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Chapterr  1 

INTRODUCTIO N N 

Threatss to Coral Reefs 

Corall  reefs are highly productive and diverse ecosystems that are 
essentiall  for the existence of human coastal populations. They also fulfil l an 
importantt ecological role in allowing the development of other associated 
ecosystemss such as mangrove and sea-grass (Craik et al. 1990). Now days, 
twoo major destructive agents threaten the fate of coral reefs, e.g. 
anthropogenicc activities and global climate change (Bak & Meesters 
1999;McClanahann 1999; Risk 1999; Wilkinson 1999; Goreau et al 2000). 
Amongg the variety of human disturbances, reef-based tourism is +-
increasinglyy gaining recognition as one of the most damaging activities 
(Rinkevichh 1995). Unmanaged reef-based recreational activities in the form 
off  scuba diving, snorkeling, and reef walking have become a major threat to 
corall  reef reserves worldwide (Talge 1992; Allison 1996; Rinkevich 1995; 
Chadwick-Furmann 1997; Muthiga & McClanahan 1997; Ormond et al. 
1997;; Rouphael & Inglis 1997; van Treeck & Schuhmacher 1999). The 
deteriorationn of coral reefs has been stimulating the establishment of many 
marinee reserves worldwide. 

Adaptivee Management in Marine Reserves 

Naturee reserves are generally set to serve various conservation goals, 
amongg which are to protect endangered species and to preserve functioning 
communitiess and biotic diversity. While considerable advances have been 
madee in the management of terrestrial ecosystems, the theoretical and 
empiricall  framework for managing marine ecosystems is in its early stage; 
thee physical nature of the marine environment puts unique challenges to 
marinee conservation. Due to oceanic currents, ecosystems are connected 
overr vast distances, organisms (and pollutants) may disperse accordingly, 
andd therefore the scale of fundamental processes is often much larger than 
thatt which a nature reserve can encompass (Allison et al 1998). Marine 
protectedd areas (MPA's) should be perceived in a broad geographical 
contextt and zoning schemes are a prime tool in their management agendas 
(Kelleherr & Kenchington 1992). 
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User-related,, effective zoning schemes should take into account habitat 
sensitivityy and user requirements. The most habitat-friendly zoning scheme 
iss that of biosphere reserves, which are protected areas of representative 
terrestriall  and coastal environments recognized for their importance under 
thee UNESCO Man & Biosphere (MAB) conservation program. Three 
functionallyy distinctive zones are delineated in such reserves; the core zone-
sett aside for conservation, buffer zones- destined for management purposes; 
andd transition areas- destined for sustainable development. Other 
managementt conservation agendas such as 'Multiple-use' and 'National 
Park'' systems also delineate zones where varying degrees of limitations on 
humann activities are implemented (Laffoley 1994). Two important goals of 
suchh agendas are to: 

 Protect critical habitats and ecological processes, and, 

 Minimize the negative effects on the MPA by separating conflicting 

humann activities into suitable areas. 

Thiss demands that the zoning system wil l incorporate all acceptable use 
andd users in a manner that wil l provide the highest protection to the core 
zonee and its adjacent areas, followed by a decreasing protection gradation 
furtherr into the buffer zones. In reserves extending over large areas this may 
bebe relatively easy to achieve. The Great Barrier Reef Marine Park (GBRMP) 
att Australia is an example of a vast reserve where a multiple-use scheme is 
appliedd in an adaptive fashion in purpose to resolve conflicts of resource-use 
andd to achieve a sustainable ecosystem management. Small reefs that stretch 
overr just few kilometers provide less opportunity to establish and protect 
coree zones, for example from pollution occurring in their vicinity. If such 
smalll  reef reserves accommodate also large-scale tourism, management 
dilemmass may be considerably intensified. Conventional management 
strategiess such as closure policies and zoning systems are practiced on a 
smalll  scale also in undersized reserves. However, the lack of sufficient 
bufferr areas around core zones in small reserves makes the efficacy of these 
practicess doubtful especially in view of increasing anthropogenic stress. The 
generall  issue regarding reserves of sufficient size- wil l its populations be 
ablee to persist despite potential threats from surrounding areas- is even more 
compellingg when dealing with the management of area-limited reserves. It is 
thereforee essential that optimal monitoring programs be developed, and 
relevantt data collected in order to properly evaluate the effectiveness of 
managementt agendas. This must be done well before management failure 
hass become a visible fact (Allison et al 1998). 
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Reeff  Rehabilitation- Coral Transplantation and Mariculture Techniques 

Corall  transplantation, i.e. the extraction of coral fragments or whole 
coloniess from un-harmed donor reef sites and their transfer into damaged 
sitess is a widespread practice. The rationale of coral transplantation is that 
replacingg dead corals with fast-growing, reproductive colonies wil l 
acceleratee natural recovery by increasing coral living coverage and 
enhancingg reproductive activity. Today, these techniques are criticized for 
theirr merit as sustainable biological tools to restore degrading reef 
communitiess (Edwards and Clark 1998). A major drawback is the additional 
damagee intentionally inflicted to donor reef areas prior to each 
transplantationn operation. Other setbacks are higher mortality, reduced 
growthh rates and a decrease in transplant fecundity. These phenomena are 
associatedd with the trauma of the distressful procedures such as detachment, 
breakage,, transfer, and re-attachment by various means. In their critical 
revieww on reef rehabilitation practices, Edwards and Clark (1998) indicated 
thatt coral transplantation techniques should be integrated into a thorough 
reeff  management process. Before resorting to transplantation, the physical 
conditionss (e.g. water quality, stability of reef bottom substrata) as well as 
thee biological (e.g. coral recruitment success) should be carefully examined. 
Forr example if a damaged reef site receives a good input of coral larvae 
fromm up-stream reefs while there is no reason to expect recruitment failure, 
transplantationn may be unnecessary. When transplantation is required, 
Edwardss and Clark (1998) recommended coral mariculture as the 
appropriatee source to supply coral material for reef rehabilitation. 

Rinkevichh (1995) coined the term 'gardening coral reefs' to denote the 
strategyy of farming sexual and asexual coral propagules within in-situ and 
ex-situex-situ nurseries. Colony fragments and young spat are maricultured in-situ 
onn artificial substrates within protected zones. Large numbers of nubbins 
andd post-metamorphosed larvae are kept initially ex-situ in out door 
containers,, and are subsequently transferred to the submerged nurseries. The 
ideaa is that large-scale coral nurseries, established from local pool of coral 
speciess would form the platform for the next phase in reef rehabilitation 
practices,, i.e. transplantation. Thus, a two-step restoration framework of an 
activee conservation phase, followed by rehabilitation, is constructed. First, a 
self-sustainedd large pool of farmed corals is established, and then 
responsiblee rehabilitation acts may be performed. Coral reef rehabilitation 
throughh activities related to "reef gardening" wil l require a thorough 
understandingg in the biology of reef communities. We need to understand 
patternss of recruitment, species composition, abundance of populations, and 
sizee frequency distributions for transplantation to produce a reef community 
ass close to natural as possible. The mariculture strategy is theoretically 
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linkedd to the idea of terrestrial forest plantation practices (silviculture), 
whichh is a core strategy in forest restoration programs (Christensen et al. 
1996).. Several studies have successfully tested aspects of coral gardening 
techniquess (Bowden-Kerby 1997; Franklin et al. 1998; Rinkevich 2000). In 
chapterr four of this thesis (Epstein et al. in press), the potential of producing 
neww colonies ready for transplantation after 2 years of nursery establishment 
iss demonstrated. 

Aimss of the Study 

Thee Coral Reef Reserve at Eilat, Israel, located at the northern tip of the 
Redd Sea Gulf is an example of a small and heavily abused reef reserve. The 
Gulff  is about 170 km long (south into the Egyptian Sinai Peninsula), and 
onlyy the most northerly 11 km strip is situated within Israeli territory. This 
smalll  edge reserve contains merely 3.5 km of fragmented, fringing, and 
easilyy accessed reef sites (Ortal & Nemtzov 1997). It has been subjected to 
decadess of pollution that have caused a considerable loss of biodiversity 
(Loyaa 1986; Fishelson 1995). Today, reef-based tourism has become a 
majorr source of damage on the reefs of Eilat, similar to the damage that is 
beingg inflicted in other reef localities worldwide (Riegel & Velimirov 1991; 
Wilhelmssonn et al. 1998; Epstein et al. 1999). About 15 scuba dive-clubs 
operatee at this small reserve in Eilat and approximately 300,000 dives are 
carriedd out annually (Meshi & Ortal 1995), not counting swimmers, 
snorkelers,, etc.. This is a figure exceeding many other tourist-targeted reefs 
inn the world. The core zone of this reserve (about 350 meter long) enjoys an 
almostt complete closure; the remainder of the reserve accommodates 
exceptionallyy high levels of recreational activities. The Eilat Coral Reef 
Reservee provides therefore an excellent opportunity to study and test 
strategiess for reef restoration. In addition, the heavy recreational stress 
exertedd on its reef sites in a highly concentrated manner, puts great 
challengess to its management. It lends then also a unique opportunity to 
evaluatee the consequences of implementing conservation strategies in a very 
smalll  and heavily impacted marine reserve. 

Thiss PhD thesis represents an attempt to put together a general frame of 
informationn as well as to provide guidelines for the rehabilitation and 
restorationn of coral reefs that are subjected to degradation by increasing 
recreationall  activities. Furthermore, it concentrates on the importance of 
employingg research and monitoring to evaluate the effectiveness of 
conservationn strategies. 

Thee research focused on two main themes: 
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1.. Develop a comprehensive framework for the rehabilitation of 
damagedd coral reefs through 'gardening'- in-situ and ex-situ coral 
nurseriess for the production of coral material- as groundwork to the 
practicee of coral transplantation. 

2.. Evaluating the effectiveness of a conservation management strategy 
(aa limited closure) in the extremely small, and heavily abused Eilat 
Corall  Reef Reserve. 

Outline e 

 Chapter two presents the results of the first census (May 1998) in the 
monitoringg program of S. pistillata coral populations at three studied 
sitess of the Eilat reef. Two sites are subjected to intense human 
activitiess while one site is highly protected through implementation 
off  a small scale closure policy. An analysis of data on coral colony 
breakage,, partial mortality, and population structure is used to 
investigatee the 'state of health' of these populations. 

 Chapter three deals with pollution impacts; the effects of chemical 
oill  dispersants on sexual propagules of two common coral species of 
thee Eilat reef, a stony coral {Stylophora pistillata; Hexacoralia), and 
aa soft coral (Heteroxeniafuscesens; Octocoralia). Oil dispersants 
weree developed to alleviate oil pollution damage on marine 
ecosystems,, but their effects are questionable. 

 Chapter four presents an investigation of the potential in coral in-situ 
andd ex-situ techniques (coral nurseries) to produce mass quantities of 
neww corals for active restoration purposes. 

 Chapter five presents a discussion of the integration of coral colony 
patternn formation and architecture into the coral farming strategy. 
Studiess on coral mariculture and transplantation traditionally 
considerr aspects of coral survivorship, growth rate, and reproductive 
activityy as criteria for success. The isolation of coral fragments with 
aa proper level of architectural complexity can considerably enhance 
thee success of mariculture operations. 

aa Chapter six summarizes the analysis of 2.5 year of monitoring the 
StylophoraStylophora pistillata coral populations initially presented in Chapter 
two.. Results are discussed in the context of implementation, 
monitoring,, and evaluation of conservation strategies within the 
frameworkframework of reef management. This discussion focuses in particular 
onn the unique dilemmas occurring in extremely small and abused 
marinee reserves. 
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 Chapter seven discusses some of the theoretical and practical aspects 
off  adapting forest ecosystems restoration strategies (silviculture 
programs)) to coral reefs (coral nurseries). 
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Chapterr  2 

CoralCoral Reefs (1999) 18:327-332 

IMPLEMENTATIO NN OF A SMALL SCALE "NO-USE ZONE" 

POLIC YY IN A REEF ECOSYSTEM: EILAT' S REEF-LAGOO N SIX 

YEARSS LATE R 

Epsteinn N, Bak R. P. M, Rinkevich B 

Abstract t 

AA small scale "no-use zone policy" has been implemented since 1992 at 
Eilat'ss Coral Nature Reserve (Northern Red Sea). Six years later, the status 
off  this closed-to-the-public reef area was compared to two other nearby 
open-to-the-publicc sites, by evaluating populations of the scleractinian coral 
StylophoraStylophora pis til  lata in the strolling zone (0.5-1.5m depth). Results from the 
openn sites show that: (1) Live coral cover was three times lower than at the 
closedd site; (2) numbers of small colonies (recruits) were significantly 
higherr than in the closed site, while numbers of medium and large size 
coloniess (geometric mean radius, r >4.1cm) per m were significantly 
lower;; 3) Maximum r was almost half than in the closed site (9.6cm vs. 
16.7cm);; 4) Average number of broken colonies was three times higher than 
inn the closed site; 5) Significantly fewer colonies were partially dead. The 
latterr result may reflect senescence processes in the large colonies of the 
closedd site. Although colony breakage is reduced, it appears that the "no-use 
zone""  policy is not sufficient for protecting small reef areas. The intense 
exploitationn of Eilat's coral reef by the tourist industry requires in addition 
too the conventional protective measures, the initiation of novel management 
solutionss such as reef restoration by sexual and asexual recruits. 

Keyy Words: Breakage, Conservation, Coral Reefs, Partial Mortality, Reef 
Management,, Stylophora pistillata 
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Introductio n n 

Thee coral reef of Eilat (Red Sea), once one of the more diverse coral reefs 
worldwidee (Loya 1972), is situated at the northern tip of the Gulf of Eilat 
(Aqaba).. This internationally known recreational destination, stretches along 
onlyy 3.5 km of fringing reef from Nahal Shlomo to the Israeli-Egyptian 
border,, and is under immense pressure from tourist activities (Meshi and 
Ortall  1995; Chadwick-Furman 1997). In the last three decades, a significant 
declinee in coral communities has been documented in Eilat's reef, the result 
off  chronic anthropogenic pressures (Fishelson 1973, 1975, 1977, 1980, 
1995;; Loya 1975, 1976a, 1986; Loya and Rinkevich 1979, 1980; Rinkevich 
andd Loya 1977, 1979, 1983). Today, however, when domestic and industrial 
sewage,, emission of phosphate dust and oil spill disasters are reduced to a 
minimumm due to the enforcement of prevention measures, the major human 
impactt on Eilat's reef is tourism. Reef-based tourism is considered the most 
importantt emerging agent of coral reef destruction worldwide (reviewed in 
Rinkevichh 1995). In the last decade, more than one million people visited 
Eilatt each year (Fishelson 1995). Ten SCUBA diving clubs operate in the 
areaa and between 200,000 to 300,000 dives are registered annually in Eilat's 
reeff  (Meshi and Ortal 1995), a figure which equals most popular nearby 
divee sites in the Sinai Peninsula (Egypt). SCUBA divers raise sediment and 
abradee or break coral colonies upon contact (Neil 1990; Riegel and 
Velimirovv 1991). Swimmers, reef walkers and snorkellers stroll the lagoon 
areaa (0.5-2.0m depth) and the back reef (1-2m depth) adding significantly to 
mechanicall  breakage of corals in shallow water populations (Woodland and 
Hooperr 1977; Liddle and Kay 1987; Kay and Liddle 1989; Hawkins and 
Robertss 1993). 

Pollutionn and recreational activities produce a gradual decline of reef 
corals.. One example is the 19 year follow-up study at Eilat's coral reef that 
documentedd a reduction of almost two orders of magnitude in the number of 
coloniess of the branching species Stylophora pistillata (Fishelson 1995). In 
frequentlyy visited Red Sea reef sites, another study (Riegel and Velimirov 
1991)) has documented an increase of coral breakage and tissue abrasions in 
shalloww water coral populations as compared to less visited locations. These 
studiess did not, however, directly demonstrate the causal mechanisms of the 
measuredd changes in biota. 

Off  the 3.5km length of Eilat's Coral Reef Nature Reserve, a 1200m long 
sectionn of coastline is fenced between the Southern Marina and the 
Underwaterr Observatory. This is the Coral Beach Reserve. Following the 
continuouss degradation of the coral reef at Eilat, in 1992 the Israeli Nature 
andd National Parks Protection Authority closed the shallow water lagoon in 
thee Coral Beach Reserve to the general public (except for limited research 

12 2 



activities),, implementing a policy of "no-use" within the small zone 
(Fishelsonn 1980; Kelleher and Kenchington 1982; Tilmant 1987). During 
thee first half of the 1990s, several initiatives were undertaken within this 
smalll  "no-use zone" to monitor population growth (Vago 1994) and damage 
byy diving and boating activities (Meshi and Ortal 1995). Unfortunately, no 
documentationn of the status of the coral populations was available at the 
timee the "no-use zone" policy was implemented. Six years after the closure 
off  the area to the public, the effects of the closure were still unknown. 
Moreover,, because of the limited extent of the coral reef along the Israeli 
coastt and its structural variation, it is difficult to find similar, open-to-the-
publicc sites to serve as controls (same lagoon and reef flat structure, 
currents,, propagule availability, etc.). However, a long term monitoring 
studyy of Eilat's reef (comparison of the closed with open-to-the-public sites) 
iss vital, not only to document the current state of the reef, but also to 
evaluatee the changes with time for the purpose of future management plans 
andd restoration programs in the Red Sea and elsewhere. 

Thee present study shows significant differences in the population 
structuress of a common coral species when comparing populations in the 
closedd site to two open-to-the-public reef sites of Eilat. In addition it sets up 
thee baseline data for a long-term monitoring program in Eilat's shallow reef 
area.. We concentrated on populations of the branching coral Stylophora 
pistillata,pistillata, one of the most abundant coral species in the Gulf (Loya 1972). 
Wee report here on population densities, size-frequency distributions, 
quantitativee and qualitative measures of colony breakage and tissue death 
(partiall  mortality). Results are discussed with an eye to the implementation 
off  restoration protocols (Rinkevich 1995). 

Material ss and Methods 

Studyy Sites 

Threee shallow water reef sites at Eilat were studied. Two 'open-to-the-
public'' sites are the reef in front of the Princes Hotel (site HP), located just 
acrosss the Taba border crossing, and the reef in front of the H. Steinitz 
Marinee Laboratory (site MBL), located 1km north of HP. Although both are 
openn to public, human activities in these sites differ in nature: at the MBL 
mostt dives and snorkeling are for research and educational purposes 
(undergraduatee and graduate students, research scientists) while at the HP 
alll  activities are recreational in nature. The third site, the Coral Beach 
Reserve,, or Nature Reserve (NR) is located 0.5 km north to MBL and 
includess the no-use zone of the lagoon (app. 4000 m long and 40 m wide) and 
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otherr zones with restricted activities. Diving and swimming are allowed 
onlyy beyond the reef wall, and the entrance to the deep reef through the 
lagoonn is strictly limited to two walkways and one pathway. Otherwise, 
accesss to the total area of the shallow lagoon is admissible only for specified 
researchh activities by snorkeling during high tide. 

