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Abstract 

 Coral reefs are one of the most biodiverse yet threatened ecosystems on the planet. Our 

understanding of what contributes to a coral reef’s resilience to adapt to global and local threats is 

not well established. Thriving reefs in close proximity to anthropogenic impacts indicate there are 

opportunities for improved understanding of the underlying factors that influence the ability of 

some coral species to withstand environmental stressors and changing oceanographic conditions. 

Research suggests that resource availability and a coral’s trophic strategy can improve a coral’s 

tolerance to environmental stressors. Such discoveries have already been made, but the effects of 

resource availability on heterotrophic coral species have been minimally explored in the 

Caribbean; a region that has suffered substantial declines in coral health and cover–. Regardless 

of these declines, Curaçao, an island in the Southern Caribbean, possesses uncharacteristic coral 

diversity and cover for the region. One of the most abundant species covering the Curaçao reef 

tract, Madracis mirabilis, is largely heterotrophic in its feeding strategy. The growth and 

distribution of this species was tracked across 7 sites spanning approximately 40 kilometers along 

natural and anthropogenic gradients of nutrients in Curaçao.  Our findings suggest that the highest 

growth and percent cover of M, mirabilis, can be found in regions with the highest exposure to 

anthropogenic nutrient loading. These data provide insights into how some corals may be better 

adapted to changing environmental conditions and degradations in water quality. 

Background 

Coral reefs are often described by their remarkable biodiversity, supporting one-third of all 

named marine organisms despite covering less than 0.1% of the ocean floor.1 Beneficial services 

provided to people and the planet by coral reefs are vast, contributing to one of the highest 

economic values annually.2 3  Benefits range from the tangible: carbon sequestration, coastal 

protection, food, tourism, pharmaceuticals; to the intrinsic: education, cultural identity and 

indigenous traditions.1 2 4 One-seventh of the world’s population indirectly benefits from the 

services provided by coral reefs, while those who heavily rely upon coral reefs for ecosystem 

services are often some of the most vulnerable to climate change. 2  4 

While being one of the most biodiverse and economically valuable ecosystems, coral reefs 

are also among the most threatened.1  Global and local stressors threaten the future of coral reefs, 

often interacting synergistically to affect their ability to adapt to changing environmental 

conditions.1 Global threats include rising sea surface temperatures (SST) and ocean acidification 

(OA) as a result of carbon emissions, resulting in thermal stress events (bleaching) and the 

breakdown of calcium carbonate, jeopardizing the reef structure that provides habitat for other 

organisms. 1  Local threats include overfishing and declines in water quality from anthropogenic 

pollution entering coastal waters.5 Historically some of the most pronounced cases of coral decline 

have been in the Caribbean, with the region acting as a “Canary in the Coal Mine” for the effects 

of anthropogenic impacts on coral reefs worldwide.6   

The narrative surrounding the future of coral reefs in the Caribbean is often a dire one. 

However, corals that grow and survive in spite of the many environmental stressors our oceans 

face today indicate there is room for improved understanding of how some coral species might be 

more resilient
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i to human-related impacts. Gaps in this area of understanding include how a coral’s trophic 

strategy, specifically heterotrophic feeding and resource availability, can improve a coral’s 

tolerance to changing environmental conditions.7 8 9 10 11  

Corals are mixotrophic organisms, meaning they can meet their nutritional demands both 

autotrophically (i.e. photosynthesis) and heterotrophically (i.e. consumption of external organic 

matter).12 13 14 While corals have been able to form one of the most productive and biodiverse 

ecosystems in tropical, oligotrophic waters through the assimilation of symbiotic algae to feed 

autotrophically, corals are also successful carnivorous and herbivorous heterotrophs.15 16 By 

feeding on particulate organic matter (POM), dissolved organic compounds, bacteria, and 

zooplankton, corals can obtain essential nutrients including phosphorus and nitrogen, that cannot 

be provided to the coral through photosynthesis alone.13 17 

Trophic plasticity is thought to play a larger role in coral physiology than previously 

understood, as heterotrophic feeding can support energy reserves and nutritional demands when 

photosynthesis is inhibited (i.e. bleaching as a result of increased sea surface temperatures, 

increased turbidity and decreased light attenuation from sedimentation and coastal development).15 

13 As thermal stress events are likely to increase in frequency and severity in the future from the 

effects of climate change,  heterotrophic feeding might support a coral’s survivorship and long-

term resilience in the face of changing oceanographic conditions.10 The ability of a coral to increase 

its rate of heterotrophic feeding has been shown to positively impact coral physiology through 

increased calcification, lipid reserves, and tissue growth in some species; and has been observed 

to improve a coral’s tolerance to elevated temperatures and turbidity. 10 18 19 20  

