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11.1	 HISTORY OF THE MODEL Rinkevich and Loya 1977, 1979a, 1979b, 1979c, 1985b, 

1987), allorecognition and ecological interactions (Mokady
Stylophora pistillata (Pocilloporidae; Scleractinia) is a com-

et al. 1991; Edwards and Emberton 1980; Müller et al. 1984;

mon Indo-Pacific branching coral species, also known by 

Rinkevich and Loya 1983a, 1985a; Rinkevich et al. 1991,

the common name smooth cauliflower coral (Figures 11.1, 	

1993; Rinkevich and Weissman 1987), as on basic coral 
11.2, 11.3). This species was first named more than 220 

physiology, pattern formation and senescence (Dubinsky et 

years ago as Madrepora pistillata (Esper 1797 ) (Figure 

al. 1984, 1990; Falkowski and Dubinsky 1981; Falkowski et 

11.1a), which was followed by many synonymous names in 

al. 1984; Loya and Rinkevich 1987; Muscatine et al. 1984,

this period, until it stabilized on the current name. To the 

1985, 1989; Rinkevich 1989; Weis et al. 1989; McCloskey

best of our knowledge, the first focused study on the biol-	

and Muscatine 1984; Rahav et al. 1989; Rinkevich and 
ogy of this species was engaged with sexual reproduction, 

Loya 1983b, 1983c, 1984a, 1984b, 1986). From the late 
settlement and metamorphosis in Palau’s colonies (Atoda 

80s, more and more studies have focused on S. pistillata 
1947a). Three decades later, Loya (1976) referred to some 

as a model species in search of a wide range of biological 
ecological attributes of this species and suggested that 

queries, all over the Indo-Pacific area and as an important,
S. pistillata from the Red Sea is an “r strategist” species. 

sometimes key, species in reef assemblages. Following the 
This  work  was  followed  by  a  wide  range  of  studies,  with 

observations on coral bleaching events and the high mortal-
most performed on S. pistillata populations from the Gulf 

ity rates that have been documented globally, more atten
of Aqaba/Eilat (GOA/E; Red Sea) along the Israeli coast. 

tion has been devoted to S. pistillata’s metabolism, nutrient 
The studies in the late 1970s and early 1980s were focused 

uptake and interaction with environmental drivers, mak
on the species’ reproductive activities and the impacts of oil 

ing this species a model species for studying the complex 
pollution on sexual reproduction (Loya and Rinkevich 1979; 	

interactions between the animal, its symbiotic algae and the 
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environment (Abramovitch-Gottlib et al. 2003;  Dubinsky 

et al. 1990;  Dubinsky and Jokiel 1994;  Ferrier-Pagès et al. 

2000 ,  2001 ,  2003 ,  2010 ;  Franklin et al. 2004 ;  Grover et al. 

2002 ,  2003 ,  2006 ,  2008 ;  Hoegh-Guldberg and Smith 1989a , 

1989b;  Houlbrèque et al. 2003,  2004;  Lampert-Karako et al. 

2008;  Muscatine et al. 1989;  Nakamura et al. 2003;  Rahav 

et al. 1989;  Rinkevich 1989;  Shashar et al. 1993;  Tchernov 

et al. 2004; Titlyanov et al. 2000a; Titlyanov et al. 2000b; 

Titlyanov et al. 2001;  Weis et al. 1989). The accumulated 

knowledge on the species distribution and the reproductive 

mode of S. pistillata has led researchers to study popula

tion dynamics, population genetic structures, modes of 

reproduction and larval dispersal in a specific reef and 

among reefs (Ayre and Hughes 2000;  Zvuloni et al. 2008; 

Klueter and Andreakis 2013;  Douek et al. 2011;  Guerrini et 

al. 2020;  Takabayashi et al. 2003;  Nishikawa et al. 2003). 

S. pistillata colonies are also often used for understanding 

the impacts of anthropogenic activities and climate change 

disturbances on coral reefs and, together with the rapid 

advances in technology, scientists have examined the com

bined effects of anthropogenic/climate change impacts on  S. 
pistillata’s biological and ecological parameters (Ammar et 

al. 2012;  Guerrini et al. 2020;  Horwitz et al. 2017;  Loya and 

Rinkevich 1979 ;  Shefy et al. 2018 ;    Tamir et al. 2020 ), physi

ology (Abramovitch-Gottlib et al. 2003;  Banc-Prandi and 

Fine 2019;  Bellworthy and Fine 2017;  Bellworthy et al. 2019; 

Dias et al. 2019;  Epstein et al. 2005;  Fitt et al. 2009;  Grinblat 

et al. 2018;  Hall et al. 2018;  Hawkins et al. 2015;  Hoegh-

Guldberg and Smith 1989b;  Krueger et al. 2017;  Reynaud et 

al. 2003;  Rinkevich et al. 2005;  Rosic et al. 2020;  Sampayo 

et al. 2008;  Sampayo et al. 2016; Saragosti et al. 2010;  Shick 

et al. 1999;  Stat et al. 2009) and gene expression patterns 

(Maor-Landaw and Levy 2016;  Oren et al. 2010,  2013; 

Voolstra et al. 2017). Several studies have focused on  in vitro 
approaches with  S. pistillata cells and minute fragments for 

the development of novel methodologies; cell culture, nub

bin and larvae usage for ecotoxicology and for reef restora

tion and for the elucidation of biological features, such as 

calcification and algal movements (Bockel and Rinkevich 

2019;  Danovaro et al. 2008;  Downs et al. 2014;  Epstein et al. 

2000;  Frank et al. 1994;  Horoszowski-Fridman et al. 2020; 

Mass et al. 2012, 2017a;  Raz-Bahat et al. 2006;  Shafir et al. 

2001 ,  2003 ,  2007 ,  2014 ); on anatomical features ( Raz-Bahat 

et al. 2017); and on applied approaches (Rinkevich 2015a ; 

Rinkevich and Shafir 1998;  Rinkevich et al. 1999;  Shafi r 

et al. 2001). The understanding that coral reefs around the 

world are degrading has led, in the last two decades, to the 

development of an additional applied route, an active reef  

restoration that is based on a wide range of methodologies 

being tested on  S. pistillata as a model species (Amar and 

Rinkevich 2007;  Epstein and Rinkevich 2001 Epstein et 

al. 2001,  2005;  Golomb et al. 2020;  Horoszowski-Fridman 

et al. 2015,  2020;  Horoszowski-Fridman and Rinkevich 

2020;  Linden and Rinkevich 2011,  2017;  Linden et al. 2019; 

Rachmilovitz and Rinkevich 2017;  Rinkevich 2000,  2015a, 

 2019a ,  2019b ;  Shafir and Rinkevich 2008,  2010;  Shafir et al. 

2006a ,  2009 ). 

Emerging Marine Model Organisms 

Here, we aim to review the knowledge about  S. pistil-
lata’s biological features in various scientific disciplines for 

the last eight decades of research. 

11.2 GEOGRAPHICAL LOCATION 

S. pistillata colonies are found in shallow waters and up to 

70 meters deep (Fishelson 1971;  Kramer et al. 2019;  Muir 

and Pichon 2019;  Veron 2000). This species has a wide geo

graphical range in the tropical and sub-tropical Indo-Pacifi c 

Ocean; central and west Pacific; tropical Australia; South 

China Sea; southern Japan; central Indian Ocean; southwest 

and northwest Indian Ocean; Arabian/Iranian Gulf; Gulf 

of Aden and the Red Sea, including the gulfs of Suez and 

Aqaba/Eilat (Veron 2000). 

