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ABSTRACT 
 

 
Corals can exhibit much variability in life-history strategies. A proposed categorization recognizes 

competitive, stress-tolerant and weedy species. ‘Competitive’ corals invest more energy towards 

growth, ‘stress-tolerant’ towards maintenance and ‘weedy’ towards reproduction. While 

competitive corals are declining due to climate change and anthropogenic stressors, stress-tolerant 

and weedy are thriving. We performed a reciprocal transplant experiment between a degraded and 

a more pristine reef, and measured the physiological (Symbiodinium density, chlorophyll a 

concentration, protein concentration) and immunological (oxidative stress) response of the stress-

tolerant Pseudodiploria strigosa and Orbicella annularis, and the weedy Porites astreoides. 

Results indicate that the studied species can rapidly and successfully acclimate to local 

environmental conditions. Comparisons among species suggest that the physiological and 

immunological response in P. astreoides, P. strigosa and O. annularis are more influenced by 

species-specificity than by life-history strategy. 

 

 
 
Keywords:  coral; Porites astreoides; Pseudodiploria strigosa; Orbicella annularis; 

Symbiodinium; acclimation; physiology; immunology; oxidative stress 
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INTRODUCTION 
 

 
Coral reefs are highly productive and biodiverse ecosystems that provide vital ecological services 

such as protection to coasts against wave energy, habitat to countless commercial and ecologically 

important species, eco-tourism and recreation (Crossland et al., 1991). A recent study by Spalding, 

et al. (2018) estimated an overall value of all reef-associated tourism at over $7.9 billion per year 

in the Caribbean, with Puerto Rico and Dominican Republic being the countries with the most 

visitor expenditure (over a billion dollars together) per year, directly linked to coral reefs. Despite 

their ecological, economic and social importance, coral reefs are experiencing a worldwide decline 

(Hughes et al., 2003) due to chronic and acute biological, physical and anthropogenic stressors. 

An example of a significant biological stressor is the increase in occurrence and severity of 

diseases that have been documented in the last decade (Pollock et al., 2011, Pinzón et al., 2014, 

Vega-Thurber et al., 2014, Lamb et al., 2014, Buerger and van Oppen, 2018, Gintert et al., 2019). 

Physically, Caribbean corals are susceptible to strong wave action product of hurricanes which can 

cause dislodgement and breakage of colonies (Edwards et al., 2011). And anthropogenically, land-

dwelling sources of pollution such as run-off, discharge of used waters, dredging and poorly 

planned coastal development are likely to introduce pathogens (Pandey et al., 2014, Maynard et 

al., 2015, Haapkyla et al., 2011) and increase nutrients (Wiedenmann et al., 2012, D’Angelo and 

Wiedenmann, 2014), sediment and turbidity (Pollock et al., 2014) to the water column which can 

be all prejudicial to coral health and survival (Richmond et al., 2018).  

 

Due to these stressors, the Caribbean region alone has suffered a reduction of approximately 80% 

of coral cover, resulting in the alteration of community structure and ecosystem dynamics (Gardner 

et al., 2003).  More specifically, the loss of key herbivores mainly due to land-based pollution and 
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overfishing coupled with recent massive coral bleaching events due to rise in sea surface 

temperature have caused the shift of many coral dominated reefs to turf and macroalgae dominated 

ones. (Hughes et al., 2003).  

 

The dire global state of coral reefs has led marine scientists to develop management strategies with 

the goal of restoring coral reef ecosystem function. Efforts such as watershed management (Bartley 

et al., 2014), reef restoration through coral farming (Hernández-Delgado et al., 2014, Lirman & 

Schopmeyer, 2016), the designation of marine protected areas (Lundquist et al., 2005), the 

designation of no-take zones (Hernández-Delgado et al., 2000) and local fishing regulations 

(Hilborn, 2016) are examples of the strategies that have been and are currently being implemented 

to try to stop and reverse the deterioration of coral reefs. Nevertheless, in a world of changing 

climate conditions and continuous anthropogenic pressure, it has become extremely difficult to 

manage reef corals due to their susceptibility to environmental stressors that are difficult, if not 

impossible, to mitigate such as light irradiance, sea surface temperature, and pH. Hence, the 

significant decline of coral cover worldwide demands marine scientists to develop more informed 

management strategies that take into consideration corals’ response to environmental stress. For 

this reason, scientists have become interested in the study of corals’ stress response at the 

physiological and immunological level to try to predict the fate of coral reefs in the near future 

(Mydlarz et al., 2009, 2010, Palmer et al., 2009, 2011a, 2011b, Palmer and Taylor-Knowles, 2011, 

Mydlarz and Palmer, 2011, Pinzón et al., 2014a, 2014b). In this master thesis project, I aim to 

contribute to these areas of research by assessing corals’ response to fluctuations in light irradiance 

and water quality due to anthropogenic factors such as the ones mentioned above. Below, I will 
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describe general aspects of coral physiology, immunology, and resource allocation as an 

introduction to stress response dynamics.  

 

Physiological aspects  

Corals are extremely sensitive to variability in abiotic factors such as water temperature and pH. 

However, some degree of physiological plasticity may allow them the capacity to acclimatate and 

survive to environmental changes. The high dependency of these organisms on sunlight makes it 

particularly essential to possess light-dependent plasticity. In this sense, reef-building 

(scleractinian) corals possess a symbiotic relationship with the unicellular algae Symbiodinium 

spp. In such relationship, the coral provides shelter to the symbionts within the endodermal cells 

and in exchange, the algae supply the coral with organic compounds produced by photosynthesis. 

These compounds provide up to 90% of the energy  required for the host’s metabolic functions 

(Muscatine, 1974, Sumich, 1996, Lesser, 2013). Thus, any disturbance that alters Symbiodinium 

spp. functionality such as changes in light irradiance, temperature, carbon dioxide availability and 

nutrient concentration is likely to affect coral reproduction (Fabricius, 2005), larval settlement and 

survival (Babcok & Smith, 2000, Fabricius, 2005, Richmond et al., 2018), calcification (Dodge & 

Vaisnys, 1977), and overall fixation of nitrogen (Radecker et al., 2015) and carbon (Perry et al., 

2013). For example, a major threat to corals and one of the main sources of stress is the reduction 

of light irradiance due to increased turbidity resulting from anthropogenic activities such as 

unregulated coastal development. Shading as a result of turbidity has been suggested to disturb the 

mutualistic relationship with Symbiodinium spp. by negatively affecting their photosynthetic yield 

as well as cell density (Phillip & Fabricius, 2003). Likewise, increases in light irradiance may also 

induce photoinhibition (Franklin et al., 1996, Ralph et al., 1999, Anthony and Hoegh-Guldberg, 
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2003). When this occurs, the overall photosynthetic capacity of the alga is reduced due to damage 

in photosystem II. In the photosynthetic process, the photosystems’ functions are light absorption 

and electron transfer. The photosystem II is particularly more sensitive to light than the rest of the 

photosynthetic apparatus, thus plants, algae and cyanobacterium living under elevated light are 

continuously investing energy in reversible structural and functional adjustments in their 

photosynthetic apparatus (Powles, 1984, Anderson, 1986, Barber and Anderson, 1992, Neidhardt 

et al., 1998). Under chronic stress, however, damage to the photosystem II can become lethal and 

corals may be obligated to expel their symbionts, also known as coral bleaching. Nonetheless, the 

degree of photoinhibition and the capacity of repair in Symbiodinium spp. is species/clade-specific. 

