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ABSTRACT: The organization of the zooxanthellate scleractinian coral Leptoseris fragilis was 
studied. The architecture of the corallite and the histology of the polyparium were analysed for 
adaptations that enable efficient capture and retention of suspended particles which would increase 
energy supply. The data indicate that the gastrovascular system of L. fragilis is not a blind but a flow- 
through system. Water entering the coelenteron through the mouth leaves the body not only through 
the mouth but also through microscopic pores (~ 1-2 [Lm) which are located near the crests of the 
sclerosepta in the oral epithelia. Irrigation is achieved by flageliar and probably also by muscular 
activity. This type of filtration enables L. [ragilis, which lacks tentacles, to utilize suspended organic 
material including bacteria. The supposed suspension feeding in combination with effective photo- 
adaptations (presented in former communications) seems to be the basis for the survival of L. [ragilis 
in an extreme habitat (between -95 and -145 m) and for its, successful competion with other 
scteractinian species provided with larger catching surfaces, and with other invertebrates depend- 
ing on filter feeding. 

INTRODUCTION 

The bathymetric  distribution of Leptoseris fragilis (Milne Edwards & Haime) 

be tween  - 9 5  and - 1 4 5  m (maximum) is extraordinary for a zooxanthel late  scleractinian 

coral species (Fricke & Schuhmacher ,  1983). Therefore, the photoadaptat ions responsible  
for the outstanding photosynthetic  capacity have been  studied (Schlichter et al., 1985, 

1986, 1988; Pricke et al., 1987, 1991; Schlichter & Fricke, 1990, 1991). In situ studies of 

photosynthesis revea led  two important  results: (a) The photokinetic parameters  deter-  
mined for L. fragilis are the lowest ever  reported for symbiotic cnidarian species;  i.e. 

L. fragih's stands out for its efficient utilization of low photon flux densit ies of part icular  

spectral composition; (b) Calculations of energy  budgets  - based on 24-h in situ measure -  
ments - showed that metabol ism can be  mainta ined by autotrophy (phototrophy) only 

during summer, while during months with low solar elevation the combined  metabol i sm 
of host and symbionts needs  additional heterotrophic fueling (Fricke et al., 1987, 1991). 

Other strategies to compensa te  reduced  phototrophy could be the reduct ion of metabol-  
ism for several  months and/or  the utilization of storage products. 

Heterotrophic feeding habits of the coral host include (a) the absorption of dissolved 

* Dedicated to W. Weber 1923-1987 
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organic  mater ia l  (DOM; carbohydrates ,  amino acids, fatty acids) and  (b) the  ut i l izat ion of 
par t icula te  organic  mater ia l  (POM; detritus,  bacter ia ,  plankton) (Sebens,  /987). 

The appa ren t  necessi ty  of suppor t ing the combined  metabol i sm of hos t  and  sym- 
b i o n t s . -  at l e a s t . t e m p o r a r i l y  - by  heterot rophic  means  p rompted  r e sea rch  on the 
structural  basis  for effective POM feeding.  Especia l ly  intr iguing are the  facts that  L. 
fragilis lacks tentacles  and  that  this species  grows in a habi ta t  far from the more 
product ive  levels  nea r  the surface. In addit ion,  L. fragifis hves in compet i t ion  with  moti le  
and  sessile inver tebra te  species  including,  for example ,  azooxanthel la te  sc leract inians  
which  a p p e a r  to be  far be t te r  adap t ed  to cap tur ing  POM, as they  are  e q u i p p e d  with 
tentac les  - thus enlarg ing  the catching surface - and  have far more  nematocys t s .  

Ana lys ing  the organizat ion of L. fragflis is not  only interes t ing fro m an a d a p t i v e  point  
of v iew - improvemen t  of captur ing  efficiency - but  also from a compara t ive  aspect :  the  
discoidal  organiza t ion  of L. fragflis differs from the genera l  features  of m a d r e p o r a r i a n  
species  (Chevalier,  1987; Hoeksema,  1989; Le Tissier, 1990). 