What influences a coral’s feeding behavior is not fully understood, but it is thought to be 

affected by environmental gradients and resource availability.7 8 9 19   Environmental variability is 

thought to impact a coral’s trophic strategy, as depth and turbidity decrease light attenuation, 

affecting a coral’s ability to derive its nutrition autotrophically via photosynthesis, thus increasing 

its reliance on heterotrophic feeding. 7 19 21  Resource availability can also be a factor in predicting 

a coral’s dominant trophic strategy. Regions with higher oceanographic primary productivity have 

been found to be a predictor of trophic strategy in some corals, as resource availability allows a 

coral to increase its feeding rate.9  Higher oceanic primary productivity (often measured through 

surface chlorophyll a concentrations), can often be attributed to varying oceanographic conditions, 

including frequent upwelling events, and can indicate a higher quantity of naturally occurring 

nutrients present in the water column.22 Gradients of increased nutrient concentrations enhance the 

ability of a coral to derive its nutrition heterotrophically, as readily available nutrients can increase 

phytoplankton abundance, attracting zooplankton for corals to feed upon. 22 23 24 Past observations 

and studies suggest that a coral’s ability to increase its feeding rate in response to available 

resources in the water column could provide a competitive edge in withstanding environmental 

stressors.7 8 9 10 13 25 26  

  

 
i Resilience defined as “the ability of reefs to absorb recurrent disturbances and rebuild coral-dominated systems.” 

Hughes TP (1994) Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef. Science 

265:1547–1551 
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Introduction  

Curaçao, a southern Caribbean island located just 60 km (37 miles) north of Venezuela, 

represents a case of uncharacteristic coral coverage and taxonomic biodiversity in the Caribbean 

(See Figure 1). 5 27 28 29 30 In 2012, average coral cover in Curaçao was estimated to be double of 

that in the broader Caribbean, and the island is considered to possess some of the most biodiverse 

reefs one can visit in the region. 5 28 One kilometer of healthy reef in Curaçao is worth 

approximately $1.6 million per year by providing opportunities for tourism, habitat for fisheries, 

and coastline protection. 28 

 

 
Figure 1 Map of Curaçao 

 

Regardless of their noteworthy health, diversity and value, Curaçaoan coral reefs have not 

been sheltered from the declines occurring throughout the Caribbean.29  Between 1982 and 2015, 

it is estimated that Curaçao lost approximately 50% of its coral cover.30 Primary drivers of this 

decline include overfishing and pollution of coastal waters from coastal development. 30 The 

highest declines in coral cover have been along the leeward coast around the island’s capital, 

Willemstad, where water quality has been affected by sea and land-based pollutants including 

sewage, run-off, and chemical waste; although it is difficult to distinguish the primary drivers of 

this decline.28 
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In recent years, Madracis mirabilisii (common name: yellow pencil coral) has become one 

of the most abundant coral species across the shallow forereefs on the leeward coast of Curaçao.31 

M. mirabilis is a branching, weedy, opportunistic coral species that is known for its fast, dynamic 

growth and ability to quickly colonize an open reef tract.32 The feeding strategy of M. mirabilis is 

considered to be almost exclusively heterotrophic, as it can efficiently feed on zooplankton, 

bacteria and other particulate matter in the water column. 24 33 34   

It is thought that this opportunistic species of coral is able to grow where other species may 

struggle to survive. Observations by Bak, et al., (1998) mentioned that despite the decline in other 

coral taxon across the forereefs of Curaçao, it seemed the “monospecific beds” of M. mirabilis 

remained relatively unchanged in areas downcurrent of coastal development with poor water 

quality, as its heterotrophic feeding strategy could provide a competitive edge in comparison to 

other species.34  Other observations support evidence of this trend, as the abundance of Madracis 

spp. has increased across the reef tracts of Curaçao since 1973, while the majority of other coral 

taxon have declined (See Table 1). 

Although anthropogenic nutrient loading and pollution are likely to have contributed to the 

degradation of many coral reefs, nutrient enrichment can have a wide range of effects on coral 

physiology and ecosystem health. 35 36 37 Declines in reproduction success, growth, and thermal 

tolerance are a few of negative physiological impacts that nutrient enrichment and pollution can 

have on corals.36 37 Eutrophication of oligotrophic waters, in conjunction with thermal stress and 

the decline of herbivorous fishes, can contribute to phase shifts as algae outcompete corals for 

space.38 39 Other studies have found that the presence of phosphorus and nitrogen, in moderate 

amounts, can positively impact the growth and thermal tolerance of some corals.8 40 Moderate 

concentrations of inorganic nitrogen during thermal stress or elevated levels of CO2 have also 

been found to support coral growth and metabolism.41 The effects of nutrient enrichment are likely 

to be depend on nutrient concentration, the type of nutrient present, and are often species-

specific.42  

Despite the problematic effects of human-caused eutrophication, which are certainly a 

cause for concern in addressing the many threats to coral reefs, few studies have examined how 

anthropogenic nutrient loads impact heterotrophic, opportunistic coral species in the Caribbean. 

We sought to compare how different sources and loads of nutrients predict or are related to the 

growth and distribution of M. mirabilis, a weedy, largely heterotrophic coral, across the shallow 

forereefs of Curaçao.  