Methodss of Field Census 

Thiss study was conducted during April and May 1998. At each site, a 
2 2 

totall  area of approximately 400 m of the rear reef was studied by the use of 
repetitivee lm quadrats (48 at HP, 51 at MBL and 69 at NR). Quadrats 
(Goldbergg 1973) were randomly selected by tossing a 1 m plastic square-
barr to all directions while standing in shallow water. We investigated the 
shallowestt zone (0.5-1.5 m depth) along 40 m of coastline in each location. 

Severall  coral genera are abundant at the 3 sites, of which two branching 
generaa are common in HP and MBL: Stylophora pistillata and Acropora 
spp.. (4 species, Loya 1972). At the NR site Acropora colonies are not 
common.. Within each quadrat, the height, length and perpendicular width of 
alll  coral colonies were measured by a caliper to the nearest 1 mm. The 
geometricc mean radius (V ) of the branching corals was calculated (Loya 
1976b).. The colonies were also observed for the magnitude of branch 
breakagee and partial tissue death. Breakage was estimated by evaluating the 
sizee of the missing part(s) by eye as percentage lost branches out of the 
wholee colony. Tissue death was estimated as percentage of missing tissue 
frpmm the whole colony. 

Statisticall  analysis on log transformed breakage and partial death data 
(Duncan,, ANOVA) were performed using the SAS/STAT software, Version 
6.. Geometrical mean radius (Loya 1976b) data were analyzed on original 
sizes.. Tests of significance between proportions were carried out by 
computationn of equality between two percentages test (Sokal and Rohlf 
1980). . 

Results s 

AA total of 175, 214 and 242 S. pistillata colonies and 81, 35 and 6 
AcroporaAcropora colonies were measured in the 48, 51 and 69 quadrats sampled at 
thee HP, MBL and NR sites, respectively. When considering colonies of both 
branchingg genera as "branching forms", abundances in the open-to-the-
publicc sites (5.3  2.7 colonies, quadrat"1 in HP and 4.9+3.9 in MBL) were 
significantlyy higher than the "no-use zone" (3.5 ; p<0.05, ANOVA). 
Thiss difference resulted from the fact that Acropora colonies were scarce in 
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thee studied NR site. Subsequent analysis considered Stylophora populations 
only. . 

Populationss Analysis 
2 2 

Thee mean density of S. pistillata colonies per 1 m (4.1  2.4 colonies in 
HP;; 5 in MBL and 6 in NR) was similar at all three sites 
(p>0.05,, ANOVA). The average colony size ( T ) did not differ significantly 
betweenn the two open-to-the-public sites, (HP 2.15  1.95cm, MBL 1.80
1.77cm,, p>0.05, ANOVA). We therefore pooled these sites ( r =1.96
1.90cm,, n=389) for comparison with the NR colonies {r  =3.95 +3.43cm, 
n=242),, documenting a significantly greater average colony size in the no-
usee zone (p<0.05, ANOVA). 

S.S. pistillata populations may further be analyzed with respect to 5 
differentt group sizes (<1.1, 1.1-2.0, 2.1-4.0, 4.1-10.0, >10.1cm; Fig. 1). The 
sizee frequency distribution of S. pistillata colonies differed between the no-
usee and open sites (Fig. 1). While 5.4% of the NR shallow water population 
wass larger than r =10. lcm in size, none of the colonies in MBL and HP 
reachedd this size. In total, significantly less (14.1%) of the colonies in the 
open-to-the-publicc sites (16.0% and 12.6% at HP and MBL, respectively) 
weree >4.1cm in size, as compared to 41.4% of the NR population (p<0.05, 
testt for equality between two percentages). In contrast, significantly more S. 
pistillatapistillata colonies (66.0% of the population) in the two open-to-the-public 
sitess combined were in the small group sizes {r  <2.1cm, corresponding to 
lesss than 2y of age, Loya 1976b), as compared to 41.3% in the NR 
populationn (p<0.05, test for equality between two percentages). This 
differencee is also revealed from a comparison of last year's recruits (A* 
<l.lcm):: 41.9% of the colonies in the open sites (39.4% and 45.8% in HP 
andd MBL, respectively) versus 25.6% in NR. 

Thee average live coverage of S. pistillata populations, calculated by 
multiplyingg the average number of colonies per square meter in each site by 
colonyy average size, was almost three times higher at the NR. Calculated as 
thee total, vertically projected area of all live colonies, it was 1.7% in the 
protectedd NR, 0.60% in HP and 0.42% in MBL. 

Colonyy Breakage 

Significantlyy more S. pistillata colonies (119 colonies, 30.6%) in the open-
to-the-publicc sites had broken branches than in the NR (22 colonies, 9.0%, 
p<0.05,, test for equality between two percentages). Figure 2a depicts a clear 
tendencyy for the proportion of broken colonies to increase with size, in all 
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Fig.11 Colony size distributions of S. pistillata at the 3 study sites along Eilat's 
Corall  Reef Nature Reserve. Columns depict the size group proportions. Numbers 
off  colonies are shown above columns. Sites: HP (Hotel Princess) and MBL 
(Marinee Biology Lab) are located in public use zones, NR (Nature Reserve) is 
locatedd in a "no-use" zone. 

locationss Breakage of colonies in the smallest size group (r < 1.1 cm) was 
uncommonn (maximum 4.0%, Fig. 2a), but the proportion of broken colonies 
increasedd dramatically in the larger size groups. Of these, 79.0% of all 
livingg colonies of r=4.1-10.Ocm in the open-to-the-public sites were 
brokenn (78.6% in HP and 74.0% in MBL) as compared to 17.0% in NR 
(14.9%% in 4.1-10.0cm and 30.8% in F > 10.1cm, Fig. 2a). In general, 
breakagee was almost an order of magnitude lower within the protected NR 
area. . 

Thee average extent of individual colony breakage was significantly 
higherr in the open-to-the-public sites combined (40.5%) than in NR (20%, 
p<0.05,, ANOVA; Fig. 2b). Within the open sites the mean proportion of 
breakagee per colony was significantly higher in the smaller sizes classes 
(<2.1cm)) than in the larger classes (>4.1cm, p<0.05, ANOVA), while no 
suchh difference was found in site NR (p>0.05, ANOVA). The remarkable 
increasee in the number of broken colonies and the magnitude of damage 
foundd in intermediate group sizes at the open-to-the-public locations as 
comparedd to the protected site (Fig. 2a, b) represents a substantial loss of 
corall  biomass at sites open to visitors activities. 
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Fig.22 a,b Colony breakage of S. pistillata in the 3 study sites, a Percentage of 
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Fig.33 a,b Partial tissue loss from S. pistillata colonies in the 3 study sites, a 
Percentagess of partially dead colonies and b the average proportions of tissue 
loss/colonyy  SD. 

18 8 



Partiall  Colony Mortality 

Inn contrast to colony breakage, the proportion of colonies that displayed 
partiall  mortality (tissue loss) was significantly higher in the closed site 
(28.9%)) compared to the open-to-the-public sites (HP =6.8% and MBL 
=2.3%;; p<0.05, test for equality between two percentages). Partial death 
wass common in the larger group sizes in all locations (Fig. 3a). In HP, 23% 
off  r >4.1cm colonies displayed partial mortality, compared to 1.9% in the 
ff <2.1cm size groups. In MBL none of the r <2.1cm colonies and 10.7% 
off  the T >4.1cm were partially dead. A similar trend was recorded in NR 
wheree 51.0% of the f >4.1cm and only 5.0% in the r <2.1cm colonies 
weree partially dead. 

Thee average magnitude of tissue loss per affected colony (Fig.3b) 
however,, did not differ significantly among the 3 locations (HP: 36.0
13.8%,, MBL: % and NR: ; ANOVA), nor between 
thee combined two smallest group sizes (f <2.1cm: 30.0+14.1% in HP, 40.0 

 14.1% in NR) and the larger group sizes ( r >4.1cm: 34.3  16.2% in HP, 
23.33 % in MBL and 28.8 % in NR) within each site (p>0.05, 
ANOVA). . 

Discussion n 

Sixx outcomes emerged from our analysis of S. pistillata populations in 
thee three areas studied: 
1.. Live S. pistillata colonies occupied very littl e of the substratum in the 
strollingg zone in all sites, but cover was 3 times higher in the NR. 
2.. While the total number of S. pistillata colonies was similar in the 3 
locations,, we recorded significant differences in population structures 
betweenn the closed and the open-to-the-public sites. 
3.. S. pistillata colonies in the open-to-the-public sites reached a maximum 
geometricc mean radius (T ) of 9.4cm while in the NR the largest colony 
recordedd was 16.7cm. 
4.. The frequency of colony breakage was 2-10 times higher (depending on 
sizee group) in the open sites than in the closed one. 
5.. Colony breakage increased with colony size. This is probably a common 
featuree in coral populations (Meesters et al. 1996). 
6.. The proportion of colonies suffering partial mortality in the protected NR 
sitee was significantly greater than in the open-to-the-public sites. Although 
thee extent of tissue loss per affected colony was similar in the 3 localities, 
thee number of affected colonies increased with colony size. 

19 9 



Thee results reflect the direct physical impact of human activities in the 
openn sites combined with natural processes (storms, predatory fish, etc.). 
Wee speculate that one effect was the elimination of the largest colonies 
(>10.1cm)) from the open sites and much higher rates of breakage of smaller 
coloniess compared to the closed site. In the closed site, extensive tissue 
deathh possibly resulted from senescence of large colonies (Rinkevich and 
Loyaa 1986), while the absence of visitor impact was manifested in fewer 
brokenn colonies and less breakage of damaged colonies. We interpret the 
loww breakage levels recorded in the NR as evidence of the effectiveness of 
protectivee measures such as limiting entrance to the water through marked 
pathss or walkways. 

Thee data show that recruitment to the smallest group size is higher in the 
twoo open-to-the-public sites than in the NR. The high number of Stylophora 
recruitss compensates for the loss of adults, but implies a reduction in the 
averagee colony longevity of these populations (Johnson et al. 1995; Bak and 
Meesterss 1998). Higher number of small recruits in HP and MBL is unlikely 
too be the result of reattaching of fragments of broken colonies since loose 
fragmentss appear to have low survival in Eilat reefs (Rinkevich, personal 
communication).. It is probably a result of local waves and current regimes, 
relativee to the location of these reefs south of the NR, which may be a major 
sourcee of larvae. Although the density of Stylophora colonies is similar in 
alll  localities, the average aerial coverage of corals in the open sites was 
aboutt one third of that in the NR. 

Corall  breakage at popular reef sites has been investigated by several 
workers.. Riegel and Velimirov (1991) recorded coral breakage at reef sites 
inn Eilat before closure to the public, and in other localities along the 
northernn Red Sea coast. They documented a general trend of 5.2% broken 
corall  colonies in Eilat's reef (from shallow to deep), half of which were 
locatedd in the upper 2 m depth. In contrast, at other popular reef locations 
suchh as Hurgada (Northern Red Sea, Egypt), breakage in shallow depth was 
aboutt one fourth of all breakage recorded, which implies that shallow water 
strollingstrolling in Eilat's reef comprises a more serious threat to the reef than in 
sitess elsewhere. Reef walking was found to exert significant destructive 
impactt on coral reefs worldwide. For example, the impact of four adults 
traversingg a reef area of 12.5m 18 times during several minutes was the 
destructionn of about 607kg of coral biomass, equivalent to a reduction of 
80.0%% in living coverage (Woodland and Hooper 1977). The impact of 
snorkelingg on a 2.0 km long reef section in the Maldive Islands during a one 
monthh period resulted in a 17.0% reduction of susceptible coral coverage 
(Allisonn 1996). In Sharm-el-Sheikh (Sinai) and Kisite Marine Park (Kenya), 
significantlyy more broken corals were found in frequently visited reef sites 
(Hawkinss and Roberts 1992, 1993; Muthiga and McClanahan 1997). 
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Similarly,, reef trampling at Heron Island (GBR) significantly changed coral 
communityy structure by eliminating arborescent species (Kay and Liddle 
1989). . 

Differentt reef areas worldwide display various coral breakage levels. The 
Caribbeann island of Saba receives up to 1,700 dives-site"1 y", in Bonaire, 
highestt levels of use reach 6,000 dives-site"1-y"1 while Egyptian reefs receive 
upp to 50,000 dives-site"1-y"1 (Hawkins and Roberts 1997). The numbers for 
Eilatt and Egyptian reefs far exceed the maximal sustainable diving levels 
calculatedd for coral reefs, i.e. 4,000-6,000 divesy1 along a reef coast line of 
500mm (Dixon et al. 1993; Hawkins and Roberts 1997) or 500 divesy"1 at 
specificc sites in the Virgin Islands (Chadwick-Furman 1997). 

Over-exploitationn of reef resources may be ameliorated by a variety of 
measuress such as a complete closure, active habitat/species management and 
limitationss on usage intensity (Gubbay 1995). The significant degradation of 
shalloww water coral populations in the shallow lagoon (this study) and in the 
faunaa of the Coral Reserve at Eilat as whole (Fishelson 1975, 1995; Loya 
1975,, 1986) indicates the failure of conventional protection and 
conservationn measures (Fishelson 1995). In the case of S. pistillata 
populations,, the 6 year closure of NR lagoon, while probably increasing the 
averagee colony size, did not result in increased population density compared 
too the open-to-the-public sites. Moreover, significantly more colonies in the 
closedd area suffered from partial colony death. Thus, while sharply reducing 
corall  breakage, the implementation of a no-use-zone policy for such a small 
reeff  area can not serve as the sole solution for reef rehabilitation as has been 
suggestedd for larger reef areas (Hopley 1989; Kelleher and Kenchington 
1992;; Price and Humphrey 1993; Laffoley 1995). Eilat's situation (a small 
reeff  area supporting intense recreational activity), demands in addition to 
"no-use""  conservative measures the initiation of active management 
solutions,, such as reef restoration by sexual and asexual recruits (Rinkevich 
1995). . 

Corall  reefs may need thousands of years to fully recover from changes 
broughtt about by human activities during the twentieth century (Sebens 
1994).. As for Eilat, it is for the public, the scientific community and all 
otherr interest groups to be involved in exploitation of the reef, but also to 
ensuree the viability and longevity of Eilat's most precious natural resource. 
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Chapterr  3 

MarineMarine Pollution Bulletin (2000) Vol 40, No. 6:497-503 

TOXICIT YY OF 3rd - GENERATIO N DISPERSANTS AND 

DISPERSEDD EGYPTIA N CRUDE OIL ON RED SEA CORAL 

LARVA E E 

Epsteinn N, Bak R. P. M, Rinkevich B 

Abstract t 

Harmfull  effects of five third -generation oil dispersants (Inipol IP-90, 
Petrotechh PTI-25, Bioreico R-93, Biosolve and Emulgal C-100) on planula 
larvaee of the Red Sea stony coral Stylophora pistillata and the soft coral 
HeteroxeniaHeteroxenia fuscescense were evaluated in short term (2-96h) bioassays. 
Larvaee were exposed to Egyptian oil water soluble fractions (WSFs), 
dispersedd oil water accommodated fractions (WAFs) and dispersants 
dissolvedd in sea water, in different concentrations. Mortality, settlement 
ratess and the appearance of morphological and behavioural deformations 
weree measured. While oil WSF treatments resulted in reductions in planulae 
settlementt only, treatments by all dispersants tested revealed a further 
decreasee in settlement rates and additional high toxicity. Dispersed oil 
exposuress resulted in a dramatic increase in toxicity to both coral larvae 
species.. Furthermore, dispersants and WAFs treatments caused larval 
morphologyy deformations, loss of normal swimming behaviour and rapid 
tissuee degeneration. Out of the five tested dispersion agents, the chemical 
Petrotechh PTI-25 displayed the least toxicity to coral larvae. We suggest 
avoidancee of the use of chemical dispersion in cases of oil spills near or 
withinn coral reef habitats. 

Keyy Words: coral reefs, Eilat, Heteroxenia fuscescense, oil dispersants, 
planulaa larvae, Stylophora pistillata 
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Introductio n n 

Oill  dispersants are mixtures of surfactants and solvents which 
effectivelyy disseminate oil in the water column, creating small oil droplets 
(GESAMP,, 1993). Treatment of oil spills with dispersants in temperate 
marinee environments has become a common practice since many years. A 
majorr reasoning for using these chemicals is to prevent spilled oil from 
arrivingg ashore. However, an increased toxicity of dispersed oil to marine 
lif ee as compared to untreated oil is expected as a result of surfactants 
detrimentall  effects and elevated hydrocarbons dissolution. Thus, benthic 
andd pelagic organisms may also be exposed to both oil and dispersant 
harmfull  impacts (Singer et aL, 1996; Wolfe et aL, 1999). In the last few 
years,, earlier generations of oil dispersants were replaced by newly 
developed,, environmental- friendly third- generation- compounds which are 
claimedd to be less toxic. With regards to tropical organisms such as reef 
corals,, in contrast to studies on previous generations which documented 
increasedd toxicity of dispersed oil (Knap et aL, 1983; Dodge et aL, 1984; 
Wyerss et al., 1986), littl e is known about possible negative impacts of the 
newlyy developed compounds. The utilitarian value of dispersants in the 
marinee habitat as alternatives to mechanical oil removal methodologies is 
thereforee still in question (Loyaand Rinkevich, 1980). 

Moree than 10 brands of dispersants are officially approved for use in 
Israel.. Their application along the Israeli Mediterranean coast has been 
certifiedd by the Ministry of the Environment under CEDRE guidelines 
(Anon,, 1999). The possible application of these materials in Eilat's coral 
reeff  (northern Red Sea), however, has not yet been approved, waiting for an 
additionall  critical examination of their impacts. This stems from the belief 
thatt tropical near-shore ecosystems are rated lower on recovery processes 
thann temperate habitats due to their high vulnerability to pollutants 
(Thorhaug,, 1989). Additionally, with regard to marine pollutants effects, 
standardss should be determined on tropical organisms directly, and not on 
theirr temperate counterparts, which are probably less sensitive (Thorhaug, 
1989). . 

Thee northern Gulf of Eilat was subjected to frequent oil spills during the 
1970ss and the 1980s. The harmful impacts of oils and their water soluble 
fractionss (WSFs) on reef corals were then studied on the whole coral 
communityy (Loya, 1975, 1976), on the model scleractinian coral Stylophora 
pistillatapistillata (Loya and Rinkevich, 1979, 1980; Rinkevich and Loya, 1977, 
1983)) and on the alcyonarian Heteroxenia fuscescense (Cohen et aL, 1977). 
Thesee studies further emphasized that early developmental stages of corals 
aree particularly vulnerable. For example, Rinkevich and Loya (1977) 
recordedd decreased viability and reduced settlement rates of S. pistillata 
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planulaee exposed to increasing WSFs of oil. Loya and Rinkevich (1979) 
furtherr demonstrated the abortion of immature planula larvae by gravid 
coloniess in response to low WSFs exposure. Using this scientific 
background,, the purpose of the present study was to test possible acute 
effectss of chemically dispersed Egyptian crude oil (the major oil type 
importedd to Israel through Eilat) by five approved-to-use dispersants, on 
planulaa larvae of S. pistillata and H. fuseescense. Short term assays (up to 
96h)) monitored planulae survivorship, settlement rates, morphological and 
behaviourall  abnormalities in order to rank the dispersants in accordance to 
theirr relative negative impacts on the coral larvae. 