MATERIALS AND METHODS 

Specimens  of Leptoseris fragilis and  Dendrophyllia minuscula (Bourne) were  col- 
l ec ted  with the  research  submers ib le  GEO at dep ths  be tw e e n  - 1 0 0  and  - 1 3 5  m in front 
of the Heinz Steinitz Mar ine  Biology Labora tory  at  Eilat, Gulf of Aqaba ,  Red Sea. The 
corals were  d e t a c h e d  with a chisel and  subsequen t ly  t ransferred into incuba t ion  cham- 
bers,  which  were  moun ted  on a platform be low the front dome of the  submers ib le .  The  
chambers  (273-276 ml) were  closed and  the spec imens  r ema ined  u n d i s t u r b e d  for about  
15 rain. Then g lu ta rd ia ldehyde  was in jec ted  into the  chambers  giving a final concen-  
trat ion of 4 %. Mixing  was per formed with a magne t ic  stirring bar.  The  p rese rved  
spec imens  were  brought  to the surface. On boa rd  a suppor t ing  vessel,  smal l  p ieces  were  
cut off from the skele tons  and were  subsequen t ly  post-f ixed in 2 % osmium te t roxide  for 
2 h at ambien t  tempera ture .  Spec imen  of Goniopora planulata (Ehrenberg)  or ig inat ing  
from shal low wate r  were  p rese rved  in the labora tory  in the same way. 

Electron microscopy was per formed  according  to s tandard  l abora to ry  methods .  
Mater ia l  for t ransmission e lect ron microscopy was  t rea ted  and e m b e d d e d  after the 
double  p rocedure  of Pi lkington (1969), The de hyd ra t e d  pieces  were  e m b e d d e d  in Spurr-  
resin (Spurr, 1969). For decalcif ication,  the plast ic  mater ia l  was  r e m o v e d  from the 
e m b e d d e d  p ieces  until  the skele tons  a p p e a r e d  on the surface. The smal l  cubes  were  
t rea ted  for severa l  hours with 4 % acetic acid under  vacuum. After r insing a n d  drying,  the  
demine rahzed  p ieces  were  r e e m b e d d e d  in Spurr-resin.  

RESULTS 

G e n e r a l  r e m a r k s  on  t h e  c o r a l l i t e  a n d  t h e  p o l y p a r i u m  of Leptoseris fragilis 

Skeletons  of the  p l a t e - shaped  coral L. fragflis at tain a d iamete r  of up  to 8 cm 
{Fig. la).  The coralhte is thin and fragile. The  gross morphology  is f undamen ta l l y  in 
accordance  with  the basa l  p la te  of a just  m e t a m o r p h o s e d  coral p lanula .  T h e  calyx (axial 
hole) is la tera l ly  compressed  to a s lender  oval  cylinder.  The central  ax ia l  e d g e s  of the  
sc lerosepta  - forming the contour of the axial  hole - tower above  the o ther  par ts  of the  
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Fig. 1. Skeleton of the symbiotic deep water coral Leptoseris fragilis, a: Surface view; b: Profile of the 
oral area. Scale bars: a: 10 ram; b: 3 mm 

skeleton hke the walls of a crater (Pig. lb). The columella is composed of fused papillae 
producing a meandr ine  structure which shows periodic growth accretions. Frequently,  
the skeletons are at tached to the substrate by carbonate depositions which form rib-hke 
walls be tween  the aboral  side of the skeletons and  the bottom (Fig. 4a}. The skeleton is 
covered by thin epi theha (20---40 btm). However, the underside of the skeleton is more or 
less free of tissue and  almost totally covered by epibionts. 

The surface of hying specimens shows a regular  pat tern of a l ternat ing dark and  pale 
stripes. The pat tern corresponds to the distal and proximal parts of the sclerosepta {crests 
and  grooves). The colour pat tern results from the distribution of zooxanthellae and  
chromatophores. In situ living specimens appear  dark brownish, almost black. The rim of 
the disc appears whitish, i. e. zooxanthellae are absent,  indicating that areas of fastest 
hnear  growth are without symbionts. 

The surface of hving specimens sometimes showed greyish p laques  {bacteria, fungi). 
Along the external  parts of the sclerosepta, short, coiled portions of fi laments could be 
observed; the fi laments were squeezed out due to tissue damage dur ing handl ing.  

Fig 2. A sector of the oral skeleton surface of Leptoseris fragilis. The insertion of new sclerosepta is 
marked by arrows. Scale bar: 1 mm 

Fig. 3. View into the axial hole of Leptoseris fragflis. Principal sclerosepta are conspicuous in size. 
The columella is visible at the bottom of the calyx. Scale bar: 1 mm 
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T h e  s k e l e t o n  

In L, fragflis the  ve r t i ca l  b o d y  axis is compres sed ,  p r o d u c i n g  its t yp i ca l  d i sco ida l  

shape .  T h e  sh t -hke  ca lyx  adds  to the  b i l a te ra l  s y m m e t r y  of the  b o d y  (Figs l a ,  3, I7a,  b). 