Two nutrient gradients were used to look for environmental signaling. Bioassays have 

become increasingly popular to estimate the relative exposure to anthropogenic pollution a marine 

habitat has experienced. Stable isotope signatures of δ15N obtained from samples of macroalgae 

can provide a relative profile for the amount of anthropogenic nutrient loading that has occurred 

on or near a coral reef.43 Nitrogen (δ15N) values were used as a proxy for the availability of 

anthropogenic nutrients near each of the study sites. Chlorophyll a is often used as a measurement 

of oceanographic primary productivity, with larger concentrations of chlorophyll a signaling 

higher amounts of naturally occurring nutrients (such as nitrogen and phosphorus) and food 

availability in a given oceanographic region. Chlorophyll a was utilized as a proxy for oceanic 

primary productivity and the availability of naturally occurring nutrients in the water column. 

 
ii While Madracis mirabilis is commonly referred to as aurentenra, other references suggest there is not enough 

evidence to support the name change from M. mirabilis to M. aurentenra. For this study, this species of Madracis 

found in the shallow waters of Curaçao will be referred to as mirabilis. 

See:http://www.coralsoftheworld.org/species_factsheets/species_factsheet_summary/madracis-mirabilis/  

http://www.coralsoftheworld.org/species_factsheets/species_factsheet_summary/madracis-mirabilis/
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Seven reefs were chosen spanning from the northernmost point of the island to a point 

south of Willemstad, the island’s capital, and most heavily populated area. On the windward 

(eastern) side of the island, reefs are exposed to trade winds and large waves while the leeward 

(western) side, is more sheltered from strong waves and wind, with protected bays and blue 

lagoons.44 45  

 Examining how the growth and distribution of M. mirabilis changes in relation to varying 

nutrient types and loads will offer novel perspectives on how some corals grow and adapt despite 

the many local and global stressors coral reefs face today.  

 
Table 1 Island wide average of percent cover of coral (10 m depth) across Curaçao  

Species 1973* 2003** 2010† 2015†† 

Agaricia spp. 16.5 3.0 3.0 1.8 

Colpophyllia sp. 0.6 1.6 1.2 0.7 

Dendrogyra cylindrus 0.0 0.2 0.0 0.1 

Dichocoenia 0.7 0.0 0.0 0.0 

Diploria clivosa 0.4 0.0 0.0 0.0 

Diploria labyrinthiformis 0.7 0.7 0.1 0.1 

Diploria strigosa 0.0 0.1 0.4 0.7 

Eusmilia fastigiata 1.4 0.3 0.3 0.1 

Favia fragum 0.1 0.0 0.0 0.0 

Madracis spp. (mostly M. 

mirabilis) 
2.6 2.6 4.3 3.1 

Manicina areolata 1.1 0.0 0.0 0.0 

Meandrina meandrites 0.9 0.3 0.2 0.2 

Millepora spp. 0.7 0.8 0.5 1.1 

Montastraea annularis 

s.l. 
24.2 12.0 9.1 3.2 

Montastraea cavernosa 3.1 0.6 1.2 0.9 

Mussa angulosa 0.2 0.0 0.0 0.0 

Mycethophyllia spp. 0.3 0.0 0.0 0.0 

Porites astreoides 1.7 0.9 1.0 0.5 

Porites porites 1.6 0.2 0.2 0.2 

Scolymia spp. 0.0 0.0 0.0 0.0 

Siderastrea siderea 7.1 0.0 0.5 0.7 

Stephanocoenia 

michelinii 
0.4 0.1 0.1 0.1 

 
*
1973 data: Nagelkerken (1979) PhD thesis island wide averages based on  9 sites/ % 

cover (original data per site is lost). 
**

2003 data: Vermonden K (2003) Carmabi unpubl. data; island wide averages based 

on 9 sites. 
†2010 data: Vermeij MJA (2010) Carmabi unpubl. data; island wide averages based on 

21 sites. 
††2015 data: Waitt Surveys (2015) based on 145 sites. 
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Questions Addressed by this Study 

I. By tracking the change in percent cover of M. mirabilis from 2016 to 2020 across different 

nutrient gradients, what can we learn about the effects of resource availability on the 

growth and distribution of a heterotrophic coral species in the Caribbean? 

II. How do different nutrient gradients affect the growth and distribution of M. mirabilis? 

A. How do the patterns of growth and distribution change in areas of high coastal 

development and anthropogenic nutrient loading with the highest nitrogen (δ15N) 

values? 

B. How do the patterns of growth and distribution of M. mirabilis change in areas of 

high primary productivity with the highest chlorophyll a values? 

III. Is there a significant change in growth of M. mirabilis at each study site from 2016 to 2020? 

Hypothesis 

I. M. mirabilis will show higher growth rates and percent cover in response to higher resource 

availability; along gradients of anthropogenic nutrient loading (higher δ15N values) and 

natural oceanic productivity (higher values of chlorophyll a). 

Methodology 

Study Sites  

Seven 100 m2 reef plots were chosen along Curaçao’s leeward coast, spanning approximately 40 

kilometers from North to South, with each site experiencing varying environmental conditions. 