Material ss and Methods 

Planulaee Collection 

Planulaee of S. pistillata were collected during two consecutive 
reproductivee seasons (January- June 1998, 1999) in situ in front of the H. 
Steinitzz Marine Biology Laboratory (MBL) at the northern Gulf of Eilat 
(Redd Sea). During the reproductive season, mature colonies release planula 
larvaee daily, about two hours after sunset (Rinkevich and Loya, 1979). 
Gravidd colonies were enclosed before dark with plankton nets (45 um), each 
armedd apically with a plastic flask. Nets with released larvae were collected 
4-66 hours after sunset by SCUBA diving. Planulae of H. fuscescense are 
releasedd from gravid colonies throughout the year (Benayahu, 1991). They 
weree collected by overnight ex situ maintenance of mature, field collected 
coloniess in aerated aquaria at 24° C. All larvae were transferred to aerated 
aquariaa at room temperature (24° C) and were used for experiments 
followingg the next 24h. 

Materialss and Experimental Procedure 

Short-termm bioassays (2-96h) were performed at controlled room 
temperaturee (24° C) and under natural dark/light regime. Sets of ten freshly 
collectedd planulae were introduced, each into tissue culture dishes (Greiner, 
355 x 10 mm) containing natural seawater and a tested solution in a final 
volumee of 5 ml. The tested solutions included oil WSFs, dispersed oil 
(chemicallyy enhanced water-accommodated fractions, WAFs, sensu Singer 
etet al., 1998) and dispersants dissolved in natural seawater. Solutions were 
freshlyfreshly prepared (in different concentrations) and applied immediately. 
Acutee effects studied were planulae survivorship and settlement. Successful 
settlementt has been defined as complete metamorphosis to the polyp stage 
withh actively moving tentacles (in S. pistillata settlement is associated with 
depositionn of calcium carbonate). Planulae mortality was defined as 
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movementt arrest followed by gastrovascular filaments release and tissue 
degeneration.. Additionally, larvae were histologically examined in paraffin 
(Rinkevichh and Loya, 1977, 1979) and JB4 embedding media (following 
manufacturerr guidelines) for possible alterations on the cellular level. 

Egyptiann crude oil was supplied with the courtesy of the Eilat-Ashkelon 
Pipe-Line,, Israel. The five dispersants used were: Inipol IP-90 (CECA S.A, 
France),, Petrotech PTI-25 (Petrotech, U.S.A), Biosolve (Westford 
Chemicals,, U.S.A), Bioreico R-93 (Reico, France) and Emulgal C-100 
(Amgall  Chemicals, Israel). For convenience, trademark affixes will be 
omittedd in the following text. The stock oil WSF solution was prepared 
(Rinkevichh and Loya, 1977; Loya and Rinkevich, 1979) by overnight 
shakingg (12h, 80 rpm) of 5ml oil in 995ml seawater (1:200 ratio). The stock 
WAFF solution was based on 1:10 dispersant: oil ratio (Thorhaug, 1988), by 
mixingg the above oil: water ratio solution with 0.5 ml of one of the tested 
dispersantss (applied with pipetting). An overnight shaking procedure was 
alsoo employed. Shaking was gentle enough to mix the solution thoroughly 
withoutt foam production. The dispersant: oil ratio employed was sufficient 
too accommodate most of the oil into small droplets. A 3 h standing period 
wass then allowed for large oil droplets to resurface. Stock WSF and WAF 
solutionss were isolated by a vacuum pipette and designated as 100% 
solutions.. Dispersant solutions (0.5 ml in 999.5 ml sea water, 500 ppm) 
weree also designated as 100% stock solutions. Stock solutions were 
preparedd and diluted with fresh filtered (lOum) seawater (50%, 10%, 1% 
andd 0.1%) directly upon application. A total of 2980 S. pistillata planula 
larvaee were used in 12 sets of assays (four WSFs, four dispersants, four 
dispersedd oil WAFs and controls, all in triplicates). H. fuscescense tests 
includedd 480 planulae in one set of dispersed oil WAFs assay and seawater 
controll  (all in triplicates). 

Results s 

S.S. pistillata planulae: Effects of Egyptian crude oil WSFs 

Noo mortality has been recorded in seawater control dishes and all oil 
WSFss applications along the 96 h period of observations. However, while 
onn the average 58% of S. pistillata planulae settled in the seawater control 
dishes,, significantly fewer settlements (5% to 30%, p<0.05, Duncan's 
multiplee range test) were recorded in the 100%-0.1% WSF solutions 
respectivelyy (Fig. 1). Moreover, while after 12 h no single settlement in 
eitherr one of the WSF solutions was observed, 22% of the planulae in the 
controll  dishes already settled at that time (Fig. 1). There were no visible 
alterationss in larvae and settled polyp morphologies or larvae swimming 
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behavior.. Although settlement rates were reduced significantly, WSFs at the 
concentrationss applied and in the time frame observed were not lethal to & 
pistillatapistillata young stages. 

c c u u 
E E 
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Fig.. 1- Settlement rates of S. pistillata planulae in seawater control dishes and in 
thee Egyptian crude oil WSFs treatments. 

S.S. pistillata planulae: Effects of Dispersants 

Al ll  five dispersants at the concentrations applied and over the short 
exposuree periods were toxic to coral larvae. Four dispersants (Bioreico, 
Emulgal,, Biosolve and Inipol) were highly toxic, while the material 
Petrotechh displayed lesser toxicity, expressed in higher survivorship figures 
comparedd to the other four materials. The most striking differences may be 
seenn at the 12 h and 96 h points of observation respectively (Table 1). While 
att the Petrotech 100% stock solution treatment full survivorship was 
recordedd after 12h, complete mortality appeared at that point at all other 
stockk solutions. After 96h, still 80% and 90% survivorship was recorded at 
thee Petrotech 100% stock solution and 10% dilution, respectively. No 
Planulaee survived at the four concurrent 10% solutions. All larvae survived 
thee 0.1% and 1.0% treatments of all dispersants, except a single dead 
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planulaee (97% survivorship) at 48 hours Biosolve 0.1% dilution (Table 1). 
Planulaee settlements in all tested dispersants were significantly fewer than 
inn seawater controls (p<0.05, Duncan's multiple range test, Table 2). When 
comparedd to the oil WSFs treatments, settlement, although in some cases 
higherr (Inipol 0.1% dilution) did not differ significantly (p> 0.05). 

Tablee 1: Toxicity of five dispersants tested on S. pistillata planula larvae 
. . 

Dispersant t 
tested d 

Bioreico o 

Petrotech h 

Emulgal l 

Biosolve e 

Inipol l 

Dispersant t 
Concentrations s 

(%) ) 
0.1 1 
1 1 
10 0 
100 0 
0.1 1 
1 1 
10 0 
100 0 
0.1 1 
1 1 
10 0 
100 0 
0.1 1 
1 1 
10 0 
100 0 
0.1 1 
1 1 
10 0 
100 0 

12 2 
100 0 
100 0 
100 0 
0 0 

100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
0 0 

100 0 
100 0 
100 0 
0 0 

100 0 
100 0 
100 0 
0 0 

Survivorshipp (%) at (h) 

24 4 
100 0 
100 0 
100 0 

--

100 0 
100 0 
100 0 

7 7 
100 0 
100 0 
100 0 

--

100 0 
100 0 

--

100 0 
100 0 
100 0 

--

48 8 
100 0 
100 0 
100 0 

--

100 0 
100 0 
100 0 

7 7 
100 0 
100 0 
100 0 

--

100 0 
6 6 

--
100 0 
100 0 
100 0 

--

72 2 
100 0 
100 0 

3 3 
--

100 0 
100 0 
100 0 

8 8 
100 0 
100 0 
100 0 

--

6 6 
100 0 

2 2 
--

100 0 
100 0 
100 0 

--

96 6 
100 0 
100 0 
0 0 
--

100 0 
100 0 

1 1 
8 8 

100 0 
100 0 
0 0 
--

6 6 
100 0 
0 0 
--

100 0 
100 0 

5 5 
--

Withinn the 96 h of observations, deformations in planula morphologies 
weree also observed at all dispersant solutions, excluding 0.1% solutions. 
Larvaee subjected to dispersants tended to shrink in the middle section of the 
bodyy and lost normal swimming and substratum search behaviour within 
severall  hours of exposure. Instead, they exhibited a spin movement or a 
disorientedd circled swimming pattern. Larvae in advanced stress condition 
releasedd gastrovascular filaments throughout the posterior end, a 
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Tablee 2: Average settlement (%) after 96 h of S. pistillata planulae 
subjectedd to different dispersant concentrations . 
Dispersantt Settlement (%) at dispersant concentration 

tested d 
0.1%% 1.0% 10.0% 100% 

Bioreicoo 9 1 0 0 
Petrotechh 7 2 0 0 
Emulgall 2 6 0 0 
Biosolvee 4 6 0 0 
Inipoll 1 7 0 0 

phenomenonn rarely observed in undisturbed S. pistillata planulae (unpbl.). 
Deformedd planulae never settled and eventually died. All third generation 
dispersantss at all concentrations, therefore, exhibit detrimental effects to S. 
pistillatapistillata planula larvae, in many cases exceeding WSFs impacts. 

S.S. pistillata planulae: Effects of dispersed oil 

Dispersedd oil was highly toxic to S. pistillata larvae (Table 3) and the 
markedd increase in toxicity as compared to dispersant treatments may be 
seenn by comparing Tables 1 and 3. Further, a toxicity ranking of the 5 
compounds,, similar to the ranking in the dispersant assays emerged out of 
thee dispersed oil assays. While all larvae died within 2h at the 100% 
solutionss of Bioreico, Emulgal, Biosolve and Inipol, complete survivorship 
wass recorded at the same Petrotech solution. After 96 h almost all larvae 
diedd at the 10% solutions of all the four materials whereas 47% of the 
planulaee in Petrotech 10% solution survived, representing the best survival 
figurefigure in the dispersed oil assays (Table 3). No single successful settlement 
wass recorded within the 96 h observation period in either one of the tested 
disperseddispersed oils at neither concentrations. Many specimens exhibited 
behaviourall  anomalies and major structural deformations at all 
concentrations.. Release of small spherical bodies (probably lipid droplets) 
throughh the outer layer of deformed larvae was observed under inverted 
lightt microscopy (Fig. 2a). Up to half of the larvae that survived at the lower 
concentrationss (10% solutions) for several days formed half ball shapes and 
tendedd to adhere to the petri- dish bottoms or walls. This was not a real 
settlementt process since a continuous spin movement of the shapes was 
documented.. Specimen continued to spin or swim until death commenced. 
Somee of the half ball shaped planulae developed 12 pairs of septa instead of 
thee normal number of 6 (fig. 2d; Rinkevich and Loya, 1979). In a single 
case,, an attachment of a planula to the substratum did take place, but a 
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Tablee 3: Toxicity of dispersed Egyptian crude oil to S. pistillata planula 
larvaee (mearufcs.d) 
Dispersant t 

tested d 

Bioreico o 

Petrotech h 

Emulgal l 

Biosolve e 

Inipol l 

WAFs s 
conce e 

(%) ) 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 

ntrations s 
2 2 

100 0 
0 0 
0 0 

100 0 
100 0 
100 0 
100 0 

0 0 
0 0 

100 0 
7 7 

0 0 
100 0 

3 3 
0 0 

6 6 
100 0 

--
--

100 0 
100 0 
0 0 

100 0 
0 0 
--

100 0 
0 0 
--

100 0 
0 0 
--

Survivorshipp (%) 

12 2 
100 0 

--
--

100 0 
0 0 

--

0 0 
--
--

100 0 
--
--

100 0 
--
--

24 4 
100 0 

--
--

100 0 
0 0 

--
6 6 

--
--

100 0 
--
--

100 0 
--
--

11 at fh) 

48 8 
0 0 

--
--

100 0 
0 0 
--
0 0 
--
--

0 0 
--
--

9 9 
--
--

72 2 
2 2 

--
--

6 6 
--
--
--
--
--

2 2 
--
--

9 9 
--
--

96 6 
6 6 

--
--

--
--
--
--
--

6 6 
--
--

2 2 
--
--

deformedd primary polyp was then developed, with no mouth and tentacles 
(fig.. 2c). Larvae that survived the 96-h period at 10% WAFs dilutions were 
transferredd to fresh seawater for recovery. However, no settlement has been 
recordedd and all larvae eventually disintegrated and died following the next 
2-33 days. Histological sections made from few larvae at the 96-h time-point 
revealedd a deteriorated state of the ectodermal outer layer in comparison to 
undamaged,, intact layers of control planulae (fig. 2e-f). 

H.H. fuscescense: Effects of dispersed oil 

Wee assayed the same WAF concentrations of the 5 studied dispersants 
onn H. fuscescense planulae, for up to 96 hours (Table 4) and documented 
againn high toxicity and major anomalies. All larvae died in the 100% and 
thee 50% solutions of Bioreico, Emulgal and Inipol within 6 hours. Complete 
mortalityy was further recorded in Petrotech and Biosolve 100% and 50% 
solutionss within 48 h and 72 h respectively. The material Biosolve displayed 
similarr effects as Petrotech also at the 10% solution, with complete larvae 
survivorshipp after 96 h. Al l larvae survived in the control dishes (Table 4). 

Approximatelyy half of the surviving planulae in the 10% solutions 
retainedd their normal elongated shape. Others exhibited a ball-like deformed 
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Fig.. 2- Effects of dispersed oil on S. pistillata planula larvae. 
(a)) Disintegration of a planula (Emulgal 100% WAF treatment, 2 h, x40). Release 
off  small spherical bodies through the ectodermal layer is seen 
(arrow),, (b) A control planula larva (x40). (c) A deformed primary polyp with no 
mouthh and tentacles (Inipol 10% treatment, 96 h, x40). (d) A deformed, unattached 
planulaa (Petrotech 10% WAF treatment, 96 h, x40) with 12 pairs of septa instead 
off  the six pairs characteristic to this species, (e) and (f) Histological section of 
planulaa larvae (x200) in JB4 embedding media, (Petrotech 10% treatment, 96 h (e), 
andd from a control planula (f)- Arrows show the outer ectodermal layer which is 
damagedd (e). 
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Tablee 4: Toxicity of dispersed Egyptian crude oil to H. fuscescens planula 
larvaee ) 
Dispersant t 

tested d 

Bioreico o 

Petrotech h 

Emulgal l 

Biosolve e 

Inipol l 

WAFs s 
concentratioi i 

(%) ) 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 
10 0 
50 0 
100 0 

i s s 

2 2 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 
100 0 

Survivorshipp (%) at (h) 

6 6 
7 7 

0 0 
0 0 

100 0 
100 0 
100 0 
100 0 
0 0 
0 0 

100 0 
100 0 
100 0 
100 0 
0 0 
0 0 

24 4 
3 3 

--

--

100 0 
100 0 

5 5 
0 0 

--

--

100 0 
100 0 
100 0 
100 0 

--

--

48 8 
2 2 

--

--

100 0 
0 0 
0 0 
0 0 
--

--

100 0 
0 0 
1 1 
5 5 

--

--

72 2 
0 0 
--

--

100 0 
--

--

--

--

--

100 0 
0 0 
0 0 

7 7 
--

--

96 6 
--

--

--

100 0 
--

--

--

--

--

100 0 
--

--

0 0 
--

--

structure,, and died the following day. Many of the elongated planulae 
assumedd a vertical position within the dishes, anterior end up and a slightly 
swollenn posterior end in contact with the bottom. No settlement was 
however,, observed. 

Discussion n 

Thee results documented an increased toxicity of dispersed oil as 
comparedd to untreated oil. The third generation dispersants tested are 
harmfull  to early life stages of two reef corals, exhibiting high toxicity and 
reducedd settlement rates at low concentrations. The oil WSF treatments 
howeverr were less toxic as measured by the rates of settlement and by the 
absencee of death or morphological and behavioural alterations. The 
disperseddispersed oil revealed synergistic detrimental impacts expressed as the 
highestt mortality figures, no settlements and significant alterations in 
behaviourr and morphology in larvae of both species. Evidently, the low oil: 
seawaterr ratio (1:200, Rinkevich and Loya, 1977; Loya and Rinkevich, 
1979)) that was not lethal to S. pistillata planula larvae in the WSF 
bioassays,, became highly toxic after dispersion. 

Thee primary function of a dispersant is to enhance the solution of oil in 
thee water column (Singer et ah, 1998). The degree to which each dispersant 
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facilitatess solution of petroleum hydrocarbons into the water and the relative 
toxicityy of the dispersant (as well as the oil), contribute to the resultant level 
off  toxicity and to other detrimental effects such as morphological 
abnormalitiess and reduced settlement rates recorded here. The planulae of 
bothh coral species studied here revealed similar toxic effects when exposed 
too the dispersed oil. The five types of dispersed oils may therefore be ranked 
inn accordance to their relative toxicity to coral planulae, from the least toxic 
compound,, as follows; Petrotech< Biosolve< Emulgal< Bioreico= Inipol. 

Planulaa abortion by adult colonies is a direct response to contamination 
byy petroleum hydrocarbons (Loya and Rinkevich, 1979). Applications of 
dispersantss lead to the dissolution of more hydrocarbons, potentially 
augmentingg abortion of planula larvae. The practice of third generation 
dispersantss in oil spills in or near coral reef habitats carries therefore 
substantiall  negative impacts to coral planulae. 

AA variety of factors must be weighed when considering the use of 
chemicall  dispersants during an oil spill. With regard to coral reefs, distance 
fromfrom the reef, wind velocities and directions and amount and type of spilled 
oill  may all influence effectiveness of dispersion, thus making the decision a 
complicatedd one (GESAMP, 1993). Nonetheless, bearing in mind that the 
primee objective of oil dispersion is to prevent spilled oil from arriving 
ashore,, our results do not support the application of chemical dispersants in 
thee reef, or when sea conditions may drift dispersed oil directly into coral 
reefs. . 
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Chapterr  4 

RestorationRestoration Ecology (2001) Vol 9, No. 4:1-11 

STRATEGIE SS FOR GARDENING DENUDED CORAL REEF 

AREAS::  THE APPLICABILIT Y OF USING DIFFERENT TYPES OF 

CORALL  MATERIA L FOR REEF RESTORATIO N 

Epsteinn N, Bak R. P. M, Rinkevich B 

Abstract t 

Recreationall  and other human activities degrade coral reefs worldwide to a 
pointt where efficient restoration techniques are needed. Here, we tested 
severall  strategies for gardening denuded reefs. The gardening concept 
consistss of in-situ or ex-situ mariculture of coral recruits, followed by their 
transplantationn into degraded reef sites. In-situ nurseries were established in 
Eilat'ss (Northern Red Sea) shallow waters, sheltering 3 types of coral 
materialss taken from the branching species Stylophora pistillata (small 
colonies,, branch fragments and spat) that were monitored for up to 2 years. 
Pruningg >10% of donor colonies' branches increased mortality, and 
survivingg colonies displayed reduced reproductive activity. Maricultured 
isolatedd branches, however, exceeded donor colony life span and 
reproductivee activity and added 0.5%-45% skeletal mass per year. Forty-
fourr percent of the small colonies survived after 1.5-year mariculture, 
revealingg average yearly growth of . Three months ex-situ 
maintenancee of coral spat (sexual recruits) prior to the in-situ nursery phase 
increasedd survivorship. Within the next 1.5 years, they developed into 
coloniess of 3-4 cm diameter. Nursery periods of 2yr, 4-5 years, and more 
thann >5 years have been estimated for small colonies, spat, and isolated 
branches,, respectively. These and other results, including the possible use of 
nubbinss (minute fragments the size of a single or few polyps), are discussed, 
revealingg benefits and drawbacks for each material. In-situ coral mariculture 
iss an improved practice to the common but potentially harmful protocol of 
directt coral transplantation. It is suggested that reef gardening may be used 
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ass a key management tool in conservation and restoration of denuded reef 
areas.. The gardening concept may be applicable for coral reefs worldwide 
throughh site-specific considerations and the use of different local coral 
species. . 