The  sc l e rosep ta  r ad ia t e  f rom the  centre .  T o w a r d s  the  pe r iphe ry ,  y o u n g e r  s c l e r o s e p t a  a re  

i n se r t ed  (Pig. 2). T h e  b o r d e r  of the  ca lyx  is c o m p o s e d  of up  to 30 sc le rosep ta ,  6 or  12 of 

w h i c h  a re  consp i cuous  in s ize  (Fig. 3}. T h e  sc l e rosep ta  are  sol id in the i r  c en t r a l  axia l  par ts  

Fig: 4. a: Vertical section through the calyx of a skeleton of Leptoseris fragilis. Below the corallite 
proper, structures are visible cementing the corallite to the ground. Scale bar: 1 ram. b: The central 
part of the corallite displays perforated sclerosepta and fused lateral lamella of the sclerosepta. Scale 
bar: 1 ram. c: Denticulated surface of the sclerosepta. Scale bar: 200 ~tm. d: Carbonate deposition in 
the form of needles, Scale bar: 3 ~m. Abbreviations: C = columella, CS = cavern system~ arrow = 

sponge 
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bordering the calyx, and the surface is dentated or nodulated. Distal to the calyx the solid 
region is followed by a portion which is perforated (Fig. 4b), but  towards the periphery 
the sclerosepta are again sohd. In the central part of the coralhte the perforated portions 
of the sclerosepta produce a filigree lattice-work. The sclerosepta show an interest ing 
microarchitecture. The flanks and especially the crests are denta ted  (Fig. 4c). The flanks 
of the sclerosepta are sculptured along their horizontal, longi tudinal  axis into lamella 
which form a system of ducts (Figs 5a, b; 6a, b; 8a, b). The n u m b e r  of gastric ducts of each 
scleroseptum decreases from the centre towards the periphery because the height  of 
septa decreases (Fig. 5a). 

a 

Fig. 5. a: Diagram of a part of a scleroseptum. The decrease of lateral lamella from the centre of the 
skeleton towards the periphery is shown. The details are not drawn to scale and perforations and 
surface structures were omitted, b: Fracture of adjacent sclerosepta. The callicoblastic epidermis is 
detached from the corallite. Some of the gastric ducts encircled by the lateral lamellae are packed 
with debris while others are not. The arrows indicate the insertion of subsidiary scierosepta. 

Abbreviations: SS = scleroseptum, LL = lateral lamella, GC -- gastric duct. Scale bar: 430 ~m 

In the upper  regions, the sclerosepta grow vertically and  produce new lamella 
laterally, whereas  in the lower regions the gastric ducts lose their function due to the 
fusion of adjacent  lamellae (forming dissepiments) leading to a complete separat ion of 
the lower from the upper  ducts (Fig. 6a, b). This mechanism is the basis for vertical 
growth of the skeleton. The free lamellae of adjacent  sclerosepta s tand in  zigzag 
geometry (zip-like) which may have functional consequences  (see "Discussion"). Circu- 
lar depressions in the skeleton, at which points the living callicoblastic ectoderm 
(= aboral epidermis) is attached to the corallite, are abundant .  At the back of the corallite, 
costal structures are only weakly developed. 

The skeletons are frequently invaded by fi lamentous algae which stain the corallite 
green and/or  brown-beige.  The algal filaments grow along the t issue/skeleton interface 
(Figl 7a, b). This makes  parasitic or mutuahstic metabohc interactions hkely. Of particular 
interest is the observation that the endolithic algae alter the cristalline structure of the 

sclerosepta (Figs 5b, 6b). 
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Fig. 6. a: La tera l  l ame l l a  of ad j acen t  s c l e rosep ta  m a y  fuse  (arrows) a n d  t he  gas t r i c  duc t s  lose  the i r  
funct ion,  as i nd i ca t ed  by  the  a b s e n c e  of t i ssue;  b: In t he  cent ra l  r eg ion  of t he  s c l e r o s e p t u m  the  
crys ta l l ine  s t ruc tu re  is a l tered,  d u e  to act ivi t ies  of endoh th i c  a lgae  (see Figs  5b, 7a, b, 16a). A b b r e -  
viat ions:  SS = s c l e ro sep t um,  LL = la teral  lamella ,  GC = gas t r ic  duct.  Scale  bars :  a: 1 m m ;  b: 150 ~m 