Monitored sites (from North to South and numbered 1-7 in Figure 2) included Westpunt (1), 

Paradise (2), Playa Hulu (3), Pesh Bay (4), Buoy 2 (5), Water Factory (6) and Seaquarium (7) (See 

Figure 2). These sites were prioritized based upon the availability of temporal and spatial data 

from the 100 Island Challenge. This study analyzed large-area images collected annually from 

2016 to 2020 for each of the sites. For details on the large-area image collection methods please 

see Edwards et al., 2017 and Kodera et al., 2020.46 47 
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Figure 2 Map of sites studied along the leeward coast of Curaçao 

Environmental Variables Used 

Environmental data including mean chlorophyll a values and a pollution proxy (δ15N) were taken 

from a 2015 study by Sandin et al., that collected environmental data from 122 sites along a 70 km 

expanse in Curaçao.48 These nitrogen and chlorophyll a data were used to examine the effects of 

anthropogenic and naturally occurring nutrients on the growth and distribution of M. mirabilis 

across the 7 study sites. 

Prior studies have used chlorophyll a concentrations as a predictor of trophic strategy in 

corals, with higher rates of heterotrophy at locations with higher primary productivity and resource 

availability.9 Chlorophyll a was used as a proxy for naturally occurring nutrients in the water 

column and greater food availability for heterotrophic feeding. Chlorophyll a values (mg m-3) were 

acquired from the 2015 CORE study in Curaçao, which calculated an 11-year mean from 2005 to 

2015 from the Moderate Resolution Imaging Spectroradiometer (MODIS; 

https://modis.gsfc.nasa.gov/data/).48  

A proxy to determine anthropogenic nutrient loading was estimated through the δ15N stable 

isotope signature of Dictyota spp. samples collected during the 2015 CORE study in Curaçao. 48  

Nitrogen (δ15N) signatures from each alga sample provided a profile for the relative 

exposure to anthropogenic inputs of nutrients near each of our study sites. To differentiate if the 

nitrogen values were anthropogenically or naturally derived, we used the parameters described by 

1 

2 

3 

4

 

5 

6 

7 
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Lapointe et al., (2004) and Dailer et al., (2010) to detect the amount of anthropogenic impact each 

site experienced. Samples of macroalgae collected from coastal waters that had been chronically 

impacted by anthropogenic sources of nitrogen (e.g. wastewater and sewage) typically had δ15N 

signatures greater than 3‰, while δ15N signatures of macroalgae collected from “relatively 

unpolluted” oligotrophic waters had a mean of 0.5 – 1.0‰.49 Further estimation of nitrogen 

signatures were estimated to be greater than 3 ‰ that were related to sewage and wastewater, 

between 1 -  3‰ for agricultural nitrogen, and less than 0.5‰ for natural nitrogen fixation.49 A 

second study found that average δ15N signatures for areas impacted by sewage ranged from 4 - 

25‰, and signatures between 2 - 3.5‰ were suggestive of agricultural inputs of nitrogen.43 In a 

similar fashion, we estimated that δ15N signatures greater than 1.5 - 2‰ were indicative of 

anthropogenic impact (including both agricultural runoff and sewage) in our sites.  

 

Taxa Studied 

The predominant trophic strategy of M. mirabilis is considered to be heterotrophic.24 For this 

reason, M. mirabilis was chosen to see how resource availability over different nutrient gradients 

may affect its growth and distribution. The branching colonies of M. mirabilis are characteristically 

fragile, often breaking into many small pieces before undergoing rapid growth by initially forming 

small, hemispherical colonies.32  For the purpose of this study, we were interested in shifts in total 

planar area and percent cover of the study species rather than changes in individual colony growth.  

 

Technologies and Software Utilized 

Large-area imagery collected during the 100 Island Challenge presented a unique opportunity to 

study digitized snapshots of Curaçao’s reefs through time. Structure from Motion (SfM) 

photogrammetry has become increasingly popular over in-situ benthic surveys, as data collected 

serve as a digital archive for subsequent ecological and biological surveys to be conducted long 

after the initial collection of data.50 Using photogrammetric methods to study marine habitats 

reduces the effort needed to extract high-resolution temporal and spatial data, and reduces user 

error as data including taxonomic identifications can be cross-referenced as opposed to in-situ 

surveys conducted on SCUBA.51 52 

 

Viscore 

Viscore, a point-based visual analytics engine, is a software that allows users to work with three-

dimensional models of benthic habitats such as coral reefs.53 The ability to visualize coral reefs as 

three-dimensional models allows the user to ask and answer ecological questions about how these 

ecosystems are changing through time. Structural metrics such as rugosity can be calculated from  

the three-dimensional models, or the models can be orthoprojected into two-dimensional planar 

images to analyze growth, percent cover, abundance, among other measurements. Models from 

different timepoints can be co-registered to observe ecological changes through time. 54 