Keyy Words: Eilat, in-situ mariculture, coral nursery, recreational activities, 
reeff  restoration, Stylophora pistillata. 

Introductio n n 

Corall  reefs are among the ecosystems that suffer intense abuse by man 
(McClanahann 1999). Their worldwide decline (e.g. Wilkinson 1993, 1999; 
Sebenss 1994; Rinkevich 1995; Hodgson 1999) has raised the need for 
urgentt development of adequate restoration methods. In recent years, 
impactss from recreational activities have been classified among the most 
prominentt devastating agents to coral reefs (Rinkevich 1995; Chadwick-
Furmann 1997; van Treeck & Schumacher 1999). Moreover, efforts to 
conservee degrading reefs have failed to produce significant results, and 
rehabilitationn measures have not successfully compensated for the fast 
degradationn (Rinkevich 1995; Risk 1999). Small, tourist-popular reefs are 
particularlyy susceptible to fast degradation through intense recreational 
abuse.. In large reef areas, these harmful impacts may still be balanced or 
compensatedd by size and increased resilience. 

Thee small Coral Nature Reserve at Eilat, Israel, Northern Red Sea (lat 
29°° 30' N), may serve as a test case. This easily accessed fringing reef (Loya 
&&  Slobodkin 1971) is confined within a 4.0 km long 'marine protected belt' 
(Ortall  & Nemtzov 1997), yet hundreds of thousands of registered scuba 
divess are performed there each year on a limited number of dive sites 
(Meshii  & Ortal 1995). High levels of colony breakage and alterations in 
populationn structure of Stylophora pistillata, a key coral species, were 
documentedd in Eilat (Epstein et al. 1999). This contradicts the expectations 
forr reef conservation resulting from the tight legislation and management 
measuress that have been employed in Eilat for years. Reef recovery, 
therefore,, does not sufficiently compensate for the intense destruction by 
recreationall  activities. 

Thiss has led to the development of concepts and techniques for reef 
rehabilitation,, including the submersion of artificial reef structures (Jensen 
1997;; Pickering et al. 1998; van Treeck & Schumacher 1999), coral 
transplantationn (e.g. Harriott & Fisk 1988; Guzman 1991; Smith & Hughes 
1999)) and the establishment of low-profile underwater nurseries (Rinkevich 
1995,2000). . 
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Rehabilitationn of reef ecosystems may progress through implementation 
off  both preventive as well as active restoration measures. Rinkevich (1995, 
2000)) has proposed a two-step restoration strategy termed "gardening of 
denudedd coral reefs", whose central concept is the mariculture of coral 
recruitss in nurseries. In the first step a large in-situ pool of farmed corals is 
establishedd on low profile artificial substrates. These nurseries are installed 
inn sheltered zones, and the different types of coral recruits are maricultured 
forr several years. In the second step nursery-grown coral colonies are 
transplantedd to degraded reef sites. This strategy is theoretically linked to 
terrestriall  forest plantation ideas. Silviculture is a core strategy in forest 
restorationn programs (Christensen et al. 1996). Tree cultivation has been 
practicedd successfully for years with forest trees (Anonymous 1988; Vowell 
1994;; Berg 1995) and with mangroves (Chan et al. 1988; Khoon et al. 
1995). . 

Coralss fulfil l a central role in reef communities (Loya 1986, 1998; Bak 
&&  Meesters 1997). The replenishment of mechanically degraded reef sites 
withh new coral colonies may support the reefs community structure and its 
biologicall  functions. Sustainable in-situ coral mariculture may significantly 
relievee the pressure from donor reef sites that are currently the sole source 
forr coral transplantation operations. The deployment of in-situ coral 
mariculturee has already resulted in significant outcomes (Bowden-Kerby 
1997;; Franklin et al. 1998; Rinkevich 2000), but its applicability on large-
scalee reef areas needs to be further evaluated (Edwards & Clark 1998). 

Branchingg corals provide four potential types of coral material for 
nurseryy purposes. These include small colonies, branch fragments, larvae 
andd nubbins (minute fragments). Young colonies settled in unstable reef 
areass can be collected, larvae harvested using plankton nets, and branches 
detachedd in-situ from donor colonies with cutting pliers (Rinkevich 1995). 
Similarly,, one can harvest nubbins ex-situ by pruning a branch into large 
numberss of single or few polyp-sized units (Rinkevich & Shafir 2000; 
Shafirr et al. 2001). The benefits and costs of mariculture of each one of 
thesee types of recruits and their applicability for the in-situ nurseries should 
bee further considered. Here, we studied the usefulness of Stylophora 
pistillata,pistillata, one of the most abundant coral species in the Northern Gulf of 
Eilatt (Loya 1972). This r-strategist species is characterized by rapid growth 
andd a high reproductive rate (Loya 1976a; Rinkevich & Loya 1984). Its 
coloniess form highly complex spatial configurations that provide habitat and 
shelterr for many species of crabs, fishes and cryptic organisms, and its dead 
skeletonss are inhabited by a variety of encrusting and boring organisms 
(Rinkevichh & Loya 1979a). It is therefore, a species of focal importance in 
Eilat'ss reef ecosystem that is used as a representative species to test the 
gardeningg concept. 

39 9 



Materia ll  and Methods 

Donorr Colonies 

Thiss study was carried out in front of the H. Steinitz Marine Biology 
Laboratoryy (MBL) at Eilat, Northern Red Sea. Twenty-seven adult S. 
pistillatapistillata colonies, averaging 6.5 cm in geometric mean radius (r ; Loya 
1976b)) were chosen from a depth of 5-10 m. Colonies of this size possess 
aboutt 90 major branches each (Epstein, personal observation). All colonies 
weree labeled in situ by alizarin Red S solution (10-15 mg/L) for 24 hours in 
transparentt plastic bags as described by Rinkevich and Loya (1984). The 
post-labelingg acclimation period was 48h. Then the colonies were divided 
intoo four groups: A (16 colonies), B (3 colonies), C (3 colonies) and 5 
controll  colonies. Using side-cutting pliers, 10 major branches were removed 
fromfrom each colony of group A (about 10% damage), 20 branches from group 
BB colonies (about 20% damage), and 30 from group C colonies (about 
30%).. The 16 colonies of group A were further divided into two: colonies 1-
88 (group Al ) were pruned in April 1997 (period of planulae release) and 
coloniess 9-16 (group A2) in October 1997 (period of gonad development; 
Rinkevichh & Loya 1979a). Group B and C colonies were pruned in April 
1997.. We followed the colonies for up to two years. To detect pruning 
impactss on reproductive activity, female gonads were counted (10 
polyps/branch)) in histological sections (methodology in Rinkevich & Loya 
1979a)) performed on tissue samples taken from pruned and undamaged 
coloniess each April and November of the years following pruning (1997-
1999). . 

Mariculturee of Asexuall  Recruits 

Wee followed S. pistillata isolated branches in two sets of experiments. 
Experimentt 1 examined survivorship of isolated branches at two reef sites, 
500mm apart (Epstein et al. 1999): the highly visited reef area of the MBL (60 
branches)) and the restricted reef area of the Coral Nature Reserve, site NR 
(400 branches). Experiment 2 compared growth and survivorship between 
isolatedd branches and small colonies maricultured at the MBL site. Three 
hundredd and ten branches (removed from the colonies of groups A, B and 
C)) were placed at the nursery. In addition, 140 young S. pistillata colonies 
(( T = 2.5 cm  0.8) growing on small boulders at the MBL strolling zone (< 
1.55 m depth) were numbered by means of plastic tags. Seventy colonies 
weree stained in-situ with alizarin Red S dye, then transported to the nursery 
att 10 m depth (Fig. la). The remaining 70 colonies were left in their original 
settlingg site at the strolling zone. Colonies of both groups did not differ 
significantlyy in initial weight and size (t test, p>0.05). 
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Handlingg Procedure and Nursery Type 

Branchess were pruned in-situ by side-cutting pliers and then carefully 
transferredd to the nursery substrates where they were promptly held in 
uprightt position. In Experiment 1, cement tiles that were pre-glued with 
branch-holdingg plastic clips (10 branches/tile) were used as nursery 
substrates.. The tiles were securely placed at 10-12 m depths at both sites, 
aboutt 0.5 m above sandy bottom or directly attached to natural hard 
substrates.. In Experiment 2 five crates (lx 0.5 x 0.4 m in size, each), made 
off  plastic net (mesh size 1 cm2) were used as nursery substrate and were 
placedd at the MBL site. About 60 branches were placed on each crate. The 
cratess were fastened to the reef bottom within an area of about 30m2, two at 
55 m and three at 10 m depth. Crates were light in weight and easy to handle 
andd transport underwater, and the design proved durable in storms. 

Forr growth measurements, colonies and branches were brought to the 
laboratoryy where coral tissue was removed by hydrogen peroxide solution 
(Rinkevichh & Loya 1984). Skeletons were rinsed under tap water for several 
minutess and oven dried (60 C, overnight). Growth was measured as new 
depositedd skeleton above the alizarin marked area. 

Mariculturee of Sexual Recruits 

Planulaa larvae of S. pistillata were collected in-situ during the 1998 
reproductivee season (January- June, Rinkevich & Loya 1979b). Planulae 
weree placed in petri dishes (total 83 plates, Greiner, 35 mm diameter, up to 
200 larvae per dish and 85 mm diameter, >20 larvae per dish). Within 3-4 
days,, most of the larvae settled either on walls of the dishes or on water 
surfacee tension. Planulae that settled on the water surface were gently lifted 
byy a thin brush and carefully attached to bottom of dry dishes before being 
coveredd with seawater. All dishes were submerged in running seawater in 
shadedd outdoor containers. After 3 months, 30 dishes containing 400 
primaryy polyps were transferred to an underwater nursery (10 m depth) at 
thee MBL. The nursery was constructed of a 2.5 m long iron rod placed 1 m 
deepp into the sandy bottom (Fig. lb). Fifteen dishes were positioned 
horizontallyy and 15 vertically to the substrate, 1.5 m above thee sand. 

Results Results 

Pruningg Effects on Donor Colonies 

Al ll  6 colonies of groups B and C (20 to 30% of branches removed) died 
withinn the first month following treatment. Extensive pruning of branches 
wass detrimental to donor colonies. Of the group A colonies (10% branches 
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removed),, 2 colonies of subgroup Al and 2 of A2 died within 4 weeks 
followingg pruning. Three Al colonies died within a year; the remaining 3 
coloniess survived for almost 2 years. Four A2 colonies died within a year, 
andd the remaining two died shortly before the end of the second year (Table 
1).. During the course of the study, none of the control colonies died. 

Coloniess of subgroup Al were pruned in April 1997, at the peak of 
thee reproductive season. Developing oocytes of the next reproductive season 
weree observed in all November 1997 tissue samples taken from the 6 
survivingg colonies (ranged 6 to 9 gonads/polyp; Table 1). Two 
off  the three surviving colonies had gonads in April 1998, the following 
reproductivee period 5 and 1.5=1=1.2 gonads/polyp), but none was 
reproductivee in November 1998 (Table 1). 

Coloniess of subgroup A2 were pruned in October 1997 during 
gametogenesis.. After one month, female gonads were recorded in tissue 
histologicall  sections of only two colonies 7 and 8 
gonads/polyp,, Table 1). Mechanical damage during the period of gonad 
productionn appeared to immediately reduce reproductive activity. However, 
55 months later, at the peak of the reproductive season, 5 out of the 6 were 
sexuallyy reproductive, with up to 3.2=1=1.3 gonads/polyp. In November 1998, 
thee two surviving colonies of subgroup A2 had no gonads. In April 1999, all 
coloniess of subgroups Al and A2 were dead. During each of the 4 sampling 
dates,, at least 4 out of the 5 control colonies contained gonads. 
Reproductivee activity of control colonies was significantly higher than in 
damagedd colonies (November 1997, April 1998, ANOVA, p<0.05). In 
Novemberr 1998 none of the remaining 5 group A colonies were 
reproductivee as compared to four-fifths of control colonies. 

Mariculture:: Asexual Recruits 

Thee survivorship of the branches held on cement tiles at the MBL site 
sharplyy decreased to 25% within 6 months and differed significantly from 
thatt at the NR site where 82.5% of the branches were still alive (Fig. 2, 
Experimentt 1; t test, p< 0.05). However, on the plastic crates situated at the 
MBLL site (Fig. 2, Experiment 2), branches showed 83% survivorship after 6 
months,, and 61% after 18 months, significantly higher than the MBL 
cementt tiles branches (p<0.05, t-test). Survivorship did not differ 
significantlyy among the crates, nor did it between the 5- and 10 m depth 
branchess (data not shown; Duncan grouping, p>0.05). 
Isolatedd branches also showed high reproductive activity (Table 1). Between 
1-33 branches were sacrificed on November 1998 from branch groups Al 
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Fig.. 1- S. pistillata: In-situ mariculture of sexual and asexual recruits: 
a.. A colony attached in-situ to a low-profile plastic crate, b. Spat (sexual 
recruits)onn an in-situ nursery, 1.5 m above bottom, c. Two-week old S. pistillata 
spatt of 8 polyps size and about 5 mm diameter, d. Six-month old colony, 
developedd from ex-situ larval settlement. The basal disc is about 1.0 cm, supporting 
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thee up-growing stem. e. Ten-month old colony, developed from ex-situ larval 
settlement.. The basal diameter is about 2.0 cm. f. Eighteen-month old, fully 
developed,, young S. pistillata colonies from ex-situ larval settlement. Colony 
diameterr about 3-4 cm. 

andd A2 respectively (1- and 1.5 year subsequent to pruning) for histological 
examination,, and gonads were counted in 10 polyps of each branch. Al l 
isolatedd branches originating from group A l colonies contained 0.8-1.5 
eggs/polypp in November 1998, while none of the respective donor colonies 
weree reproductive. More importantly, even branches derived from 

Tablee 1. Reproductive characteristics of group A (10% damaged donor 
colonies)) and nursery branches up to two years after the pruning events. (D= 
thee donor colony is found dead, 0= not reproductive). 

Averagee number of female gonads/polyp at 
Nov.97 7 

Colonies s 

8 8 

7 7 
6 6 
6 6 
9 9 
9 9 
7 7 

0 0 
0 0 

8 8 
0 0 
0 0 
0 0 

9 9 
6 6 
0 0 
8 8 

Apr.98 8 

Colonies s 

2 2 

D D 
5 5 

0 0 
D D 
D D 

4 4 
1 1 

0 0 
8 8 
3 3 
9 9 
0 0 
4 4 
0 0 
2 2 
4 4 

Nov.98 8 

Colonies s 

0 0 

--

0 0 
0 0 
--
--

D D 
0 0 
D D 
D D 
D D 
0 0 

9 9 
0 0 

1 1 
3 3 
8 8 

Branches s 

1 1 
7 7 

l . ldbl.3 3 
9 9 
1 1 
5 5 

--
7 7 

1.8=1=0.8 8 
--

5 5 
1.2=1=0.4 4 

--
--
--
--
--

Apr.99 9 

Colonies s 

D D 
--

D D 
D D 
--
--
--

D D 
--
--
--

D D 
0 0 

7 7 
2 2 
8 8 
5 5 

donorr colonies that later died (numbers 2, 5 and 6, Table 1) were 
reproductive.. Isolated branches of four out of the 6 donor colonies of group 
A22 were reproductive on November 1998, containing 1.1-1.8 gonads/polyp, 
whereass corresponding colonies (numbers 10 and 14) had no gonads and 
numberss 11 and 13 were already dead. Nursery branches can exceed donor 
colonyy lif e span and reproductive activity. 
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ntall  group 

A ll  1 

2 2 
3 3 
4 4 
5 5 
6 6 

A22 9 
10 0 
11 1 
12 2 
13 3 
14 4 

Controlss 1 
2 2 
3 3 
4 4 
5 5 



Yearlyy increase in skeleton mass of isolated branches (average initial 
weightt 4.9 g , n=l 12) ranged from 0.5%-45% and averaged . 

Withh regard to the small colonies, 44% survived within 1.5 years of 
mariculturee (Fig. 2; n=30). Of the 70 colonies left at the original settling 
placee that receives the highest trampling and wave energy impacts, only 7 
(10%)) could be located. 

DN.. Reserve DBranches ^MBL s 

100 0 

80 0 

60 0 

40 0 

20 0 

Exp.1 1 

66 12 18 

Exp.2 2 

Timee (months) 

Fig.. 2- Survivorship of nursery-maintained, isolated S. pistillata branches 
(Experimentt 1, Experiment 2) and small colonies (Experiment 2). MBL= Marine 
Biologyy Laboratory, NR= Coral Nature Reserve. 

Thee nursery colonies were clustered into 5 size classes according to 
initiall  weight (<9.9, 10.0-19.9, 20.0-29.9, 30.0-39.9, >40g, Figs. 3a & 3b). 
Averagee growth year"1 decreased with size increase. The smallest group 
(<9.9g)) displayed the highest growth rate ) and added 8.8 g/y 7 
onn average, as compared to 4 growth rate and 24.6 l weight 
additionn of the largest group (>40g, Figs. 3a & 3b). Yearly increase in 
skeletonn mass of the small colonies (average initial weight 32 , n=30) 
rangedd 35%-119% and averaged . We found a significant 
correlationn (y=3.1939x22957, R2=0.88, pO.01) between f (which reflects 
colonyy age; Loya 1976c; Muscatine et al. 1985) and weight of small 
coloniess (Fig. 4), which revealed iterative constraints of accretive growth. 
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200 0 

150 0 

100 0 
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O) ) 

36 6 

32 2 

28 8 

24 4 

20 0 

16 6 

12 2 

8 8 

4 4 

0 0 

<9.99 10.0-19.9 20.0-29.9 30.0-39.9 

Grou pp size (g) 

>40 0 

Fig.. 3- Small 5". pistillata colonies at in-situ nurseries: Yearly average growth rates 
(a== percentages; b= total weight added in skeleton mass) of different group sizes. 