For instance, it has been demonstrated that as a response to stress, Symbiodinium can photo-

acclimate to down-shifts and up-shifts in light irradiance to maximize light utilization (MacIntyre 

et al., 2002). In this regard, there are six Symbiodinium clades identified in coral (A, B, C, D, F, 

and G) (Baker, 2003), where clade C is known to better adapt to a wide range of irradiances and 

temperatures and clade D is known to be thermally more resistant in comparison to others 

(LaJeunesse, 2018). Different species tend to possess different clade combinations (Baker, 2003, 

Jones et al., 2008). This difference is sometimes also seen between colonies from the same species 

and even within a colony. The presence of different types of Symbiodinium has been suggested to 

be the reason why corals have different photosynthetic rates (Hennige et al., 2011).         

Photosynthetic yield can also depend on the amount of light irradiance available for absorption. 

For example, Anthony and Hoegh-Guldberg (2003) demonstrated that corals within the same reef 

but growing in different habitat types such as caves or open habitats differ in daily photosynthetic 

rates due to differences in light irradiance. As part of that study, they conducted a reciprocal 

transplantation that resulted in the successful acclimation and survival of colonies. And 
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demonstrating Symbiodinium’s capacity to photo-acclimate. Chlorophyll a concentration plays an 

important role in such acclimation given that in many microalgae, the rate of light absorption is 

largely correlated with chl a content (Eppley and Sloan, 1966). Indicating that the level of 

resilience of Symbiodinium cells to stress is crucial in coral survival. Nevertheless, the success of 

any symbiotic relationship depends on the contribution of both species involved. Hence, the coral 

host has a series of metabolic responses to stress which, depending on the type of environmental 

pressure, include up or down-regulation of heat-shock proteins (Olsen et al., 2013, Bellantuono et 

al., 2012), up or down-regulation of nitrogen and carbon fixation (Fabricius, 2005), immune-

related responses (Mydlarz et al., 2009, Mydlarz et al., 2010, Palmer et al., 2011a, 2011b, Soderhall 

& Cerenius, 1998, Asokan et al., 1997, Sugumaran, 2002, Muñoz et al., 2006, Perdomo-Morales 

et al., 2007), among others.   

 
Immunological aspects 

 
Immunity is an essential component in the coral physiological response to stress and pathogens 

(Mydlarz et al., 2010). Coral, in particular, are similar to other invertebrates and even humans in 

that their immune response is cellular and humoral (Mydlarz et al., 2009, Mydlarz et al., 2010, 

Palmer et al., 2011a, 2011b, Soderhall & Cerenius, 1998, Asokan et al., 1997, Sugumaran, 2002, 

Muñoz et al., 2006, Perdomo-Morales et al., 2007) and is composed of three phases: recognition, 

signaling and effector cascades (Pinzón et al., 2014). Some signaling mechanisms are activated in 

the presence of foreign pathogens. However, other mechanisms such as effector cascades may not 

necessarily be exclusively active due to pathogens (Pinzón et al., 2014). For example, immune 

responses have also been detected in corals affected by shading and sedimentation (Sheridan et al., 

2014), physical damage (Horricks et al., 2019), and UV radiation (Wall et al., 2018). Effector 
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cascades include the initiation of the melanin synthesis cascade through the conversion of 

prophenoloxidase (PPO) enzyme to its active form, phenoloxidase (Mydlarz et al., 2010, Palmer 

& Traylor-Knowles, 2012, Pinzón et al., 2014b). Melanin has been known to be involved in wound 

healing (Meszaros & Bigger, 1999), protection against pathogen invasion (Mucklow, 2004), and 

protection against UV radiation (Brenner & Hearing, 2008). PPO is responsible for the general 

coordination of immune responses, pathogen and parasite resistance, and tissue regeneration 

(Palmer et al., 2010).  

 

The activation of the melanin synthesis cascade implies the production of intermediate cytotoxic 

radicals known as reactive oxygen species (ROS) or oxyradicals which provide antimicrobial 

defense in cell phagocytosis and play a key role in PPO and cellular apoptosis signaling (Nappi & 

Ottaviani, 2000, Mydlarz et al., 2009).  The main ROS produced during these processes include 

superoxide anions (O2
-) hydrogen peroxide (H2O2), hydroxyl radicals (-OH), peroxyl radicals 

(ROO-), alkoxyl radicals (RO-) and peroxynitrite (HOONO) (Regoli et al., 2000). Although ROS 

are produced as intermediates in normal metabolism, significant increases can become harmful to 

coral and lead to oxidative stress which can trigger damage to biological molecules such as lipids, 

proteins and DNA, tissue necrosis, cellular apoptosis and eventually the expulsion of 

Symbiodinium (Lesser, 2006, 2011, Rotcher and Ostrander, 2011). Another source of harmful ROS 

comes from Symbiodinium during thermal stress (Flores-Ramírez and Liñán-Cabello, 2007, 

Palmer et al., 2009, Olsen et al., 2013) and increased UV radiation (Regoli et al., 2000, Smith et 

al., 2013). Above-average light irradiance (Regoli et al., 2000) and sea surface temperatures 

(Richter et al., 1990) can induce damage in the photosystems I and II resulting in the production 

of primary free radicals such as superoxide anions and peroxide that can diffuse to the cytoplasm 
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of coral cells (Flores-Ramírez and Liñán-Cabello, 2007). These harmful ROS can be 

experimentally identified, among other ways, through the enzymatic activity of antioxidants such 

as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) (Murphy et al., 

2019). Antioxidants are defense mechanisms that are activated by the immune system to scavenge 

ROS and thus prevent oxidative stress and bleaching (Downs et al., 2002, Flores-Ramírez & Liñán-

Cabello, 2007). In eukaryotes, the SOD enzyme, which contains Zinc (Zn+2) or Copper (Cu+2), 

catalyzes the dismutation of the toxic superoxide anion (O2
-) into molecular oxygen (O2) or the 

less toxic hydrogen peroxide (H2O2). This is done through a redox reaction where O2
- is oxidized 

and Cu+2 is reduced. Zn/Cu SOD is available commercially as a bovine serum with a dye that turns 

blue when Cu+2 is reduced in presence of O2
-, indicating enzymatic activity of SOD (Pinzón et al., 

2014a). The resulting H2O2 is subsequently degraded by CAT or GPx into O2 and water (2H2O2 

!"#"$"%&
!⎯⎯⎯⎯⎯# 2H2O + O2). Therefore, SOD, CAT and GPx are crucial oxidizing agents in cellular 

metabolism to prevent oxidative damage.  

 

Life-history strategies and resource allocation  

 
The energy budget of an organism is allocated amongst growth, reproduction, maintenance and 

storage (Homyack, 2010). Theoretically, the energy allocated to one function cannot be used for 

another (Homyack, 2010). Environmental disturbances that negatively affect an individual may 

induce a decrease in overall budget or the relocation of energy towards maintenance, for example, 

causing a reduction in growth, reproduction and/or storage (Stearns, 1992, Homyack, 2010).  