11.3 ANATOMY

 An S. pistillata colony consists of up to tens of thousands 

of polyps at adulthood, each about 1–2 mm in diameter,  

where each polyp creates a small skeletal cup (termed a 

corallite), the hard supporting blueprint of the polyp’s tissue 

(Veron 2000). The external soft tissues of the polyps and 

their extensions that connect between the polyps (coenosarc) 

overlie the coral skeleton that is made of calcium carbonate 

(Veron 2000). The polyps are anchored to the underlying 

skeletons by cells called desmocytes that connect the lower 

ectodermic layer (the calicoblastic layer) to the perforated 

calcium carbonate milieu (Muscatine et al. 1997;  Raz-Bahat 

et al. 2006;  Tambutté et al. 2007). Each polyp is a hollow 

cylindrical blind-ended sac that resembles a sea anemone in 

structure with a mouth in the center of the polyp, surrounded 

by 12 hollow retractable tentacles (Figure 11.2d) that con

nect to the gastric cavity by the pharynx. This is the gateway 

for food particles to the coelenteron, but studies revealed 

further roles in chemical digestion (Raz-Bahat et al. 2017). 

All polyps within a colony are connected to each other via a 

network of cell-lined tubes (gastrovascular canals) that radi

ate from the gastric cavity of the polyps. The polyp’s inter

nal gastric cavity is divided by 12 partitions (mesenteries; 6 

are complete) into compartments which run radially from 

the body wall’s gastrodermis to the actinopharynx and are 

connected to the pharynx carrying six long extensions (mes

enterial filaments;  Raz-Bahat et al. 2017). Two types of mes

enterial filaments exist in S. pistillata, distinct, as much to 

be known by general morphology: four short fi laments with 

no secretory cells and two long convoluted fi laments with 

stinging and secretory cells (Raz-Bahat et al. 2017) that pen

etrate the gastric cavity and into the gastrovascular canals. 

The compartments between the mesenteries are also the 

sites where male and female gonads are developed (Ammar 

et al. 2012;  Rinkevich and Loya 1979a). As in all corals, each 

polyp and the connected coenosarc consist of two epithelial 

layers, the ectodermic and gastrodermis (endodermis), sepa

rated by the mesoglea. This non-epithelial milieu binds the 

two epithelial layers together throughout the colony while 

consisting of a gelatinous substance, with collagen fi bers 
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and some cells. The columnar ectodermic layer contains 

mucus gland cells, nematocytes and spyrocyte cells, and the 

gastrodermis layer contains the zooxanthellae (Al-Sofyani 

1991;  Raz-Bahat et al. 2017,  Bockel and Rinkevich 2019). 

The tentacles that are located above the oral disk are loaded 

with zooxanthellae in their gastrodermis cells, while the epi

dermis contains nematocytes. 

As mentioned, the skeleton is secreted by the calico-

blastic tissue (also named calicodermis), which forms the 

lower ectodermal layer (Allemand et al. 2004,  2011). The 

calicoblastic epithelium is very thin and has only calicoblas

tic cells anchored to the skeleton by the desmocytes (Raz-

Bahat et al. 2006;  Tambutté et al. 2007). The calicoblastic 

epithelium secretes amorphous nano-calcium carbonate 

crystals into microenvironments enriched in organic mate

rial. The carbonate crystals aggregate and then crystallize to 

create ordered aragonitic structures (Mass et al. 2017b;  Von 

Euw et al. 2017). On the coenosteum (skeleton secreted by 

the coenosarc), skeletal spines called coenosteal spines are 

developed, and in shallow water colonies, they have granular 

textures as compared to smoother textures in deeper water 

colonies (Malik et al. 2020). 

11.4 LIFE CYCLE 

11.4.1	 SEXUAL REPRODUCTION, SEASONALITY AND 

GENERAL REPRODUCTIVE CHARACTERISTICS 

While most of the coral species are broadcast spawners, 

together with other 61 species, S. pistillata belongs to a 

group of brooding coral species, where fertilization and lar

val development take place inside the polyps (Ammar et al. 

2012;  Fan and Dai 2002;  Rinkevich and Loya 1979a) for an 

estimated duration of two weeks (Fan and Dai 2002;  Shefy 

et al. 2018). The planula larvae are released to the water 

column about one to two hours after sunset (Atoda 1947a ; 

Rinkevich and Loya 1979b) 

S. pistillata is a hermaphrodite species, and male and 

female gonads are situated side by side within the polyp’s  

coelenteron, extended into the body cavities and attached to 

the mesenteries by stalks. Along astogeny, the male gonads 

appear first when the colonies reach an approximate radius 

of 2 cm, and female gonads develop a year later (Rinkevich 

and Loya 1979a). A wide range of anthropogenic and natu

ral stressors may affect gonadal development. Early studies 

revealed that oil pollution and sedimentation directly reduce 

male and female gonad numbers and significantly affect the 

developing planulae (Loya and Rinkevich 1979; Rinkevich 

and Loya 1979c). Even nutrient-enriched environments may 

affect gonads and larval development, and while phosphorus 

load may have a minor impact on the reproductive efforts 

(Ammar et al. 2012), particulate matter (PM) and particu

late organic matter (POM) may increase the size and num

ber of oocytes and testes (Bongiorni et al. 2003a 2003b). 

Yet, resident fish within coral colonies that secrete nutrients 

(Liberman et al. 1995) do not have impacts on fecundity, 

as on the colony color morph (Rinkevich 1982). In contrast, 

intraspecific (within the same species) and interspecifi c (with 

different species) interactions have impacts on the number 

of female gonads per polyp (Rinkevich and Loya 1985b). 

S. pistillata’s reproductive patterns, seasonality and 

reproductive efforts vary among bio-geographical regions. 

In Palau,  Atoda (1947a) recorded planulae release one to 

two weeks after a full moon all year long. Differences in 

seasonality are also present in the population at Yabnu 

(South Res Sea) and Tarut Bay (Arabian Gulf), which are 

in the same latitude but in different seas. In Tarut Bay, 

embryos were observed for just two months a year (before 

seawater temperature exceeded 31°C), while in Yabnu, 

embryos were documented ten months a year (before tem

perature exceeded 29°C) (Fadlallah and Lindo 1988). In 

the Philippines, the reproductive season of  S. pistillata 
lasts just three months, from November to January (Baird 

et al. 2015), while in Taiwan, documentations revealed all-

year-round larval release, with no obvious lunar periodicity 

(Fan and Dai 2002).  S. pistillata colonies in the southern 

hemisphere release planulae from August to December  

in the Great Barrier Reef (GBR) (Tanner 1996 ) and from 

August to May with lunar periodicity in south Australia 

(Villanueva et al. 2008). 

The reproduction of the  S. pistillata populations in the 

Gulf of Aqaba/Eilat, Red Sea, is a model case for coral 

reproduction for over five decades, allowing a glimpse of 

changes in reproduction on an extended time scale. During 

the 1970s and 1980s, shallow-water  S. pistillata colo

nies in Eilat released planulae for seven to eight months 

(December–July) (Rinkevich and Loya 1979b,  1987). 