Sexuall  Recruits 

Mostt of the larvae in all dishes settled shortly after release. In total, 85% 
(n=2035)) of the collected larvae settled within 3-4 days. Within two months 
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off  ex-situ maintenance in outdoor containers, about 60% died, and 
additionall  mortality of 10% was recorded in the third month, leaving 875 
(41%)) surviving spat. Four hundred primary polyps were transferred to in-
situsitu nursery at the MBL site at 10 m depth. After 1 month, survivorship of 
5%% (20 spat) was recorded. In an earlier set of experiments, 599 freshly 
settledd polyps were transferred to in-situ conditions immediately after 
settlementt and none survived after 1 month. This time, the 20 spat remained 
alivee through the 18 months observational period and grew rapidly. At age 
off  two weeks (still in ex-situ containers), flat spat were about 7-8 polyps and 
<55 mm in diameter (Fig. lc). At the age of 6 months (after 3 months ex-
situ),situ), basal disk diameter reached 1.0 cm and the primary up-growing 
branchh appeared (Fig. Id). After 10 months, basal diameter approached 2.0 
cmm (Fig. le) and within 18 months, small colonies of about 3-4 cm in 
diameterr had developed (Fig. If) . 
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Fig.. 4- The correlation between geometric mean radius (GMR), weight and age of 
smalll  S. pistillata colonies. The deduced age is calculated sensu Muscatine et al. 
(1985). . 

Discussion n 

Studiess on coral reefs worldwide have documented the harmful physical 
effectss on corals of recreational activities such as scuba diving, snorkeling 
andd reef trampling (Talge 1992; Rinkevich 1995; Allison 1996; Chadwick-
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Furmann 1997; Muthiga & McClanahan 1997; Rouphael & Inglis 1997). 
Habitatt degradation has been estimated to affect coral populations through 
alterationn of recruitment, growth, and colony (partial) mortality processes 
(Bak(Bak & Meesters 1999). A recent monitoring study at the coral reef of Eilat 
hass further demonstrated that Stylophora pistillata population structures 
differedd significantly between a site closed-to-the-public and two adjacent 
highlyy visited reef sites. Results reflected differences in living coral 
coverage,, maximal colony sizes, and colony breakage (Epstein et al. 1999). 
Thee conclusion of this monitoring program was that the "no-use" zone 
policy,, a management measure implemented successfully in large reef areas 
suchh as the Great Barrier Reef of Australia (Marion 1994; Christensen et al. 
1996),, is not sufficient in the limited reef area of Eilat. The growing 
mechanicall  damage inflicted on corals during recreational activities, 
however,, is not the sole illness of the Eilat's reef. As in other coastal areas 
withh rapidly growing human populations, the presence of marine pollution 
agentss of domestic and industrial origins has been documented for decades. 
Thee Eilat reef community has undergone numerous species extinctions, and 
itss resilience capacity has been sharply reduced (Loya 1976d, 1986; 
Fishelsonn 1995). Today, in addition to pollution, the sharp conflicts between 
conservationn and the tourist industry further decimate reef-building coral 
populationss (Riegel & Velimirov 1991). 

Too alleviate mechanical degradation, Rinkevich (1995, 2000) has 
proposedd a two-step restoration protocol termed "gardening of denuded 
reefs",, which is based on the in-situ mariculture of coral colonies in 
protectedd underwater 'nurseries'. The concept of nursery mariculture on the 
seaa floor has already been applied on other reef invertebrates such as 
TridacnaTridacna juveniles grown within plastic cages (Jintana et al. 1996). Our 
protocoll  incorporates low-profile artificial substrates as temporary coral 
nurseryy sites. First, coral material is relocated into the nurseries and 
mariculturedd there to an adequate size. Thereafter, it is transplanted into 
degradingg reef sites. 

Branchingg species like S. pistillata offer several types of coral material 
forr gardening. In this basic study, we tested the mariculture of three types, 
ex-situex-situ settled sexual recruits (spat) and two asexually derived materials, 
smalll  colonies and isolated branches. The use of S. pistillata nubbins has 
alsoo been discussed (Rinkevich & Shafir 2000; Shafir et al. 2001). Previous 
studiess that employed either of the above types of coral materials for 
transplantationn (Bowden-Kerby 1997; Franklin et al 1998; Rinkevich 2000 
andd literature therein) did not evaluate the pros and cons for their use, nor 
theirr appropriateness to various circumstances in different reef areas. Our 
recentt studies (this work; Rinkevich 2000; Rinkevich & Shafir 2000; Shafir 

48 8 



Tablee 2. Evaluation for the use of four different types of S. pistillata 
materialss for reef restoration. 

Pointss for 
Consideration n 
General l 
ecological l 
impact t 

Effectt on 
survivorship p 

Effectt on 
reproductive e 
activity y 

Effectt on 
colonyy pattern 
formation n 

Amountt of 
material l 
derivedd from 
donorr colonies 

Availabilityy of 
typee material 

Contributionn of 
materiall  to the 
speciess genetic 
pool l 
Potential l 
biomasss added 
too the reef 

Branches s 

Negative--
replacement t 

off  established 
genotypes s 

withh ramets 

Negative--
increasing g 
colonyy mortality 
withh pruning 

Negativee effects 
onn donor 
colonies,, no 
effectt on 
isolated d 
branches s 
Negative,, takes 
considerable e 
timee for proper 
patterningg of 
lostt parts 

Moderate,, each 
donorr colony 
suppliess several 
units s 

Yearr round 

Reducing Reducing 
genetic c 
heterogeneity y 

Moderate,, few 
addedd colonies 
perr genotype 

Small l 
Colonies s 
Positive--
rescuing g 
genotypes s 
settledd in areas 
subjectedd to 
frequent frequent 
disasters s 
Positive--
survivorr of 
genotypess that 
supposedd to 
diee in place of 
origin n 
No o 
documented d 
effects s 

Noo effect 

Minimal,, only 
aa single unit by 
eachh genotype 

Followingg the 
reproductive e 
season n 
Noo effect 

Moderatee to 
high,, depen-
dingg on (n) 
off  rescued 
colonies s 

Corall  Materials 

Corall  Larvae 

Highlyy positive-
increasing g 
survivorshipp of 
sexuall  recruits 
byy several 
orderss of 
magnitude magnitude 
Noo effect 

Noo documented 
effects s 

Noo effect 

Feww gravid 
coloniess may 
producee high 
numberss of 
larvae e 

Onlyy during 
reproductive e 
season n 
Increasing g 
genetic c 
heterogeneity y 

Significantly y 
higherr than 
natural l 
recruitmentt rate 

*Nubbins s 

Negative--
developmentt of 
monocultures s 

Minimal l 
negativee impact 
resultingg from 
limitedd pruning 
protocoll  used 

Unknown n 

Moderate e 
impacts s 
resultingg from 
thee limited 
pruning g 
protocoll  used 
Feww branches 
fromfrom a donor 
colonyy may 
provide e 
hundredss of 
nubbins s 
Yearr round 

Highly y 
reducing g 
genetic c 
heterogeneity y 
High,, large 
numberss of 
addedd colonies 
perr donor 
genotype e 
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Tablee 2 (continued) 

Pointss for 
Consideration n 
Transplant t 
survivorship p 

Transplant t 
growth h 
Rate e 
Estimated d 
mariculture e 
period d 
Workingg sites 

Manpower r 

Operational l 
costs s 
Priorityy of use 

Branches s 

Variable, , 
accordingg to 
conditions s 

Moderate e 

>5y y 

Al ll  in-situ 

Loww at pruning, 
transplantation n 
andd during 
nursery y 
maintenance e 

Low w 

Recommended d 
forr cases where 
corall  fragments 
aree already 
scatteredd on reef 
bottomm with low 
recoveryy rates 

**  From Rinkevich and Shafir (200 

Smalll  Colonies 

High h 

Fastest t 

2y y 

Al ll  in-situ 

Loww at 
transplantation n 
andd during 
nursery y 
maintenance e 

Low w 

Highly y 
recommended d 
forr reefs with 
areass subjected 
too frequent 
disasters s 

0);; Shafir et al. ( 

Corall  Materials 

Corall  Larvae 

Low,, but 
severall  orders 
off  magnitude 
higherr than 
underr natural 
conditions s 
Fast t 

4-5y y 

Ex-situ Ex-situ 
followedd by in-
situ situ 
Highh at the 
stagess of larval 
collectionn and 
ex-situ ex-situ 
maintenance, , 
loww thereafter 
High h 

Highly y 
recommended d 
wheree ex-situ 
facilitiess and 
manpowerr are 
availablee to 
supportt larval 
collectionn and 
maintenance e 
protocols s 

2001) ) 

•Nubbins s 

High h 

Lowest t 

Longer r 

Ex-situ Ex-situ 
followedd by in-
situ situ 
Highh at all 

phases s 

High h 

Recommended d 
wheree coral 
materials, , 
especially y 
branchess are 
limitedd in 
quantities s 

ett al. 2001) provide analytical evaluations of different coral materials for the 
firstt time (Table 2). 

Thee following discussion is mainly confined to S. pistillata at Eilat's 
reef.. It is obvious that additional evaluation of other coral species at 
differentt locations will provide more complete strategic protocols for 
gardeningg of denuded reef areas. 
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Smalll Colonies 

Relocationn of small colonies from unprotected sites subjected to 
frequentfrequent natural disasters (i.e., storms) and human activity (i.e., trampling) 
intoo protected nurseries successfully salvages genotypes from being lost and 
maintainss high genetic heterogeneity (Table 2). This protocol does not 
involvee any documented damage to transplants. Maricultured colonies 
maintainedd high survivorship and revealed high biomass addition through 
rapidd growth. On the average, small colonies grew 2 in dry skeleton 
weightt per year, the fastest growth rates of the three tested coral materials. 
Therefore,, they require the shortest mariculture phase. A colony of 2.0-3.0 
cmm r in size (20-40 g in weight) that is placed in a nursery may reach, 
withinn a period of 2 years, r of 4.0-5.0 cm and a weight of up to 90 g, 
whichh we consider (Table 2) a suitable size for transplantation. No ex-situ 
facilitiess are needed and operational costs are low. However, this coral 
materiall may not be available in all reef locations. 

Isolatedd Branches 

Thee strategy of pruning branches from large colonies is recommended 
inn cases where enough donor colonies are found in or near the impacted 
area.. It is best used in areas where naturally fragmenting species like 
AcroporaAcropora (Bowden- Kerby 1997) are common. The material retrieved from 
coloniess may be limited, and for some species this approach is not highly 
recommended.. Pruning more than 10% of S. pistillata colony branches may 
resultt in mortality and reduced reproductive activity. The reduction of a 
singlee colony into many ramets may also lead to the formation of reef-
monoculturess and decrease genetic heterogeneity (Table 2). The average 
growthh rate of isolated branches was about 10 times lower than of small 
colonies.. Isolated branches therefore require a longer in-situ mariculture 
periodd (>5y) to attain the 90 g weight class (Table 2). Branch survivorship is 
highlyy variable, but ramets are available year round, and in-situ maintenance 
mayy reduce operational costs. 

Sexuallyy Produced Primary Polyps 

Ex-situEx-situ settled S. pistillata spat displayed fast growth rates in-situ, 
reachingg a colony size of 3-4 cm diameter within 18 months. The 
mariculturee period of these laboratory-settled polyps to a r of 4.0-5.0 cm is 
estimatedd as 4-5 years from day of settlement (Table 2). The ox-situ 
maintenancee phase increases survivorship by several orders of magnitude as 
comparedd to settlement in nature. Large numbers of larvae can be obtained 
in-situin-situ from a few gravid colonies without inflicting any physical damage. 
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Survivingg spat may increase the species' genetic heterogeneity. This 
approachh is only applicable during the reproductive season and is 
particularlyy suitable for S. pistillata, a species that reproduces 6-7 months 
eachh year (Rinkevich & Loya 1979a, 1979b). In order to obtain high 
numberss of recruits, the ex-situ maintenance requires laboratory facilities 
andd higher operational costs. This strategy is highly recommended where 
fundss are available and planulating species are abundant. It has not yet been 
testedd on broadcasting species. 

Corall Nubbins 

Thee fourth strategy is the ex-situ mariculture of huge numbers of 
nubbinss (the size of a single or a few polyps) pruned from any single 
branch.. It involves minimal damage to donor colonies, and evidence is 
accumulatingg for fast growth rates and high survivorship under ex-situ 
conditionss (Rinkevich & Shafir 2000; Shafir et al. 2001). Nubbins may need 
extendedd ex-situ maintenance periods (longer than 5 years, Table 2). Major 
drawbackss are the reduction in genetic variability (monoclones) and the high 
investmentt in manpower and laboratory facilities. This technique is 
especiallyy applicable when there is an urgent need to preserve a few 
remainingg genotypes in a demolished reef area and where other coral 
materialss are limited. 

AA Framework for  Reef Restoration 

Restorationn ecology has been emerging in recent years as an 
independentt discipline. However, in contrast to conservation biology, 
restorationn ecology still lacks a solid theoretical background and general 
guideliness (Hobbs & Norton 1996). Hobbs & Norton (1996) also 
emphasizedd the necessity to develop generalities and principles in order to 
formm a conceptual framework for restoration protocols. With regard to coral 
reeff restoration, the goal of the commonly used coral transplantation 
techniquess is to speed up recovery of degrading reefs. These techniques 
havee been criticized for not being sustainable biological tools for restoring 
degradingg reef communities (Edwards & Clark 1998). One of their main 
drawbackss is the need to obtain coral material from unaffected donor reef 
areass for transplanting into impacted areas. 

Thee rationale for in-situ coral mariculture stems from a different point 
off view. In-situ coral nurseries can supply transplantation operations with 
coralss adapted to natural reef conditions, causing minimal harm to existing 
colonies.. The consideration of different coral species, depending on 
location,, as well as the various coral materials for mariculture, makes this 
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approachh flexible and applicable worldwide through site-specific 
adaptations.. The basic idea of in-situ nurseries (Rinkevich 1995) has already 
beenn proven applicable by Bowden-Kerby (1997), who demonstrated the 
potentialpotential of a sheltered, lagoon-like reef area to be used as a natural nursery 
forr loosely scattered corals. Franklin et al. (1998) successfully cultured coral 
fragmentss in-situ, cemented into small plastic cups, and Rinkevich (2000) 
demonstratedd the potential of low profile substrates as nurseries. 

Thee current state of reef biodegradation worldwide results from the 
synergisticc effects of pollution, overexploitation, and tourism, and requires a 
multifacetedd approach towards sustainable ecological restoration. 
Unfortunately,, this is impossible in many reef areas where human 
populationss depend on coral reef resources. Therefore, heavily impacted 
reefss in general, and small popular reef sites in particular, require improved 
restorationn techniques that can specifically compensate for the rapid loss. 

Wee envisage in-situ nurseries as sustainable sources for coral recruits 
thatt will continuously supply coral colonies for transplantation within 
severall years of establishment. This concept of coral mariculture may serve 
ass a key management tool in the conservation and rehabilitation of small-
scalee denuded reef areas or reefs in danger of extinction. 
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Chapterr  5 

BasicBasic & Applied Ecology (2001) 2:219-222 

FROMM  ISOLATE D RAMET S TO CORAL COLONIES: 

THEE SIGNIFICANC E OF COLONY PATTERN FORMATIO N IN 

REEFF RESTORATIO N PRACTICE S 

Epsteinn N, Bak R. P. M, Rinkevich B 

Abstract t 

Fragmentationn in scleractinian corals has been recognized as an 
importantt facet in the life history portrait of many species. Fragments 
(ramets)) isolated from existing genets may establish new colonies; a 
phenomenonn that is widely used in a variety of management measures, 
includingg restoration of denuded coral reef areas. An analysis of 
regeneratingg branches of the Indo-Pacific coral Stylophora pistillata 
revealss that the architectural complexity of isolated branches may 
havee a significant impact on the initiation of the regeneration process 
towardss the typical structure and complexity of an intact colony. It is 
suggestedd that the 3-D structure complexity of isolated ramets should 
bebe taken into consideration when applying reef restoration practices. 

Keyy Words: Architectural complexity, pattern formation, coral 
ramets,, reef restoration, Stylophora pistillata. 

Introductio n n 

Fissionn (Hughes & Jackson 1980), budding and physical as well as 
biologicall forces that cause breakage of scleractinian corals (Highsmith 
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1982)) are common agents for the formation of ramets in-situ. Both damaged 
natall colonies and coral fragments as small as a single branch or a nubbin 
(Rinkevichh & Shafir 2000), initiate after breakage a series of developmental 
processess aiming to regain the species-specific 3-D colony structure. Loya 
(1976)) who examined regeneration in broken colonies of the Indo-Pacific 
branchingg coral Stylophora pistillata has suggested that an injured colony 
willl allocate resources from its healthy parts to the damaged branches in 
orderr to restore its former shape. An isolated ramet, however, reconstitutes a 
wholee colony configuration from even a minute, non-branching portion. 
Thiss mode of regeneration, known as epimorphosis is characterized by 
growthh of new, correctly patterned branches and leads to the re-formation of 
wholee colonies via an asexual propagation pathway. 

Thee measure of coral transplantation is probably the most common 
managementt practice used to facilitate natural recovery of damaged reef 
sitess (Edwards & Clark 1998). The rational that ramets will grow and 
replacee lost colonies inspires the use of coral fragments as the best material 
forr transplantation (Harriot & Fisk 1988, Rinkevich 1995). An improved 
approachh to reef restoration is the measure of 'gardening' (Rinkevich 1995). 
Thee gardening concept does not leave the ramet's regeneration to the 
leniencyy of local reef conditions and adds, as an intermediate phase, coral 
mariculturee in underwater nurseries before the transplantation of the new 
coloniess into denuded reef sites. Like other transplantation practices, the 
gardeningg concept focuses on the criteria of ramet survivorship and growth 
ratess as measures for success. The idea that ramet's structural complexity 
mayy significantly influence its growth and regenerative ability received little 
attentionn and, when discussed, its importance was attributed to ecological 
ratherr than to developmental concepts. One example is Highsmith (1982) 
whoo briefly remarked that a 3-D ramet shape could prevent branch burial 
underr sediment. Here, we explore the idea that an architectural complexity 
thresholdd of the isolated ramet is required for faster regeneration to a full 
colonyy structure. We suggest that a developmental biology concept of 
coloniall pattern formation should be considered as an additional criterion (to 
thee well discussed criteria of survivorship and growth) in the applied 
disciplinee of coral transplantation for reef restoration. This is particularly 
relevantt to branching forms. 

AA branching coral colony may be considered as an integrated three-
dimensionall structural entity, where physiological parameters such as 
reproductionn and growth patterns are synchronized between different parts 
(Rinkevichh in press). Following this tenet, regeneration of isolated ramets 
shouldd reflect not only superficial linear branch elongation, but also 
coordinated,, 3-D pattern formation processes that include a unique mode of 
apicall ramification, lateral growth and spatial organization of the newly 
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formedd axes according to a precise architectural model (Dauget 1991, 
Kaandorpp 1999). 