Once final sites and models were selected, models for each timepoint were checked for 

proper orientation and scale before being aligned and co-registered with models from other 

timepoints. Each three-dimensional model was orthoprojected in Viscore to create a high 

resolution, two-dimensional, planar image of each reconstructed reef to be uploaded into TagLab.54 
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TagLab 

The two-dimensional planar images (also referred to as orthoprojections) created from the three-

dimensional models in Viscore were uploaded into TagLab for data processing. TagLab is a 

software program designed for the annotation and segmentation of benthos where data regarding 

growth and percent cover can be extracted from the imagery.55  

The orthoprojections were organized by site and year in TagLab to create a timeseries for 

individual sites. Uploaded timeseries were used to track the annual growth of M. mirabilis from 

2016 to 2020. Plots of 100 m2 were placed in the center of each map, covering the same area of 

reef through time for spatial continuity. Only M. mirabilis colonies within this plot were annotated 

and segmented while areas that extended beyond this plot were omitted (See Figure 3).  

 

 
Figure 3 Snapshot of a 10 m x 10 m plot (Seaquarium, 2016) used to track M. mirabilis through time. The yellow patches are the 

annotated and segmented colonies of M. mirabilis. 

 

Due to the difficulty in determining what constitutes an individual colony of M. mirabilis, total 

planar area (m2) (converted into percent cover) of the study species within the 100 m2 plot was 

used as a metric for growth rather than tracking colony growth through time. Patches smaller than 
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10 cm in length were not traced. Areas with exposed skeleton, algae, or holes in the imagery larger 

than 10 cm in length were cut out of each segmentation.  

Quality Control 

Annotations in TagLab were compared to raw imagery of reconstructed models in Viscore to 

ensure proper taxonomic identification and segmentation of M. mirabilis patches. Comparison to 

raw images assured that annotations were properly labeled and/or identified, and that 

segmentations only included healthy, live tissue of M. mirabilis. 

Data Processing 

Post quality control, data were extracted from TagLab as .csv files to be processed and analyzed 

in Microsoft Excel. The output of extracted data from TagLab provided the planar area (m2) for 

each annotated patch of M. mirabilis. Total planar area (m2) covered by M. mirabilis was calculated 

by summing together the planar area (m2) for all individual patches within each timepoint. 

Using these data, the percent cover of M. mirabilis for each timepoint within each 100m2 

plot was calculated. Annual percent cover of M. mirabilis was calculated by dividing the total 

planar area (m2) for the year by the plot area (100m2) to get percent cover. From these data, the 

average percent cover of M. mirabilis from 2016-2020 for each site was calculated for further 

analysis.  

Esri ArcGIS 

Using ESRI ArcGIS maps, feature layers were created to visualize values of primary productivity 

(chlorophyll a) and anthropogenic nutrient loading (δ15N as the pollution proxy) to compare 

environmental conditions and the percent cover of M. mirabilis across Curaçao. These maps 

allowed us to look for potential environmental signals influencing the growth and distribution of 

M. mirabilis.  

A 1 km buffer was added around each site studied to obtain the values for δ15N and 

chlorophyll a proximal to each site. Only values within each buffer were taken to calculate the 

average nutrient load for each site.  

Statistical Analyses  

Linear regressions were performed to test the null hypotheses of each research question addressed 

by this study. The first regression sought to identify a potential relationship between anthropogenic 

nutrient loads and the average cover of M. mirabilis, by testing the null hypothesis that nitrogen 

(δ15N) has no effect on the average percent cover (see research question 2A). A second regression 

was used to identify a potential relationship between chlorophyll a concentrations and the average 

cover of M. mirabilis, with the null hypothesis being that oceanic productivity (chlorophyll a) has 

no effect on the average percent cover (see research question 2B). A third series of linear 

regressions were performed for individual sites, to see if there was a significant change in growth 

of M. mirabilis from 2016 to 2020, with the null hypothesis being that the growth of M. mirabilis 

is not significant through time (see research question 3). Significance was calculated using Excel’s 

Linear Regression Data Analysis Toolpak. 
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Results 

Relationship between Environmental Variables and Percent Cover of Madracis mirabilis 

We hypothesized that the average percent cover and growth of M. mirabilis would be the highest 

in sites along resource gradients with the highest availability of nutrients. It was expected that the 

highest percent cover and growth would be found in both naturally productive waters where 

chlorophyll a concentrations were the highest and in areas altered by sources of anthropogenic 

nutrients with high δ15N values.  

Overall, the percent cover of M. mirabilis generally increased moving from North to South 

along the leeward coast. The highest percent cover was found among the sites Buoy 2, Water 

Factory, and Seaquarium; and the lowest percent cover was found among the sites Westpunt, 

Paradise, Playa Hulu, and Pesh Bay (Figure 4).  

Our findings revealed that the average percent cover of M. mirabilis was the highest in the 

southern sites where nitrogen (δ15N) values were the highest. (Figure 5). Inversely, average percent 

cover of M. mirabilis was the lowest among the northern sites where chlorophyll a concentrations 

were the highest (Figure 6).  

