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CHAPTER 

1

General Introduction and Thesis Outline

CORAL REEFS AND CONSERVATION

Coral reefs, the most diverse ecosystems of the sea, are increasingly threatened by natural and anthropogenic disturbances (Grigg and Dollar, 1990; Veron, 1992). Sedimentation (Chansang et al., 1982), sewage and eutrophication (Bell, 1992; Grigg, 1994), dive tourism (Price and Firaq, 1996; Rouphael and Inglis, 1997) and the collection of coral specimens for the trade and for supplying public aquariums (Best, 2002; Green and Shirley, 1999) play a major role in the decline of today’s reefs.

Scleractinian corals, the key organisms of coral reefs, build a complex physical structure, which offers diverse ecological niches of multiple trophic interactions. This makes a coral reef to an oasis in the nutrient-desert of oligotrophic waters usually found in the tropics (Schuhmacher, 1976). An endosymbiosis with dinoflagellates (Symbiodinium spp.; = zooxanthellae) may lead to 10x higher calcification rates compared to azooxanthellate scleractinians (see Schuhmacher and Zibrowius, 1985). The net growth rate of a healthy coral reef is about 1 cm per year. Damages, caused by storms and by other natural factors, can be rapidly repaired (Schuhmacher, 1976). However, an increase of global and local threats such as rising sea temperatures and urban activities substantially disturb this fragile endosymbiosis and the whole balance of the ecosystem. This results in a gradually decrease of scleractinian coral cover and an overall decline of biodiversity (Veron, 1992, Glynn, 1993; Brown, 1997a, 1997b).   

Therefore, conservation is an important goal of today’s coral reef research. New restoration methods are developed such as the installation of artificial reefs and the transplantation of nubbins (Van Treeck and Schuhmacher, 1997; Schuhmacher et al., 2000; Schuhmacher, 2002). The application of sexual reproduction offers new possibilities for coral reef restoration, and to sustainably supply public aquariums and the commercial trade (Rinkevich and Shafir, 2000; Petersen and Tollrian, 2001; Heyward et al., 2002; Hatta and Iwao, 2003). 

REPRODUCTION IN CORALS

Corals have evolved a tremendous diversity of asexual and sexual reproductive modes, (Fadlallah, 1983; Harrison and Wallace, 1990). The importance of asexual and sexual reproduction may differ species-specifically (Wallace, 1985). Therefore it is necessary to carefully evaluate for each species which mode is appropriate for ex situ propagation. 

Asexual reproduction

Most reefbuilding corals are colonial animals, which undergo extra- or intrapolypal fission to develop new clones within a colony (Schuhmacher, 1976). Asexual propagules can be developed via budding (Zibrowius, 1985), polyp bail-out (Sammarco, 1982), polyp balls (Rosen and Taylor, 1969), anthocauli (Krupp et al., 1993) and skeleton fragmentation (Highsmith, 1982). New asexual modes such as polyp vesicles and polyp extrusion have been recently discovered (Borneman, personal communication). Due to the high plasticity of cnidarian tissue, the spectrum of asexual modes might be much wider (Harrison and Wallace, 1990).

Sexual reproduction
Three major steps characterize sexual reproduction in corals: (1) larval development including gametogenesis and fertilization, (2) larval planktonic stage and settlement, and (3) early development of post-settlement stages.

(1) Two principle modes can be distinguished: (A) brooding (internal fertilization, release of settlement competent planulae) and (B) broadcast spawning (external fertilization, planktonic embryogenesis). Most studied corals are simultaneous hermaphrodites (female and male gonads within a polyp); some species are gonochoric (one sex per colony). Exceptions are given: e.g. Astroides calycularis colonies are hermaphroditic with male and female polyps (Fadlallah, 1983), intracolonial polyps of Porites astreoides can be gonochoric and hermaphroditic (Chornesky and Peters, 1987). Brooding and spawning have been observed within one species located at different geographic regions (Fadlallah, 1983) and, in some regions, even within populations of the same locality such as Pocillopora damicornis (Ward, 1992), Goniastrea aspera (Nishikawa, personal communication) and Oulastrea crispata (Lin, personal communication). Depending on the species-specific properties and colony size, scleractinian corals may reach maturity after 3-5 years (Kojis and Quinn, 1985; Harrison and Wallace, 1990). 