Under stressful conditions, corals relocate energy resources to maintain immune system functions 

(Pinzón et al., 2014a, Mydlarz et al., 2010) and upregulate survival strategies such as melanin 

synthesis (Mydlarz et al., 2010) and mucus production (Sheridan et al., 2014). There is evidence 
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that the latter comes to the expense of other vital functions such as growth and reproduction 

(Pinzón et al., 2014a, 2014b, Brown & Bythell, 2005, Telesnicki & Goldberg, 1995). For instance, 

direct contact of coral tissue with settled sediment can induce tissue damage by abrasion (Sheridan 

et al., 2014). Corals respond to this type of tissue damage by activating the melanin synthesis 

cascade and upregulating the production of a polysaccharide mucus membrane that protects its 

tissue and eventually removes sediment particles (Edmunds and Davis, 1989). A study suggested 

that such increase of mucus production in Porites porites, as a response to sedimentation stress, 

resulted in a lower energy investment for growth (Edmunds and Davis, 1989). Certainly, these 

physiological costs vary among species mainly because corals are generally understood to allocate 

energy according to their life-history strategy (Darling et al., 2012). Such strategies are what make 

corals resistant or susceptible to changing environmental conditions and comprise the biological 

basis of resilience. For example, corals that invest less energy on maintenance are more likely to 

be susceptible to stress, disease and bleaching, while corals that do the opposite are recognized to 

be more resilient to external stressors (Palmer et al., 2010, Darling et al., 2012, Pinzón et al., 2014a, 

2014b). Based on these observations, a study of hierarchical cluster analysis of 143 species, 

divided scleractinian corals in three main groups according to life-history strategy: competitive, 

stress-tolerant and weedy (Darling et al., 2012). Corals from these groups differ in many aspects, 

such as taxonomy, morphology and type of sexual reproduction. The selection of one strategy or 

the other implies a series of trade-offs that can influence energy budget, demography and 

population biology (Table 1). For instance, competitive corals are fast-growing branching or 

plating species that reproduce by broadcast spawning. These corals are capable of competing for 

resources by creating large canopies and shading out other species. In the Caribbean, members 

from this group include Acropora palmata and Acropora cervicornis. These types of corals invest 
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most of their energy towards growth but at the expense of maintenance (Fig. 1). As a result, they 

are highly susceptible to environmental changes, thus, can only be dominant under ideal  water-

quality  conditions  (Darling et al., 2012,  Mercado-Molina et al., 2015, Paradis et al., 2019). The 

second group is characterized by longer generation times and mass spawning species such as the 

Caribbean Pseudodiploria strigosa and Orbicella annularis. This type of life-history strategy 

promotes high maintenance and energy storage which the coral can use to survive in  unfavorable 

conditions or reproduce massively under favorable ones, but at the expense of slow growth. The 

third group denominated as weedy are mostly small opportunistic brooding colonies (Chornesky 

and Peters, 1987), such as species from the genus Agaricia, Madrasis and Atlantic Porites. These 

types of coral invest most of their energy towards brooding reproduction and maintenance, at the 

expense of small colony size. These traits make them capable of colonizing recently disturbed 

habitats   in  a   timely  manner,  mainly   because  of   their   high  investment  towards  brooding  

 

 
Table 2. Life-history strategy trade-offs of studied species. 

Life-history strategy Competitive Stress-tolerant Weedy 

Morphology branching domed domed 
Size large large small 
Growth rate fast  slow slow 
Sexual reproduction spawning spawning brooding 
Reproductive cycles 1 1 9-12 
Reproductive output per 
cycle high high low 

Recruitment rate low low high 
Tolerance to environmental 
disturbance low high high 

*Szmant, 1986, Darling et al., 2012 
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Figure 1. Estimated energy budget distribution of competitive, stress-tolerant and weedy corals based on Homyack, 
2010 and Darling et al., 2012. R = reproduction, M = maintenance, G = growth and S = storage. 

 

 
reproductive strategy and maintenance. In this regard, brooding reproduction is known to demand 

more energy than spawning (Szmant, 1986). In essence, broadcast spawning corals, release both, 

eggs and sperm, in a massive spawning event that typically happens once a year, external 

fertilization occurs and larvae develop in the water column independent of the parental coral 

(Szmant, 1986). While corals that brood, release sperm to the water column and retain their eggs 

in their gonads where internal fertilization takes place (Szmant, 1986, Harrison & Wallace, 1990, 

Harrison, 2010). The larva then develops within the polyp where more than 60% of the 

requirements for growth are obtained vertically from the mother coral (Stake & Sammarko, 2003, 

Zhang et al., 2009).  This includes proteins, carbohydrates, lipids, endosymbionts and chlorophyll 

pigments (Zhang et al., 2009). Once maturity is reached, the larvae are released to settle in the 

substratum (Szmant, 1986, Harrison & Wallace, 1990, Harrison, 2010). This process generally 

occurs several times a year following lunar periodicity. Even though spawning is the most 

dominant mode of reproduction known among corals (Harrison, 2011), the brooding strategy 

increases the likelihood of larval survival and the chances of a successful settlement in appropriate 

substrate by spending less time in the water column and traveling shorter distances (Szmant, 1986). 
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This allows higher local recruitment rates in comparison to broadcast spawners (Szmant, 1986). 

Nevertheless, brooding corals are disposed to inbreeding due to self-fertilization and proximity to 

the mother coral, thereby diminishing genetic diversity (Ayre and Hughes, 2000, Nishikawa et al., 

2003). 

 

Although corals, in general, are sensitive to environmental changes, their life-history strategy 

coupled to their physiological plasticity will likely influence their chances of survival (Mydlarz et 

al., 2010). This is why, given the higher susceptibility of competitive corals to stress, scientists are 

anticipating alterations in future community structure by losing competitive corals and dominating 

stress-tolerant and weedy species (Green et al., 2008). For this reason, with this project, I seek to 

better understand stress response in weedy and stress-tolerant corals by assessing immune and 

physiological dynamics. Corals’ physiological and immunological responses to different types of 

stress are usually assessed under controlled laboratory conditions (Gleason, 1993, Iglesias-Prieto 

and Trench, 1994, Phillip and Fabricius, 2003, Flores-Ramírez and Liñán-Cabello, 2006, Palmer 

et al., 2009, Mydlarz and Palmer, 2011, Sheridian et al., 2014, Pinzón et al., 2014a, 2014b, 

Hawkins et al., 2015). However, experimental studies under actual water quality conditions in situ 

are scarce and information available on physiological and immunological dynamics of corals 

differing in life-history strategy is also very limited. This is why, in this project, I decided on a 

field-based experiment where I induced stress in corals by performing a reciprocal transplantation 

between two reefs contrasting in water quality and turbidity, with the overall objectives of 

evaluating (1) physiological adaptations of stress-tolerant and weedy corals in stressful 

environments and (2) whether life-history strategy influences physiological plasticity and 

immunological response to changes in light irradiance and water-quality.  
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The species used as case study were: Porites astreoides (weedy), Pseudodiploria strigosa (stress-

tolerant) and Orbicella annularis (stress-tolerant) (Fig. 2). If the response of these species to 

transplantation  is  influenced  by  life-history strategy, then data from P. strigosa (stress-tolerant)  

 

 

Figure 2. Studied species. A, Porites astreoides (weedy); B, Pseudodiploria strigosa (stress-tolerant); C, Orbicella 
annularis (stress-tolerant). 

 
and O. annularis (stress-tolerant) should be similar, and P. astreoides (weedy) should differ 

significantly from both species. O. annularis was particularly selected because although Darling   

et al. (2012) classify it as a stress-tolerant spawning coral alongside P. strigosa, there is evidence 

that this species is highly susceptible to bleaching (Hernández-Pacheco et al., 2012) and disease 

(Pinzón et al., 2014b). In fact, this species is enlisted as ‘threatened’ under the Endangered Species 

Act since 2014, while P. astreoides and P. strigosa are classified as ‘least concern’. Thus, with O. 

annularis I aim to understand whether it behaves similarly to P. strigosa when exposed to 

differential light stress and contrasting water quality. This research will not only help to understand 

physiological and immunological responses to stress in corals differing in life-history strategy but 

will also allow me to comprehend the capacity of acclimation and/or physiological plasticity of 

corals from the same species but adapted to drastically different water conditions. To my 

knowledge, this is the first project in the Caribbean where evaluations of these types of stress 

responses are made in situ between two different reefs. 

A B C
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METHODOLOGY 
 

Study sites 

The study was performed in two fringing reefs located in Fajardo, Puerto Rico: Cayo Largo (CLA) 

[18°18'54.04"N, 65°34'56.50"W] and Roncador (RON) [18°20'36.15"N, 65°36'52.49"W] (Fig. 3). 