Whenn evaluating aspects for coral reef restoration (Rinkevich 2000, 
unpubl.)) we have found that the original architectural complexity of isolated 
rametss may influence their ability to swiftly commence these specific 3-D 
growthh patterns. An example is illustrated in Figure 1 (a-d) where 4 
fragmentss taken from a single Stylophora pistillata colony (labeled by 
alizarinn Red S), were cultured in-situ side by side on concrete plates at 6 m' 
depthh (Rinkevich 2000). These ramets, a small fragment of 2 cm long (Fig. 
la),, a branch fragment of 4 cm long (Fig. lb), a fragment of a bifurcated tip 
(aboutt 3.5 cm long, Fig. lc) and a ramet of about 5 cm long with two major 
branchess (Fig. Id) were cultured for 8 months after isolation. Subsequently, 
thee branches were brought to the lab, their tissue was removed and skeletal 
growthh patterns above and below the alizarin mark were examined. It is 
evidentt that the type of fragment influenced growth rate as well as 
architecturall complexity. While in simple, linear coral fragments (Fig. la, b) 
onlyy apical growth was recorded, within the same time course, fragments 
likee the ramet in Figure lc displayed additional morphometric growth 
patterns,, such as side branching (seen at its left fork) and a fission that 
formedd a new double tip at its right fork. In a more complex morphology, 
(Fig.. Id), many new side-growing knobs appeared below the area of apical 
growth,, along the main ramet axis. These protrusions will develop into side-
growingg branches, indicating an advanced 3-D pattern formation process 
(Fig.. Id; arrows beneath the alizarin line). In comparison to fragments 'a', 
'b'' and also 'c ' , ramet 'd' (Fig. 1) will most likely be able to regain the 
typicall spherical colony shape (Loya 1976) in the shortest period of time. 
Fragmentt 'd' probably possessed the minimal complexity required to initiate 
nott only apical extension but also 3-D growth patterns. Growth rate alone is, 
therefore,, not the sole parameter for consideration when the regeneration of 
isolatedd branch fragments is analyzed. 

Duringg the above experiment, we followed the regeneration of 
additionall 37 branches (20 single tip and 17 ramified ramets). Of the single 
tipp group, 17 branches (85%) displayed only a linear, apical extension while 
33 cases developed, each, an additional new tip through fission. Conversely, 
fromfrom the ramified ramets group, only 2 (11.8%) displayed just linear 
extensionn while 15 ramets (88.2%) developed new tips and branches on at 
leastt one of the forks, in addition to lateral protrusions on the main axis (P < 
0.0001;; Fisher exact tests). The fragments shown in Figure 1 represent, 
thereforee the typical growth of many similar size fragments and illustrate 
earlyy stages at a multi-dimensional regenerative process which leads to the 
typicall structure of S. pistillata colony (Rinkevich in press). 
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Fig.. 1 (a-d). Four fragments (a-d) with different architectural complexities 
takenn from a single S. pistillata genet (from Rinkevich 2000). Black lines 
referr to alizarin marks. Photographs were taken at the end of the experiment. 
Alizarinn marks reveal sizes at the beginning of the experiment. Scale on 
rightt in cm. 

Three-dimensionall growth patterns in regenerating S. pistillata 
rametss are probably 'canalized' (Waddington 1942) in accordance 
withh the species' 'developmental rules' that denote the recreation of 
itss iterated branching system and the typical colony shape. This 
architecturall design may be the expression of the coral structural 
blueprintt (such as homeobox genes) that encodes for specific 
biochemicall processes (Gellon & McGinnis 1998), or can be the 
outcomee of secreted waterborne bioactive chemical signals (isomones) 
thatt regulate and control branch growth rates and positions within the 
internall volume of the colony (Rinkevich & Loya 1985). For the 
appliedd technique of coral mariculture, isolation of ramified branches 
mayy therefore significantly accelerate regeneration and shorten 
mariculturee duration. Therefore, the constraint of minimal structural 
complexity,, imposed on ramets as a critical factor for fast 3-D 
regeneration,, should be considered along with the growth rates and the 
survivorshipp criteria in reef restoration activities. 

Acknowledgments s 
Thiss study was carried out at the Minerva Center for Marine Invertebrate Immunology and 
Developmentall Biology, and was also supported by the AID-CDR. Thanks are due to the 
stafff of the H. Steinitz Marine Biology Laboratory at Eilat for their hospitality. 

60 0 



References s 
Daugett JM (1991) Application of tree architectural models to reef-coral growth 
forms.. Marine Biology 111: 157-165. 
Edwardss AJ, Clark S (1998) Coral transplantation: A useful management tool or misguided 
meddling?? Marine Pollution Bulletin 37: 8-12. 
Gellonn G, McGinnis W (1998) Shaping animal body plans in development and evolution 
byy modulation of Hox expression patterns. BioEssays 20: 116-125. 
HarriottHarriott VJ, Fisk DA (1988) Coral transplantation as a reef management option. 
Proceedingss of the 6th International Coral Reef Symposium, Australia, 2: 375-379. 
Highsmithh RC (1982) Reproduction by fragmentation in corals. Marine Ecology Progress 
Seriess 7: 207-226. 
Hughess TP, Jackson JBC (1980) Do corals lie about their age? Some demographic 
consequencess of partial mortality, fission and fusion. Science 209: 713-715. 
Kaandorpp JA (1999) Morphological analysis of growth forms of branching marine sessile 
organismss along environmental gradients. Marine Biology 134: 295-306. 
Loyaa Y (1976) Skeletal regeneration in a Red Sea Scleractinian coral population. Nature 
Londonn 261: 490-491. 
Rinkevichh B (1995) Restoration strategies for coral reefs damaged by recreational 
activities:: the use of sexual and asexual recruits. Restoration Ecology 3: 241-251. 
Rinkevichh B (2000) Steps towards the evaluation of coral reef restoration by using small 
branchh fragments. Marine Biology 136: 807-812. 
Rinkevichh B (in press) Branching colonial organisms: Where genetics and environment 
shapee landscape. In: Kaandorp J, Keubier J (eds.) The Algorithmic Beauty of Sea Weeds, 
Spongess and Corals. Springer Verlag. 
Rinkevichh B, Shafir S (2000) Ex-situ culture of colonial marine ornamental invertebrates: 
Conceptss for domestication. Aquarium Science Conservation 2: 237-250. 
Rinkevichh B, Loya Y (1985) Coral isomone: A proposed chemical signal controlling 
intraclonall growth patterns in a branching coral. Bulletin of Marine Science 36: 319-324. 
Waddingtonn CH (1942) Canalization of development and the inheritance of acquired 
characteristics.. Nature London 150: 563-565. 

61 1 



Chapterr  6 

REHABILITATIN GG THE IMPACT S OF ANTHROPOGENI C 

ACTIVITIE SS BY CONSERVATION MEASURES: 

CANN A SMAL L REEF RESERVE BE SUSTAINABLE MANAGED ? 

Abstract t 

Zoningg schemes that are becoming a primary management tool in large 
marinee reserves are difficult to implement in small reef areas. At the Eilat's 
Corall Reserve (about 3.4 km long reef at the northern Red Sea), a small-
scalee closure strategy has been initiated since 1992 on about three hundred 
andd fifty meters long coastline while the remaining reef is left open to 
intensee human activities. We investigated for 2.5y Stylophora pistillata 
populationss (3605 coral colonies) in a single locality within the closed area 
(sitee NR) and in two open to the public sites by tossing random quadrates at 
thee trampling zone (0.5-1.5 m depth). In the two open sites we found 
significantlyy higher colony breakage levels (14-34% vs. 4-9% in the closed 
site),, initially lower colony partial mortality levels (in the first 1.5 y; 7-9% 
vs.. 23-30% at the NR), higher recruitment (up to 3.0 vs. up to 0.9 
colonies/m2),, almost half longevity of coral life span (10 vs. 20 y), and new 
cohorts'' estimated extinction period of 9-10 y as compared to >20 y in the 
closedd site. Average colony size 8 cm GMR) and maximal size (9.9 
GMR)) were about half in the open sites. Living coverage fluctuated widely 
inn all sites but was 3 times higher at the closed area (1.0-3.0% vs. 0.3-1.1%). 
Logg transformed size frequency distributions revealed at the open sites a 
shiftt from small towards medium size classes and in the closed site a shift 
fromfrom larger to medium size classes. We conclude that the closure of a 
limitedd core zone as is done in the small Eilat reef reserve is not compatible 
withh the stress imposed by anthropogenic activities, leading to reef 
degradationn in spite of all traditional conservation measures. We suggest 
thatt the use of active restoration approaches such as "gardening coral reefs" 
shouldd be employed as a supplementary tool for the management of small 
andd abused coral reef reserves. 

Keyy Words: Coral mariculture, Coral nurseries, Reef monitoring, Reef 
gardening,, Reef restoration, Reef rehabilitation, Small reef management. 
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Introductio n n 

Onee of the central themes in applied ecology deals with the measures 
forr management of marine and terrestrial ecosystems. In terrestrial 
ecosystems,, much interest has focused into the theoretical and practical 
researchh for management standards (e.g. Soule & Simberloff 1986; 
Christensenn et al. 1996; Stanford & Poole 1996; Thomas 1996; Haeuber & 
Franklinn 1996; Hunter 1996; Redford & Richter 1997; Callicot et al. 1998; 
Mainn et al. 1998; Yaffee 1998; Taylor & Dizon 1999). Established theories 
andd approved management techniques specifically developed for the marine 
environmentt still lag behind, and rely largely on those developed for 
terrestriall habitats (Dugan & Davis 1993; Polunin & Roberts 1993; Allison 
ett al. 1998; Brailovskaya 1998; Fluharty 2000; Keough & Quinn 2000; 
Nickerson-Tietzee 2000; Rose 2000). Furthermore, a considerable scientific 
uncertaintyy is frequently involved with the choice for proper management 
strategiess in marine reserves (Rose 2000). This is also posed from some life 
historyy traits characteristic to various marine organisms, such as the 
capabilitiess for larvae to migrate geographic distances far greater than the 
protectedd area's size (Allison et al. 1998). Regarding coral reef ecosystems 
muchh is yet to be studied for the proper use of management practices 
althoughh basic biological functions of many coral species such as growth 
rate,, reproduction, and recruitment are already known for various sites 
worldwidee (Risk 1999). For example, in the Caribbean reefs, complex 
surfacee current patterns can lead to variations in the input of pelagic larvae 
byy an order of magnitude (Roberts 1997). Therefore, the mapping of 
connectivityy patterns between Caribbean reefs has a significant management 
value,, further illustrating how very little we know about properly managing 
reeff ecosystems. 

Thee practice of proclaiming marine ecosystems as Marine Protected 
Areass (MPA's) is a primary legislative step in marine conservation (Gubbay 
1995;; Kelleher & Kenchington 1992; Kelleher 1996; Barr & Thornton 
1997;; Tuya et al. 2000). Many of the model MP A's consist of large habitats, 
encompassingg each a variety of coastal and oceanic sites. Examples are the 
Greatt Barrier Reef Marine Park at Australia (GBRMP, Christensen et al. 
1996),, and the three U.S.A National Marine Sanctuaries, the Gray's Reef 
(Sedberryy et al. 1997), Monterey Bay (Jackson 1997), and the Florida Keys 
(Ogdenn 1997). At the GBRMP, the world's largest MP A, a zoning scheme 
hass been applied, with three major zones of management: conservation areas 
(coree zones), permitted use areas (National Park zones), and general use 
zones.. Highly sensitive grounds, e.g. nurseries and spawning sites, further 
receivee special protection measures such as no-use legislation (Christensen 
ett al. 1996). In such large reserves, the zoning system is used as a primary 
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managementt tool to accommodate on the one hand, the protection of unique 
habitatss while resolving on the other hand, social and economic vs. 
protectionn conflicts of interests. 

Smalll reef areas, as compared to large MPA's, put forward additional 
managementt challenges and require more intensified management activities 
(Schwartzz 1999). They should encompass sufficient habitats as the core area 
too ensure sustainable management, but in contrast to large reserves, where 
additionall 'belts' of managed zones protect the core area (Noss & Harris 
1986),, small reserves' core areas are often directly exposed to recreational 
activitiess and pollution without being sheltered by buffer zones. In few 
casess (e.g. White & Vogt 2000), small reef areas are claimed to be 
successfullyy managed. In many others, however, such as the Coral Nature 
Reservee at Eilat, Northern Red Sea, and the Hikkaduwa Marine Sanctuary at 
Colombo,, Sri Lanka (two small-size MPA's of merely 4 km coastline each 
withh easily accessed coral reefs), fast degradation has been documented 
(Loyaa 1986; Riegel & Velimirov 1991; Fishelson 1995; De-Silva 1997a, b; 
Whitee et al. 1998; Epstein et al. 1999) in spite of the existing management 
practices. . 
Thee Coral Reef Reserve of Eilat, Israel, was considered as one of the most 
diversee reefs worldwide (Loya 1972). Oil and phosphate transport and other 
detrimentall activities for decades developed chronic pollution in the area 
thatt resulted in reef degradation (Loya 1986; Fishelson 1995). In the last 
decenniaa hotel development and tourist activities such as diving and 
snorkelingg have emerged as the major agents for coral destruction and reef 
declinee in Eilat (Riegel & Velimirov 1991; Wilhelmsson et al. 1998; Epstein 
ett al. 1999), confirming outcomes from other reef sites worldwide (Talge 
1992;; Allison 1996; Chadwick-Furman 1997; Muthiga & McClanahan 
1997;; Ormond et al. 1997; Rouphael & Inglis 1997). In 1992 a "no-use" 
zonee policy was initiated within this small MP A on a restricted scale of ca. 
3500 m long lagoon area (Meshi, pers. comm.) located just north to the 
Underwaterr Observatory (Fig. 1). In the marine environment such a small-
scalee closure system was not put before to neither theoretical nor practical 
evaluationn (e.g. Laffoley 1995; Brailovskaya 1998; Lauck et al. 1998). Six 
yearss later, we have started a monitoring study (Epstein et al. 1999) to 
evaluatee the effectiveness of this measure. We investigated demographic 
propertiess of coral populations within the 'closed to the public' area, 
comparingg to adjacent two areas that are open to the public. 

Here,, we present results of a 2.5y follow-up study on this 'no-use zone' 
area,, implemented at the Coral Nature Reserve at Eilat almost 10 years ago 
andd an assessment for the policy used. Results are discussed with an eye for 
thee possible implementation of novel restoration acts (such as in-situ coral 
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mariculture)) to overcome failures of conventional management measures 
implementedd in small MP A's. 
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Fig.. 1- The northern tip of the Red Sea Gulf. The three study sites, HP (Hotel 
Princes),, MBL (Marine Biology Lab), and NR (Nature Reserve) are indicated with 
arrows. . 

Materia ll  and Methods 

Studyy Area 

Thee fringing coral reef of Eilat is located at the northwestern tip of the 
Gulff of Eilat and is the most northern extension of the Red Sea reef system 
(Fishelsonn 1995). This reef encompasses two differently managed zones 
(Fig.. 1); the northerly-situated "Hof Almog" Reserve (ca. 1.4 km of coastal 
area),, where a 1.1 km strip is fenced and strictly regulated for the number of 
visitors,, and the southern "Hof Dromi" Reserve (ca. 2 km long) that 
stretchess to the south, towards the Israeli-Egyptian Taba border crossing and 
iss regulated as an open to the public nature reserve (Ortal & Nemtzov 1997). 

Heree we studied the 'trampling zone' (0.5-1.5m depth) at three reef sites 
(Fig.. 1). Two 'open-to-the-public' sites are situated at the Hof Dromi Nature 
Reserve,, the reef in front of the Princes Hotel (site HP), located just across 
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thee Taba border crossing, and the reef in front of the H. Steinitz Marine 
Laboratoryy (site MBL), located 1 km north to HP. At both sites, access to 
thee deep water is possible through walkways, but entrance over the beach is 
allowed.. The third site, the no-use zone of the Eilat's lagoon, is found 
withinn the strictly protected Hof Almog Reserve (site NR), 0.5 km north to 
thee MBL and is restricted for all recreational activities. Limited research 
activitiess are permitted only by snorkeling during high tide. Diving and 
swimmingg are allowed only beyond the reef wall. The entrance to the deep 
reeff at the whole NR site is strictly confined to walkways and pathways. As 
comparedd to the two open-to-the-public sites, coral trampling is therefore 
largelyy eliminated in the protected NR site. 

Studiedd Species 

StylophoraStylophora pistillata, a branching Indo-Pacific coral species, is one of 
thee most abundant coral species in the northern Gulf of Eilat, dominating the 
lagoon,, rear-reef, and reef-flat coral communities, and occurring in 
abundancee also at the deeper parts of the fore-reef and the slope (Loya 
1972).. It is a species of focal importance in the ecology of the Eilat's reef 
system,, notable for its biological characteristics such as high recruitment 
ratess and re- colonization abilities, rapid growth and development, fast 
regeneration,, early onset of reproduction and long reproductive season, the 
highh number of fish and invertebrates (sponges, anthozoans, polychaetes, 
crustaceans,, mollusks, and more) residing between and above the colony 
branches,, and its major contribution as a reef framework builder due to its 
highh abundance and populations turnover (Loya 1976a,b; Rinkevich & Loya 
1979a,b,, 1987; Rinkevich et al. 1991; Loya 1985; Muscatine et al. 1985). 
Thee branching colony morphology renders its vulnerability to breakage. It is 
thereforee a suitable subject for this monitoring study. 

Dataa Collection 

Thiss study was conducted from May 1998 to October 2000. Each site 
wass sampled 6 times (twice a year) during the months of April-May and 

2 2 
October.. At each site, a total area of app. 400m of the trampling zone was 

2 2 

repetitivelyy sampled, using lm randomly selected quadrates (see Epstein et 
al.. 1999). 

Thiss study evaluates Stylophora pistillata populations. Within each 
quadrate,, height, length, and perpendicular width of all S. pistillata colonies 
weree measured using a plastic caliper (accuracy 1.0 mm). The geometric 
meann radius (GMR, r ) was calculated following Loya (1976a). 
Magnitudess of breakage and partial tissue loss were estimated by evaluating 

66 6 



thee size of missing or dead part(s) as percentage of colony volume. To 
efficientlyy evaluate extent of breakage and partial mortality on different size 
categories,, we divided the colonies into five GMR size classes of < 1.1, 1.1-
2.0,, 2.1-4.0, 4.1-10 and >10.1 cm. For linear size frequency distribution 
analyses,, the colonies were divided into size classes of 1 cm GMR intervals, 
ass the average yearly growth rate of this species has been estimated to be ca. 
11 cm GMR (Loya 1976c; Muscatine et al. 1985). 