Recent observations revealed that seasonality of larval 

release during the 2010s is extended by one to two months, 

from December to September–October (Rinkevich and 

Loya 1979b,  1987;  Shefy  et al. 2018) and year-round 

recruitment (Guerrini et al. 2020). Studies also revealed 

a bell-shaped curve in the larval release of most  S. pistil-
lata populations characterized in Eilat by an increase in 

planulae numbers until reaching a peak and then, in the 

second half, a decrease in the release until the end of the 

season (Amar et al. 2007;  Fan and Dai 2002;  Rinkevich 

and Loya 1979a, 1979b, 1987;  Shefy  et al. 2018;  Tanner 

1996 ). Fecundity among different colonies (even those of 

the same size that are situated side by side in the reef) or 

within a coral colony over several reproductive seasons is 

portrayed by high variability (Rinkevich and Loya 1987; 

Shefy et al. 2018). Variation is also recorded for lunar 

periodicity that was assigned for some populations (Atoda 

1947a ;  Dai et al. 1992;  Fan and Dai 2002;  Tanner 1996; 

Villanueva et al. 2008;  Zakai et al. 2006) while miss

ing in others (Linden  et al. 2018;  Rinkevich and Loya 

1979b). Linden et al. (2018) revealed that larval release by 

S. pistillata colonies does not comply with the assumed  

entrainment by the lunar cycle, further documenting that 

the lunar cycle does not provide a strict zeitgeber and can 

better be classifi ed as a circatrigintan pattern. Water tem

perature and solar radiation did not correlate signifi cantly 

with larval release. 
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FIGURE 11.1 (a) The first description from 1797 of Stylophora pistillata (assigned the name  Madrepora pistillata) by Eugenius 

Johann Christoph Esper in his book:  Fortsetzungen der Pflanzenthiere in Abbildungennach der Natur mit Farben erleuchtet nebst 
Beschreibungen. (b–c)  S. pistillata colonies representing two common color morphs (Gulf of Aqaba/Eilat). (d) The  S. danae morphotype 

of S. pistillata (South Sinai, Red Sea; following  Stefani et al. 2011). (e) Two juvenile colonies in allogeneic contact, rejecting each other 

(sensu  Rinkevich and Loya 1983a) marked by the black arrowhead. (Photographs [b–e] courtesty of D. Shefy.) 
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11.4.2	 PLANULAE, METAMORPHOSIS AND SETTLEMENT 

Without an efficient sexual reproduction process and suc

cessful settlement (recruitment) of coral larvae, a coral 

reef will not grow and thrive. For recruitment, the plan

ula larvae need to find suitable substrates to settle and to 

develop. The ball-shaped planulae are released from the 

polyp mouths of shallow water  S. pistillata colonies with 

the oral part upward and then alter to 1–2-mm-long rod-

like-shaped swimming larvae (Figure 11.2a,  b; Rinkevich 

and Loya 1979a). Planulae from mesophotic colonies are 

smaller than shallow-water planulae, contain different 

symbiont clades and have lower GFP-like chromopro

tein mRNA expression (Scucchia et al. 2020;  Rinkevich  

and Loya 1979a ;  Byler et al. 2013;  Lampert-Karako et al. 

2008;  Winters et al. 2009). Planulae are released to the 

water loaded with zooxanthellae inherited from the mother 

colony (vertical transmission) but can also acquire zooxan

thellae from the water column (horizontal transmission) 

(Byler et al. 2013). 

Similar to other Pocilloporidae species, the planulae 

of S. pistillata settle within a few hours upon release, 

with the majority settling in the first 48 hours upon 

release (Amar et al. 2007;  Atoda 1947a ;  Atoda 1947b; 

Atoda 1951;  Nishikawa et al. 2003;  Richmond 1997; 

Wallace and Harrison 1990). Unlike other coral species, 

these planulae settle and metamorphose on any avail

able substrate, including natural hard layers, manmade 

and fabricated substrates (glass, plastic, metal, concrete, 

etc.), such as on water upper-surface tension layers under 

laboratory conditions (Nishikawa et al. 2003;  Putnam 

et al. 2008;  Rinkevich and Loya 1979a), and metamor

phose to primary polyps, even without the presence of 

crustose coralline algae (CCA) or preconditioned biofilm 

(Amar et al. 2007;  Atoda 1947a ;  Baird and Morse 2004; 

Heyward and Negri 1999;  Nishikawa et al. 2003;  Putnam 

et al.2008;  Rinkevich and Loya 1979a). In Eilat, Red Sea, 

year-round recruitment has recently been documented 

(Guerrini et al. 2020). Planulae settlement is associated 

with mucus secretion from aboral epidermal cells, fol

lowed by flattened larvae that form disc-like shapes and 

the completion of basal plates carrying 24 basal ridges 

toward the formation of columellas three to four days 

post-settlement (Baird and Babcock 2000). Planulae 

settle either separate from each other or in aggregates,  

a distribution setting that leads to allogeneic contacts 

between adjacent spat either to morphological fusions  

into coral chimeras or allogeneic rejections character

ized by necrotic areas and pseudo-fusion events (Figure 

11.1e; Amar et al. 2007;  Frank et al. 1997;  Linden and 

Rinkevich 2017;  Raymundo and Maypa 2004;  Rinkevich 

2011). Aggregated settlement and chimerism have further 

been documented in other marine invertebrates and are 

claimed to benefit coral chimeras through an immediate 

increase in colonial size and survival rates (Amar et al.  

2008;  Puill-Stephan et al. 2012;  Raymundo and Maypa 

2004 ;  Rinkevich 2019b ). 

11.4.3	 COLONY FORMATION, GROWTH 

AND SURVIVORSHIP 

Colonial astogeny occurs through iterated polyp buddings, 

with an axially rod-like growth form of branches where each 

branch consists of numerous small polyps, with a colonial 

symmetry that approximates a sphere (Loya 1976), all con

figured by a pre-designed colonial architecture (Rinkevich 

2001,  2002) and nutritional resources that provide positional 

information for colonial structures (Kücken et al. 2011). 

Settled primary polyps start to deposit calcareous skeletons 

from one day following metamorphosis, which bud in extra-

tentacular mode, starting from one to two weeks following 

settlement, a process that adds up to six additional polyps 

as a circlet around the primary polyp, all further forming 

the basal plate which is the initial colonial anchor to the 

substrate. Growth rates of new polyps over time are highly 

variable among young colonies (Frank et al. 1997 ). At some 

yet-unidentified stage, branches initiate by apical growth,  

usually just as a single apical ramified structure from each 

basal plate. New upgrowing and side-growing branches 

are then added by dichotomous fission at a branch tip 

( Rinkevich 2000 ,  2001 ,  2002 ;  Rinkevich and Loya 1985a ), 

developing in conformity with the basic architectural rules 

of this species, all together forming reiterated complexes  

(Epstein and Rinkevich 2001;  Shaish et al. 2006,  2007; 

Shaish and Rinkevich 2009). The colony’s growth exhibits 

allometric ratios within the newly developing dichotomous 

up-growing branches that differ signifi cantly from those of 

older branches, decrease in growth rates of inward-grow

ing lateral branches and changes in growth directionality 

of isogeneic branches that risk contiguity (Rinkevich and  

Loya 1985a). In addition to that, the lack of fusion between 

closely growing branches within a colony and the retreat 

growth occasionally recorded between closely growing 

allogeneic branches (Rinkevich and Loya 1985b) further 

emphasizes the within-colony genetic background for spa

tial configuration (Rinkevich 2001,  2002). The deduced 

genetic control (Rinkevich 2001,  2002;  Shaish et al. 2006, 

2007;  Shaish and Rinkevich 2009), internal and external 

transport of signals (Kücken et al. 2011;  Rinkevich and 

Loya 1985a) and external and internal nutrients (Rinkevich 

1989,  1991) may have substantial impacts on the pattern for

mation of S. pistillata colonies. 

The growth of S. pistillata can be measured by several  

methodologies. Linear extension represents the increase in 

the length of a single branch or the diameter of a colony by 

units of distance (i.e. mm, cm). Aerial size represents the 

increase in surface area as viewed from above, in units of sur

face area (mm2). Tissue surface area (including all branches) 

measurements can further be evaluated by wrapping all 

branches in aluminum foil ( Marsh 1970) or by dipping the 

colony in wax (parafi lm) and comparing the wax/aluminum 

foil weights with calibrated curves of mass increment vs. sur

face area (Stimson and Kinzie 1991), translating weighs to 

units of area (mm2). The parameter of the ecological volume 

of a colony is the aerial size multiplied by the height and is 
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measured by an increase of the whole space encompassed by 

the coral branches in mm3 ( Shafir and Rinkevich 2010;  Shafi r 

et al. 2006b). Other size methods, such as 3D photography 

for measuring parameters of growth rates (surface areas, vol

umes, etc.), do not always give accurate results due to the 

high structural complexity of developing colonies. 