These sites were selected because they are similar in that both have moderate topographic relief 

but differ noticeably in water quality, particularly in turbidity. Cayo Largo is located more 

offshore, approximately 5 km from Roncador, and possesses noticeably clear waters. Roncador is 

located inshore and has chronic turbidity likely due to its proximity to the Fajardo River, coastal 

run-off, plus commercial and recreational boat traffic. The latter was observed (on-site) to 

drastically resuspend settled sediments every time the ferry to the island municipalities of Culebra 

and Vieques passed adjacent to RON, limiting greatly the visibility (Fig.4). To quantify the 

dissimilarities between the two reefs, light irradiance and temperature were measured every minute 

for two weeks on each site with Onset HOBO light/temperature data loggers (UA-002-64).  

 

Experimental design  

The objective of this research was to measure the effect of the different water quality regimes at 

RON and CLA on one weedy and two stress-tolerant coral species found in both reefs. I performed 

a reciprocal transplantation where I exposed corals from RON to CLA’s water quality and vice 

versa, to induce stress and assess the physiological and immunological response. On each site, at 

a depth of 3-5 m, five healthy-looking colonies (no disease or bleaching) of similar size of Porites 

astreoides (weedy), Pseudodiploria strigosa (stress-tolerant) and Orbicella annularis (stress-

tolerant) were carefully  collected.  Four fragments  of  at  least  5cm2  were obtained from 

Ps=Pseudodiploria strigosa, Oa=Orbicella annularis) and colony number (1-5).  Two  out  of  the 
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Figure 3. Study sites in Fajardo, Puerto Rico (Top). Bottom: Cayo Largo (CLA) and Roncador (RON) with 
anthropogenic stressors in yellow arrows and purple circles (marinas). Blue line delineates the Fajardo River path.   
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Figure 4. Qualitative comparison of contrasting turbidity in CLA (left) and RON (right). 

 
 
 
four fragments remained on their reef of origin and classified as ‘control’ while the other two 

fragments were transplanted to the other reef and classified as ‘transplant’. On each site, a total of 

60 fragments (controls and transplants) were randomly placed in two table-like structures (49 x 61 

x 32 cm) (Fig. 5) separated by approximately two meters to create a block design. Fragments were 

left to recover from handling for seven days (Fuess et al., 2017) before sampling to avoid including 

the effect of fragmentation stress and thus focus on the transplantation effect. A total of three 

comparisons were evaluated: RON control vs CLA control (turbid vs clear), RON control vs 

transplant  (to CLA)  (turbid to clear),  and  CLA  control vs transplant (to RON) (clear to turbid).  
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Figure 5. Coral fragments randomly placed in table-like structures. 

 
Sample collection 

To evaluate physiological and immunological response I conducted sample collections on both 

sites on day 7 after transplantation and again on day 28. One control and one experimental 

(transplant) fragment from each colony of each species were collected randomly. Sampling was 

carried on a 12:00pm-2:00pm timeframe to normalize for diurnal variability (Griffin et al., 2006). 

This was done by carefully detaching fragments from the structure and placing them in 

individually labeled black whirl-pak bags (Sigma-Aldrich) to protect from direct sunlight. 

Immediately upon collection, samples were frozen in dry ice, brought back to the laboratory and 

stored in -80˚C until further analysis. A total of 120 fragments (60 control and 60 experimental) 

were processed for protein concentration, Symbiodinium spp. density, chlorophyll a concentration 

and enzymatic activity of superoxide dismutase antioxidant. The remaining 30 fragments that were 

not sampled were transplanted back to the reef with cement.  

 

Laboratory assays  

Tissue preparation. Coral samples were thawed once and tissue was separated from the skeleton 

using a Paashe artist’s airbrush (Mydlarz and Palmer, 2011) in combination with sodium 
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phosphate buffer (PBS, 50mM, pH=7.0) (Pinzón et al., 2014b). Once the skeleton became exposed, 

the fragments were photographed scale-by-side and surface area was measured with the free 

license software Coral Point Count with Excel extensions (Köhler and Gill, 2006). The resulting 

slurry was homogenized and centrifuged at 800rpf to separate coral tissue content from 

Symbiodinium cells. The coral-host tissue content (liquid phase) was used to measure variables 

related to the host (total protein and antioxidant activity) and the resulting pellet with 

Symbiodinium cells was used to measure cell density and chlorophyll a concentration. 

 

Physiology. The physiological stress response was evaluated by measuring Symbiodinium spp. 

density, chlorophyll a concentration and total protein concentration. To calculate symbiont density 

the resulting pellet was resuspended in 5mL of filtered seawater and vortexed, this was the stock 

sample. A 1mL aliquot was transferred to a microtube and cells were stained and preserved with 

Lugol iodine solution (Scheufen et al., 2017). Density was determined by cell quantification with 

a Neubauer hemocytometer (LW Scientific) (n = 16 replicates) and counts were corrected for 

homogenate volume and coral surface area (Flores-Ramírez and Liñán-Cabello, 2006). Results are 

presented as No. of cells cm-2. Another 1mL aliquot from the stock sample was obtained for Chl a 

concentration measurement. Samples were centrifuged one pulse at 10,000rpf, or until cells 

completely separated from the filtered seawater. Afterward, the cells were washed with dH2O, 

centrifuged again, dried the most possible and stored at -80°C for 24 hours to break cell walls. 

Subsequently, 1mL of 100% acetone (Jeffrey & Humphrey, 1975) was added to samples, the pellet 

was crushed with a fine agitator and then stored for another 24 hours at -4°C to extract chlorophyll 

a from cells. In a 96-well microplate absorbance of samples (3 replicates) was measured at 663 

and 630nm (Jeffrey & Humphrey, 1975) with a microplate spectrophotometer (Tecan Infinite 200 
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PRO). To calculate final Chl a concentration, absorbance of 100% acetone at 750nm was 

subtracted from processed samples (Johan et al., 2014) and I used the equations for dinoflagellates 

provided by Jeffrey and Humphrey (1975). Results are presented as µg of Chl a per cm2. With 

these data, I calculated Chl a content (in picograms) per Symbiodinium cell.  

 

A 1mL aliquot was obtained from the coral tissue (liquid phase) from the initial slurry to measure 

total protein concentration, which was assessed with the commercially available kit “Pierce BCA 

Protein Assay Kit” (Thermo Fisher Scientific) following manufacturer’s instructions. Briefly, in a 

96-well microplate, 25uL of a sample (3 replicates) were mixed with 200uL of bicinchoninic acid 

(BCA) working reagent for colorimetric detection of total protein. Absorbance was measured at 

562nm in a plate reader and protein concentration of unknown samples was determined using a 

standard curve. 

 

Immunology. For the immunological response, another 1mL aliquot was obtained form coral tissue 

content and the enzymatic activity of antioxidant superoxide dismutase (SOD) was measured 

following Pinzón et al., 2014b. Enzymatic activity of SOD was evaluated with the commercially 

available kit “SOD Determination Kit” (Sigma Aldrich) (Couch et al., 2008, Pinzón et al. 2014b, 

Mydlarz and Palmer, 2011). This is a colorimetric assay based on the production of a water-soluble 

formazan dye upon the reduction of Dojindo’s highly water-soluble tetrazolium salt with a 

superoxide anion (O2-). SOD inhibits this reaction by breaking down those anions into H2O2 and 

O2, thus, enzymatic activity is quantified by measuring the decrease in color development. Briefly, 

20uL of sample solution (3 replicates) were placed in a 96-well microplate and mixed with 200uL 

of working reagent solution. The reaction was induced by adding 20uL of enzyme working 
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solution and after 20 minutes of incubation (37°C), the absorbance was read at 440nm in a plate 

reader. Three controls were used as part of this assay. Besides the 200uL of working reagent 

solution, the first control (blank 1) included 20μL of double distilled water and 20μL of enzyme 

working solution, the second (blank 2), included 20μL of sample and 20μL of enzyme dilution 

buffer, and the third (blank 3), included 20μL of double distilled water and 20μL of enzyme 

dilution buffer. Following manufacturer’s instructions, SOD inhibition rate was then calculated 

with the equation:  

(Abs'()*+,	–	Abs'()*+-) − (Abs.)/0(1	–	Abs'()*+2)
Abs'()*+,	–	Abs'()*+-

	x	100 

Results were normalized to milligrams of protein and are presented here as SOD inhibition units.  