Fig. 7. Ske le ton  of Leptoseris fragflis i n v a d e d  by  f i l amen tous  a lgae  {sections f rom deca lc i f ied  
samples ;  for o r ien ta t ion  s e e  inser t  1 in Fig. 8a). a: Survey;  b: The  in ter face  b e t w e e n  cal l icoblast ic  
ep ide rmi s  a n d  f i l a m e n t o u s  a l gae  l iving wi th in  t he  sc lerosepta .  For o r ien ta t ion  s e e  i n se r t  in F igure  7a. 
Abbrev ia t ions :  OT  = oral ep ide rmis  and  gas t rode rmis ,  A T  = abora l  ep ide rmi s  a n d  gas t rode rmis ,  
FA = f i l amen tous  a lgae ,  GV = g a s t r o v a s c u l a r  sys tem,  SS = sc l e rosep tum,  CL = cleft  (cal l icoblast ic 

e p i d e r m i s  d e t a c h e d  f rom corallite}. Scale  bars:  a: 10 ~m; b: 10 ~m 
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Fig. 8. a: Diagram of a section of two adjacent  sclerosepta covered with the polyparium. The oral 
tissues are stretched tentlike be tween  the sclerosepta. Gastrovascular pockets, l ined by mesenteries ,  
are divided by one scleroseptum into two compartments  and  these are further subdivided into 
gastric ducts by lateral lamella of the sclerosepta. The numbered  insertions are referred to in 
subsequent  figures of this paper, b; Section of a decalcified specimen. Abbreviations:  OE = oral 
epidermis, M = mesogloea, OG = oral gastrodermis, Z = zooxanthellae, P = p igment  granules,  
CE = callicoblastiC epidermis, AOG = aboral gastrodermis, GV = gastrovascular system, GC = gastric 

duct, SS = scleroseptum, LL = lateral lamella, MT = mesentery. Scale bar: 100 ~m 

T h e  t i s s u e s  of  t h e  p o l y p a r i u m  

In t h e  f o l l o w i n g  sec t ions ,  t he  h i s t o l o g y  of t h e  p o l y p a r i u m  of L. fragiiis is d e s c r i b e d  in  

deta i l .  T h e  s c h e m a t i c  d r a w i n g  of a ve r t i c a l  c r o s s - s e c t i o n  t h r o u g h  t h e  s k e l e t o n  a n d  t h e  

o v e r l y i n g  t i s sue s  d e p i c t s  t he  m i c r o s c o p i c a l  a n a t o m y  (Fig. 8a). 

T h e a b o r a 1 e p i t h e 1 i a. T h e  ca l l i cob la s t i c  e p i d e r m i s  (=  a b o r a l  e c t o d e r m )  a n d  

t h e  a b o r a l  g a s t r o d e r m i s  (=  a b o r a l  e n d o d e r m )  a re  th in ,  b o t h  l a y e r s  r a n g i n g  b e t w e e n  0.5 

a n d  2 t~m in  t h i c k n e s s ,  i.e. t h e  a b o r a l  e p i t h e l i a l  ce l ls  a re  e x t r e m e l y  c o m p r e s s e d .  T h e  

m e s o g l o e a  ( m e s o l a m e l l a )  b e t w e e n  t h e  two cel l  l a y e r s  s e e m s  to b e  to ta l ly  r e d u c e d .  T h e  

a b o r a l  g a s t r o d e r m i s  is e q u i p p e d  w i t h  f ew  f lagel la ,  a n d  z o o x a n t h e l l a e  a r e  a b s e n t  (Fig. 9}. 

T h e o r a 1 e p i d e r m i s (=  ora l  e c t o d e r m )  c o n s i s t s  m a i n l y  of a s p o n g y  l a y e r  of 

cel ls  w h o s e  e x t e r n a l  (apical)  m e m b r a n e  is p r o v i d e d  w i t h  mic rov i lh ,  m a c r o v i l h  a n d  
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Fig. 9, View of the aboral gastrodermis {insert 1 in Fig. 8a). The aboral tissues are extremely thin. 
The surface is sparsely covered with flagella (compare with Fig, 14). SS = scleroseptum. Scale bar: 

30 ~rn 

numerous  flagella, prerequisites for suspension feeding (Fig. 10c, d). The flagella have 
accessory structures around their base. Towards their base, the epi thel io-muscular  cells 
taper into columnar  processes containing the nucleus, and  terminate in contact  with the 
mesogloea. The large intercellular spaces (Fig. 10a, b) may facilitate the penetra t ion of 
light to the zooxanthellae and  to the chromatophores, Further cell types which can be 
sporadically identified are mucous ceils and  functional nematocysts (Fig. 11a, b). The 
nematocysts are found in groups around large secretory cells. The s t inging batteries are 
located on or near  the top of the sclerosepta. In Figure 13, a g landular  cell is shown, 
indicat ing the synthesis of secretory granules  by the Golgi apparatus. 