Linear regressions revealed a positive relationship between anthropogenic nutrients (δ15N) 

and the percent cover of M. mirabilis  (R2 = 0.5269, p = 0.064) (Figure 7). A second regression 

showed a weak negative relationship between chlorophyll a concentrations and average percent 

cover of M. mirabilis (R2 = 0.3718, p = 0.145) (Figure 8).  
 

 
Figure 4 Percent cover of M. mirabilis by year and site. The highest percent cover was found in the southernmost sites (Pesh Bay, 

Buoy 2, Water Factory And Seaquarium). The lowest percent cover was found in the northernmost sites (Westpunt, Paradise, and 

Playa Hulu). 
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Figure 5 Distribution of sites studied and approximate pollution proxy values (δ15N). Average percent cover of M. mirabilis was 

highest in the southeastern sites (average percent cover ranged from 24-34% for Buoy 2, Water Factory and Seaquarium) where 

δ15N concentrations are the highest (average δ15N values ranged from 3.4 – 6.7 ‰ in the southeastern sites). 
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Figure 6 Distribution of sites studied and approximate chlorophyll a concentrations. Average percent cover of M. mirabilis was 

less in the northwestern sites (average percent cover of M. mirabilis ranged from 0.2 – 8% at Westpunt, Paradise and Playa Hulu) 

where chlorophyll a concentrations were the highest (average chlorophyll a values ranged from 0.17 – 0.18 mg m-3). 
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Figure 7 Average δ15N (‰) and percent Cover (%) of M. mirabilis A linear regression revealed a positive relationship between 

the average percent cover of M. mirabilis and anthropogenic derived nitrogen (δ15N). R2 = 0.52, p value = 0.064. 

 

Figure 8 Average chlorophyll a (mg m-3) and percent Cover (%) of M. mirabilis. A linear regression revealed a weak negative 

relationship between the average percent cover of M. mirabilis and concentrations of Chlorophyll a (mg m-3). R2 = 0.37, p value 

= 0.145 

  

R² = 0.5273

0

5

10

15

20

25

30

35

40

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

A
v

er
a

g
e 

P
er

ce
n

t 
C

o
v

er
 (

%
)

Average δ15N (‰)

R² = 0.3719

0

5

10

15

20

25

30

35

40

0.166 0.168 0.17 0.172 0.174 0.176 0.178 0.18 0.182 0.184

A
v

er
a

g
e 

P
er

ce
n

t 
C

o
v

er
 (

%
)

Average Chlorophyll a (mg m-3)



 

 15 

Trends in growth and percent cover of M. mirabilis 

Four out of the seven sites showed an increase in cover of M. mirabilis from 2016 to 2020, while 

the remaining three showed a decrease in cover from 2016 to 2020. Westpunt, Paradise, Water 

Factory and Seaquarium increased in cover (10-26% increase) and Playa Hulu, Pesh Bay, and 

Buoy 2 decreased in cover (1-12 % decrease) (See Table 2). 

Linear regressions were performed for individual sites to examine whether there was a 

significant change (i.e. appreciable difference) in growth through time. The dependent variable 

was growth characterized as change in percent cover; the independent variable was time measured 

from 2016 to 2020, with the null hypothesis that the growth of M. mirabilis is not significant 

through time. Results from the linear regressions were used to discern whether the growth of M. 

mirabilis followed a significant positive or negative trend from 2016 to 2020. 

It was found that the site Seaquarium experienced significant growth from 2016 to 2020 

(R2 = 0.8201, p value = 0.0342) (See Figure 9). Water Factory and Westpunt experienced moderate 

significance for growth from 2016 to 2020 (Water Factory R2 = 0.6815, p value = 0.0851, 

Westpunt R2 = 0.6781, p value = 0.0866) (See Figure 9).  

The remaining sites, Buoy 2, Pesh Bay, Playa Hulu, and Paradise, showed no statistical 

significance that there was a significant change in growth over the five time points from 2016 to 

2020 (See Figure 9). However, the growth of M. mirabilis at Buoy 2, Pesh Bay, and Playa Hulu 

showed negative growth from 2016 to 2020 despite being statistically insignificant in the linear 

regression (See Table 2). Paradise showed little change in percent cover from 2016 to 2020 in the 

linear regression (See Figure 9) despite showing a 10% change in cover from 2016 to 2020 (See 

Table 2). 

 

 
Table 2 Average percent cover and change in average percent cover from 2016 to 2020. 

Site 

(North to South) 

Average Cover (%) 

in 2016  

Average Cover (%) 

in 2020 

Percent Change from 

2016- 2020 

Westpunt 6.6 8.4 26.0% 

Paradise 0.1 0.2 10.9% 

Playa Hulu 0.7 0.6 -11.9% 

Pesh Bay 9.9 9.1 -8.0% 

Buoy 2 33.8 33.2 -1.7% 

Water Factory 21.4 26.8 25.1% 

Seaquarium 27.8 34.8 25.3% 
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Figure 9  Average percent cover, growth, and linear regressions for each site. Dotted trend lines for Westpunt and Water Factory represent moderate significance that there was 

an appreciable difference in the growth of M. mirabilis from 2016 to 2020 (Westpunt R2 = 0.67, p value = 0.086, Water Factory (R2 =  0.68, p value = 0.085). The solid trendline 

for Seaquarium represents there was statistical significance that there was an appreciable difference in growth from 2016 to 2020 (R2 = 0.82, p value = 0.034). 
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Table 3  Average percent cover of M. mirabilis, percent change in cover, and average nitrogen and chlorophyll a 

values for each site. 

