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Abstract 

 

Sedimentation and ocean warming are two major anthropogenic stressors that directly 

affect coral recruitment and recovery. Many coral-dominated reefs have undergone phase 

shifts becoming macroalgae-dominated because of the coral population’s inability to 

tolerate these increasing stressors. Predicting these phase shifts requires a determination 

of the relative susceptibility of coral and macroalgae to these stressors. The objective of 

this study was to quantitatively assess the synergistic effects of sedimentation and 

elevated temperature on the survival and growth of Montastraea cavernosa newly settled 

coral juveniles, and fragments of the macroalgae, Dictyota ciliolata. A crossed 

experimental design tested the two temperatures and four sedimentation levels. After 12 

weeks, a 2°C increase in temperature did not significantly affect survival of the M. 

cavernosa juveniles or fragments of D. ciliolata. Montastraea cavernosa juvenile 

survival was negatively affected by a decrease in sediment. Dictyota ciliolata survival 

was highly sensitive to the increase in sedimentation. The survival and growth of both 

species appeared to be susceptible to an increase in sedimentation, but in opposite ways. 

This study demonstrates that both M. cavernosa juveniles and D. ciliolata fragments may 

be more vulnerable to light caused by changes in turbidity rather than temperature.  

 

 

Key Words: Coral, macroalgae, sedimentation, ocean warming, juvenile, survival, 

growth 
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1. Introduction 

Coral reefs are one of the most biologically diverse and important ecosystems on 

Earth because they provide essential ecosystem services while maintaining a substantial 

socioeconomic value. It is estimated that $30 billion of goods and net benefits are derived 

from coral reef ecosystems annually, including seafood products, mineral oil and gas, and 

live organisms for the aquarium trade (Moberg & Folke, 1999; Cesar et al., 2003). They 

can also be considered the Earth’s “medicine cabinet” because many pharmaceuticals are 

derived from coral reef organisms (Conservation International, 2008). Coral reefs protect 

shorelines from storm surge and erosion and provide millions of jobs to local populations 

through ecotourism and other recreational activities (Moberg & Folke, 1999; 

Conservation International, 2008). Reefs are important cultural heritage sites in many 

regions of the world and many traditions are intimately tied to the reefs (Conservation 

International, 2008). Even though reefs only span 0.2% of the ocean floor, they are 

estimated to support more than 25% of all marine life (Spalding et al., 2001). Over 9 

million estimated species of plants and animals benefit from the habitats and food 

provided by the structures formed from coral skeletons (Knowlton, 2001). The alteration 

of the provision of these ecosystem services can have consequences on the livelihood and 

development of coral reefs (Norstrom et al., 2009). 

The main builders of coral reefs are hermatypic, scleractinian corals. These corals 

deposit calcium carbonate skeletons that constitute the stony framework and foundation 

of the reef structure. Coral cover in reefs, a metric of the amount of coral in an area, can 

be severely diminished by natural and anthropogenic stressors. The space left by dead 

corals is often proliferated by algae or other benthic organisms (McManus & Polsenberg, 

2004). The presence of algae in close proximity (at the order of a few centimeters) of 

typical coral settlement habitats decreases the recruitment potential of corals (McManus 

& Polsenberg, 2004; Arnold et al., 2010). This is because the macroalgae impedes larval 

access to that habitat, inhibits coral facilitating substrates, and increases the mortality of 

post-settlement juveniles (Arnold et al., 2010). Therefore, an excessive loss of corals and 

a decrease in settlement success of planulae can potentially induce a community phase 

shift from coral to macroalgae dominance (McManus & Polsenberg, 2004). In some 

cases, herbivores can assist in keeping algal cover low and allowing corals to re-colonize 
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the free space (Mumby, 2006; Ledlie et al., 2007). Corals co-evolved with predators and 

competitors, thus, in the absence of anthropogenic stressors, the population can recover 

and remain the dominant species on the reef.   

Most local anthropogenic stressors such as overfishing (Jackson, 1997), 

euthrophication (Dubinsky & Stambler, 1996), primarily affect corals and facilitate 

macroalgae dominance. Herbivores, such as fish and sea urchins, can control the 

abundance of macroalgae on reefs (Ledlie et al., 2007; Arnold et al., 2010; Ainsworth & 

Mumby, 2015), and thus removing herbivores facilitates algal dominance (Bellwood et 

al., 2004). Increased nutrients from terrestrial run-off and sewage (eutrophication) 

accelerates the growth of macroalgae (Smith et al., 1981; Sheppard et al., 2009; Burke et 

al., 2011). Nutrient enrichment can also increase the severity of coral diseases, such as 

black band and yellow band disease (Kuta & Richardson, 2002; Bruno et al., 2003). 

Stress and a greater presence of pathogens are hypothesized to reduce the immune system 

of corals and facilitate the spread of disease (Lafferty & Holt, 2003; Bruno et al., 2007). 

Vulnerable corals are often more susceptible to disease and warm temperature anomalies 

can drive disease outbreaks (Bruno et al., 2007). The loss of coral cover is asynchronous 

and disease is only one of the agents facilitating a phase shift from coral to algae-

dominated states.  