S. pistillata is a fast-growing species as compared to mas

sive and encrusting species and some other branching spe

cies. Branches can grow up to 5 cm per year, depending on the 

conditions and the initial fragment size (Dar and Mohamed 

2017;  Bockel and Rinkevich 2019;  Hasan 2019;  Liberman et 

al. 1995;  Loya 1976;  Shafir and Rinkevich 2010;  Shafir et al. 

2006b;  Tamir et al. 2020), and small fragments can multiply 

their ecological volumes by 200 times within 8–12 months 

( Shafir and Rinkevich 2008). In old senescent colonies, calci

fication rates, as reproductive activities, decrease synchron

ically in all branches, and the whole colony as a single unit, 

new and old polyps alike, exhibits senescence concurrently, 

leading to accelerated degradation and colonial death within 

few months (Rinkevich and Loya 1986). 

S. pistillata colonies that grow under improved water  

flows (primarily in mid-water floating nurseries) that assist 

the polyps in catching prey exhibit enhanced growth rates 

and advanced recovery from bleaching (in all parameters 

mentioned previously) (Bongiorni et al. 2003a ;  Nakamura 

et al. 2003;  Shafir and Rinkevich 2010). In contrast to the 

high and fast growth rates characteristic to S. pistillata 
and although it is one of the most abundant species in the 

GOA/E (Shaked and Genin 2019;  Shlesinger and Loya 

2016), adult colonies and primarily recruits have high mor

tality rates (Doropoulos et al. 2015;  Linden and Rinkevich 

2011 ,  2017 ;  Loya 1976 ;  Shafir, Van Rijn, and Rinkevich 

2006b;  Shlesinger and Loya 2016;  Tamir et al. 2020). 

Assuming 50–80% settlement rates in the wild (Amar et al. 

2007;  Linden and Rinkevich 2011), only a small portion of 

recruits will develop into gravid colonies out of tens of mil

lions and more of planulae released during any reproduction 

season. Under  in-situ aqua-culture conditions, young colo

nies can reach a 40–80% survival rate if protected by cages 

and 10–30% if not protected (Linden and Rinkevich 2017; 

 Shafir et al. 2006b), orders of magnitude above natural fi g

ures. Nevertheless, size structure demographic models for  S. 
pistillata populations in various reefs were not constructed 

and are not yet available, in spite of their importance for con

servation and management plans (Doropoulos et al. 2015). 

11.4.4  METABOLISM 

In the past four decades,  S. pistillata has been used as a 

model species in studies on carbon and nutrients assimila

tion and their acquisition, allocation and uptake by coral and 

by symbiotic algae. Since most coral reefs thrive in oligotro

phic waters, it is essential to understand nutrient recycling by 

reef communities, as it may shed light on coral life histories 

and reef-resilient.  S. pistillata colonies, as other coral spe

cies get carbon and nutrients through two main processes: 

via photosynthesis, provided by the symbiotic autotrophic 
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algae (Muscatine et al. 1981), and by feeding on particular 

or dissolved sources of organic carbon (Houlbrèque and 

Ferrier-Pagès 2009). The symbiotic dinofl agellates can

not provide all the essential carbon and organic nitrogen 

needed for the coral, especially under low light regimens 

(Falkowski et al. 1984;  Muscatine et al. 1984;  Tremblay et al. 

2014). Yet corals may modify their algal numbers and their 

activities. Studies on  S. pistillata revealed that under high  

light regimes, respiration and calcification rates increased 

(Dubinsky and Jokiel 1994), while the symbiotic algae 

decreased in size and numbers, further showing high res

piration and lower quantum yields (Dubinsky et al. 1984). 

With regard to nitrogen, another limiting nutrient source for 

the algae (Hoegh-Guldberg and Smith 1989a), increasing 

concentrations of nitrogen compounds such as ammonium, 

urea, amino acids, nitrite and nitrate lead to an increase in 

the nitrogen uptake by the holobiont (Dubinsky and Jokiel 

1994 ;  Grover et al. 2002 ,  2003 ,  2006 ,  2008 ;  Houlbre’que 

and Ferrier-page 2009;  Rahav et al. 1989). The fate and path 

of each nitrogen source, whether consumed via water or by 

feeding (praying of zooplankton), is mostly determined by 

light intensity and photosynthetic products (Dubinsky and 

Jokiel 1994;  Houlbrèque and Ferrier-Pagès 2009). Assuming 

constant low nutrient concentration in the reef, under high 

light intensity regimes, most of the carbon goes to respira

tion and growth, including calcification by the host, while 

under low light, the zooxanthellae use the carbon and nutri

ents (Dubinsky and Jokiel 1994). Feeding on zooplankton 

or other pico- and nano-planktonic organisms increases 

nutrients uptake (including phosphate) that provides the  

nutrients needed for coral growth and reproduction (Ferrier-

Pagès et al. 2003;  Houlbrèque et al. 2004;  Houlbrèque et 

al. 2003) and enhances the numbers of zooxanthellae in the 

coral tissues (Dubinsky et al. 1990; Houlbrèque et al. 2003; 

Titlyanov et al. 2001; Titlyanov et al. 2000, 2001; Titlyanov 

et al. 2000). Studies on  S. pistillata’s symbiotic relationships 

further revealed the translocation of photosynthates between 

branches and along a branch within a colony and between 

genotypes (Rinkevich 1991;  Rinkevich and Loya 1983b, 

1983c,  1984a), and were used in quest on the “light enhanced 

calcification” enigma (Houlbrèque et al. 2003; Moya et al.  

2006;  Muscatine et al. 1984;  Reynaud-Vaganay et al. 2001; 

Rinkevich and Loya 1984b). Despite all the previous stud

ies on  S. pistillata symbiotic relationships, there is a need 

for additional studies to reveal the more intimate interac

tions between the holobiont participants (Ferrier-Pagès et al. 

2018;  Hédouin et al. 2016;  Metian et al. 2015). 

11.5 EMBRYOGENESIS 

As a hermaphroditic brooder species,  S. pistillata fertil

ization and larval development take place within the body 

cavities of the polyps, thus making it challenging to study 

embryogenesis and larval development.  Rinkevich and Loya 

(1979a) and then  Ammar et al. (2012) observed that male and 

female gonads, situated on small stalks, start to develop at 

two and fi ve months, respectively, before the onset of larval 
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FIGURE 11.2 (a) Planula of  Stylophora pistillata as a rod-like shape, the oral part facing to the left side of the picture. (b) Planula of 

S. pistillata as a ball-like shape. The planula is “enveloped” by secreted mucus, further revealing the pattern of symbiotic algae (brown 

dots) that also depict the mesenteries’ tissues (ms). (c) A primary polyp, one day after settlement. (d) Extended polyps in S. pistillata, 

each with an open mouth (m) surrounded by 12 tentacles (tn), loaded with zooxanthellae, which give the coral its brown color. (e) The 

Christmas tree worm Spirobranchus giganteus (Polychaete) on top of an S. pistillata branch. (f)  Trapezia cymodoce (Decapoda) “guard

ing” a juvenile S. pistillata colony (red arrowhead). The green arrowheads point to the coral gall crabs  Hapalocarcinus marsupialis 
(Cryptochiridae) that modify the morphology of the branch. (Photographs [a–e] courtesy of D. Shefy; [f] courtesy of Y. Shmuel.) 
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release (reproductive season), filling up the gastric cavities 

of the polyps during the peak of reproduction season. At the 

start, 4–16 oocytes per polyp develop; some are absorbed 

during the development in such a way that only a single 

mature egg at a specific time is left (Rinkevich and Loya 

1979a). The migration of the egg nuclei to the periphery sig

nals that the eggs are ready for fertilization (Rinkevich and 

Loya 1979a). Larval development is assumed to take 14 days, 

but the whole development process was not studied (Fan and 

Dai 2002;  Rinkevich and Loya 1979b). Planulae develop in 

most polyps (except for the sexually sterile branch tips), and 

upon the release of the larva from a specific polyp, another 

oocyte becomes ready for fertilization. A mature planula has 

an organized ectodermal epithelium and a less organized 

gastrodermis loaded with zooxanthellae, separated by a thin 

mesoglea, and has six pairs of mesenteries (Figure 11.2a, b) 

(Atoda 1947a ;  Fan and Dai 2002;  Rinkevich and Loya 1979a ; 

Scucchia et al. 2020). Further, planulae of S. pistillata from 

the Red Sea (not observed in other planulae, including of 

S. pistillata from other places) show temporary extensions 

from the body wall, consisting of ectodermal-mesogleal 

material (“filaments”) and extensions containing endoder

mal epithelium only (“nodules”) that regularly appear and 

absorb (Rinkevich and Loya 1979a). The developing larvae 

are flexible in their morphologies, and, while globular upon 

release, they appear as pear-like, disk-like or rod-like struc

tures (Figure 11.2a, b) (Atoda 1947a ;  Rinkevich and Loya 

1979a). Planulae of S. pistillata that are released from shal

low water gravid colonies are fluorescent (Grinblat et al. 