Sites 

(North to South) 

Average Cover (%) 

2016-2020 

Change in Cover (%) 

2016-2020 

Average 

δ15N (‰) 

Average  

Chlor a (mg m-3) 

Westpunt 8.1 % 26.0% 1.61 0.179 

Paradise 0.2 % 11.0% 1.47 0.183 

Playa Hulu 0.6 % -11.9% 1.40 0.177 

Pesh Bay 8.9 % -8.0% 1.14 0.167 

Buoy 2 34.0 % -1.8% 3.85 0.168 

Water Factory 24.9 % 25.1% 6.77 0.173 

Seaquarium 31.0 % 25.3% 3.43 0.174 

 

Discussion 

Prior to beginning this study, anecdotal evidence pointed to higher percent cover of M. mirabilis 

in areas proximal to higher nutrient loads. However, it was hypothesized that the percent cover 

and growth of M. mirabilis would be highest among both nutrient gradients, of chlorophyll a and 

δ15N, in response to resource availability.  

 Considering the many detrimental effects that anthropogenic nutrient loading can have on 

coral reefs, our results were surprising. It was unexpected to find the highest average percent cover 

and the most significant growth rates of M. mirabilis in the sites with the highest exposure to 

anthropogenic nutrient loading, rather than the areas with naturally occurring nutrients and less 

human impact. 

All three of the sites in the south with the highest anthropogenic nutrient loads (δ15N) 

(Seaquarium, Water Factory, and Buoy 2) had the highest average percent cover of M. mirabilis 

in comparison to the other four sites (Pesh Bay, Playa Hulu, Paradise, and Westpunt) (See Table 

3). The percent cover and growth increased from 2016 to 2020 in two of these sites (Water Factory 

and Seaquarium) with some of the highest exposure to anthropogenic nutrient loads. Buoy 2 had 

the second highest δ15N values and showed an increase in cover from 2017 to 2019, with a slight 

decrease in 2020, while the average percent cover from 2016 to 2020 was the highest of all the 

sites (34%).  

We expected to find equivalent growth rates and percent cover of M. mirabilis in regions 

with naturally occurring nutrients and less anthropogenic impacts. Our results negated this 

hypothesis. The sites with the lowest percent cover of M. mirabilis (Westpunt, Paradise, and Playa 

Hulu) were located on the northwestern portion of the leeward reef tract where chlorophyll a 

concentrations were the highest and human impacts were the lowest. Chlorophyll a concentrations 

were not drastically different between the sites (average chlorophyll a values were between 0.16 

and 0.18 mg m-3 for all seven sites), which could have impacted the results of this study.  

Other considerations that might have impacted the results of this study include the ratio 

and concentrations of anthropogenic inputs of nutrients at each site. Previous studies have shown 

that the effects of nutrient loading on coral physiology is likely to depend on the concentration, 

the type of nutrient present and is often species-specific.42 Although the δ15N values in our sites 

with the highest percent cover M. mirabilis were above our parameters used to indicate exposure 

to anthropogenic nutrient loading (δ15N > 1.5–2 ‰), the concentrations might not have been high 

enough to be detrimental to M. mirabilis (δ15N averages for these sites ranged from 3 – 6 ‰) (See 
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Table 3). These results coincide with findings from other studies that show moderate nutrient 

concentrations  have positive impacts on the physiology and survivorship of corals with a higher 

propensity to feed heterotrophically. 8 41 Furthermore, the presence of other limited nutrients in the 

water column could have impacted potential negative effects of nutrient enrichment in these sites. 

For example, the coupling of phosphorus with nitrogen has been found to counteract the negative 

impacts of thermal stress on corals by maintaining calcification and metabolic rates.41  

While this study speculates that anthropogenic inputs of nutrients could contribute to food 

availability for M. mirabilis, this can only be confirmed through the stable isotope analysis of 

colonies found at each site. Future in situ and ex situ experiments with M. mirabilis should 

disentangle the uptake rates of different sources and types of nitrogen (inorganic vs organic 

nitrogen, anthropogenic vs natural) and the physiological effects of nitrogen enrichment on M. 

mirabilis (changes in calcification, tissue growth, thermal tolerance, photosynthetic rates,  

Symbiodinium density, etc.). Such experiments will improve our understanding of how 

anthropogenic nutrients affects heterotrophic coral species beyond M. mirabilis. 