 

Statistical analyses  

The experimental design allowed me to consider three factors: site (RON, CLA), treatment 

(control, transplant) and species (P. astreoides, P. strigosa and O. annularis); and five dependent 

variables: Symbiodinium density, Chlorophyll a concentration per cm2, Chlorophyll a content per 

Symbiodinium cell, coral-host protein concentration, and coral-host superoxide dismutase 

enzymatic activity. Using PRIMER v7 software, comparisons were made for each variable 

between sites, between treatments, and among species. Data were square-root transformed due to 

variance heterogeneity and PERMANOVA analyses were performed to determine statistical 

significance. This test was the best option to analyze the data since it did not comply with the 

premises of normality, I had a small sample size and, the loss of some samples caused us to have 

differences in the number of replicates analyzed. Environmental data (light and temperature) was 

analyzed for differences with Kolmogorov-Smirnov test. Light data in particular was assessed 

from 6:00am to 6:00pm.  
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RESULTS 

 

Light and Temperature at RON and CLA 

This experiment was conducted between August and September of 2016. Data from On-Set HOBO 

sensors revealed significant differences in light irradiance between RON and CLA (Kolmogorov-

Smirnov, D=0.2734, p<0.001). RON was documented to receive 43.8% less light irradiance in 

comparison to CLA (𝑋0=6,623.6 and 11,778 Lux, respectively) (Fig. 6). No significant differences 

were detected in temperature (Fig 7), both sites averaged 30.2ºC which is typically the highest sea 

surface temperature of the year in the Caribbean throughout August-September.  

 

Symbiodinium density, chlorophyll a and protein concentration  

Turbid vs Clear 

After 28 days of transplantation, significant differences among control colonies from RON (turbid) 

and CLA (clear) were observed in Symbiodinium density, chlorophyll a concentration and protein 

concentration (p<0.05, Table 2, Fig. 8). These three variables presented considerably higher 

amounts at RON when compared to CLA (Table 3), with an average of 43.8% more Symbiodinium 

density, 31.7% more Chl a concentration, and 19.1% more protein concentration. No differences 

were observed in Chl a per cell indicating that Chl a concentration in each site is controlled by cell 

density rather than pigment content per cell. Interestingly, among species comparisons indicate 

that P. astreoides, P. strigosa and O. annularis have a similar density of symbiotic algae but differ 

in Chl a concentration mainly due to differences in Chl a per Symbiodinium cell (Table 4, Fig. 9). 

P. astreoides exhibited to have higher amounts of Chl a per cell, than the other species, while O. 

annularis consistently displayed the lowest concentrations of such pigment. Overall protein 
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concentration was also found to differ among species were O. annularis again showed to have a 

significantly lower concentration than the rest of the species.  

 

From Turbid to Clear 

Transplantation from RON to CLA appeared to only have an effect in Chl a concentration (Table 

2, Fig.10). A significant 23.9% reduction was observed in corals transplanted to CLA when 

compared to controls from RON (Table 5). No dissimilarities were detected in symbiont density, 

Chl a per cell nor in protein concentration (Fig. 11). Significant differences among species were 

observed in symbiont density, Chl a per cell (Fig. 12), and protein concentration (p<0.05, Table 4, 

Fig. 13). P. strigosa resulted to be the species with the highest Symbiodinium density. Although 

O. annularis had lower density, Chl a content per cell was similar in both stress-tolerant species, 

but still significantly lower than P. astreoides. In protein concentration, O. annularis also 

demonstrated to be the species with the least protein concentration. These results are similar to the 

ones mentioned above among control corals from both sites. 

 

From Clear to Turbid 

Transplantation from CLA to RON also showed to have an effect in Chl a concentration (Table 2, 

Fig. 10). A significant 24.7% increase was observed in corals transplanted to RON when compared 

to controls from CLA. Significant differences were also observed in protein concentration, with a 

19.1% increase in transplanted corals (Table 6, Fig. 11). When I evaluated pairwise comparisons 

among species, no dissimilarities were detected in Symbiodinium density nor Chl a concentration 

(Fig. 12). However, results from Chl a per cell and protein concentration (Fig. 13) were consistent 
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to those from transplanted corals from the turbid reef to the clear one, P. astreoides with the highest 

Chl a per cell, and O. annularis with the lowest protein concentration (Table 4).  

 

SOD enzymatic activity  

Turbid vs Clear 

Significant differences in the enzymatic activity of the antioxidant SOD were observed between 

control colonies from RON and CLA (p<0.05, Table 3, Fig. 8). Turbid water (RON) colonies 

revealed 28.4% higher activity than those from CLA. Comparisons among species revealed 

significant differences (Table 4, Fig. 9) where P. astreoides and O. annularis expressed higher 

activity of SOD than P. strigosa. 

 

From Turbid to Clear 

Seven days after transplanting colonies from RON to CLA, a significant difference was detected 

in SOD activity, suggesting that increase in light irradiance had an effect in the immune response 

of corals adapted to turbid water (Fig. 11). Surprisingly, once transplanted to clear water, corals 

reduced drastically their SOD activity by 35% (Table 5). Pairwise comparisons revealed that P. 

astreoides was the species with the highest SOD activity, followed by O. annularis and lastly P. 

strigosa with the least activity (Fig. 13).  

 

From Clear to Turbid 

Transplanting colonies from CLA to RON resulted in a significant difference in SOD activity, 

suggesting that a decrease in light irradiance due to an increase in turbidity also has an effect in 

coral immune response (p<0.05, Table 2, Fig. 11). Corals subjected to lower light irradiance had 
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a significant increase of 34.2% of SOD activity (Table 6). Comparisons among species did not 

show significant differences in SOD activity, contrary to what I saw in corals transplanted from 

the turbid reef to the clear one (Fig. 13). However, this was mainly due to higher variance among 

colonies from each species. Colonies of P. astreoides  had higher variability (CV = 44.15%) than 

P. strigosa (CV = 37.69%) and O. annularis (CV = 24.02%). 

   