2018;  Rinkevich and Loya 1979a ;  Scucchia et al. 2020), with 

a lower expression of the green fluorescence protein (GFP) 

gene in planulae originating from >30 m colonies (Scucchia 

et al. 2020). It has further been documented that planulae 

start to precipitate minerals in the form of small crystals 

that may assist in rapid calcification upon settlement (Akiva 

et al. 2018). 

11.6	 GENOMIC DATA 

Advances, reduced costs of sequencing and improved tech

nologies over the past decade enabled the recent sequenc

ing and assembling of the  S. pistillata genome (the full  

sequenced genome can be found at  http://spis.reefgenomics. 

org/) (Banguera-Hinestroza et al. 2013;  Voolstra et al. 2017 ). 

The sequenced genome enabled studies on evolutionary 

adaptation and origin of this species (Voolstra et al. 2017),  

algae–host relationships, gene expression analyses (Barott et 

al. 2015b;  Gutner-Hoch et al. 2017;  Karako-Lampert et al. 

2014;  Liew et al. 2014;  Maor-Landaw and Levy 2016 ) and 

studies on epigenetics (Dimond and Roberts 2016;  Liew et al. 

2018). Results further revealed the genes involved in stressed 

(and not stressed) colonies as the molecular mechanisms for 

adaptation to global change impacts. S. pistillata mitochon

drial DNA (mDNA) was used to investigate phylogenetic 

aspects, species delineation and the taxonomical status of 

this species (Chen et al. 2008;  Flot et al. 2011;  Keshavmurthy 

et al. 2013;  Klueter and Andreakis 2013;  Stefani et al. 2011), 
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further elucidating that the origin of  S. pistillata is from the 

west Indian ocean and that this species presents of up to six 

distinct morphs. Molecular markers such as ITS1, ampli

fied fragment length polymorphism (AFLP) and allozymes 

were used to assess the genetic structure among different  S. 
pistillata populations, within populations and coral recruits 

(Amar et al. 2008;  Ayre and Hughes 2000;  Douek et al. 2011; 

Takabayashi et al. 2003;  Zvuloni et al. 2008) yet are too few 

to reveal clear genetic landscapes. 

11.7	 FUNCTIONAL APPROACHES: TOOLS FOR 
MOLECULAR AND CELLULAR ANALYSES 

Despite the claim that  S. pistillata is a “weedy species”  

(Loya 1976), the biological characteristics of this species, 

such as its fast growth rates, abundance and long reproduc

tive season, made  S. pistillata a model animal in a wide 

range of ecological settings and for functional approaches. 

It also helped that while  S. pistillata colonies present several 

color morphs (Figure 11.1b, c) (Stambler and Shashar 2007 ), 

this diversity has no connection to either ecological feature 

studied (Rinkevich and Loya 1979b, 1985b). 

11.7.1	 THE USE OF S. PISTILLATA AS A MODEL 

SPECIES IN STUDIES ON CLIMATE CHANGE 

AND ANTHROPOGENIC IMPACTS 

The decline of coral reef resilience and persistence due to 

anthropogenic impacts and global warming is of great con

cern for the future of reef ecosystems (Bindoff et al. 2019). 

S. pistillata has further served as a model species for ana

lyzing a wide range of stressors on corals and symbionts, 

on various life history parameters and on coral adaption to 

changing environments. These studies further examined the 

holobiont (coral/algal) symbiotic relationships on the whole-

organism level (respiration, calcification rates, survival and 

photosynthesis), on the cellular level (organelles, lipids, pro

teins and stress-related proteins) and on a molecular level 

(DNA damage, gene expression and symbiont identity). In  

these studies,  S. pistillata colonies are often used for eluci

dating coral responses to thermal stress (increasing of sea

water temperatures), with consequences that are determined 

by the specific zooxanthellae species and the coral genotype 

subjected to specific stress conditions (Sampayo et al. 2008), 

further associated with alteration in the symbiont clades  

toward more physiologically suited algal populations (Fitt et 

al. 2009;  Sampayo et al. 2016 ). 

Ex-situ and  in-situ experiments with  S. pistillata revealed 

damages to the thylakoid membranes of the symbiotic 

algae when colonies are exposed to elevated temperatures 

and increased light intensities (Tchernov et al. 2004), also 

following other biological and physiological stresses, all 

expressed with induced photoinhibition and decreased 

photosynthesis (Bhagooli and Hidaka 2004;  Cohen and 

Dubinsky 2015;  Falkowski and Dubinsky 1981;  Franklin et 

al. 2004;  Hawkins et al. 2015;  Hoegh-Guldberg and Smith 

http://spis.reefgenomics.org
http://spis.reefgenomics.org
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1989b;  Yakovleva et al. 2004), reduced algal density with 

time (Abramovitch-Gottlib et al. 2003;  Biscéré et al. 2018; 

Cohen and Dubinsky 2015) and decreased protein concen

tration (Falkowski and Dubinsky 1981;  Hoegh-Guldberg 

and Smith 1989b;  Rosic et al. 2020). When evaluating the 

impacts on the host S. pistillata and its responses, studies 

documented that elevated temperatures increase coral respi

ration (Hall et al. 2018;  Hoegh-Guldberg and Smith 1989b; 

Reynaud et al. 2003); enforced impacts on calcifi cation rates 

(mixed results, increase or decrease;  Abramovitch-Gottlib  

et al. 2003;  Biscéré et al. 2018;  Hall et al. 2018;  Reynaud et 

al. 2003); decreased protein and lipid contents (Falkowski 

and Dubinsky 1981;  Hall et al. 2018;  Rosic et al. 2020); 

imposed fluctuations in ROS     and antioxidant enzymes    ) such 

as superoxide dismutase [SOD], catalase [CAT], ascorbate 

peroxidase [APX], glutathione S-transferase [GST] and 

glutathione peroxidase [GPX]), primarily if light stress 

was co-involved (Hawkins et al. 2015;  Saragosti et al. 2010; 

Yakovleva et al. 2004); and increased coral mortality rates 

(Dias et al. 2019). These physiological responses are further 

reflected in gene expression patterns, including the upregu

lation of key cellular processes associated with heat stress 

such as oxidative stress, energy metabolism, DNA repair 

and apoptosis (Maor-Landaw and Levy 2016). While it is a 

possibility that higher-latitude  S. pistillata populations show 

a general improved tendency for adaptation to temperature 

changes (Pontasch et al. 2017), the suggestion that  S. pistil-
lata from the Red Sea specifically went through evolutionary 

adaptation to heat stress (Fine et al. 2013) made this species 

a model animal for experiments examining climate change 

impacts on corals (Bellworthy and Fine 2017;  Bellworthy et 

al. 2019;  Bellworthy et al. 2019;  Hall et al. 2018;  Grottoli et 

al. 2017;  Krueger et al. 2017). Other studies examined the 

ecological consequences of global change, such as on allo

geneic and xenogeneic interactions (Horwitz et al. 2017). 