Sedimentation caused by beach nourishment, coastal construction, and dredging 

activities is a local anthropogenic stressor that can affect both corals and macroalgae. The 

increased turbidity caused by finer sediment particles reduces light availability, 

decreasing photosynthetic efficiency of both the macroalgae and the corals’ algal 

endosymbionts (Symbiodinium spp.) (Riegl and Branch, 1995). Deposited sediment can 

smother both corals and macroalgae. When smothered in sediment, organisms will not 

have access to light, food nor oxygen and thus often die. Macroalgae responses to 

sedimentation seem to be species-specific and correlate with reproductive strategies 

(Eriksson and Johansson, 2005) while sediment load is an important constraint for 

species distribution and abundance. Species of macroalgae with extended reproductive 

periods are the most tolerant to increased sedimentation due to their dependency on 

dispersal by fragmentation or vegetative propagation (Eriksson and Johansson, 2005). 

Advantageous macroalgal traits in sediment rich habitats include: vegetative 
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fragmentation (Airoldi, 1998), tough thalli (Daly and Mathiesen, 1977; Johansson et al., 

1998), and the ability to regenerate from basal thallus parts that can resist burial (Daly 

and Mathiesen, 1977). This suggests that high sedimentation rates promote tolerant 

macroalgae species with physiological and morphological adaptations to external 

stressors and disturbances (Eriksson and Johansson, 2005). While several studies have 

investigated the effect of sedimentation on reproduction and community composition, 

there are few experimental studies that focus on the species-specific susceptibility of 

macroalgae to increased sedimentation from anthropogenic sources.  

The worldwide reduction in coral cover is mainly attributed to ocean warming 

(Hughes et al., 2003; Hoegh-Guldberg et al., 2007; van Woesik & McCaffrey, 2017). 

Global warming affects most organisms in the ocean and is directly linked to humans. 

The burning of fossil fuels releases carbon dioxide into the atmosphere where it gets 

trapped, creating heat (IPCC, 2014). The ever-growing greenhouse gas emissions has led 

to a 0.4 - 0.8°C increase in sea surface temperatures in the 20th century, and is predicted 

to cause the rise of at least another 3°C by the end of this century (IPCC, 2014). Corals 

are extremely sensitive to changes in temperature as they live very close to the limit of 

their thermal tolerances. Unusually warm conditions can cause the corals to bleach 

(Glynn and D’Croz, 1990; Glynn, 1993). Bleaching is a stress response that corals exhibit 

due to stressful environmental changes, where they expel the Symbiodinium from their 

tissues, leaving the tissue transparent and exposing the calcium carbonate skeleton 

underneath (Glynn, 1993; Glynn 1996). Bleaching events can be devastating to corals 

because the Symbiodinium can supply more than 75% of their hosts’ daily metabolic 

energy requirements through photosynthesis (Grottoli et al., 2006; Baird et al., 2009). 

Coral reefs can survive bleaching episodes depending on the duration and level of 

temperature stress, the level of light irradiance, and other compounding factors. However, 

even recovered reefs exhibit reduced growth and reproduction (Burke et al., 2011). 

Bleached corals are left in a fragile condition because their maintenance and growth are 

severely impacted by the reduction in energy reserves resulting from the loss of their 

endosymbionts (Grottoli et al., 2004; Anthony et al., 2007). Experts have predicted that 

bleaching events could become so frequent that corals will not have time to recover even 

though they have shown some capacity to adapt to the changing environment (Donner et 



 

4 
 

al., 2005; Baird & Maynard, 2008; van Woesik & McCaffrey, 2017). An increase in 

water temperatures due to global climate change has shown to enhance algal growth and 

recruitment (Beardall et al., 1998), however, it also increases metabolic rate thus 

enhancing grazer activity (Paul et al., 1989). The photosynthetic performance of 

macroalgae can be reduced by an increase in ultraviolet radiation from holes in the ozone 

layer, which also damages DNA, alters nutrient uptake, and changes the pigment 

composition of the algae (Franklin and Forster, 1997; Lotze and Worm, 2002). 

Increased anthropogenic sedimentation and elevated temperature undermine the 

coral population recovery processes. Recovery of coral cover is done through growth of 

surviving colonies (asexual reproduction) and recruitment (sexual reproduction). The five 

fundamental steps for coral recovery through recruitment are the production/availability 

of larvae, dispersal of larvae to disturbed site, ability of larvae to settle (aided by presence 

of chemical cues to induce settlement), availability of suitable settlement substrate for 

coral to grow, and survival and growth of newly settled juveniles to maturity stage 

(Ritson-Williams et al., 2009; Arnold et al., 2010). Newly settled corals are likely more 

vulnerable to climate change and sedimentation than adults, however they have been 

poorly studied. An increased sediment load, especially involving fine sediments, often 

clogs the feeding structures of juvenile corals, reducing their ability to actively feed and 

depleting their energy stores (Stafford-Smith & Ormond, 1992; Burke et al., 2011; 

Erftemeijer et al., 2012; Jones et al., 2015), thus reducing their survival (Fourney & 

Figueiredo, in preparation). When the coral is smothered in sediment, anoxic areas 

surrounding juvenile polyps create an area without proper water flow for oxygen 

repletion (Erftemeijer et al., 2012). As a result, sedimentation can significantly threaten 

the replenishment of coral populations and recovery after disturbances. Newly settled 

corals are also likely more vulnerable to warming because they have less energy reserves 

than adults (Chua et al.,2012). The recent rapid declines in coral health and cover (30% 

lost in the past decade) world-wide (Bellwood et al., 2004; Burke et al., 2011) suggest 

that natural recovery processes are evidently being affected by anthropogenic stressors. 