Figure 6. Light irradiance in RON and CLA during the study period. Top: 20 days raw data from 6:00am to 6:00pm. 
Bottom: Histogram representation of data.  
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Figure 7. Temperature at RON and CLA during the study period. 
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Figure 8. Comparison of physiological and immunological parameters among control corals from RON and CLA (turbid vs 
clear). Box represents the median (centerline), 75 percentile (top), and 25 percentile (bottom). Asterisks indicate significant 
differences. Open circles are outliers. Brown: RON, Blue: CLA. Note that protein concentration and SOD correspond to 
coral-host, not Symbiodinium.  
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Figure 9. Comparison of physiological and immunological parameters among species from control corals from RON and 
CLA (turbid vs clear). Box represents the median (centerline), 75 percentile (top), and 25 percentile (bottom). Letters indicate 
significant differences. Orange: weedy, Blue: stress-tolerant. Open circles are outliers. Note that protein concentration and 
SOD correspond to coral-host, not Symbiodinium. 
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Figure 10. Comparison of physiological parameters: Symbiodinium density, Chlorophyll a concentration per cm2 and 
Chlorophyll a per Symbiodinium cell, among treatments. Left: control corals from RON vs transplanted corals from RON to 
CLA (turbid to clear). Right: control corals from CLA vs transplanted corals from CLA to RON (clear to turbid). Box 
represents the median (centerline), 75 percentile (top), and 25 percentile (bottom). Open circles are outliers. Asterisks indicate 
significant differences. Brown: RON, Blue: CLA. Note that protein concentration and SOD corresponds to coral host, not 
Symbiodinium. 
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Figure 11. Comparison of physiological (Coral-host Total protein concentration) and immunological (SOD enzymatic 
activity) parameters among treatments. Left: control corals from RON vs transplanted corals from RON to CLA (turbid to 
clear). Right: control corals from CLA vs transplanted corals from CLA to RON (clear to turbid). Box represents the median 
(centerline), 75 percentile (top), and 25 percentile (bottom). Open circles are outliers. Asterisks indicate significant 
differences. Brown: RON, Blue: CLA. Note that protein concentration and SOD corresponds to coral host, not Symbiodinium. 
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Figure 12. Comparison of physiological parameters: Symbiodinium density, Chlorophyll a concentration per cm2 and 
Chlorophyll a per Symbiodinium cell, among species. Left: control corals from RON vs transplanted corals from RON to 
CLA (turbid to clear). Right: control corals from CLA vs transplanted corals from CLA to RON (clear to turbid). Box 
represents the median (centerline), 75 percentile (top), and 25 percentile (bottom). Open circles are outliers. Letters indicate 
significant differences. Orange: weedy, Blue: stress-tolerant.  Note that protein concentration and SOD corresponds to coral 
host, not Symbiodinium. 
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Figure 13. Comparison of physiological (Coral-host Total protein concentration) and immunological (SOD enzymatic 
activity) parameters among species. Left: control corals from RON vs transplanted corals from RON to CLA (turbid to clear). 
Right: control corals from CLA vs transplanted corals from CLA to RON (clear to turbid). Box represents the median 
(centerline), 75 percentile (top), and 25 percentile (bottom). Open circles are outliers. Letters indicate significant differences. 
Orange: weedy, Blue: stress-tolerant. Note that protein concentration and SOD corresponds to coral host, not Symbiodinium. 
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DISCUSSION 

 

Differences in physiological parameters between RON and CLA indicate that colonies of the 

different species were able to adapt to local conditions and survive, grow and reproduce under 

different amounts of light irradiance. Major differences were observed in Symbiodinium density, 

chlorophyll a concentration per superficial area and protein concentration. After 28 days of 

transplantation, corals were capable of undergoing modifications, most prominently in chlorophyll 

a concentration per cm2. Immunologically, differences in antioxidant activity demonstrate that 

water quality in RON provided a more stressful environment to controls and transplants (CLA to 

RON). While CLA provided a healthier environment to controls and transplants (RON to CLA) 

by reducing stress. Differences among species revealed that P. astreoides and P. strigosa are more 

similar physiologically while P. astreoides and O. annularis are more similar immunologically. 

These intrinsic variances suggest that physiological and immunological parameters in the studied 

species are influenced by species-specificity and not necessarily by life history-strategy.  

 

Symbiodinium density and chlorophyll a  

Controls 

Observed differences of Symbiodinium density and Chl a concentration among colonies from the 

turbid (RON) and clear (CLA) reefs resemble that of plants growing in contrasting light regimes 

(e.g. canopy and understory) (Anthony and Hoegh-Guldberg 2003, Khalid et al., 2019). For 

instance, in the presence of low light, understory plants need higher chlorophyll levels than canopy 

plants (Augspurger et al., 2005), to harvest as much light as possible and attain the photosynthetic 

rate required for metabolic functions. Similarly, in this study, corals from RON exhibited higher 
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Chl a concentration per cm2 than corals from CLA due to greater Symbiodinium density. Such 

differences between turbid and clear water reefs have also been reported in corals inhabiting the 

same reef but growing in caves versus open habitats (Anthony and Hoegh-Guldberg, 2003). My 

data also confirms the strong positive correlation between Chl a concentration per cm2 and 

symbiont density that has been described previously in other scleractinian corals (Phillip and 

Fabricius, 2003, Anthony and Hoegh-Guldberg, 2003) (Fig 14). It also supports that both 

parameters are inversely correlated to light irradiance (Scheufen et al., 2017). I expected Chl a 

content per Symbiodinium cell to follow the same negative correlation (MacIntyre et al., 2002). 

However, such relationship was not observed in my data and neither did Anthony and Hoegh-

Guldberg’s (2003) study with shaded versus open-habitat corals. This suggests that the differences 

observed in Chl a concentration per cm2  between sites were regulated by Symbiodinium density 

rather than pigment content per Symbiodinium cell. 

 
 
Figure 14. Pearson correlation analysis of Chlorophyll a concentration and Symbiodinium cell density of control 
colonies.  
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Colonies of the three studied species differed significantly in most physiological parameters, and 

these differences were consistent in both reefs. This indicates that although species behave 

differently within the same reef, similar tendencies can be observed among different reefs in a 

greater or lower scale according to water quality. Corals are known to vary light absorption by 

alternating symbiont density and chlorophyll concentration, together, or individually (Scheufen et 

al., 2017) and dependent of water quality and seasonality.  

 

Transplants 

In this study, corals transplanted from the turbid reef (RON) to clear one (CLA) significantly 

decreased overall Chl a concentration per cm2; while corals transplanted from clear to turbid did 

the opposite. This suggests that colonies from both sites opted for pigment modifications rather 

than symbiont density shifts. These results concur with a study were corals were transplanted from 

open habitats to shaded areas and vice versa in the same reef (Anthony and Hoegh-Guldberg, 

2003). In that study, changes in light irradiance stimulated photo-physiological modifications in 

Chl a concentration coupled with changes in photosynthetic rates with the aim of acclimation 

(Anthony and Hoegh-Guldberg, 2003).  

 

Previous studies have reported that light reduction may increase symbiont density (Fabricius, 

2005), and light increase may induce photoinhibition and symbiont expulsion, thereby lowering 

cell density (Brown, 1996, Hennige et al., 2011, Hawkins et al., 2015, Wall et al., 2018). In fact, 

light increase combined with high temperatures can induce significant oxidative stress in corals 

that can eventually lead to bleaching (Hawkins et al., 2015). Interestingly, my study was performed 
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during the highest sea surface temperatures of the year in the Caribbean (August-September) with 

an average of 30°C in both sites. This temperature is enough to induce stress and bleaching in coral 

if exposed continuously for numerous weeks (Glynn, 1991, Coelho et al., 2017). Results show that 

overall symbiont density was unaffected by either transplantation, but comparisons among species 

revealed than some were more affected than others when transplanted from turbid to clear. These 

findings will be discussed below. For the lack of difference in symbiont density in corals 

transplanted from clear to turbid, possible explanations include: (1) symbionts might not have 

enough capacity for mitotic division to increase density (Gleason, 1993); (2) sedimentation might 

interfere with cellular division and/or symbiont acquisition (Phillip and Fabricius, 2003); (3) it 

could take more time to obtain symbionts from the water column than to release them (Quigley et 

al., 2017); or (4) Symbiodinium in the studied species chose to adjust internal photo-mechanisms 

such as photosynthetic pigments rather than modify cell density (Anthony and Hoegh-Guldberg, 

2003, Fabricius, 2005, Kuanui et al., 2020). My results suggest that the latter is likely the case.  

 

Differences in Chl a concentration per cm2 in my study are consistent with another study were 

corals transplanted to high light irradiance reduced overall Chl a (Anthony and Hoegh-Guldberg, 

2003). In that study, the authors suggest that after 21 days, the transplantation effect induces 

changes in photosynthetic capacity, specifically subsaturation points and maximum quantum yield 

(Fv/Fm). In my study, I did not measure photosynthetic parameters but the significant shifts in Chl 

a concentration per cm2 could be directly related to photo-acclimation dynamics.  On the other 

hand, the non-significant results of Chl a content per Symbiodinium cell in this study are not 

consistent with a study were cultured Symbiodinium cells drastically reduced their photosynthetic 

pigments when exposed to high light and increased them in low light (Iglesias-Prieto and Trench, 
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1994). But there is data indicating that through other factors that reduce light such as sedimentation 

stress, chlorophyll contents per cell may remain unaltered (Phillip and Fabricius, 2003).  