Following the results that  S. pistillata colonies accumu

late metal from seawater (Ali et al. 2011;  Al-Sawalmih et al. 

2017;  Ferrier-Pagès et al. 2005), studies have further inves

tigated  S. pistillata holobiont responses to metal pollution 

and the combined effects with warming seas. High concen

trations of copper have negative impacts on the holobiont,  

expressed as a decrease in photosynthesis effi ciency, algal 

density, host respiration rate and host protein and increase in 

SOD activity, especially when combined with elevated tem

perature (Banc-Prandi and Fine 2019).  Biscéré et al. (2018) 

further found that while manganese (Mn) enhances cellular 

chlorophyll concentration and photosynthesis effi ciency and 

increases  S. pistillata resistance to heat stress, and iron (Fe) 

positively affects the holobiont and symbionts (Biscéré et al. 

2018; Shick et al. 2011), seawater enriched with Mn and iron 

decreases calcification and induces bleaching. Increased 

concentrations of Cobalt (Co) inflicted decreased growth 

rates under ambient pH conditions and in lower-pH water 

but had no impacts on photosynthesis under ambient pH 

conditions (Biscéré et al. 2015). 

Numerous studies used  S. pistillata as a model coral spe

cies to investigate the impacts of a wide range of pollutants 

on corals, such as oil pollution, sunscreen lotion detergents 

and eutrophication. Results revealed that some sunscreen 

ingredients might induce extensive necrosis in the coral’s 

epidermis and gastrodermis layers (Downs et al. 2014), 

impair photosynthetic activity (Fel et al. 2019) and promote 

viral infection followed by bleaching (Danovaro et al. 2008). 

In-situ and  ex-situ experiments showed that crude oil and 

its derivatives have a destructive effect on sexual repro

duction in S. pistillata by reducing the number of female  

gonads per polyp (Rinkevich and Loya 1979c), by induc

ing the abortion of planulae (Epstein et al. 2000;  Loya and 

Rinkevich 1979), by decreasing the settlement rate (Epstein 

et al. 2000), through DNA damage (Kteifan et al. 2017) 

and by intensifying coral and larval mortalities (Epstein 

et al. 2000). The same applies to detergents in seawater 

that impair basic  S. pistillata biological features (Shafi r et 

al. 2014) and anti-fouling compounds (Shafir et al. 2009). 

Studies also revealed that under various scenarios for nutri

ent-enriched environments, eutrophication even enhances 

S. pistillata performance, as colonies exhibited increased  

growth rates (Bongiorni et al. 2003a,  2003b), increases in 

host mitochondrial and protein concentrations (Kramarsky-

Winter et al. 2009;  Sawall et al. 2011), decreases in oxida

tion (Kramarsky-Winter et al. 2009) and increases in teste 

and egg numbers with a decrease in their size (Ammar et 

al. 2012;  Bongiorni et al. 2003a). The healthy physiological 

status, in contrast to lab experiment results, suggests that the 

corals gain more energy through heterotrophy (increase in 

zooplankton) rather than autotrophy (Rinkevich 2015c). 

Light has a significant role in marine invertebrates’ bio

logical clocks and is a cue in the regulation of circadian 

rhythms (zeitgeber) and physiological processes. Therefore, 

S. pistillata was further used as a model species for light pol

lution, following the observation that the coral reefs in the 

northern tip of the GOA/E, Red Sea, are heavily subjected 

to artifi cial light pollution at night (ALAN) (Aubrecht et al. 

2008; Tamir et al. 2017). Shefy et al. (2018) postulated that 

changes in the length of the reproductive season in  S. pistil-
lata from Eilat might be the outcomes of increased ALAN 

in the last four decades. Further, reduced settlement rates 

were recorded in planulae exposed to ALAN as compared 

to regular light regimes, and a year upon settlement, the 

formerly impacted young colonies exhibited lower photo

synthesis efficiency, albeit higher survival, growth and calci

fication rates (Tamir et al. 2020). Adult  S. pistillata colonies 

as their symbionts showed increased oxidative damage in 

lipids and increased respiration rate and experienced loss of 

symbionts and enhanced photoinhibition at decreased pho

tosynthetic rates (Levy et al. 2020). 

11.7.2 LARVAL COLLECTION AND SETTLEMENT 

As mentioned, S. pistillata is a brooding coral with a long 

reproduction season in some bio-geographical areas. By 

using this reproduction strategy, scientists can also use the 

planulae of S. pistillata as a model animal. In order to catch 

planulae easily, a planulae trap is used (Akiva et al. 2018; 
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FIGURE 11.3 A shallow reef in Eilat, Gulf of Aqaba/Eilat domi

nated by colonies of S. pistillata. The future reefs (“reefs of tomor

row”) will be dominated by a small number of species and lower 

diversity but may still keep their 3D structure and substrate com

plexity. (Photograph courtesy of D. Shefy.) 

Amar et al. 2007,  2008;  Douek et al. 2011;  Horoszowski-

Fridman et al. 2020;  Linden et al. 2018 ,  2019;  Linden and 

Rinkevich 2011,  2017;  Rinkevich and Loya 1979b,  1987; 

Scucchia et al. 2020;  Shefy et al. 2018;  Tamir et al. 2020; 

Zakai et al. 2006). This is a trap that is similar to a plankton 

trap but on a smaller scale, and its use is passive (no need to 

tow) (Amar et al. 2007;  Rinkevich and Loya 1979b;  Zakai 

et al. 2006 ). The planulae are released from the colony 

at night and have positive buoyancy in the first few hours 

after release. As a result, the trap should be placed slightly 

before sunset and picked up in the early morning or in the 

middle of the night. The released planulae are trapped in a 

jar that is located at the top of the traps. Because in some 

bio-geographical regions, S. pistillata does not reproduce 

according to the lunar phase, and the reproduction season is 

long, planulae can be collected with few limitations on dates. 

In contrast to in-situ collection with planulae traps, ex-situ 
collection of planulae does not require a trap. Nevertheless, 

ex-situ planulae collection results in a lower number of plan

ulae per colony that do not represent the planulae yield in the 

field ( Zakai et al. 2006). To the best of our knowledge, sexual 

reproduction of S. pistillata has never been documented in a 

closed-system aquarium. Large amounts of planulae during 

the majority of the year also enable the study of settlement or 

early life stages  (Amar et al. 2007,  2008; Atoda 1947a;  Baird 

and Morse 2004;  Heyward and Negri 2010;  Nishikawa et 

al. 2003;  Putnam et al. 2008;  Rinkevich and Loya 1979a ; 

Tamir et al. 2020). As mentioned earlier, the planulae of S. 
pistillata are not very selective for substrate and may settle 

on smooth materials (like microscope slides) without the 

presence of red algae such as in other coral species (Atoda 

1947b;  Nishikawa et al. 2003;  Putnam et al. 2008;  Rinkevich 

and Loya 1979a). Planulae which settled on the water sur

face can be resettled (Frank et al. 1997 ). By using a fi ne 
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small brush, one can gently move the floating primary pol

yps to the desired substrate. 