Log-Transformedd Size-Frequency Distributions 

Too further describe demographic changes in S. pistillata populations 
throughh time, we analyzed the colony size frequency of each population by 
logg transforming the size data (Bak & Meesters 1998). This method is based 
onn the relative change in size (Vermeij & Bak in press), which compensates 
forr the large differences in absolute colony growth between small and large 
coloniess over the same time interval. This method has been particularly 
recommendedd to elucidate structure alterations in populations of degraded 
andd marginal reefs (Bak & Meesters 1999; Meesters et al. 2001). The 
resultingg high-resolution size- frequency distribution better reveals life-
historyy processes of recruitment, juvenile mortality, and partial colony 
death,, particularly due to an increase in the number of small-size classes. 

Inn our study we used a log-transformation with base 2 of the original 
sizee data (In {size}/ In {2}; Vermeij & Bak, in press). To visualize the 
resultingg size frequency distributions we arbitrarily defined successive size 
classess by choosing an iteration step (i.e time step) over which the size 
increasee was calculated. We chose an iteration step of 0.3 (2"1, 2"07, 2"04, 2" 
01,, 202, 205...) that yielded to the size classes 0.27, 0.33, 0.41, 0.50, 0.62, 
0.76,, 0.93, 1.15, 1.41, 1.74, 2.14, 2.64, 3.25, 4.00, 4.92, 6.06, 7.46, 9.19, 
11.31,13.93,, 17.15, and 21.11 cm GMR respectively. 

Results s 
Betweenn 8-24% of the studied area at each site was analyzed by 

quadratess per census (Table. 1). In total, measurements were taken from 
36055 S. pistillata colonies, 1165 at HP, 1250 at MBL and 1190 at NR in 
308,, 277 and 331 quadrates respectively. Average number of colonies per 
lm22 was not statistically different between the 3 sites (Anova, p>0.05), and 
rangedd 3.6-5.9 at the open sites and 2.9-5.0 colonies/m2 at the NR. The total 
combinedd average colony size at HP and MBL was 1.9  1.8 cm GMR, 
aboutt half that calculated for the protected NR site (4.0  3.9 cm GMR). 
Maximall colony size reached 9.9 cm GMR at HP and MBL, less than a half 
thatt recorded for the NR (22.4 cm GMR). The calculated total living 
coveragee of S. pistillata populations fluctuated at all three studied sites, but 
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wass almost x3 higher at the protected NR site (1.0- 3.0%) as compared to 
0.33 to 1.1% at the 'open to the public' sites (Table 1). 

Tablee 1. S. pistillata populations: Summery of the six censuses at the HP, 
MBL,, and NR sites during the 2.5 y study. 

Site e 

-Date e 

HP P 
Mayy 98 
Oct.. 98 
Mayy 99 
Oct.. 99 
Mayy 00 
Oct.. 00 

Nr.of f 
Q. . 

48 8 
49 9 
96 6 
49 9 
34 4 
32 2 

Total l 
sampled d 
areaa (%) 

12.0 0 
12.0 0 
24.0 0 
12.0 0 
8.5 5 
8.0 0 

Averagee nr. 
Corals/quadrate e 

(XX  s.d) 

4 4 
2 2 
7 7 
7 7 
5 5 
2 2 

Total l 
nr.. of 

colonies s 

175 5 
171 1 
327 7 
186 6 
163 3 
143 3 

Average e 
colonyy MGR 
(XX  s.d cm) 

9 9 
6 6 
8 8 
0 0 
8 8 
8 8 

S.S. pistilla 
coverag g 
areaa (% 

0.60 0 
0.30 0 
0.31 1 
0.68 8 
1.10 0 
0.71 1 

MBL L 
Mayy 98 
Oct.. 98 
Mayy 99 
Oct.. 99 
Mayy 00 
Octt 00 

51 1 
48 8 
77 7 
31 1 
36 6 
34 4 

13.0 0 
12.0 0 
19.0 0 
8.0 0 
9.0 0 
8.5 5 

5 5 
2 2 
0 0 
1 1 
8 8 
8 8 

214 4 
211 1 
312 2 
183 3 
168 8 
162 2 

1.8=bl.8 8 
6 6 
7 7 
1 1 
4 4 
7 7 

0.42 2 
0.36 6 
0.36 6 
0.89 9 
0.42 2 
0.83 3 

NR R 
Mayy 98 
Oct.. 98 
Mayy 99 
Octt 99 
May.. 00 
Oct.. 00 

69 9 
76 6 
75 5 
32 2 
46 6 
33 3 

17.0 0 
19.0 0 
19.0 0 
8.0 0 
11.5 5 
8.0 0 

6 6 
8 8 
9 9 
3 3 
3 3 
9 9 

242 242 
217 7 
287 7 
159 9 
151 1 
134 4 

4 4 
2 2 
4 4 
0 0 
9 9 
7 7 

1.70 0 
1.00 0 
3.00 0 
2.20 0 
2.30 0 
2.40 0 

Linearr Size Frequency Distributions 

S.S. pistillata populations at the three studied sites were characterized by high 
proportionss of the small-sized colonies (Fig. 2). The two smallest size 
classess (<1.1 and 1.1-2.0 cm GMR, corresponding to the age of up to 2 
years)) confined the majority of the populations, up to 75% at the open sites 
(MBL;; Apr. 99) and 46% at the NR (Oct. 99; Fig. 2). Larger colonies were 
moree abundant at the NR site than in the 'open to the public' sites. Fig. 2 
depictss colony size distributions of up to 10.0 cm GMR, since individuals 
largerr than this size were not found in the HP and MBL. At these locations, 
thee abundance of the group size GMR=6.1-7.0 cm dropped to - 3 % and the 
followingg size classes (up to 10.0 cm GMR) decreased to 1%, or were not 
representedd in some censuses. In contrast, at the NR site up to 8% of the 
populationn were counted in the 6.1-7.0 cm size and up to 6% in the 9.1-10.0 
cmm group. In addition, the 10.1-11.0-size class was relatively abundant (4-
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5%% in different censuses) and only the following size classes (up to the 
maximalmaximal size of 22A cm) were reduced to about 1% in abundance. 

DHP P 

I]MBL L 

Fig.. 2- One cm interval size frequency distributions in of S. pistillata populations 
att the trampling zones of the 3 sites along the 2.5 y study. Only the first 10 cm 
classess are given since larger colonies were not found at the HP and MBL (size 
increasee from left to right). 
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Logg Transformed Size Distribution 

Fig.. 3 depicts colony size frequencies in each S. pistillata population for 
successivee growth steps, at the beginning (May '98) and the end of the 
monitoringg period (Oct. '00). A total of 22 growth steps (0.27 to 21.11 cm 
GMR)) were calculated. The results reveal shifts in the relative distributions 
off the size classes with time at the three studied sites. 

Afterr 2.5 years, the relative frequency distribution of the recruitment 
classess combined (all GMR classes up to 1.15 cm), decreased from May '98 
too Oct. '00 by 14% at the HP, 41% at the MBL, and 13% at the NR site. The 
relativee size class frequency distribution of the combined GMR classes up to 
0.500 cm decreased by 25% at the HP (26.9% to 20.3%), 46% at the MBL 
(29.9%% to 16.2%) and by 14% at the NR (18.2% to 15.7%). This reduction 
wass further noted in the relative frequency distribution of the combined 
0.50-1.155 cm GMR classes at the MBL site where a 35% decrease in 
abundancee was documented (from 21.1% on May '98 to 13.8% on Oct. 
'00).. Further, a relative increase in the frequency distribution of the 
intermediatee size classes was recorded at the open sites after 2.5 years. At 
thee HP site, the size classes 2.64, 3.25 and 4.00 cm GMR increased by 83%, 
40%,, and 51% respectively. At the MBL site the 2.14, 3.25, and 4.00 cm 
GMRR classes increased by 46%, 135%, and 130% respectively. At the 
protectedd NR site, however, the increase in the relative abundance of the 
intermediatee size classes 2.14, 2.64, and 4.0 cm GMR (284%, 80%, and 
116%% respectively) was accompanied by a decrease in the relative 
abundancee of the larger classes 6.06, 7.46, and 9.19 cm GMR by 57%, 39%, 
andd 37% respectively. 

Afterr 2.5 years, therefore, total recruitment (all colonies up to 1.15 cm 
GMR)) decreased at all three studied sites with the largest drop of 41% at 
thee MBL site, the intermediate size classes increased in proportion at all 
sites,, but the larger classes at the protected NR site decreased. 

Partiall Colony Breakage 

Thee HP and MBL sites exhibited significantly higher numbers of partial 
colonyy breakage (ranging 15-34% and 14-27% of the population 
respectively;; Anova, p< 0.05) than the protected NR (4-9%, Fig. 4a) over 
thee 6 censuses along the 2.5 y study period. An unusual high level of 34% 
andd 27% broken colonies was recorded on May 1998 at both open to the 
publicc sites (Fig. 4a) as compared to only 8% in the NR site. Following the 
otherr 5 censuses, the rate of breakage was reduced, but even though, the 
openn to the public sites revealed at least twice as much higher rates of 
colonyy breakage per census than the protected site. 
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Fig.. 4- Relative impairment of 5. pistillata populations (May '98- Oct. '00) at the 
threee studied areas, measured by: a, partial colony breakage; b, partial colony 
mortality. . 

Thiss outcome is further reflected in the within group size damage 
analysess (Table 2), revealing that the distribution of broken colonies do 
increasee with the increase in colony size in all three sites. In the open-to-the-
publicc sites, 34-79% of the colonies that belonged to the 4.1-10.0 cm size 
classs were partially damaged as compared to 1-5% only in the <1.1 cm 
groupp size (Table 2). There were, nevertheless, considerable differences 
betweenn NR and the open to the public sites. While the proportions of 
damagedd colonies in the smallest group class (< 1.1 cm) were low and 
similarr in all sites (1-5%), in the open sites it increased in the second group 
classs (1.1-2.0 cm; May '98) up to 30% of the colonies as compared to 3-
12%% in the NR (Duncan grouping, p< 0.05). While partial damage 
frequenciess further increased in the open sites in the two larger group sizes, 
itt remained relatively low in the protected NR, except for the group size 
largerr than 10.1 cm GMR, peaking up to a 45% value. 
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Whenn evaluating the breakage impact on individual colonies (Table 2), 
att the open to the public sites usually >30% of the colony, on the average, 
wass damaged (reaching values of >50% colony damage). In the NR the 
figuress fluctuated but were generally lower. Even in the largest group size 
(>10.11 cm GMR, Table 2) the maximal average value of damaged parts 
withinn a single colony was only 30%. 

Partiall Colony Mortality (PCM) 

Thee NR population exhibited significantly higher (Anova, p<0.05) 
levelss of PCMs (23-30%) than the open to the public sites (up to 12%) 
duringg the first 1.5 years of the study (Fig. 4b) and continued to reveal the 
samee levels for the rest of the studied period, Oct. '99- Oct. '00 (24-28%). 
Inn the two open sites, a sharp increase in the PCM levels was documented as 
off Oct. '99 (to 17% at HP, 20% at MBL), and as from May 2000, similar 
levelss of PCM were recorded in all three sites (Fig. 4b). With the increase in 
colonyy size, more colonies were affected in all sites (e.g. 21% and 18% of 
thee colonies in the first two size classes vs. 69% in the 4.1-10.0 cm GMR 
classs at the MBL, May '00 census; Table 3). The average colony size of the 
impairedd colonies in the open sites 6 cm GMR) was about half that in 
thee protected NR 5 cm). 

Att the colony level, PCM is expressed as a significant biological 
phenomenon,, which probably reveals a state of colony degradation (where a 
majorr part of a damaged colony is dead) that leads to its demise. For 
example,, the smallest class colonies displayed ca. 75% and 95% PCM in the 
openn to the public and the NR sites respectively, and even in the 4.1-10.0 
cmm size class PCM levels are 23% to 80% of the whole colony (Table 3). 
Thee increase in PCM with time on the population level (Fig. 4b) is also 
reflectedd on the colony level. For example, in the group size 4.1-10.0 cm 
class,, it increased in all sites, from May '98- with relatively benign levels of 
23-34%% PCM on the average, up to ca. 80% PCM on May '00 (Table 3). In 
thee <1.1 cm and the 1.1-2.0 cm classes we found many completely dead 
coloniess (which were not counted and are not included in the analyses). 
Therefore,, the '0 ' PCM values in small size colonies do not reflect a real 
situationn of healthy populations. It is probable that small colonies that are 
moree vulnerable die faster, curtailing the intermediate PCM phase. 

Recruitmentt And Survivorship: Cohort Analyses 

Heree we analyzed the fate of cohorts based on S. pistillata reproductive 
seasonalityy and colony growth rates. Young S. pistillata colonies add yearly, 
onn the average, about 1.0 cm in GMR (Loya 1976c; Muscatine et al. 1985). 
Followingg the reproductive activities (for details on reproductive seasonality 
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seee Rinkevich & Loya 1979a, b, 1987), colonies of GMR<1.1 cm size class 
foundd in each May census represent the recruitment cohort of the previous 
year.. The analyses of the May census series (3 consecutive reproductive 
seasons,, May 1998-2000) allow us to follow the fate of previous year 
cohortss as follows: Colonies of the GMR <1.1 cm class of May '00 census 
weree considered as last year (1999) recruitment and may be analyzed only 
once.. The 1998 cohort may be analyzed twice, in the May '99 as the <1.1 
cmm class and in May '00 as the 1.1-2.0 cm size class. The year 1997 cohort 
mayy be analyzed in three group sizes, as the < 1.1 cm size class of May '98 
census,, the 1.1-2.0 cm class of May '99 census, and as 2.1-3.0 cm size class 
off May '00 census. Following that rationale, the fate of previous years 
cohortss is analyzed back not only to year 1992, when the closure measure 
wass initiated, but also back to year 1987 (to a group size of 10.1-11.0 cm 
GMR;; Fig. 5). It may also be evident that some coral colonies were 
"shifted"" from their actual size classes to "younger" classes as a result of 
PCMM and partial colony breakage events (Hughes & Jackson 1980; Bak & 
Meesterss 1998). 

Inn all three sites, the number of colonies per cohort is gradually 
decreasingg with the increase in colony size. The 1992 cohort (the year when 
thee closure was initiated) is present at all the NR May censuses (0.2 
colonies/m22 in the 5.1-6.0, 6.1-7.0, and 7.1-8.0 cm group size classes) but is 
reducedd to 0.1 colonies/m2 in the open sites and is absent at the 7.1-8.0 cm 
classs of the MBL May '00 census. The 1987-91 cohorts already disappeared 
inn the last census (May '00) from both open-to-the-public sites (1988 cohort 
alsoo from HP) while still appearing at levels of 0.05-0.2 colonies/ m2 in the 
NR.. Survivorship in the protected NR is much higher (colonies of the age of 
211 y are still represented) than in the open to the public sites where it takes 
aboutt 9-10 years to any new cohort to become extinct. The 1992 cohort, 
recordedd first in the 5.1-6.0 cm GMR class (May '98), followed by the 6.1-
7.00 and finally in the 7.1-8.0 cm GMR class, is therefore proned to 
extinctionn from the open sites in the following years 2001-02. While 
survivorshipp in the NR site is improved, its recruitment rates are below the 
valuess of the HP and MBL. The 1997-99 recruitment values in NR are 0.6-
0.99 colonies/m2 as compared to 1.0-1.6 colonies/m2 in HP and 1.9-3.0 
colonies/mm in MBL site. 

Fig.. 5 further reveals changes in cohort abundance from one year to 
another.. For example, the HP 1996 cohort that counted 0.8 colonies/m2 in 
thee 1.1-2.0 GMR class (May '98 census) decreased to 0.5 in the 2.1-3.0 
classs (May '99 census) but then increased again to 0.9 in its 3rd year (the 
3.1-4.00 class of the May '00 census). These results are probably due to 
impactss of partial mortality and breakage on larger colonies that 
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consequentlyy were 'shifted' backwards into younger cohorts of smaller size 
categories. . 
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Fig.. 5- A follow-up analysis (May '98-'00) of 13 S. pistillata cohorts from the 
threee studied areas. Numbers above columns denote year of settlement, i.e. the 
19999 cohort of the <1.1 size class was measured on May '00, etc.. 
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Discussion n 

Evaluatingg the effectiveness of measures implemented in marine 
protectedd areas is an essential step in the development of adaptive 
managementt and sustainable conservation strategies (McNeill 1994; 
Stanfordd & Poole 1996; Done & Reichelt 1998; Rose 2000). Here we 
evaluatedd the effectiveness of a limited 'no use zone' policy implemented in 
aa small MPA (the Eilat Coral Reef Reserve) by studying for 2.5 y S. 
pistillatapistillata populations from shallow water trampling zones. 

Ourr major findings were that the S. pistiWata populations in the 
frequentlyfrequently visited HP and MBL sites sustained significantly higher levels of 
corall breakage (Fig. 4a), and displayed a reduction in the maximal colony 
sizee (Fig. 2) that implies faster extinction rates of adult colonies compared 
withh the protected NR site. Initially, only the core zone (site NR) displayed 
highh levels of partial colony mortality, but with time an increase to similar 
levelss was recorded also at the open sites' populations (Fig. 4b). The 
populationss at the three studied sites displayed large temporal fluctuations in 
livingg area coverage (Table 1). Log-transformed size-frequency distribution 
histogramss (fig. 3) revealed a reduction in recruitment and an increase in the 
relativee abundance of intermediate size class colonies at all three 
populations,, and a decrease in the relative abundance of large colonies at the 
protectedd NR core zone after 2.5 y. Such data are of importance for the 
evaluationn of the conservation strategy implemented at the Eilat reef 
reserve. . 

S.S. pistillata is a fairly small-size, short lived coral species (Loya 1976a). 
Populationss of such a species are characterized by negatively skewed size 
frequencyy distributions, with many small and few large colonies (Babcock 
1991;; Soong 1993; Bak & Meesters 1998, 1999; Meesters et al. 2001). 
However,, on Oct. '00 we documented shifts in the size class frequency 
distributionss towards the intermediate classes at all three sites, and a 
reductionn in abundance of larger colonies at the NR core zone. These shifts, 
furtherr amplified by the high PCM and breakage levels (that reduce 
numberss of individual colonies in the larger size classes; Bak & Meesters 
1998,, 1999) are not the result of the 1992 limited 'no-use' zone policy. This 
partialpartial zoning system, and the implementation of other traditional measures 
forr years in the Eilat reef (diving and snorkel restrictions, establishment of 
walkwayss and pathways for visitors in the reef, collection permits, pollution 
controll strategies, and more) are probably not efficient in holding the S. 
pistillatapistillata populations in a long-term equilibrium state. The fluctuations in 
thee & pistillata living coverage area (Table 1) as well as in the size 
frequencyy distributions (Fig. 3) documented at the three studied sites may be 
thee outcome of this instability. 
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Ecologicall stability can be viewed in several ways such as the 
ecosystemm ability to resist forces that act to impose a change on it 
('resistancee stability', Sutherland 1974), or the time elapsed to return to a 
pre-disturbancee state ('resilience', Margalef 1968). In this context, the terms 
'persistence'' and 'constancy' are used to evaluate ecological stability at the 
systemm and the population levels (Christensen et al. 1996; Turner et al. 
1993).. Holling (1996) further suggested that resilience should be viewed as 
thee magnitude of disturbance a system can absorb without the alteration of 
itss variables and essential behavior. The findings discussed above may 
implyy alteration in behavior of the S. pistillata populations, and further 
reflectt reduced resistance-stability and ecosystem-resilience in the Eilats' 
reef,, including the protected core zone of the NR site. This conclusion is 
furtherr supported by unrelated long-term studies on coral community 
structuree in the northern Red Sea (Loya 1972, 1975b, 1986, 1998), where 
thee poor resilience ability of the reef community and its deterioration due to 
humann perturbations were confirmed. Loss of the larger size classes in the S. 
pistillatapistillata populations at the open sites reduces reproductive output, implies a 
seriouss population decline (Hughes & Tanner 2000), and reveals a 
deteriorationn path of an important reef community component. In situ 
planulaee catchments of S. pistillata during 1997-99 (unpubl.) revealed a 
declinee in reproductive activities. If reproductive activity within the 
protectedd NR core zone (that suffers from high partial colony mortality) is 
decreased,, this may inevitably affect also the southerly, down- stream 
situatedd S. pistillata populations of the open sites. The small-scale closure 
policyy in Eilat is thus ineffective in ameliorating various impairments such 
ass in large reef areas. 