 

Comparisons among the three studied species indicate that although no significant differences 

were observed between controls and transplants from RON and CLA, transplantation had a 

stronger effect at the species level. The decrease in Symbiodinium density in colonies of P. 

astreoides (weedy) and O. annularis (stress-tolerant) transplanted from turbid to clear suggest that 

symbionts present in these two species where more sensitive to increase in light irradiance, while 

P. strigosa’s were more resistant. I did not identify Symbiodinium clades present within the 

sampled species but in future studies, I will consider this to further understand these results.  

 
Chl a content per Symbiodinium cell appeared to be the parameter most influenced by both 

transplantations among species. However, regardless of the direction of transplantation P. 

astreoides was consistent in maintaining higher levels of pigment content within endosymbionts 

than the stress-tolerant corals. These results suggest that there are some inherent physiological 

differences among species that do not necessarily relate to transplantation effect nor life-history 

strategy.   

 

Protein concentration 

Controls 

Most articles involving protein measurements in coral do not report total protein data, likely due 

to the ambiguity related to which proteins upshift and downshift. We, nonetheless, decided to 

include this data, as it may be useful as a reference to future studies. Corals from the turbid reef 

(RON) exhibited significantly higher amounts of total protein than those from the clear reef (CLA). 
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This was unexpected and differs from what Anthony and Hoegh-Guldberg (2003) saw in the 

pacific coral Montipora monasteriata, where they observed that corals from open habitats had 

higher protein concentration than shaded ones. However, those corals inhabited the same coral reef 

while ours did not. In my case, the RON and CLA sites differ in several aspects other than light 

regimes such as nutrients, sedimentation, contaminants, among others. One of the main causes that 

appear to influence turbidity in RON is sedimentation due to coastal runoff, Fajardo River 

discharge and industrial and recreational boat traffic. In fact, in CLA, I noticed the presence of 

common Caribbean corals from all clades described in Darling et al. (2012), indicating an 

apparently healthy reef. However, in RON, competitive corals such as A. palmata and A. 

cervicornis are not present (Rogers et al., 1983, Rogers, 1990, Fabricius, 2005, Erftemeijer et al., 

2012). A review about the effects of terrestrial run-off in the physiology of corals presents data 

suggesting that moderate concentrations of nutrients and particulate organic matter can provide 

substantial energy and growth benefits for some corals (Fabricius, 2005). In this study, I did not 

consider other water quality parameters aside from turbidity, but I believe that the high algal cover 

observed in the turbid reef (RON) may be related to nutrient intake from the Fajardo River and 

thus could also be related to the high protein concentration detected. Future studies should address 

this hypothesis.  

 

Comparisons among species from both sites show higher protein concentration in P. astreoides 

and P. strigosa in comparison to O. annularis. Differences in the P. strigosa and O. annularis are 

consistent with other studies that compare physiological parameters among several stress-tolerant 

species (Scheufen et al., 2017). Literature states that parameters such as protein concentration and 

the ones mentioned above are variable even within species with the same stress-tolerant strategy. 
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Other studies suggest that after massive spawning events, coral protein content may be altered 

(Leuzinger et al., 2003, Anthony, 2006). This study was conducted between August and September 

which are the months where most Caribbean scleractinian corals spawn their gametes (Szmant, 

1986), thus there is a possibility this could have influenced such differences between my stress-

tolerant species. Nevertheless, similarities between P. astreoides and P. strigosa were consistently 

observed among control corals from RON and CLA. 

 

Transplants 

Even though corals transplanted from the turbid reef to the clear one did not exhibit changes in 

total protein concentration, I did observe an increase in corals transplanted from clear to turbid to 

quantities similar to control corals from the turbid reef.  Other coral transplant experiments did not 

identify differences in protein concentration (Anthony and Hoegh-Guldberg, 2003), and neither 

did light shift laboratory experiments (Gleason, 1993). Possible explanations for my results include 

the following: from turbid to clear (1) the studied species are capable of physiologically 

acclimating to high light without compromising total protein concentration (Anthony and Hoegh-

Guldberg, 2003) or (2) perhaps upregulation of proteins involved in defense occurred (Smith et 

al., 2013) while other types of protein suffered degradation or denaturalization (Down et al., 2013) 

and thus no significant change in protein concentration was detected. Further experimental studies 

measuring different types of proteins, such as structural (e.g. for calcification), storage (e.g. lipids), 

enzymes (e.g. for defense), among others, are needed. In this study, I only measured antioxidant 

enzymes to detect immune activity which will be discussed below. As for corals transplanted from 

clear to turbid, perhaps (1) 28 days of light reduction might upregulate defense-related proteins 

(Sheridian et al., 2014) but not necessarily affect negatively all other proteins or (2) possible 
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nutrient intake and particulate organic matter from the mouth of the Fajardo River may have been 

used as a food source by corals and therefore induced the increase in protein concentration 

(Anthony and Fabricius, 2000, Fabricius, 2005).  

 

Differences in protein concentration among colonies from the three studied species subjected to 

transplantation followed the same tendency observed among control corals from both sites. This 

indicates that although colonies transplanted from clear to turbid increased protein concentration, 

while conspecifics remained unaltered, total protein was equally affected among species.  

 

SOD enzymatic activity 

Controls 

The significant differences observed in SOD enzymatic activity among control corals from RON 

and CLA are consistent with previous studies indicating that antioxidant activity varies according 

to light, temperature and regional water conditions (Downs et al., 2002, Couch et al., 2008, Palmer 

et al., 2010). Elevated SOD activity in control corals from RON (turbid) in comparison to controls 

from CLA (clear) suggest that local corals inhabiting the turbid reef were more stressed during the 

sampling period (Couch et al., 2008). This was expected since CLA is considered to be a relatively 

healthy reef while RON is considered to be an impacted one. Above-average light irradiance and 

sea surface temperature are generally associated with oxidative stress in coral (Downs et al., 2002). 

Thus, given that the temperature regime was similar in both reefs, and that RON received 

considerably lower light irradiance than CLA, it can be suggested that oxidative stress in RON 

could be related to other factors. For instance, there is evidence that high sedimentation rates can 

induce an immune response in corals as a result of tissue abrasion and damage-associated 
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molecular patterns (Sheridian et al., 2014). This activates the melanin synthesis pathway which 

produces ROS as bypass products, hence promoting antioxidant activity (Sheridian et al., 2014, 

Poquita-Du et al., 2019, Mydlarz and Palmer, 2009). Preliminary observations indicate that RON 

has higher sedimentation and resuspension rates than CLA but further analysis must be conducted 

to validate this information. Hypo-salinity (below average salinity levels) has also been linked to 

increased SOD activity in corals (Downs et al., 2009). Given the proximity of RON to the mouth 

of the Fajardo River, there is a possibility that high precipitation events on the river’s watershed 

might decrease average salinity levels in RON. However, no significant precipitation events were 

documented during the study period.  