Most brooders have multiple gametogenic cycles while most spawners only have one annual gametogenic cycle. Cycles usually show lunar periodicity (Szmant-Froehlich et al, 1985; Szmant, 1986). Gametes of broadcast spawning species are synchronically released within a few nights soon after full moon. Multiple species spawning events have been observed in various geographic regions such as Eastern Australia (Babcock et al., 1986), Okinawa (Hayashibara et al. 1993) and Curaçao (Van Veghel, 1993). It is assumed that annual temperature cycles determine the month of spawning, the moon cycle defines the day, and the sunset determines the precise hour of spawning in a time frame of minutes (Jokiel et al., 1985; Babcock et al., 1986; Fukami et al., 2003). Egg-sperm bundles formed by each polyp or single gamete cells drift to the water surface where fertilization takes place. Sperm release in brooders can be lunar related (Szmant-Froehlich et al., 1985; Delvoye, 1988). Spermatozoa enter the polyp via the mouth and pharynx; fertilization takes place in the gastrovascular cavity where oocytes are located (Harrison and Wallace, 1990, Richmond, 1997). Although most brooders show a clear lunar rhythm of planulation (Fadlallah, 1983; Szmant-Froehlich et al., 1985), in some species a cycle could not be found (Van Moorsel, 1983).  

Larvae of brooders are mostly bigger and already contain zooxanthellae; those of spawners are relatively small and usually obtain their symbiotic algae after settlement (Richmond, 1997). Although brooded larvae may settle within a few hours after release, they can stay in the water column for 100-200 days, if conditions are not appropriate for settlement (Fadlallah, 1983). Larvae of broadcast spawners are at least 2.5 days planktonic till they reach settlement competency (Miller and Mundy, 2003), a maximum planktonic period of 70 days was estimated from laboratory experiments (Wilson and Harrison, 1998).

(2) A crucial step in the life history of corals represents the settlement process: the change from a mobile planktonic stage into a sessile polyp. Therefore, choosing the ideal settlement location is essential for the further survival of the genotype. Within limits, the settlement spot can be corrected through reversible metamorphosis of the primary polyp (Richmond, 1985) and moving over the substrate, which is usually within the scale of a few centimeters (Vermeij and Bak, 2002a). Nevertheless, environmental conditions, which influence the recruitment success, may highly differ within such a spatial scale (see Vermeij and Bak, 2002b). Settlement depends generally on specific biological inducers related to crustose coralline algae (Morse et al., 1996; Negri et al., 2001), light (Mundy and Babcock, 1998), sedimentation (Te, 1992), eutrophication (Tomascik, 1991), competition with algae (Tanner, 1995) and other cnidarians (Maida et al., 1995), grazing (Sammarco, 1980), and substrate orientation (Harriott and Fisk, 1987). It remains unclear, whether the orientation of the substrate plays an ultimate role in species-specific settlement patterns (Harriott and Fisk, 1987; Tomascik, 1991; Mundy and Babcock, 1998). 

(3) The early life stages until the settler becomes visible to the naked eye of a diver (= recruitment; Harrison and Wallace, 1990) plays an important role in the reproductive success. Survival and growth are influenced by various factors such as light (Babcock and Mundy, 1996), sedimentation and eutrophication (Hunte and Wittenberg, 1992), competition (McCook et al., 2001) and grazing (Sammarco, 1980; Sato, 1985; Sorokin, 1995). 

Although scleractinian corals may have a high fecundity of 240-2880 oocytes cm-2 in broadcast spawners and 48-528 oocytes cm-2 in brooders (calculated after Szmant, 1986), only a low percentage of propagules will settle and survive a period of more than 12 months. In general, 60-90% of settlers do not survive the initial 3-12 months (Sorokin, 1995). Field studies have shown that in Litophyton arboreum, of an estimated 1-3 · 106 larvae released only one established as a young colony (Gateno et al., 1998). 
EX SITU CULTURE AND PROPAGATION