Itt is therefore unfortunate that the traditional conservation approaches 
carryy default merits as sustainable tools for small coral reef management. 
Increasingg impacts of human activities at the Eilat Coral Reef Reserve 
wheree about 15 dive clubs are operating further hamper management efforts. 
Sincee no buffer system can be applied in this small reserve, active, site-
specificc rehabilitation and restoration measures are needed. Active 
restorationn strategies such as the 'Reef Gardening' concept where combined 
ex-situex-situ and in-situ coral mariculture methods are employed (Rinkevich 
1995,, 2000; Epstein et al. 2001) represent such a supplementary 
managementt approach for rehabilitation of small, exploited and 
deterioratingg MPA's. 

Inn small and heavily exploited reef reserves, sustainable transplantation 
operationss (where the need to extract natural coral from donor colonies is 
exempted)) are an essential management tool (Edwards & Clark 1998). 
Rinkevichh (1995, 2000) proposed the two-step 'gardening' restoration 
approachh that is based on farming coral recruits in protected underwater 
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nurseriess before their transplantation into denuded reef areas. Several 
aspectss of this rationale were critically examined recently (Rinkevich 2000; 
Epsteinn et al. 2001). In other coral reefs worldwide similar approaches also 
revealedd the merit of coral mariculture as a means to increase coral stocks 
forr restoration (Bowden-Kerby 1997; Franklin et al 1998). By employing 
efficientt strategies for the development of different coral material for reef 
restorationn (Epstein & Rinkevich, 2001; Epstein et al. 2001), new colonies 
off S. pistillata may be formed in less than 2 years. Such colonies may go 
throughh sexual maturation with high survivorship rates within a short 
period,, and in a size that may potentially contribute to the reef resistance 
stabilityy and resilience subsequent to transplantation. 

Reef-basedd tourism is incessantly increasing worldwide, and the 
recognitionn in the detrimental effects of recreational activities to reef corals 
iss growing as well (Hawkins & Roberts 1997). Similar to the Eilat Reef 
Reservee case study, many coral reefs worldwide are being exposed now to 
tourismm effects after decades of enduring other damaging anthropogenic 
activitiess and pollution. Global climate change is another factor to consider 
whenn appraising the prospects for coral reefs persistence in the near future 
(Goreauu et al. 2000). During the 1998 El Nino event coral mortality took 
suchh an unprecedented extent that Goreau et al. (2000) suggested it is time 
too consider preserving rare branching coral species in aquariums. 
Restoration-basedd management such as coral man- and- aquaculture may 
potentiallyy enhance the conservation value of conventional management 
strategiess especially in small reef reserves. In an era where reef ecosystems 
aree rapidly deteriorating and their future existence as support systems for 
coastall human populations is in doubt (McClanahan 1999; Risk 1999) we 
considerr active, sustainable reef restoration strategies as important tools to 
rehabilitatee coral reefs. 
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Chapterr  7 

APPLYIN GG FOREST RESTORATIO N PRINCIPLE S TO CORAL 

REEFF REHABILITATIO N 

Abstract t 

Forestt restoration through silviculture (gardening) programs revives 
productivity,, biodiversity, and stability. We propose here to adapt this 
rationalee to coral reef ecosystems and major key criteria for forest and coral 
reeff restoration measures are raised and compared. A coral gardening 
strategyy is based on a two-step protocol, the establishment of in-situ and ex-
situsitu coral nurseries phase in which corals are farmed (originating from two 
typess of source material: asexual [ramets, nubbins], and sexual: [planula 
larvae,, spat]), and the reef rehabilitation phase, where maricultured colonies 
aree transplanted into degraded sites. It is suggested that a sustainable coral 
mariculturee operation will promote the persistence of threatened coral 
populationss and maintain their genetic variability (as well as of other reef 
taxa).. This measure may also be implemented worldwide, eliminating the 
needd to extract existing colonies for transplantation operations. In abused 
reeff sites, the coral gardening strategy can assist in managing human and 
non-humann stakeholders' requirements as is done in forest management. 

Keywords::  coral mariculture; forest restoration; in-situ nurseries; reef 
management;; reef restoration; silviculture 

Twoo Ecosystems with a Similar Fate 

Treess and stony corals, the framework building stones of rainforests and 
corall reefs, share a common ecological role by virtue of their biological 
propertiess (Christensen et al. 1996). Both ecosystems consist of complex 
structuress that embody the required physical strength to resist storms, and 
harborharbor high numbers of inhabitants. Lugo et al. (2000) further indicated that 
inn spite of continuous exposure to destructive agents, coral reefs and 
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rainforestss have successfully persisted over evolutionary time scales. This 
hass been achieved through mechanisms of resistance and fast structural 
repairr of their prime components. However, coral reefs and rainforests are 
facedd in the last five decades with dramatic threats from new types of 
perturbations,, as human activities rapidly increase in these ecosystems. 
Forestt clearing and land conversion to agriculture leads to land erosion, and 
desertification.. Similarly, major declines in coral coverage lead to the 
collapsee of reef communities and to the development of 'weedy' algal mats 
(Kinsey,, 1988; Lugo et ah, 2000). Both systems also undergo dramatic 
changess in structure and species composition when chronic human impacts 
aree inflicted (Loya, 1986; Rinkevich, 1995; Noble and Dirzo, 1997). On 
land,, the failure of forest systems to self-regeneration has stimulated various 
restorationn measures proven to be effective. This is not the situation in the 
corall reefs (Allison et ah, 1998) where rehabilitation measures that have 
beenn employed, such as artificial reefs and coral transplantation, are under a 
scientificc debate for their effectiveness (Edwards and Clark, 1998) and no 
singlee restoration concept is commonly accepted. Here we deal with the 
questionn of whether accepted forest restoration concepts can be adapted and 
utilizedd for reef restoration as well? 

Terrestriall Restoration Concepts 

Habitatt restoration is a scientific discipline developed originally for 
terrestriall ecosystems (Hobbs and Norton, 1996). Its rationale operates on 
twoo distinctive hierarchical levels, the first of which is to restore the 
physicall environment, followed by the re-introduction of vegetation. Several 
workingg concepts guide these restoration protocols. They include the need 
forr preservation of basic ecosystem functions (such as nutrient and mineral 
cycling),, the priority handling with key species, the need for preserving 
biologicall diversity, and the importance of rehabilitation of biological 
frameworkk structures (Christensen et ah, 1996; Lesica and Allendorf, 1999). 

Degradedd forestlands are prone to land erosion, decreased hydrologie 
stability,, lower primary productivity, and diminished species diversity. Re
forestationn of partially degraded areas may be achieved through several 
routes,, with the main aim for the maintenance of species composition and 
diversityy (Dobson et al, 1997). Areas of advanced deprivation, or extinct 
forestt communities are reconstructed through silviculture programs by 
cultivatingg selected tree species in plantations. Forest restoration through 
silviculturee is also a key strategy to achieve objectives at the community 
level,, such as enhancing productivity, stability, and biological diversity of 
denudedd areas (Parrotta, 1992). Silviculture has proven to be one of the 
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mostt promising restoration tools for tropical forest systems (Christensen et 
al,al, 1996). 

Duee to the common ecological role trees and corals fulfill, and since the 
growthh forms of many coral species follow similar architectural models to 
thosee of trees (Dauget, 1991), it is proposed here that silviculture concepts 
cann be applied for reef restoration through coral mariculture and gardening 
(majorr points for comparison are outlined in Table 1). Gardening of the 
corall reef approach is an improved strategy to the more traditional measures 
off "coral transplantation" where the transplanted coral colonies are 
harvestedd from natural populations. 

Corall Transplantation Measures 

Variouss coral transplantation techniques are widely used in attempts to 
restoree degraded reef areas (Edwards and Clark, 1998). The rationale behind 
thee act of coral transplantation is to replace dead coral colonies with new 
oness in order to accelerate natural recovery. Several drawbacks are 
associatedd with the protocols of relocating healthy corals into denuded reef 
sitess (Edwards and Clark, 1998). The harvesting of corals for transplantation 
abusess undamaged reefs and inflicts trauma to donor colonies. Moreover, 
transplantationn leaves aspects of transplant survivorship and growth at the 
mercyy of local reef conditions at the damaged site and can thus be wasteful. 
Ann improved approach would fulfill two requirements: It should minimize 
thee extraction of valuable coral material incurred by transplantation acts and 
shouldd provide the transplanted material a nursery phase for proper 
acclimationn and growth to a size suitable for transplantation. Such an 
approachh follows the concept of coral mariculture in different ex-situ and in-
situsitu nurseries where a large pool of farmed colonies is maintained 
(Rinkevich,, 1995, 2000; Epstein et al, 2001; Tablel). 

Corall Mariculture-Gardening in Submerged and Inland Nurseries 

Branchingg coral colonies may provide several types of coral material for 
mariculture,, including ramets incorporating a single or several branches, 
nubbins,, small whole spat removed from frequently disturbed areas and 
planulaa larvae (Epstein et al, 2001). Upon separation, ramets and spat may 
bee directly placed within protected areas in low-profile in-situ nurseries, 
wheree they are allowed to grow to a size suitable for transplantation. The ex-
situsitu nurseries, usually outdoor aquaria, are planned to accommodate minute 
nubbinss and settled coral planulae for a preliminary foster period, before 
transferringg them to the underwater nurseries for an additional fosterage 
phase.. Viable ramets and post-metamorphosed spat were documented to 
groww in protected in-situ and ex-situ nurseries, while their parental colonies 
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Tablee 1. Comparing key criteria for forest and coral reef restoration measures 
(commonn elements for both ecosystems are marked with asterisk). 

(Sources:: Chadwick and Stephens, 1977; Connell, 1978; Goreau etal, 1979; Loya, 
1986;; Kinsey, 1988; Johnson and Preece, 1992; Parrotta, 1992; Rinkevich, 1995; 
Christensenn et al,. 1996; Lugo etal, 2000; Epstein and Rinkevich, 2001; Epstein et 
al,al, 2001). 

Pointss for 
consideration n 

Plantations s 
and d 

nurseries s 

Criterion n 

Source e 
materiall for 
farming g 

Location n 

Type e 

Rationale e 

Timee for 
transplantation n 

Buildingg Stones 

Trees s 

Asexual: : 
ramets s 
Sexual:: seeds, 
seedlings s 

Selectedd sites 
forr plantations 
orr directly on 
degradedd forest 
land d 

Monoculturee or 
mixedd species 
plantations s 
** No detrimental 

Corals s 

Asexual:: ramets, nubbins 
Sexual:: Planula larvae, spat 

In-situIn-situ nurseries combined 
withh ex-situ aquaculture 

Mariculturee of local key 
corall species 

impactt on environment 
** Greenhouse needed for sustainable number 
off recruits 
** Nursery survivorship is higher than in 
underr natural conditions 
** Stock material 
request t 

iss available upon immediate 

** Direct controlling of species abundance 
Severall As soonn as two years from 
yearss initiation 

88 8 



(Tablee 2 continued) 

Pointss for 
consideration n 

Outcomes s 

Criterion n 

Immediate e 
target t 

Ecological l 
properties s 
Impactt on 
substrate e 

Overalll eco
logicall impact 

Buildingg Stones 

Trees s Corals s 

Youngg New coral colonies to replace dead 
treess to corals or create new nuclei in 
coverr land denuded zones 
inn denuded 
sites s 
** Facilitating subsequent recruitments, preventing 
takeoverr by weedy species 
Roott system: 
stabilizingg soil, 
Enhancedd litter 
production,, increased 
soill organic matter, 
moderatingg soil pH, 
andd improving nutrient 
status s 

Enhancedd lithification 
processes, , 
Enhancedd reef rock 
formation n 

** Restoring productivity, stability and 
biodiversity y 

** Restoring associated fauna and flora 

hadd already succumbed to human stress in their original habitats (Epstein et 
al,al, 2001). Transplanting grown nursery 'propagules' back into their natal 
reeff will help prevent genet and species extinctions in degrading sites by 
imitatingg (on a local scale) the 'rescue effect' (Sinsch, 1997), and by 
preservingg genetic variation. A coral nursery may then be considered an 
artificiall 'source population' (created from a local species pool), supplying 
reef-managerss with sufficient coral colonies for sustainable transplantation 
(Rinkevich,, 1995, 2000; Epstein et al, 2001). Several studies have already 
successfullyy tested aspects of coral gardening techniques (Bowden-Kerby, 
1997;; Franklin et al, 1998; Rinkevich, 2000), and Epstein et al. (2001) 
estimatedd the nursery phase to be as short as 2 years for ramets of the Indo 
Pacificc branching coral species Stylophora pistillata. This was achieved 
whilee combining ex-situ and in-situ farming of metamorphosed larvae, and 
consideringg pattern formation processes which shape colony formation for 
isolatedd ramets (Epstein and Rinkevich, 2001). 

Thee mariculture strategy may be applied to different reef locations 
worldwidee following site-specific considerations. Management decisions 
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takee into consideration the appropriate coral species, and the type of source 
materiall most suitable for local cultivation. Sustainable coral gardening and 
transplantationn programs may support and enhance the existence of coral 
inhabitantt taxa and prevent further deterioration of the entire reef 
community.. The mariculture concept may contribute to the formation of a 
comprehensivee reef rehabilitation framework: conservation of threatened 
corall species through mariculture, and rehabilitation through their 
transplantation.. Ecosystem management, in terrestrial and marine habitats 
alike,, includes social, political, economic, cultural, and ecological themes 
(Christensenn et al, 1996; Thomas, 1996). In economically important reef 
sitess (such as for the tourist industry), the coral mariculture strategy, 
therefore,, can be used to develop sustainable material for human and non-
humann stakeholders, in a similar way as is done in forest management 
practices. . 
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Chapterr  8 

SUMMARY Y 

Thee analysis of the Stylophora pistillata populations, at the two reef 
sitess open to human activities versus the one protected through a small-scale 
closuree policy demonstrated the importance of applying basic research and 
long-termm monitoring in order to critically evaluate management strategies. 
Thee low colony breakage levels and the high abundance of the adult size-
classess recorded in the population at the protected site were logically caused 
byy the deployment of the 'no-use' zone policy. The high levels of colony 
partiall mortality recorded in the closure site, and the temporal fluctuations in 
colonyy size-frequency distributions and living area coverage observed at all 
threee studied sites, however, indicate that 'no-use', or protected area 
management,, does not suffice to protect coral populations from the impact 
off environmental effects such as pollution. The magnitude of physical 
damagee and coral loss of S. pistillata colonies at the Eilat reserve 
recreationall sites, and their altered population structure, unequivocally point 
too major deficiencies in the conservation agenda that demand a sufficient 
solution. . 

Thee results of the coral mariculture study demonstrated the potential of 
corall farming as a tool to assist in ecological restoration of degraded coral 
populations.. Through the combination of in-situ and ex-situ gardening 
techniques,, and the integration of formerly neglected aspects such as colony 
patternn formation into the concept of restoration, coral nurseries can produce 
neww colonies ready for transplantation as rapidly as two years from 
initiation.. From a management perspective, the mariculture approach- the 
establishmentt of cultivated, protected coral stocks can serve as a work 
frame,frame, or a platform for the design of well-considered, active restoration 
programss (such as transplantation). Strategically, maintaining large, self-
sustainedd coral production pools will considerably improve current 
transplantationn techniques, primarily by dismissing the need to inflict 
additionall damage to donor reef sites prior to each transplantation operation. 
Fromm a biological point of view, coral nurseries are of considerable 
importance.. They assist in improving local levels of recruitment and in 
maintainingg local genetic diversity that otherwise would be lost under 
conditionss of increasing anthropogenic disturbance. This is because 
mariculturedd propagules (colony fragments, laboratory settle larvae) are 
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transplantedd back into the reef while their original colonies might have 
succumbedd to perturbations. 

Thee complete absence of the adult size classes in the S. pistillata 
populationss at the recreational ly abused reef sites of the Eilat reserve 
indicatess a lower reproductive output and reduced persistence. These 
populationss probably receive considerable larval input from the up-stream 
situatedd protected site, which prevents further decimation. The protected 
site,, however, also suffers high levels of partial colony mortality (most 
probablyy due to exposure to pollution). This raises the suspicion that a 
decreasee in the reproductive output of the protected site population will 
furtherr affect the already deteriorating populations at the open sites. The 
managementt agenda of the Eilat Coral Reef Reserve should provide some 
assurancee against these odds. The problem is that the implementation of 
additionall restrictions on tourism or the creation of buffer zones are not 
possiblee due to the limited size of this reserve. The practiced management 
agendaa in the Eilat reef clearly does not meet the conservation goals of 
naturee reserves. It is therefore essential to compensate for this reserve-
ineffectivenesss by actively sustaining recruitment and abundance of its coral 
populations.. Coral ex-situ and in-situ mariculture techniques have the 
potentiall to answer these needs by successfully farming coral fragments, 
smalll colonies removed from disturbed sites, nubbins, and larvae into 
maturedd colonies in a size suitable for transplantation. Under conditions of 
continuouss breakage damage and coral loss caused by recreational activities, 
replenishingg degrading reef sites with grown maricultured colonies will 
underpinn the persistence ability of abused coral populations. This will also 
assistt in the conservation of other reef taxa depending on coral proliferation. 

Developmentt and conservation dilemmas are intensified on small sized 
andd heavily used reef sites, and cannot be solved solely through the 
implementationn of conventional protection measures. Adapting and 
developingg techniques for active restoration of coral communities should 
noww complement conservation agendas. The 'Reef Gardening' strategy, 
adaptedd from forest silviculture programs is an initial and important step in 
thatt direction. Realizing the importance of base-line research and the 
applicationn of long-term monitoring to evaluate the effectiveness of 
implementedd strategies in marine reserves is essential for the successful 
developmentt of adaptive-management approaches. 
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