Currently, almost 75% of worldwide coral reefs are threatened by anthropogenic stressors 

with several studies predicting that 60-90% of corals will be lost by 2030 (Hughes et al., 
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2003; Burke et al., 2011). The undermining of coral recovery by sedimentation and 

warming may accelerate the decline and facilitate algal dominance. 

When considering the future of coral reef ecosystems, it is critical to assess the 

relative susceptibility of corals and macroalgae to increased anthropogenic sedimentation 

and elevated temperature. Measuring the effects of sedimentation and temperature on 

both juvenile coral and algae helps to generate better predictions of coral-algae balance 

on reefs. It is important to focus on juvenile corals because recovery of adult coral 

communities strongly depends on successful recruitment. Due to the vulnerability of 

small-sized new recruits, it is vital to identify the threshold level of the combined effects 

of sedimentation and temperature for juvenile coral survival and growth. The first 

objective of this study was to compare the survival of juvenile corals, Montastraea 

cavernosa, and the macroalgae, Dictyota ciliolate, under varying levels of sedimentation 

and temperature. The second objective was to quantitatively assess the synergistic effects 

of sedimentation and increased temperature on the growth of juvenile corals and 

macroalgae.  

 

2. Methods 

 

2.1 Study Species and Collection 

 

Montastraea cavernosa (Figure 1) was selected for this study because it is a relatively 

abundant and structurally important scleractinian coral in South Florida’s reefs (Acosta 

and Zea, 1997; Vargas-Angel, 2006a; Klug & Walker, in prep.). Montastraea cavernosa 

is found in Florida, the Gulf of Mexico, Bermuda, the Bahamas, and in the Caribbean 

(Aronson et al., 2008), with peak abundance between 10 to 30 m (Szmant et al. 1997). 

These corals are gonochoric and reproduce sexually through mass synchronized 

broadcast spawning events (Acosta and Zea, 1997). Spawning of M. cavernosa typically 

occurs after sunset, one week after the full moon in August or September (Szmant, 1986; 

Vize et al., 2005; Vargas-Angel et al., 2006b). Montastraea cavernosa forms small 

colonies usually in boulder or dome shapes with large, protruding corallites and can vary 

extensively in shape, size, and color (Szmant et al., 1997). 
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Figure 1. Adult colony of Montastraea cavernosa in Broward County, FL 

 

The most dominant genus of macroalgae on reefs between 7 and 21 m along the 

Florida Reef Tract is Dictyota (Littler et al., 1986; Beach et al., 2003). Dictyota ciliolata 

(Figure 2) was chosen for this experiment due to its high abundance and association with 

coral reefs in southern Florida (Beach & Walters, 2000). It is a brown alga that generally 

forms mats of densely packed leaves, with forked tips, that overgrow the substrate. 

Dictyota ciliolata has been found to contain a variety of chemical compounds that have 

anti-herbivore and anti-fouling properties (Beach & Walters, 2000). They exhibit a 

typical alteration of generations between two haploid sexual plants (male and female 

which constitute gametophytes) and a diploid tetrasporic plant which is regarded as the 

sporophyte (Foster et al., 1972). Fertilization occurs after both kinds of gametes are 

released into the water column, which occurs every 14 days after the highest spring tides 

(Foster et al., 1972). The abundance of Dictyota is enhanced by its ability to asexually 

reproduce via fragmentation (Airoldi, 1998; Beach and Walters, 2000; Herren et al., 

2006). Vegetative fragmentation of Dictyota occurs with four main steps: disturbance 

leading to the creation of fragments, settlement or entanglement, attachment, and 

continued epiphytic growth on benthic biota or substrate (Herren et al., 2006).  
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Figure 2. Dictyota ciliolata from Broward County, FL 

 

Thirty-one healthy corals, roughly 30 cm in diameter, were collected on the day 

of the full moon (August 18, 2016) from three locations (26° 09.046N, 80° 05.402W; 26° 

09.476N, 80° 05.348W; 26° 11.176N, 80° 05.277W) in Broward County, FL (Figure 3). 

SCUBA divers identified colonies suitable for collection and removed them from the 

substrate with pry bars and hammers at the base of the colony to prevent tissue damage. 

The colonies were brought up to the boat in wire dish racks, where the corals were 

immediately wrapped in bubble wrap and placed in coolers. The coolers were filled with 

seawater, with water changes performed every 20 minutes to maintain temperature, 

adequate oxygen, and prevent desiccation. Colonies were transported to Nova 

Southeastern University’s (NSU) Guy Harvey Oceanographic Center (GHOC) and placed 

in outdoor aquaria. These aquaria contained 1500L recirculating water equipped with 

biological filtrations, protein skimmers, temperature controlled heaters, a chiller, and 

shade cloth to mimic natural light conditions. While in the field, temperature (29°C) was 

measured with a YSI® Pro20 temperature probe and the light irradiance at the sites 

(average of 153 μmol photons m-2s-1) was measured with a Li-Cor® Li-250A light meter 

at the depth the corals were collected.  