 

Other possible sources that have been demonstrated to stimulate oxidative stress in coral are 

inorganic contaminants such as heavy metals (Rotchell and Ostrander, 2011, Zhou et al., 2018) 

and organic contaminants such as hydrocarbons (Ramos and García, 2007, Downs et al., 2011, 

Rotchell and Ostrander, 2011, Richmond et al., 2018, Xiang et al., 2019). Common pollutants may 

enter aquatic systems via anthropogenic sources such as industrial, agricultural and recreative 

(Woo et al., 2009). In this sense, the Fajardo River passes through the town of Fajardo which has 

several industries that probably discharge pollutants that likely affect the stream and eventually 

reach RON. However, more specific studies involving the river’s water quality should be 

performed to validate this. Heavy metals in particular, are toxic in trace amounts, may remain 

permanently in the marine environment and can potentially induce severe oxidative stress in 

aquatic organisms (Clark, 2001, Woo et al., 2009). In fact, there is evidence of increased SOD 

cellular transcription in several freshwater and saltwater-adapted fish (Woo et al., 2009). Hence, 

if SOD levels in corals from RON are influenced by heavy metal contamination it would be very 
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likely that fish may also be contaminated. As for hydrocarbons, these are also hazardous pollutants 

that are highly resistant to degradation in marine environments (Xiang et al., 2019). Polycyclic 

aromatic hydrocarbons may enter the marine environment through water discharges, fuel, oil spills, 

and coastal tourism (Tarrant et al., 2014, Xiang et al., 2009). These have also been documented to 

increase SOD activity in coral (Ramos and García, 2007, Xiang et al., 2009) and other cnidarians 

such as anemones (Tarrant et al., 2014). Thus, possible pollutants in the river discharge and 

constant ferry and recreational boat traffic adjacent to RON may be potential hydrocarbon sources 

influencing SOD enzymatic activity in local RON corals. More specific ecotoxicological studies 

are needed to determine if heavy metals and hydrocarbons are more present in RON than in CLA.  

 

Comparisons among the three studied species revealed similarities in SOD activity between P. 

astreoides (weedy) and O. annularis (stress-tolerant). This was unexpected given that in a study 

by Pinzón et al. (2014b), they demonstrated that complex corals’ (mostly weedy) constitutive 

levels of certain immune traits involve more microbial activity, while robust (mostly stress-

tolerant) display higher antioxidant activity. This would allow weedy corals to combat stress 

without spending resources in more energetically costly traits such as antioxidants. While stress-

tolerant corals seem to invest greater amounts of energy in the immune system. However, my 

results indicate that a weedy species can have similar or higher antioxidant activity than some 

stress-tolerant, suggesting that life-history strategy may not necessarily influence constituent 

antioxidant activity in corals, and it is likely species-specific (Diaz et al., 2016). Other studies 

suggest that microorganisms present in the coral holobiont such as heterotrophic bacteria can 

produce and degrade ROS simultaneously with the coral (Diaz et al., 2013, Shaked and Armoza-

Zvuloni, 2013). Thus, ROS in coral are likely influenced not only by the coral host and 
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endosymbionts, but by the community of microorganisms associated to the coral which can also 

be species-specific, and in some cases, it can vary even within colonies from the same species 

(Couch et al., 2008). This holobiont assemblage has been proposed to have the potential to extend 

or reduce the physiological and immunological capabilities of the coral host (Mydlarz et al., 2010, 

Radecker et al., 2015).  

 

Transplants 

Our twenty-eight days’ post-transplantation results addressed the question of which relocation 

generates more oxidative stress? RON to CLA (turbid to clear) or CLA to RON (clear to turbid). 

The remarkable differences in light regimes between RON and CLA coupled with all other 

possible factors influencing water quality are ample reasons to expect immune responses in corals 

subjected to transplantation. Significant shifts of SOD activity in both transplantations demonstrate 

that changes in water conditions may generate an immune response, but the degree of this response 

may vary according to the water’s biogeochemistry (D’Angelo and Weidenmann, 2014). The 

significant reduction in oxidative stress in corals transplanted from RON to CLA was an interesting 

finding, given that exposure to high light combined with high temperature (Hawkins, 2015) was 

thought to generate more stress in these shade-adapted corals (Couch et al., 2008). This result, 

along with the increase in SOD activity in conspecific corals transplanted from CLA to RON 

suggests that water quality differences between RON and CLA, rather than differences in light 

levels, were the cause for the observed differences in the antioxidant activity. This supports my 

premise that other factors present in RON such as pollutants provided a more stressful environment 

that generated significantly higher levels of superoxide radicals in the corals studied during the 

research period.  
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Comparisons among species subjected to transplantation revealed that SOD activity followed 

similar patterns in both relocations that were also similar to activity in control colonies. P. 

astreoides and O. annularis were more stimulated by transplantation than P. strigosa. Although 

significant differences were only observed in corals transplanted from RON to CLA, the lack of 

difference in corals transplanted from CLA to RON was due to high variances among colonies. 

These variances are indicative that colonies from the same species responded in different ways, 

with some colonies being more stimulated than others by the low water quality in RON. Variability 

in coral can be observed among species, among colonies from the same species and even within 

an individual colony. Nevertheless, my results indicate that colonies from P. astreoides had higher 

variability than the stress-tolerant species, which is expected for weedy species. It may also suggest 

that although P. strigosa and O. annularis have been documented to be more susceptible to 

thermal-stress and diseases (Hernández-Pacheco et al., 2012, Fuess et al., 2013, Pinzón et al., 

2014a),  they  might  be  more  resistant  to light reduction, sedimentation stress and/or pollutants.  
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CONCLUSIONS 

 

My data shows that weedy and stress-tolerant corals have physiological and immunological 

mechanisms to survive local water quality conditions and can acclimate to environmental changes 

in a relatively short time (1 month). However, more research is needed to substantiate this claim. 

Data were consistent in that Symbiodinium density and Chl a concentration per cm2 are positively 

related and inversely proportional to light irradiance. These patterns are similar to plant photo-

physiology dynamics in light regimes. Higher protein concentration in RON corals might be 

related to the presence of high nutrients and particulate organic matter that could be used as a 

heterotrophic source of nourishment in low light availability. Other potential stressors such as 

pollutants, sedimentation and possible pathogens appear to be providing a more stressful 

environment for corals inhabiting RON rather than the light factor alone.  

 

Comparisons among species suggest that physiological dynamics in P. astreoides, P. strigosa and 

O. annularis are not influenced by life-history strategy but by species-specificity. No specific 

pattern that would differentiate weedy from stress-tolerant was observed in constitutive 

physiological parameters nor physiological responses to light shifts, and this is consistent with 

available literature. Physiological similarities between P. strigosa and P. astreoides in this study, 

explain why both these species have been classified as resilient, given similar levels of 

physiological plasticity and demographic traits (Edmunds, 2010). Immunological dynamics 

suggest differences among control and transplanted with P. astreoides and O. annularis SOD 

activity being more stimulated than P. strigosa. Although all species increased SOD when 

transplanted from CLA to RON (clear to turbid), the stress-tolerant species were more consistent 
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in their SOD activity to both transplantations, while the weedy was more variable. This variability 

suggests that in some cases the weedy species might become more stressed when facing water 

degradation while the stress-tolerant species could be more resistant to this type of environmental 

disturbance. Given P. astreoides’ high population growth and prevalence in Caribbean reefs in the 

last decade (Green et al., 2008), it can be suggested that the three species are stress-tolerant but 

differ in the way they handle physiological and immunological dynamics.  

 

Although the measured variables are very broad indicators of physiology and oxidative stress 

response,  this study suggests that physiological plasticity and oxidative stress in corals may be 

influenced by water quality. However, further physiological and immunological studies should be 

done to support this speculation. This experiment also suggests that general categories such as 

‘weedy’ or ‘stress-tolerant’ may not reflect the complex response of coral species to stress. In order 

to further understand differences among the studied species, further genetic and microbial studies 

should be done. In addition, further ecotoxicological studies are needed in RON corals, RON water 

quality and the Fajardo river watershed to investigate presence of possible pollutants and their 

source of origin. This information will allow scientists to develop management strategies that may 

lead to possible improvement of water quality in this reef.  
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