFT plot of skeletal image with gray scale 

plot of averaged gray-scale values overlying. 

5 mm 
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Figure 11. Images of the back reef facies at each 

site. Reef Marie and Playa Kalki show mid to high 

algae cover. Snake Bay, Water Plant, and Jan Thiel 

show little to no algae cover.  
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Figure 12. Average zooxanthellae and chromatophore tissue cell densities of three O. annularis 

colonies sampled at five locales along the southern coast of Curacao.  
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Figure 13. Average density (%) of High Density Band (HDB) and Low Density Band (LDB) of 

three colonies sampled at five locales along the southern coast of Curacao. 
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Figure 14. Linear correlation comparing chromatophore tissue cell density and skeletal density at 

the growing surface (top 0.5 mm) for each colony sampled. 



41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Average HDB width and distance to first HDB from the growing surface for 

three colonies sampled at the five locales along Curacao’s southern coast. 

  

Figure 16. Average k-dominace curve of T-RFLP rank for diseased colonies and “apparently healthy” 

colonies sampled near– harbor pollution, and down-current from pollution source (Klaus et al. 2005). 
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Colony Polyp Zooxanthellae 

Vol. (um3) 
Chromatophore 

Vol. (um3) 
Total 

Tissue Vol. 

(um3) 

% 

Zoox. 
% 

Chrom. 

JT1 1 
2 

5.32E+06 1.43E+06 1.68E+07 31.7 8.50 
3.20E+06 3.20E+05 1.41E+07 22.7 2.27 
5.16E+06 4.96E+05 2.14E+07 24.1 2.32 
9.61E+05 2.11E+05 2.86E+06 33.6 7.39 
4.17E+06 5.07E+05 2.09E+07 20.0 2.43 

JT2 1 
2 
  
3 

1.75E+06 2.09E+05 8.60E+06 20.4 2.43 
1.04E+06 5.22E+04 3.67E+06 28.3 1.42 
9.49E+05 9.16E+04 3.23E+06 29.4 2.84 
1.52E+06 2.99E+05 1.93E+07 7.86 1.55 
7.93E+05 1.84E+05 2.92E+06 27.2 6.31 

JT3 1 
  
2 

2.04E+06 7.61E+05 9.44E+06 21.6 8.06 
8.19E+05 3.43E+05 4.38E+06 18.7 7.84 
6.34E+05 2.62E+05 2.88E+06 22.0 9.11 
1.53E+06 7.75E+05 9.58E+06 16.0 8.09 
1.53E+06 5.47E+05 9.06E+06 16.9 6.04 

Sampled Colony Temperature (oC) Depth (m) PAR (%) 

JT1 26  7.7 24.98 

JT2 26  8.3 19.56 

JT3 26  7.6 15.47 

WP1 26  7.7 104.16 

WP2 26  6.1 71.19 

WP3 26  7.3 74.08 

SB1 26  7.0 22.92 

SB2 26  5.9 32.10 

SB3 26  6.1 ---- 

RM1 26  7.1 72.78 

RM2 26  6.1 91.85 

RM3 26  6.4 24.10 

PK1 26  6.4 15.99 

PK2 26  6.6 37.07 

PK3 26  6.8 ---- 

Table 1.  Temperature, water depth and photosynthetic active radiation at time of 

sampling for each colony. 

Table 2. Zooxanthellae, chromatophore, and skeletal total tissue volume and percent 

zooxanthellae and chromatophore density for each analyzed secondary septa.  
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Table 2. continued 

PK1 1 
  
  
2 

3.57E+06 7.08E+05 3.15E+07 11.3 2.25 
4.67E+06 1.38E+06 2.16E+07 21.6 6.38 
1.26E+06 2.17E+05 6.74E+06 18.7 3.21 
1.22E+06 4.35E+05 8.67E+06 14.1 5.02 
1.77E+06 5.05E+05 7.61E+06 23.3 6.63 

PK2 1 
  
2 

2.28E+06 1.08E+06 2.09E+07 10.9 5.47 
1.65E+06 2.75E+05 1.64E+07 10.1 4.06 
2.09E+06 5.05E+05 1.35E+07 15.5 3.74 
3.54E+06 9.66E+05 2.38E+07 14.9 1.68 
6.07E+06 1.77E+06 3.24E+07 18.7 5.19 

PK3 1 
  
2 
  
3 

3.37E+06 1.76E+06 1.77E+07 19.0 9.95 
1.44E+06 2.38E+05 1.02E+07 14.1 2.33 
3.28E+06 9.13E+05 2.36E+07 13.9 3.87 
1.22E+06 4.53E+05 1.10E+07 11.1 4.12 
2.89E+06 8.24E+05 2.61E+07 11.1 3.16 

RM1 1 
  
  
2 
3 

3.47E+06 2.97E+05 1.83E+07 19.0 1.62 
5.81E+06 6.57E+05 2.81E+07 20.7 2.34 
4.30E+06 7.59E+05 2.50E+07 17.2 3.04 
3.38E+06 5.06E+05 2.07E+07 16.3 2.45 
4.89E+06 7.44E+05 2.92E+07 16.7 2.55 

RM2 1 
2 
  
3 

1.36E+06 3.79E+05 8.22E+06 16.5 4.61 
3.14E+06 1.08E+06 1.76E+07 17.9 6.14 
5.38E+05 2.47E+05 5.10E+06 10.5 4.84 
4.08E+06 2.54E+06 4.24E+07 9.61 6.00 
2.74E+06 8.10E+05 1.18E+07 23.2 6.86 