Ten clusters, roughly 10 cm in diameter, of D. ciliolata were collected from the same 

sites as the coral colonies (Figure 3). SCUBA divers identified clusters suitable for 

collection and removed them from the substrate with scissors at the base of the plant to 

prevent damage. The clusters were brought up to the boat in plastic Ziploc bags, where 

they were immediately placed in a 5-gallon bucket. The bucket was filled with seawater, 

with water changes performed every 20 minutes to maintain temperature, adequate 
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oxygen, and prevent desiccation. The clusters were transported to NSU GHOC and 

placed in an indoor aquarium. This aquarium was 30L volume equipped with two pumps, 

a temperature controlled heater, and a LED light to mimic natural light conditions.  

 

 

Figure 3. Map of the 3 specimen collection sites in Broward County, FL. 

 

2.2  Coral Spawning, larval rearing, and settlement 

 

Colonies were monitored for spawning every night starting the day of collection, due 

to potential alterations in spawning synchronism caused by captivity conditions (e.g. 

transportation stress). Every night at sunset, each colony was removed from the tank and 

placed in a separate bucket of seawater for spawning because M. cavernosa is gonochoric 

and the sexes of the colonies were unknown. The colonies were observed for spawning 

until midnight, after which they were placed back into the recirculating aquaria. After the 

completion of the spawning event, all adult corals were returned to their collection site 

and cemented to the reef with an identification tag.  

 Spawning occurred from August 19 - 29, 2016 and the sex of the colony and time 

of spawning was recorded each night. Eggs were collected by skimming the surface with 

a plastic cup and gently transferred to a separate bowl. Sperm was collected with a turkey 

baster and placed in a separate bowl. The gametes were then combined, with a sperm 

concentration of 106 mL-1, to allow fertilization to occur. One hour after combining the 
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gametes, a sample of the eggs was observed under the microscope (Olympus LC20 

digital camera attached to an Olympus SZ61 dissecting microscope with cellSens® 

software) for cleavage, i.e. fertilization. After ~80% of the eggs were fertilized, the sperm 

was removed by a series of dilutions with 1 µm filtered, sterilized seawater. The embryos 

were then separated into bowls at a density of < 1 embryo/mL and the bowls were placed 

into water baths kept at ambient temperature (29°C). The water within each bowl was 

changed daily to ensure good water quality conditions and reduce mortality. Once the 

planula reached competency (~3 days post-fertilization) they were moved to settlement 

jars.  

Ceramic tiles (2.5 cm diameter, 0.5 cm height) were conditioned in the ocean for 3 

months, at the same depth the coral species were collected. It was necessary to condition 

the tiles to allow for the colonization of bacterial biofilms and crustose coralline algae 

(CCA), which is a settlement cue for the planula (Babcock et al., 2003). Following the 

conditioning period, the tiles were collected, checked for the presence of CCA, and 

placed in the outdoor recirculating aquaria until they were needed for the larval 

settlement process.  

The competent larvae were placed in 200 mL glass jars filled with filtered seawater 

(20 planula per jar), each containing a pre-conditioned settlement tile. The jars were 

inspected every 24 h to determine settlement success (metamorphosis to polyp stage). 

This occurred every day until the desired number of juveniles for each treatment (100+ 

per treatment) was reached. After the larvae had settled, each tile was observed under the 

dissecting stereoscope to count and map the settled juveniles. The tiles were 

photographed, using cellSens®, to record the position and surface area of the juvenile 

corals. Once initial position and size were recorded, the tiles were distributed evenly and 

randomly across treatment tanks.  

Two hundred and forty (30 per treatment tank) pieces of D. ciliolata were cut with 

dissecting scissors into 1 cm fragments, that were measured with calipers. Twist ties were 

used to hold the fragments to pre-conditioned settlement tiles and placed back in the 

aquarium for four days, at which point they had naturally attached to the tiles. Once they 

were attached, the twist tie was removed and the tiles were randomly distributed into 

treatment tanks.  
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2.3 Sediment Collection 

 

Sediment was collected from the top 10 - 20 cm of bottom material in the boat basin 

at NSU’s GHOC, located next to Port Everglades via SCUBA diving. The sediment was 

placed in ramekins and put into a drying oven at 70°C for a minimum of 72 hours to 

ensure all interstitial organisms were killed and to assure accurate sediment weighing. 

The sediment composition was assessed according to the Udden-Wentworth US standard 

classification scale (Wentworth, 1922). The dry sediment was sieved (Sieve Shaker 

model RX-86) with a series of sieves (500 µm, 180 µm, and 63 µm) to quantify the 

percentages of different grain sizes. Sedimentation levels used were 0, 30, 60, and 120 

mg cm-2 of deposited sediment, representing a control, natural rates, double natural rates, 

and rates found during dredging events respectively (Jordan et al., 2010). Note that the 

sedimentation levels reflect the amount deposited after one day, not necessarily how 

much sediment was placed in each tank (sediment was only added on day one; the 

heaviest sediment settled within one day, while the finer sediment remained suspended 

due to water flow; with turbidity and settled sediment staying relatively constant 

afterwards). Prior to the start of the experiment, the quantity of sediment needed to 

produce these rates in each treatment was tested to account for the amount of sediment 

that would remain in suspension. Sediment traps were used to determine the 

sedimentation rate by adding several known amounts of sediment to a 45cm x 30cm x 

30cm tank with glass jar lids (25.65 cm2 openings) as the traps. A linear regression was 

used to describe the relationship between the quantity of sediment added and the 

sedimentation rate produced. This relationship was used to determine the correct quantity 

of sediment necessary to add to produce each treatment (2% >500 µm, 40% 180-500 µm, 

42% 63-180 µm, and 15% <63 µm). 