T h e  o r a l  g a s t r o d e r m i s  (= oral endoderm) consists of a layer of columnar  
cells, harbour ing  zooxanthellae (12 ~tm in diameter  in maximum) (Figs 9, 10, 12). Each 
host cell contains only one symbiont  (Fig. 12). The host cells conta ining the algae are 
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Fig. 10. The histological organization of the oral epithelia. For orientation see inserts 2 and 3 in Fig. 
8a. a: The oral epidermis is of spongy consistency and the mesogloea is weakly developed. The oral 
gastrodermis is prominent and harbours zooxanthellae, b: The oral epidermis shows large intercellu- 
lar spaces. The oral gastrodermis displays conspicuous, dense accumulations of pigment  granules 
(see also Fig. 12). During preservation the aboral epithelia became detached from the skeleton, c, d: 
The flagella of the oral epidermis are provided with accessory structures at the base of which two 
types exist (arrows). Abbreviations: OE = oral epidermis, I = intercellular space, M = mesogloea, 
OG = oral gastrodermis, Z = zooxanthellae, P = pigment granules, AT = aboral epidermis and 
gastrodermis, GV = gastrovascular system, OD = organic debris. Scale bars: a: 10 ~m; b: 12 ~m; 

c: 5 ~m; d: 2 ~m 
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Fig. 11. Stinging batteries are localized in the upper regions of the sclerosepta or near the top (insert 
4 in Fig. 8a). a: Survey; b: detail. Abbreviations: BN = battery of nernatocysts, SS -- scleroseptum, 

Z = zooxanthellae. Scale bars: a: 50 ~m; b: 20 ~m 

largely reduced which might indicate part icular metabolic conditions. The zooxanthellae 
lie predominant ly  in one plane thus avoiding self-shading (Fig. 10a). The  intercellular  
spaces be tween  the cells harbour ing  the algae are filled by ramifications of 
chromatophore cells. The ramifications are densely packed with granules  which contain 
autofluorescent pigments  transforming short wavelengths  into longer ones.  The p igment  
granules  form a continuous stratum under ly ing  and partially covering the zooxanthel lae  
(Schhchter et al,, 1985, 1986). The oral gastrodermis, in contrast to the aboral  gastroder- 
mis, is equipped with a high densi ty of flagella (Fig. 14). The absence of a gastrodermal  
brushborder  may indicate the uptake  of POM by endocytosis. A weak ly  developed 
mesogloea is present. Contractile, neuroide  and  sensory structures are rare ly  observed 

The oral epithelia of L. fragilis and  of two colonial scleractinian coral species were 
compared: (a) the zooxanthellate species Goniopora planulata, originating from shallow 
waters, and (b) Dendrophyllia minuscula, without zooxanthellae, collected at - 1 2 7  m 
depth. The two symbiotic species show - with the exception of the chromatophore system 
- strong histological similarities (compare Figs 10a and  15a). In both, the oral epidermis is 
poorly developed, few nematocysts  are present  and  the gastrodermis with zooxanthel lae  
is three times thicker than the epidermis. In the azooxantheUate deep water  species, the 

Fig. 13. Formation of secretory granules in the oral epidermis. Abbreviations: SG -- secretion 
granules, GA -- Golgi apparatus. Scale bar: 5 ~m 

Fig. 14. Surface view of the oral gastrodermis (insertions 2, 3 in Fig, 8a), densely covered with 
flagella in contrast to the aboral gastrodermis (see Fig. 9). Scale bar: 20 ~rn 
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Fig. 12. Zooxanthe l lae  are  found  exclusively in the  oral gas t rodermis  of Leptoseris fragih's (insertions 
2 and  3 in Fig. 8a). a: Each  gas t rodermal  cell contains only one  cytosymbiont ,  b: The  zooxanthe l lae  
are su r rounded  by  numerous  p igmen t  granules  be long ing  to a chromatophore  sys tem of the  host  
(see Fig. 10a, b). Abbrevia t ions:  Z = zooxantheUae,  HC = host  dell, P = p i gmen t  granules ,  M = 
mesogloea ,  PV = per ia lgal  vacuole,  GV = gas t rovascular  system, N --- nucleus.  Scale bars:  a: 5 gm; 