RM3 1 
  
  
2 
3 

2.11E+06 7.80E+05 9.60E+06 22.0 8.13 
1.45E+06 7.35E+05 1.13E+07 12.9 6.51 
1.09E+06 5.20E+05 1.05E+07 10.4 4.95 
2.14E+06 1.23E+06 1.35E+07 15.9 9.13 
4.92E+06 2.50E+05 2.21E+07 22.3 1.13 

SB1 1 
2 
  
3 

1.69E+06 1.18E+06 7.92E+06 21.3 14.9 
6.50E+06 4.23E+06 3.31E+07 19.6 12.8 
5.27E+06 2.97E+06 2.91E+07 18.1 10.2 
4.73E+06 2.11E+06 3.02E+07 15.7 6.97 
5.45E+06 2.70E+06 2.80E+07 19.5 9.64 
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Site Colony Average % 

Zoox. 
Standard Error % 

Zoox. 
Average % Chrom Standard Error % 

Chrom 
JT 1 26.4 2.37 4.58 1.24 

2 22.6 3.59 2.91 0.796 
3 19.0 1.08 7.83 0.446 
Combined 22.7 1.67 5.11 0.736 

PK 1 17.8 2.01 4.70 0.771 
2 14.0 1.42 4.03 0.601 
3 13.8 1.30 4.68 1.21 
Combined 15.2 1.04 4.47 0.525 

RM 1 18.0 0.722 2.40 0.204 
2 15.6 2.24 5.69 0.378 
3 16.7 2.14 5.97 1.25 
Combined 16.7 1.05 4.68 0.941 

SB 1 18.8 0.844 10.9 1.22 
2 14.5 3.31 15.1 1.57 
3 16.6 1.69 7.97 2.26 
Combined 16.6 1.35 11.3 1.25 

WP 1 15.8 1.34 9.40 1.00 
2 16.5 2.42 4.09 0.628 
3 11.2 1.65 5.03 0.940 
Combined 14.5 1.23 6.17 0.781 

Site JT PK RM SB WP 

JT --- 3.16E-03 8.12E-03 1.63E-02 7.48E-04 

PK --- --- 0.292 0.378 0.676 

RM --- --- --- 0.957 0.263 

SB --- --- --- --- 0.325 

WP --- --- --- --- --- 

Table 3. Average % Zooxanthellae and Chromatophore per total secondary septa tissue volume at each 

colony and at each site. 

  

Table 4. P-values comparing percent zooxanthellae tissue density 

of the five different locales (bolded if statistically significant, P<0.05). 
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Site JT PK RM SB WP 

JT --- 0.536 0.642 3.93E-03 0.405 

PK --- --- 0.787 4.42E-04 0.0756 

RM --- --- --- 3.22E-04 0.286 

SB --- --- --- --- 3.15E-03 

WP --- --- --- --- --- 

Sample 
% HDB 

Density Site Average Site STE 

JT1 72.72 

67.18 2.453981 

JT2 66.43 

JT3 62.39 

WP1 69.96 

68.14666667 7.226351 

WP2 75.95 

WP3 58.53 

PK1 ---- 

---- ---- 

PK2 ---- 

PK3 69.19 

SB1 ---- 

---- ---- 

SB2 66.24 

SB3 66.6 

RM1 74.85 

74.64 1.414457 

RM2 77.53 

RM3 71.54 

Sample 
% LDB 

Density Site Average Site STE 

JT1 59.61 

54.74333333 2.39578 

JT2 55.15 

JT3 49.47 

WP1 60.58 

57.71666667 2.432403 

WP2 60.81 

WP3 51.76 

PK1 51.24 

55.33666667 2.90357 

PK2 52.35 

PK3 62.42 

SB1 55.48 

56.3 0.444397 

SB2 56.09 

SB3 57.33 

RM1 62.03 

63.45 0.996739 

RM2 62.44 

RM3 65.88 

Table 5. P-values comparing percent chromatophore tissue density 

of the five different locales (bolded if statistically significant, P<0.05). 

Table 6. Percent density of high density                        Table 7. Percent density of low density  

Band (HDB) closest to growing surface     band (LDB) deposited before measured HDB 
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Colony HDB width  

one (µm) 
HDB width 

two (µm) 
Mean HDB width 

per colony (µm) 
STD HDB width 

per colony (µm) 
Mean HDB width 

per site (µm) 

JT1 1248 1312 1280 32 1152 

JT2 592  592   

JT3 1568 1600 1584 16  

WP1 1504 1120 1312 192 1173.33 

WP2 928 896 912 16  

WP3 1280 1312 1296 16  

SB1 912 912 912 0 1117.33 

SB2 1664 1136 1400 264  

SB3 1136 944 1040 96  

RM1 832 736 784 48 884 

RM2 1024 944 984 40  

RM3      

PK1     860 

PK2 800 672 744 64  

PK3 912 1040 976 64  

Table 8. Width of most recently deposited HDB for each colony at all five locales.  
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Sample 

Growing surface 

density (%) 

JT1 56.05 

JT2 56.2 

JT3 40.25 

WP1 42.77 

WP2 57.54 

WP3 53.34 

PK1 50.71 

PK2 44.43 

PK3 44.13 

SB1 45.71 

SB2 45.18 

SB3 47.06 

RM1 46.58 

RM2 54.13 

RM3 51.92 

Table 9. Average skeletal density for 

the growing surface (top 0.5 mm) of 

each sampled colony. 
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