 

2.4 Temperature and Sedimentation Treatments 

 

There were 8 treatments comprised of two temperatures and four sedimentations; 

29°C and 31°C (current summer ambient seawater temperature and the predicted 

seawater temperature for the middle of the 21st century, IPCC 2014) and 0, 30, 60, and 

120 mg cm-2, respectively. All treatments were replicated to account for a possible tank 
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effect. There was a total of 1091 coral juveniles and 240 fragments of D. ciliolata divided 

between the treatments (Figure 4). As stated above, the treatment tanks were 45 x 30 x 

30cm to ensure viable space for all tiles. The juvenile corals and macroalgae were reared 

in captivity under the described conditions with survival and growth recorded weekly for 

3 months. Once a week, each tile was inspected under the microscope and photographed 

to track survival and record surface area.  

 

Figure 2. Experimental design where color of box represents species (orange is coral, green is 

macroalgae). The number inside each box represents the number of individuals in each tank. 

 

2.5 Treatment Maintenance 

 

For all treatments, the juvenile corals and algae were kept indoors in tanks equipped 

with an Aqueon® Pro 250 submersible heater to maintain temperature, with temperature 

measured daily using a YSI® Pro20 to ensure accuracy. Two SunSun® JP-032 

submersible pumps with a flow rate of 350L/h were used to maintain ideal oxygen 

concentration and keep sediment suspended. Aquaillumination® Hydra26 LED lights 

with a controllable light intensity were used to create a 12:12h light:dark photoperiod that 

mimics the daily sun cycle (Babcock et al., 2003). Solar noon irradiance was measured at 

the bottom of each tank, with a maximum irradiance of 153µmol photons/m2s, mimicking 

natural reef levels from the day of specimen collection. Nephlometric Turbidity Units 

(NTUs) were measured with a turbidimeter (LaMotte 2020we). The salinity of each tank 
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was maintained at 35ppt and reverse osmosis water was added daily to replace water lost 

to evaporation. Ammonia, nitrate, nitrite, copper, and phosphate concentrations were 

monitored and recorded weekly throughout the experiment with 50% water changes 

implemented every other day to maintain water quality. Excess sediment from each tank 

was collected during water changes and was redistributed to the corresponding tank to 

ensure maintenance of the sedimentation concentration. Every week, when the tiles were 

scoured, 100% water changes were performed and new sediment was introduced to the 

tank. The day before the 100% water change the juvenile corals were fed ~58,000 

rotifers, mimicking the abundance of phytoplankton in a reef environment.  

Juvenile corals were provided with Symbiodinium by introducing water exposed to 

sediment (adapted from Cumbo et al., 2013). Natural reef sediment from the top 10 cm 

was collected from the coral collection sites, brought back to the GHOC, and kept in the 

outdoor recirculating aquaria. Twice a week, during a water change, natural sediment was 

washed with filtered seawater and filtered through a 53 µm sieve and then added to each 

coral juvenile tank. During the weekly assessment of growth and survival, the coral 

juveniles were observed for symbiont uptake. 

   

2.6 Data Analysis 

 

To compare the survival of juvenile corals and macroalgae under different levels of 

sedimentation and temperature a Kaplan-Meier survival curve was produced for each 

treatment. The “Cox Model” was used to test the effect of sediment and temperature on 

juvenile coral and macroalgae survival. Post hoc multiple comparisons were performed 

with Mantel-Haenszel (log-rank) tests to compare survival between treatments.  

The growth data was also explored by modelling change in surface area over time of 

juvenile corals and macroalgae fragments using a stepwise method informed by the 

Akaike Information Criteria (AIC). Fitting a regular growth curve to the data would bias 

growth measurements since some of the juveniles died during the experiment. To avoid 

this, weekly growth rates of surviving individuals were calculated. For each individual, 

its actual size measurements were used while it remained alive, then the size of the dead 

individuals for the following weeks were estimated by randomly selecting one of the 

growth rates measured that week. The model that best fit (linear or nonlinear) the data to 
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obtain the growth curve was chosen and its 95% confidence interval was calculated. To 

determine the effect of temperature and sedimentation on the growth curves, the AIC of 

temperature and/or sedimentation dependent models were compared with temperature 

and/or sedimentation independent models. When comparing models, the one with the 

lower AIC is the model with the better fit.  

The statistical software R was used to conduct all analysis. 