11.7.3 ESTABLISHING ALLORECOGNITION ASSAYS 

This species is commonly used to elucidate the nature and 

dynamics of intraspecific interactions (between  S. pistillata 
individuals) and interspecific interaction (between S. pistil-
lata colonies and other species in the reef) and to elucidate 

“self” and “non-self” recognition. Studies clearly showed 

that a  S. pistillata colony might distinguish between differ

ent neighbors and responds differentially to different allo

geneic and xenogeneic challenges (Chadwick-Furman and 

Rinkevich 1994;  Frank et al. 1997;  Frank and Rinkevich 

1994;  Müller et al. 1984;  Rinkevich 2004,  2012;  Rinkevich 

and Loya 1985a 1985b). By detecting degraded tissues at 

contact areas between adjacent coral species in the fi eld, 

Abelson and Loya (1999) and  Rinkevich et al. (1993) defi ned 

linear and circular aggression hierarchies among coral spe

cies in the GOA/E where  S. pistillata has emerged as one 

of the inferior partners in the hierarchies of interspecifi c 

interactions. Employing grafting assays, whether  in-situ or 

ex-situ settings, gained control of the participants’ identity 

in the interaction. Experiments with grafts were conducted 

by simple methodologies such as attaching allogeneic coral 

fragments by laundry clips. Conducting hundreds of allo

genic assays, Rinkevich and Loya (1983a) and  Chadwick-

Furman and Rinkevich (1994) further confirmed the control 

of genetic background on intra- and interspecifi c interac

tions in  S. pistillata. While allografts (interaction between 

different  S. pistillata genotypes) will have an array of dif

ferent responses (Figure 11.1e), iso-grafts (within the same 

S. pistillata genotype) will fuse upon direct tissue contacts 

(Chadwick-Furman and Rinkevich 1994;  Müller et al. 1984; 

Rinkevich and Loya 1983a), some of which are the outcome 

of the secretion of isomones—unknown chemical sub

stances that are released into the water column (Rinkevich 

and Loya 1985a). In  S. pistillata, adult genotypes do not 

fuse, yet, in the early life stages of the coral, fusion may 

occur in zero- to four-month-old colonies (Amar et al. 2008; 

Amar and Rinkevich 2010;  Frank et al. 1997 ). Genetic relat

edness was observed to affect the fusion rates between juve

niles, where young colonies that shared at least one parent 

(kins) had higher fusion rates than non-siblings (Amar et al. 

2008;  Amar and Rinkevich 2010;  Frank et al. 1997; Shefy, 

personal communication). 

11.7.4 POPULATION GENETICS 

Since kin relatedness level (coefficient of relationship) may 

influence genetic diversity, and larval connectivity may affect 

the intraspecific interactions within a population and conse

quently shape population fitness, it is necessary to under

stand the population genetics in and between different reefs. 

A comparison of microsatellites or other genetic markers 

of gravid colonies and planulae among different reefs may 

reveal connectivity and genetic flow processes and patterns. 
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Elements of population genetic structures of  S. pistillata 
populations were studied along the GBR, Okinawa and 

GOA\E, revealing a high contribution of sexual reproduction 

to the populations (Ayre and Hughes 2000;  Takabayashi et 

al. 2003;  Zvuloni et al. 2008). Yet significant differences in 

polymorphic allozyme loci diversity were recorded between 

populations in the same geographical region, implying low 

levels of connectivity but sufficient genetic diversity to 

maintain gene flow among reefs (Ayre and Hughes 2000). 

The low genetic flow among reefs is also related to the fast 

settlement rates of most released larvae, where the vast 

majority of the planulae metamorphose 24–48 hours upon 

release, a time scale that is varied between early and late 

phases of the reproduction season (Nishikawa et al. 2003; 

Amar et al. 2007;  Rinkevich and Loya 1979a). Yet there are 

no detailed population genetics studies that employed highly 

polymorphic markers, reinforcing the need to develop addi

tional efficient and inexpensive tools. 

11.7.5	 ESTABLISHING S. PISTILLATA AS A MODEL 

ORGNISM FOR REEF RESTORATION 

The accelerating climate change and its effects on the coral 

reefs and the recognition that passive management measures 

(such as the declaration of marine protected areas) are not 

enough to cope with climate change (Bindoff et al. 2019; 

Rinkevich 2008) have raised the need for active reef resto

ration ( Rinkevich 1995 ,  2000 ,  2005 ,  2014 ,  2015a , 2015b). 

Much of the work published on active reef restoration has 

emerged as of the end of the 1990s and has considered 

colonies of S. pistillata for the research and development 

of new reef restoration methods and approaches. Most of 

the colonies that were maintained in the fi rst constructed 

floating nurseries in the GOA/E, including microcolonies 

and 2–5-cm-long fragments of S. pistillata, exhibited fast 

growth rates and high survival rates (Epstein et al. 2001; 

Linden and Rinkevich 2017;  Linden et al. 2018;  Rinkevich 

2000 ;  Shafir and Rinkevich 2010;  Shafir et al. 2001,  2003, 

2006b). The same applied to transplantation acts performed 

in Eilat and other Indo-Pacific sites (Golomb et al. 2020; 

Horoszowski-Fridman et al. 2015;  Horoszowski-Fridman et 

al. 2020). S. pistillata was further used in various ecological 

engineering approaches. To achieve higher genetic diversity, 

several studies (Linden and Rinkevich 2011,  2017; Linden et 

al. 2019) worked on  S. pistillata planulae as source material 

for reef restoration. They collected planulae and reared them 

in two ways: (1)  in situ, using a special designated settlement 

box that allowed the planulae to settle  in situ on artifi cial 

substrates (Linden et al. 2019), and (2)  ex situ, in outdoor 

aquarium systems (Linden and Rinkevich 2011), and then 

developing spat were moved and farmed in fl oating nurser

ies (Linden and Rinkevich 2011,  2017). Several versions of 

methodologies adopted various colony orientations (vertical 

or horizontal), protection methods against predation (in or 

out of cages) and locations in the nursery. These developing 

methods yielded high survival rates, involved minimal main

tenance in the developing spat and successfully enhanced 

genetic diversity. By harnessing the ability of isogeneic frag

ments to fuse,  Rachmilovitz and Rinkevich (2017 ) formed, 

within six to seven months, fl at S. pistillata tissue plates 

from glued fragments on plastic tiles in the purpose of creat

ing two-dimensional corals units (that can cover degraded 

substrates). Furthermore, it was shown that nursery-farmed 

coral colonies that had been transplanted into a degraded 

reef at Eilat (Dekel Beach) revealed higher fecundity  

(Horoszowski-Fridman et al. 2020) than native colonies, and 

when transplanted with other species, they attracted planu

lae settlement (Golomb et al. 2020). Harnessing chimerism, 

the fusion between different genotypes (possible during 

only at early life stages), has also been proposed as an active 

reef restoration tool to mitigate climate change impacts 

(Rinkevich 2019b). Chimerism can benefit the coral entity 

by causing increased sizes, high genotypic diversity and and 

enhanced phenotipic plasticity. 

11.8	 CHALLENGING QUESTIONS BOTH IN 
ACADEMIC AND APPLIED RESEARCH 

Out of the many challenging topics associated with the use 

of S. pistillata as a model system for coral biology, three 

challenging topics are outlined in the following as being of 

primary importance in the biology of this species. 

11.8.1	 BIOMINERALIZATION 

The mechanisms controlling coral calcification at the molec

ular, cellular and entire tissue levels are still not fully under

stood. Over the past few decades,  S. pistillata has been used 

as one of the model organisms for studying calcifi cation in 

corals. Although numerous papers has been published, the 

calcification process remains an enigmatic biological phe

nomenon, as its nature, including physiochemically con

trolled mechanisms or its biologically mediated machinery, 

have not yet been resolved (Allemand et al. 2011). Within 

the last three decades, numerous studies have engaged 

with various aspects of coral calcification, while many of 

them have used S. pistillata as the model organism for cor

als (Allemand et al. 2004;  Drake et al. 2019;  Falini et al. 

2015). As mentioned earlier, the calcifying tissue is the cali

coblastic layer, an epithelium attached to the skeleton with 

desmocytes (Muscatine et al. 1997;  Raz-Bahat et al. 2006; 

Tambutté et al. 2007), thus found in direct contact with the 

skeleton surface (Tambutté et al. 2007). The calicoblastic 

ectoderm produces the extracellular matrix (ECM) proteins 

that are secreted to the calcifying medium and remain pre

served in the skeleton organic matrix (Allemand et al. 2011). 