Corals can be maintained in open and closed systems for extended periods of time attaining similar or even higher growth rates compared to those in the field (Carlson, 1987; Atkinson et al, 1995; Adey and Loveland, 1998). Asexual propagation, mainly by fragmentation, is a common tool applied by professionals and hobbyists to produce high amounts of asexual recruits (Borneman and Lowrie, 2001). Although sexual reproduction has been randomly observed in aquariums (Delbeek and Sprung, 1994; Adey and Loveland, 1998), only very few institutions have attempted to apply sexual reproduction as a tool to manage ex situ populations sustainably (Fan et al, 2000). Techniques have been developed to rear and culture larvae of broadcast spawners for reef restoration (Epstein et al., 2001; Hatta and Iwao, 2003; Heyward et al, 2002), which can serve as a starting point to implement sexual coral reproduction in public aquariums and in mariculture. It is out of question that the aim of future coral farming and captive population management will be the large-scale application of sexual reproduction (Delbeek, 2001; Petersen and Tollrian, 2001). 
THESIS OUTLINE

In order to establish mariculture techniques, I focused on the three essential steps of sexual coral reproduction (described above). Model species were chosen to study ex situ planulation, settlement and recruitment of reefbuilding corals. This dissertation contributes to fundamental knowledge of different fields of basic science (coral ecology) and applied science (mariculture and aquaculture). Therefore, I decided to divide my work in chapters dealing with specific subjects of these different fields. To ensure clearness, each chapter contains a brief introduction as well as the specific methods. Further on, the results are discussed in each chapter in detail with reference to relevant chapters; a general discussion at the end of the thesis gives a final conclusion on all chapters with special emphasize on 



possibilities and limitations in coral mariculture and on the establishment of breeding programs for endangered species.  

Following the World Zoo Conservation Strategy [IUDZG/CBSG (IUCN/SSC), 1993], public aquariums have an important role in nature conservation. The new Oceanium at Rotterdam Zoo was officially opened in 2001. Apart from raising public awareness through the display of the typical fauna and flora of different regions of the world’s oceans and coasts, conservation research and captive breeding of a maximum of the exhibited animals has been the philosophy from the beginning. Therefore, a marine laboratory co-ordinated by Michaël Laterveer was established, which in the present study served as the basis for experimental investigations. Additionally, the possibility to work in exhibits at the Rotterdam Zoo and in the field mainly in Curaçao, Netherlands Antilles, and partly in Akajima, Okinawa, created an ideal atmosphere to explore coral reproduction with regard to a potential application for ex situ population management. Due to the co-operation between Rotterdam Zoo and the Curaçao Sea Aquarium (CSA), the logistical background was given through David van Bergen, former park manager of the CSA, to carry out field-related experiments at Curaçao. Masayuki Hatta, who supported me already since my master thesis (see Petersen and Tollrian, 2001), ensured, together with Makoto Omori, an appropriate supply of planulae from the second field basis: Akajima Marine Science Laboratory (AMSL), Akajima, Okinawa, Japan.

The international aquarium community supported my attempts to evaluate the current status of sexual coral reproduction in public aquariums. In co-operation with the EUAC Coral ASP (Coral Animal Sustainability Program of the European Union of Aquarium Curators) a questionnaire was distributed via the common list servers (chapter 2). For the first time, an overview is given of species reproducing in aquariums. Using available literature and the results of this dissertation, principal trends are highlighted and techniques are outlined, which can also be applied by non-experienced staff to enhance the success in captive breeding. 

In the current project, several techniques were developed to create the basis for large scale ex situ breeding: (1) depending on the species, the acquisition of relatively big colonies may be necessary to initiate captive reproductive events. A new method was developed to transport heavy coral colonies for >30 hr attaining post-transport survival rates of 100% (chapter 3). Although the transported colonies of Montastraea annularis and Diploria strigosa (see Fig. 1C) did not spawn during the present study, the described method may serve for future activities in various fields. During the incubation period for inducing spawning, M. annularis interestingly exhibited a syndrome called Dark Spots Disease, possibly due to temperature stimulations. The current observations describing the characteristics of the disease under ex situ conditions were published in Gil-Agudelo et al. (2004). (2) The present thesis further establishes transportation techniques for coral larvae - an important tool to exchange propagules between institutions and to supply mariculture centers with larvae reared from field-collected gametes. I studied the transportation of planulae of D. strigosa from Curaçao, and of Acropora tenuis (Fig. 1A) and A. digitifera from Akajima to Rotterdam (chapter 4). (3) Pre-studies, which I carried out during my master thesis (Petersen and Tollrian, 2001) indicated the necessity to create settlement substrates, which meet the specific needs of mariculture. Special designed ceramic tiles enabled me to control larval settlement of Favia fragum (Fig. 1B) and of Acropora tenuis species-specifically in a spatial scale of millimeters. The tiles can be used for research as well as for the mass production of recruit-units (chapter 5). 