 

3. Results 

 

3.1 Juvenile Coral Survival 

 

The survival of coral juveniles was significantly affected by sediment (p < 2.0x10-16) 

but was not significantly affected by temperature (p = 0.537). Coral survival at 0mg/cm2 

(0 NTUs) was significantly different from all other treatments (p = 6.56x10-6, p < 2.0x10-

16, p < 2.0x10-16) with corals being dead by week 7 (Figure 5). There was a significant 

difference in coral survival between 30mg/cm2 (8.06-8.44 NTUs) sediment treatments 

and 60mg/cm2 (19.4-20.5 NTUs) and 120mg/cm2 (25-30.2 NTUs) treatments (p = 

2.55x10-7; p = 0.000129; respectively). The mortality of juvenile corals was not 

significantly different (p = 0.339) between 60mg/cm2 (19.4-20.5 NTUs) and 120mg/cm2 

(25-30.2 NTUs) treatments, and was the lowest of all treatments. Corals in the 30mg/cm2 

(8.06-8.44 NTUs) had an intermediate mortality, while all juvenile corals in the 0mg/cm2 

(0 NTUs) treatment were dead after 7 weeks, leading to the highest mortality of all 

treatments (Figure 5).    

 

Figure 5. Kaplan-Meier survival curves of juvenile corals in each of the sediment treatments. The 

colors and line type represent the different sedimentation levels. 



 

14 
 

3.2 Juvenile Coral Growth 

 

The change in surface area over time of Montastraea cavernosa juveniles was best fit 

with an asymptotic model (Figure 6), which shows the fast increase in size in the first 

week followed by a decrease in growth rate the following weeks. The increase in size in 

the first week coincides with the spread of the polyps’ basal plate, common in all corals. 

Based on the AIC values, temperature and sediment both significantly affected coral 

juvenile growth. Montastraea cavernosa growth was the greatest at the higher 

temperature and 60mg/cm2 (19.4-20.5 NTUs), followed by the ambient temperature with 

60mg/cm2 (19.4-20.5 NTUs). The next highest growth rates in M. cavernosa were seen in 

the 120mg/cm2 (25-30.2 NTUs) treatments at 31°C followed by 29°C. The lowest growth 

rate was seen at ambient temperature with no sediment.  

 

 

Figure 6. Growth of Montastraea cavernosa for all treatments. The colors represent the different 

sedimentation levels with the solid lines representing ambient temperature (29°C) and the dashed 

lines representing the elevated temperature (31°C). 

 

3.3 Macroalgae Survival 

 

Macroalgae survival was significantly affected by sediment (p = 0.00432) but was not 

significantly affected by temperature (p = 0.15145). The survival of D. ciliolata in the 

120mg/cm2 (25-30.2 NTUs) treatment was significantly different from all other 

treatments (p = 0.000969, p = 0.00581, p = 0.0488; 0, 30, and 60 mg/cm2; respectively). 

There was not a significant difference (p = 0.219) in macroalgae survival between the 
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30mg/cm2 (8.06-8.44 NTUs) sediment treatment and the 60mg/cm2 (19.4-20.5 NTUs) 

treatment. The macroalgae in the 120mg/cm2 (25-30.2 NTUs) treatments had the highest 

mortality. The D. ciliolata fragments in the 0mg/cm2 (0 NTUs), 30mg/cm2 (8.06-8.44 

NTUs), and 60mg/cm2 (19.4-20.5 NTUs) treatments had the lowest mortality, however, 

not a single piece of macroalgae, in any treatment, survived the entire duration of the 

experiment (Figure 7). 

 

Figure 7.  Kaplan-Meier survival curves of macroalgae in each of the sediment treatments. The 

colors and line type represent the different sedimentation levels. 

 

3.4 Macroalgae Growth 

 

The change in surface area over time of D. ciliolata fragments was best fit with a 

linear model (Figure 8). Based on the AIC values, temperature and sediment affected 

macroalgae growth as well as their combined affects. Dictyota ciliolata growth was the 

greatest at the higher temperature and no sediment, followed by the higher temperature 

with 30mg/cm2 (8.06-8.44 NTUs) and 60mg/cm2 (19.4-20.5 NTUs) respectively. The 

lowest growth rate was seen at ambient temperature with 60mg/cm2 (19.4-20.5 NTUs).  
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Figure 8. Growth of Dictyota ciliolata for all treatments. The colors represent the different 

sedimentation levels with the solid lines representing ambient temperature (29°C) and the dashed 

lines representing the elevated temperature (31°C). 

 

4. Discussion 

A 2°C increase in temperature did not significantly affect survival of the juvenile M. 

cavernosa corals and fragments of D. ciliolata. Montastraea cavernosa juvenile survival 

was lower in the treatments with lower sediment concentration, however this result is 

likely confounded by higher exposure to light. Dictyota ciliolata survival was highly 

sensitive to the increase in sedimentation. The juvenile corals grew much less and died 

earlier in the absence of sediment. Temperature and sediment both affected coral juvenile 

growth and their combined affects were additive. Macroalgae grew faster at higher 

temperatures but grew less at higher sedimentation, so their combined affects were 

antagonistic.  

An increase in temperature did not have a significant deleterious effect on the 

survival of M. cavernosa juveniles. The newly settled M. cavernosa juveniles had yet to 

acquire symbionts because, like the majority of broadcast spawning species of corals, this 

species acquires Symbiodinium horizontally (Harrison & Wallace, 1990), from a free-

swimming reservoir (Baird et al., 2009). In this experiment, the coral juveniles were 

placed in the predicted future temperature treatments before they acquired symbionts. 