However, our findings make sense in comparison to past studies conducted on the feeding 

and effects of nitrogen enrichment on M. mirabilis. In a study by Maier C, et al., (2010) the growth 

of Madracis spp. was found to be nitrogen-limited in shallow waters (similar to the depths at our 

study sites), and that heterotrophic feeding in Madracis spp. was a response to food availability. 56 

A recent study showed that although the uptake rates were low compared to cyanobacteria and turf 

algae, M. mirabilis was found to consume nitrate, ammonium and phosphate from a sediment 

plume caused by runoff following a large rainstorm event in Curaçao.57 Pulses of anthropogenic 

nutrients may serve as an available food source for M. mirabilis in nutrient-limited waters, which 

could contribute to the increased growth and percent cover in the sites most impacted by human 

activity.   

Other observations and directions for future research 

Other confounding environmental and biological factors could have contributed to the growth and 

distribution of M. mirabilis across diverse environmental gradients that were not accounted for in 

this study.  

 

Life History of  M. mirabilis 

One consideration is how the life history and multi-fate dynamics of M. mirabilis might have 

affected the growth and percent cover calculated from 2016 to 2020. Quantified in the 2019 paper 

by Brito-Milan et al., large patches of this weedy species often grow exponentially until breaking 

into many small patches before undergoing rapid fission/fusion. It is unknown if the years observed 

(2016-2020) were during a cycle of shrinking (large colonies breaking into smaller patches) or 

rapid growth (fission and fusion of smaller patches), which are independent of nutrient enrichment 

and resource availability.  

Examples of this include Pesh Bay. Although Pesh Bay had the lowest average for percent 

cover of M. mirabilis (8.9%) among the southern sites, it was clear from the imagery that the area 

likely experienced a recent disturbance or is experiencing a boom-bust cycle of M. mirabilis. It 

could be possible that following the years observed in this study from 2016-2020, the smaller 

fragmented colonies from the former large patch of M. mirabilis may undergo rapid growth 

through fusion and fission. 
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Not having a comprehensive understanding of how long these cycles persist and repeat 

could complement or negate our findings. Future research should look at models following 2020, 

if available thereafter, to see if and how the growth patterns differ from what our data have shown. 

 

Community Dynamics 

Potential declines of other coral taxon at each of these sites could have reduced the competition 

for space upon these reefs, in which M. mirabilis, an opportunistic and weedy species, might have 

been able to occupy open space as a result. However, this hypothesis does not appear to hold true 

in sites such as Pesh Bay, which had the fourth lowest average for percent cover of M. mirabilis 

in this study (8.9%) and one of the lowest averages for total percent cover including other coral 

taxon along the leeward coast (total coral cover for this region was around 7.5% from the 2015 

CORE study by Sandin et al.). Average nutrient values were also both low for Pesh Bay 

(chlorophyll a = 0.167 and δ15N =1.14). As a comparison, Seaquarium had one of the highest 

averages for percent cover of M. mirabilis (average percent cover from 2016 to 2020 was 31%) 

and one of the highest percentages for total coral cover including other coral taxon (around 22.5 - 

37% from the 2015 CORE study by Sandin et al.).48  It would be worth investigating what 

percentage of the total coral cover M. mirabilis comprises for each of the sites. 

 Including abundance into a future study could serve as an interesting metric to see how the 

biodiversity of other coral taxon and benthos has shifted in the sites where there has been the most 

growth and percent cover of M. mirabilis. Observations of other abundant coral taxon could 

provide insight as to how other species may also be more resilient to environmental stressors, or 

how they might be in competition for space with M. mirabilis. 

 

Wave Exposure as an Environmental Predictor 

Although this study focused on nutrient gradients as an environmental predictor of the growth and 

distribution of M. mirabilis, wave exposure was found to be one of the strongest physical 

environmental variables in predicting the total cover of reef-building benthic assemblages 

according to the CORE study from 2015.48  Considering that wave exposure and intensity could 

affect the flow of nutrients and fragmentation of M. mirabilis colonies, wave action should be used 

in further analysis in identifying the potential effects on the growth, abundance, and distribution 

of M. mirabilis. 

Conclusion 

The interpretation of our results should not undermine the importance of reducing threats to coral 

reefs on both local and global levels. While this study could provide some insight as to how M. 

mirabilis might be better adapted to anthropogenic nutrient enrichment, these data are a snapshot 

of a more dynamic, complex picture. Much is left to learn regarding the effects of resource 

availability on heterotrophic plasticity and increased tolerance to environmental stressors and 

shifting oceanic conditions. Further in-depth investigation is needed to explore how other 

environmental factors are likely to act synergistically to affect the growth and distribution of 

heterotrophic, opportunistic coral species such as M. mirabilis in the Caribbean.  

However, we found the highest growth and percent cover of M. mirabilis in areas proximal 

to epicenters of human activity with the worst water quality, perhaps indicative that M. mirabilis 

has a competitive edge in withstanding environmental stressors on both local and global scales. 

The identification of more resilient, heterotrophic species, including M. mirabilis, could provide 
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resource managers and coral restoration practitioners with information to improve current 

practices, and valuable insights for the future of Caribbean coral reefs.  
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