For the first time, a full life cycle of a reefbuilding scleractinian is documented in captivity. Captive bred specimens of Favia fragum spent the time till maturity isolated from natural triggers such as moonlight or the presence of adults. The colonies showed the same planulation cycle as those in the field, which might indicate that, contrary to previous assumptions, timing of planulation is endogenously controlled (chapter 6). A new mode of reproduction was observed in Agaricia humilis (Fig. 1B) during the field research in Curaçao. Specimens under stress released pre-mature planulae. Contrary to previous assumptions, these embryos were able to develop into settlement competent planulae (chapter 7). It demonstrates the opportunistic life history strategy of this species, which favours its use as a model organism to develop mariculture techniques. 

The biofilm of the substrate may highly influence species-specific settlement rates (chapter 8), which is important in mariculture. I studied the influence of the biofilm, which is mostly defined by benthic algae under aquarium conditions, on the settlement rate of Favia fragum and Agaricia humilis. Prior to the experiment, substrates were incubated under 2 different light spectra with and without grazers. The settlement rate of both species was mainly influenced by the factors ‘grazing’ and ‘substrate orientation’, and partly by the light spectrum. Especially algal management needs more attention in mariculture. 
Light plays a major role in the development of zooxanthellate organisms. I studied the influence of different artificial light sources on the survival and growth of the F1 generation of Agaricia humilis and Favia fragum and additionally of the F2 generation of F. fragum. The early development of juveniles was dependent on the species, generation and light, and partly on the substrate orientation. I observed an overall higher survival and growth of the F2 generation of F. fragum, which may result from the selection of those genotypes of the F1 generation, which have a higher fitness under mariculture conditions (chapter 9). 

Favia fragum and Agaricia humilis reproduced in a 30-m3 aquarium exhibit at Rotterdam Zoo. This gave us the unique chance to study the recruitment process of two brooders, commonly found in the same habitat, under semi-defined conditions. I found major differences in the recruitment rate. Favia fragum could even establish a F2 generation, while A. humilis only managed to establish a few specimens of the F1 generation (chapter 10). 

Long before the project was started at Rotterdam Zoo, several German aquariums emphasized their interest to participate in a comparative study. Besides the Cologne Zoo, the Tiergarten Hagenbeck, and the Aquazoo Düsseldorf the aquariums of London Zoo, U.K., and Burgers’ Zoo Arnhem, The Netherlands participated in the Sexual Coral Reproduction (SECORE) Project. The project, initiated as part of the present study, is aimed at applying the developed techniques by distributing captive reared primary polyps together with standardized protocols. It further aims at establishing a network of public aquariums and research institutions to promote the sustainable management of ex situ coral populations. The results show the high success of the presented techniques even when applied by non-experienced staff of public aquariums (chapter 11). 
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(A) Acropora tenuis, corymbose clumped colonies, inhabit upper reef slope; common in western Pacific and Red Sea; hermaphroditic broadcast spawner, annual spawning in June, 2-6 days after full moon at 19.30 hours. Size: several decimeters. Fig. 1A shows a spawning colony at Akajima, Okinawa, Japan in June 2002 (courtesy of M. Hatta). Scale bar: 5 cm.























(B, left) Agaricia humilis, encrusting to submassive colonies, <10 cm, inhabits shallow reef flats, common in the Caribbean; hermaphroditic brooder with lunar gametogenesis, but no lunar planulation, reproduction year round. 


(B, right) Favia fragum, hemispherical to encrusting, usually <5 cm, inhabits shallow reef flats, common in the Caribbean; hermaphroditic brooder with 12 lunar-related cycles per year. 


Scale bar: 2 cm.

















(C) Diploria strigosa, massive or encrusting, >1 m, inhabits especially shallow slopes and lagoons, common only in Caribbean; hermaphroditic broadcast spawner, annual spawning in September and/or October, 6-7 days after full moon, 22.30-23.00 hours (personal observation; 2001-2003). Scale bar: 5 cm.





Fig. 1 B-C show aquarium colonies.








Fig. 1 Experimental investigations were mainly conducted with four coral species of the Caribbean and the Indo-Pacific. Data after Van Moorsel (1983), Veron (2000), Fukami et al. (2003) and Szmant-Froehlich et al. (1985).