Corals can switch their symbionts in response to environmental changes, like ocean 

warming, allowing for the selection of a more thermally tolerant clade (Baker, 2001; 
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Silverstein et al., 2015; Boulette et al., 2016). As these M. cavernosa juveniles were 

already acclimated to the warmer temperature, they may have selected for more thermally 

tolerant Symbiodinium allowing them to persist in the warmer conditions over time 

(Abrego et al. 2012). Alternatively, corals in South Florida have suffered bleaching in the 

three years prior to this study so their offspring may be a little more resistant to warmer 

conditions (van Woesik & McCaffrey, 2017). It has been suggested that directional 

selection in a warming ocean may favor the corals that are able to tolerate inshore 

environments with higher turbidity (van Woesik & McCaffrey, 2017).  

Unexpectedly, M. cavernosa juvenile survival was positively affected by an increase 

in sedimentation. Suspended sediment concentration has a direct relationship with 

turbidity and therefore decreases light availability for corals, which has been shown to 

negatively impact adult corals (Bak and Elgershuizen, 1976; Dodge and Vaisny, 1977; 

Erftemiejer et al., 2012). In this experiment, the light irradiance used was one that is 

optimal for adult corals, reaching its maximum at solar noon. An experiment looking at 

the orientation of coral settlement dishes that represented different levels of 

sedimentation and the effect of position on the survival of juvenile corals concluded that 

downward facing dishes had the highest survival (Sato, 1984). This is commonly 

interpreted that the corals do not get sediments falling and burying them, so the coral 

juveniles have a higher probability of survival. However, this dish orientation is also 

protecting them from excessive light and in this study light was not considered as a factor 

so the results could be interpreted differently if considering light. It is known that coral 

juveniles tend to settle in cracks in crevices in the field (Babcock & Mundy, 1996; 

Mundy & Babcock, 1998) and on the bottom side of tiles in the lab (personal 

observation) and if the dish orientation is compared to the amount of light available to the 

corals, the juveniles could also be surviving better because of the lower light intensity. A 

coral settlement study done in Guam used tile orientation at different depths to determine 

the settlement preference of coral recruits (Birkeland et al., 1981). At shallow depths, 

where light intensity was the highest, there were more coral juveniles settled on the 

bottom of the horizontal tiles and at the deeper depths there were more corals settled on 

the top of the horizontal tiles. Therefore, it was concluded that light attenuation affects 

settlement location of coral juveniles (Birkeland et al., 1981). Thus, sediment was seen to 
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be less problematic than light at this stage of coral development most likely due to 

juvenile corals preference for settling on cryptic surfaces (Babcock and Mundy, 1996; 

Mundy and Babcock, 1998) and high light in the early stages of coral development being 

highly deleterious. To verify this result, optimal light irradiance for juvenile survival and 

growth would need to be determined and this experiment repeated with the new light 

levels.  

Despite the overwhelming amount of information on the adverse effects of increased 

sedimentation and turbidity, there are a few potentially advantageous effects of turbidity, 

particularly to early life stages of coral juveniles. An increase in turbidity can cause light 

attenuation, oxidative stress, and reduced visibility for predators (Jones et al., 2015). It 

has been suggested that lower light intensities can reduce the oxidative stress on 

Symbiodinium cells in juvenile corals (Abrego et al., 2012). Under normal conditions 

Symbiodinium are capable of protecting themselves; however, high temperature and high 

light stress can overwhelm the mechanisms they use to protect themselves (Abrego et al., 

2012). Many stressors, including high light intensity, ultra-violet radiation, pollution, and 

temperature may cause Symbiodinium to burden corals in their early life history stages 

(Yakovleva et al., 2009). Clearly, symbionts are not always a burden for the coral host, as 

almost all species of scleractinian corals cannot live without their symbionts, so at some 

point in development, the benefits must outweigh the costs (Yakovleva et al., 2009). 

Montastraea cavernosa juvenile growth was maximized at the warmer temperature 

and higher sedimentation. Metabolic rates accelerate with an increase in temperature thus 

accelerating cell division allowing for faster growth (O’Connor et al., 2007; Chua et al., 

2012). Sediment smothering can cause a decrease in heterotrophy and metabolite 

exchange in coral juveniles because photosynthesis and heterotrophic feeding can be 

impaired causing an inability of the coral to replenish its energy reserves, however, this 

may not have been the major driver of these results (Fitt et al., 2000; Jones et al., 2015). 

The high light irradiance most likely caused severe oxidative stress to the corals in the 

non-sediment treatments. These corals may have spent energy surviving the stress caused 

by high light irradiance while the ones shielded from the light, due to turbidity and burial, 

may have been able to expend more energy towards growth.  
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The survival of D. ciliolata was not significantly affected by a 2°C increase in 

temperature while growth was positively affected. The majority of tropical macroalgae 

exhibit thermal limits ranging from 24-30°C with growth thresholds averaging ~3°C 

lower, though many species have not been studied (Koch et al., 2013).  The thermal range 

maximum for D. ciliolata is 29.9°C (Tronholm et al., 2012). Therefore, the temperatures 

the macroalgae were exposed to in this study were at the top and above the optimal range, 

likely causing the low probability of survival. Although the D. ciliolata grew better at the 

higher temperature, the growth rate decreased over time likely due to the macroalgae 

dedicating more energy to survival than growth. Thermal limits of macroalgae were 

modelled in South Florida and biomass significantly declined at temperatures greater than 

31°C (Biber, 2002).  