Coral skeletal aragonite is produced within the ECM, which 

is secreted into semi-enclosed extracellular compartments 

and composed of a few nano-micrometers-thick matrix ele

ments (Mass et al. 2017a ;  Sevilgen et al. 2019;  Tambutté et 

al. 2007). The cells in the calicoblastic layer are connected 

through tight junctions that control the diffusion of mole

cules to the ECM (Barott et al. 2015a;  Raz-Bahat et al. 2006; 

Tambutté et al. 1996 ,  2007,  2012;  Zoccola et al. 1999,  2004). 
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This paracellular pathway depends on the charge and size of 

the molecules (Tambutté et al. 2012). Furthermore, a second 

path of calcium ions to the center of calcification through an 

intracellular pathway was proposed. By using  in vitro pri

mary cell cultures of S. pistillata and employing antibodies 

against ion transporters, several studies (Barott et al. 2015a ; 

Mass et al. 2012,  2017a) showed that calcium is concentrated 

in intracellular pockets and is exported to the site of calcifi 

cation via vesicles (Ganot et al. 2020). Dissolved inorganic 

carbon (DIC) can diffuse from the coral tissue to the ECM 

(Furla et al. 2000) or, alternatively, be transported via bicar

bonate transporters from the calicoblastic cells’ cytosol to 

the ECM ( Zoccola et al. 2015). The transport of proteins 

and minerals to the ECM is influenced and mediated by 

environmental parameters such as temperature, pH, calcium 

saturation levels, pollutants and enzymes (Al-Sawalmih 

2016;  Allemand et al. 2004;  Furla et al. 2000;  Gattuso et al. 

1998;  Gutner-Hoch et al. 2017;  Malik et al. 2020;  Puverel 

et al. 2005;  Zoccola et al. 1999,  2004,  2015). It is suggested 

that high amounts of acidic amino acids and glycine in the 

ECM (Puverel et al. 2005) allow the control of its chemi

cal composition by increasing pH and DIC concentration 

above the surrounding water and enable the formation of 

aragonite (Drake et al. 2019;  Venn et al. 2011). The skeletal 

organic matrix within the skeletal framework contains at 

least 60 proteins and glycosylated derivatives which remain 

entrapped within the crystalline units (Allemand et al. 2011; 

Drake et al. 2013;  Mass et al. 2014;  Peled et al. 2020;  Puverel 

et al. 2007). The calicoblastic tissue secretes amorphous 

nano-calcium carbonate particles in the created microenvi

ronments enriched in organic material aggregates that then 

crystallize to create ordered aragonitic structures (Mass et 

al. 2012,  2017b;  Von Euw et al. 2017 ). S. pistillata colonies 

grow their skeletons from the centers of calcifi cation areas 

of spherulitic shapes (radial distributions of acicular crys

tals), forming bundles of aragonite crystals (Sun et al. 2017, 

 2020 ). 

11.8.2	 TAXONOMY 

S. pistillata is considered a model organism in research 

and has been the focus of coral research over the past four 

decades. This species is widely distributed in the Indo-Pacifi c 

region and represented by numerous morphological varia

tions (morphotypes) associated with different reef habitats, 

geographical regions and reef depth zones (Figures 11.1b, 

c, d, 11.3). Thus, for comparative studies, it is imperative to 

ensure its correct taxonomy and species delineation. Using 

molecular markers (mitochondrial and nuclear genes), aided 

by comparisons of morphological characteristics, enabled 

scientists to point toward the west Pacific and not the coral 

triangle, like for other corals, as the origin of  S. pistillata 
(Flot et al. 2011;  Stefani et al. 2011).  Keshavmurthy et al. 

(2013) further revealed the presence of cryptic divergence 

and four distinct evolutionary lineages (clades) within S. pis
tillata across its distribution range: clade 1 is distributed in 

the Pacific Ocean (Klueter and Andreakis 2013), clade 2 is 
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distributed over the Indian Ocean and clade 3 is found in 

the west Indian Ocean. The distribution of the fourth clade 

overlaps with clades 2 and 3, but this clade inhabits the Red 

Sea as well (Keshavmurthy et al. 2013). In contrast,  Arrigoni 

et al. (2016 ) postulated that the different species of the genus 

Stylophora found in the Red Sea are actually ecomorphs 

of a single phenotypically plastic species that belong to a 

single molecular lineage. Further analyses are thus needed 

to evaluate the taxonomic status of  S. pistillata and whether 

other species of  Stylophora represent valid endemic species 

arising from speciation or locally emerged ecomorphs of S. 
pistillata that had been adapted to different environmental 

conditions (depth, temperature, etc.). 

11.8.3	 AGING 

How long can a colony of  S. pistillata live? Are colonies 

that Jacques Cousteau  saw still alive? Some of the coral 

species attain considerable ages (>400 years), but others 

have a shorter life span (reviewed in  Bythell et al. 2018). 

The life span of  S. pistillata was never followed in detail, 

but studies assumed it to be in the range of 20–30 years 

(Rinkevich, personal communication). Before natural death, 

a colony exhibits a decrease in the rate of reproduction, tis

sue degradation and a decrease in growth (Rinkevich and 

Loya 1986). Aging in such colonial species is of great inter

est, and telomeres can be used in the research as molecu

lar markers of aging due to the common loss of telomeres 

repeating in other aging multicellular organisms, including 

humans. Additionally, coral stem cells, which can be used as 

another marker for aging, are not yet known in  S. pistillata, 

nor in other coral species. Decreased regeneration abilities 

in some colonies could also be related to stem cell aging (Y. 

Rinkevich et al. 2009). Hence,  S. pistillata may be used as 

a model species for aging and stem cell biology research of 

corals in general. 

11.8.4	 INTERACTIONS WITH ASSOCIATED 

SPECIES THAT COLONIZE HARBORS 

S. pistillata is an ecologically important key species, con

sidered an r-strategist (Loya 1976 ) and an ecological engi

neering species (Rinkevich 2020) that harbors on branches, 

between branches and within the skeleton a wide range of fi sh 

species and species of large invertebrates, including cryptic, 

boring and encrusting organisms such as sponges, bivalves, 

polychaetes, crabs and others (Figure 11.2e, f) (Barneah 

et al. 2007;  Belmaker et al. 2007;  Berenshtein et al. 2015; 

El-Damhougy et al. 2018; Mbije et al. 2019;  Garcia-Herrera 

et al. 2017;  Goldshmid et al. 2004;  Kotb and Hartnoll 2002; 

Kuwamura et al. 1994;  Limviriyakul et al. 2016;  Mohammed 

and Yassien 2013;  Mokady et al. 1991,  1993,  1994;  Pratchett 

2001;  Rinkevich et al. 1991;  Shafir et al. 2008). Some of these 

organisms are commensals; others are corallivores, passing 

organisms or symbionts. The nature of such interactions is 

not always explicit.  Garcia-Herrera et al. (2017 ) found that 

Dascyllus marginatus fish that are fanning their fi ns keep 
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oxygen levels high during the night hours in the inner spaces 

of the colony between branches, where the photosynthetic 

oxygen levels are decreased (Shashar et al. 1993). Trapezia 
cymodoce, a xanthid crab which lives between  S. pistillata’s 

colony branches, grazes on the coral tissue (Rinkevich et 

al. 1991), yet colonies harboring this “parasitic” crab dem

onstrated higher survival rates (Glynn 1983), partly due to 

their aggressive behavior toward predators (Pratchett 2001). 

Some of the species live exclusively on/in  S. pistillata colo

nies, including the gobiid fi sh Paragobiodon echinocephalus 
(Belmaker et al. 2007;  Kuwamura et al. 1994) and the boring 

bivalve Lithophaga lessepsiana (Mokady et al. 1994). While 

very little is known about such biological associations, bor

ing organisms such as bivalves and crustaceans can modify 

the colony morphology (Abelson et al. 1991). These associa

tions become a challenging question, further highlighted by 

reef restoration acts that consider the whole reef communities 

and not solely the coral transplants. 
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