An increase in sedimentation caused a decrease in D. ciliolata survival and growth. 

An increase in turbidity, due to sedimentation, reduced light availability to the 

macroalgae and likely resulted in less energy for nutrient uptake, storage, and growth 

(Rosemond et al.,2000; Clausing and Fong, 2016). Along with the increase in turbidity, 

sediment smothering may have also played a role in the light and nutrient availability for 

the D. ciliolata. High light irradiance along with an ample supply of nutrients 

(phosphorous and nitrogen) allows for a rapid growth rate in Dictyota (Clausing and 

Fong, 2016). However, throughout the duration of this experiment, weekly water quality 

tests determined that nutrient availability was very limited. The macroalgae survived and 

grew the best in the non-sediment treatments suggesting that light availability for 

photosynthesis was the main driver for successful growth. Light limitation is common 

when turbidity and deposited sediment concentration are high (Grobbelaar, 1990; 

Rosemond et al., 2000; Cloern, 2001). Recent evidence suggests light availability may 

have dominance over nutrient availability and constrain growth regardless of nutrient 

supply (Karlsson et al., 2009) as growth of D. ciliolata is positively related to increasing 

light intensity (Cronin & Hay, 1996). 

The survival and growth of either species appeared to be susceptible to an increase in 

sedimentation, but in opposite ways. In terms of survival, the juvenile corals were less 

susceptible to an increase in sedimentation than the macroalgae. For example, at week 

two there was 6% decrease in coral survival and a 7% decrease in macroalgae survival. 
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However, at week four, coral mortality was lower in the high sediment concentration 

treatments. Considering the known negative effects of sediment on corals (Stafford-Smith 

& Ormond, 1992; Riegl & Branch, 1995; Burke et al., 2011; Erftemeijer et al., 2012; 

Jones et al., 2015), this was most likely due the sediment providing a shield from 

excessive light, which has been shown to be deleterious in earlier stages (Abrego et al., 

2012). In contrast, under low light intensity, the macroalgae had a drastic decrease in 

survival while these M. cavernosa juveniles had a higher probability of surviving than the 

D. ciliolata. Then again, the coral juveniles in this experiment were exposed to direct 

light which they are not usually exposed to in the wild. Therefore, the experiment should 

be redone using a lower light irradiance (typical of crevices) to see if this pattern will 

reverse. In terms of growth, these juvenile corals grew better under intermediate and high 

sedimentation, regardless of temperature while the macroalgae grew better in low 

sedimentation but high temperature. If the M. cavernosa recruit is directly exposed to 

light and it is on a horizontal position, it is less affected by sedimentation than the D. 

ciliolata. However, it is unclear if this relationship holds when recruits are exposed to 

lower light irradiance, as they usually are in nature (Babcock & Mundy, 1996; Mundy 

and Babcock, 1998). Once again, light stress may have played a role in the energy 

available to allocate towards growth for the juvenile corals and more studies on the 

synergistic effects of light and sedimentation should be done.   

A change in the intensity of a stressor (i.e. sedimentation) can lead to a shift to an 

alternative stable state that encompasses a change in ecosystem processes, functions, and 

feedback mechanisms (Knowlton, 1992; Scheffer et al., 2001; Mumby et al., 2007). 

Reverting to the original state requires the stable variables in the newly shifted system to 

be restored to levels way beyond the threshold that originally caused the regime shift 

(O’Neill, 1998; Suding et al., 2004). There is limited evidence of reversals from 

macroalgae regime shifts back to coral dominance and these recoveries are usually 

correlated with an increase in herbivorous sea urchin abundance (Carpenter & Edmunds, 

2006). Resilience to abrupt disturbances may not always be the issue for corals, but 

constant stress may push a reef beyond its resistance threshold (McManus & Polsenberg, 

2004). Simply removing the stress after the ecosystem has shifted to a new stable state 

will not automatically result in a recovery of the original system (Norstrom et al., 2009), 
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making management of future anthropogenic stressors (i.e. dredging) crucial to prevent 

the regime shift from ever occurring.  

Understanding the effects of sedimentation from anthropogenic sources on juvenile 

corals and macroalgae is needed to better understand future coral-macroalgae competition 

for space and help guide management decisions. Arguably one of the least studied life 

history stages of corals is early juvenile, where the small sized (sub-millimeter) polyps 

start zooplanktivory, gain Symbiodinium, and develop secondary polyps (Jones et al., 

2015). The tiny size of the newly settled recruits makes them vulnerable to an array of 

factors and difficult to study and coral reef recovery depends on successful recruitment of 

coral larvae after disturbances. Although it is not known how long Dictyota fragments 

can remain viable in the water column before attachment, the incessant fragment creation 

with their rapid attachment rates may continue to contribute to the abundance of 

macroalgae on reefs if the conditions are right for a regime shift. This study demonstrates 

that both M. cavernosa juveniles and D. ciliolata fragments may be more vulnerable to 

light caused by changes in turbidity rather than temperature. Future studies should 

investigate how the synergistic effects of light irradiance and sedimentation effect the 

survival and growth of juvenile coral survival.  
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