b: 4.3 ~m 



434 Die t r i ch  S c h h c h t e r  

Fig. 15. Comparison of the oral tissue layers of zooxanthellate and an azooxanthel late  scleractinian 
coral species, a: In Goniopora planulata, containing symbionts, as also in L. fragflis, the algae- 
containing gastroderrnis predominates  (see Fig. 10a). b: In Dendrophyllia rninuscula, without 
zooxanthellae, the oral epidermis predominates.  Abbreviations: OE = oral epidermis,  M = meso- 
gloea, OG = oral gastroderrnis, Z = zooxanthellae, PV = perialgal vacuole, NE = nernatocysts. 

Scale bars: 10 ~rn 

e p i d e r m i s  is p r o m i n e n t  a n d  n e m a t o c y s t s  a n d  g l a n d u l a ~  cel ls  a re  f r e q u e n t  (Fig. 15b). T h e  

g a s t r o d e r m i s  is w e a k l y  d e v e l o p e d  a n d  a b o u t  a q u a r t e r  as  t h i c k  as  t h e  e p i d e r m i s .  

The organization of the gastrovascular system 

The aboral epithelia (gastrodermis and epidermis) cover the corallite. The oral 
epithelia (also gast~odermis and epidermis) stretch tent-like from one scleroseptum to the 
next (Figs 5b; 8a, b; 16a). The oral epidermis thus forms an undulating coat dropping 
inwards slightly between the sclerosepta (Figs 8a, b; 16a). In contrast, the oral gastroder- 
mis reaches down between the sderosepta and fuses with the aboral gastrodermis. Each 
gastrovascular pocket, laterally defined by mesenteries, is divided into two subunits by a 
scleroseptum (Fig. 8a, b). The gastrovascular pockets communicate along the crests of 
the sclerosepta and in the central area of the corallite through the scleroseptal perfora- 
tions (Fig. 4b). 

The gastrovascular pockets, divided into two smaller chambers by sclerosepta, are 
further subdivided into radial gastric ducts by the lateral lamellae on the flanks of the 
sclerosepta (Figs 5, 6). The number of functioning ducts stacked upon each other differs, 
reaching more than 7 in the centre (Fig. 5). Fractures show that only those ducts which 
are not yet completely closed are lined with living tissue (Fig. 6b). On the periphery, the 
number of ducts declines to two {Figs 5a, 6b). In the mesenteries, consisting of a central 
mesogloea and two gast/odermal cell layers, contractile elements are present, The 
contractile filaments of epithelio-muscular cells run vertically forming retractor muscles. 
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Fig. 16. The organization of the gastrovascular system in the periphery of the corallite, a: Section 
through adjacent sclerosepta covered with the polyparium. Due to detachment of the epithelia the 
natural topography is somewhat disturbed (see insertions 2--4 in Fig. 8a). b: Longitudinal section 
through a mesentery {see insertion 5 in Fig. 8a). The nucleus of the epithelio-muscular cell is located 
excen~rically. The myofibrilar components are anchored within the mesogloea. Abbreviations: OE = 
oral epidermis, OG = oral gastrodermis, AOG = aboral gastrodermis, GV = gastrovascular system, 
MT = mesentery, CE = apical membrane of the callicoblastic epidermis (detached from the 
corralite), LL = lateral lamella, SS = scleroseptum, CF = contractile filaments, M = mesogloea, 

N = nucleus, P = pigment granules. Scale bars: a: 100 [~m; b: 1 [tm 

T h e  myof ib r iha r  c o m p o n e n t s  of the  e p i t h e h o - m u s c u l a r  cells  a re  a n c h o r e d  in the  m e s o -  

g loea  (Fig. 16b). 

T h e  o r a l  a r e a  ( p e r i s t o m e  a n d  s t o m o d a e u m )  

T h e  s l i t -hke s t o m o d a e u m  is l oca t ed  in the  la te ra l ly  c o m p r e s s e d  ca lyx  b o r d e r e d  by  

the  axia l  e d g e s  of the  sc le rosep ta  (Figs 3, 17a, b). T h e  m o u t h  has  a c i rcu lar  a p p e a r a n c e  

and  m a y  w o r k  h k e  an  iris d i a p h r a g m .  
T h e  p h a r y n x  is d e n s e l y  c o v e r e d  w i t h  f l age l la  (Fig, 18a, b). F rom the  p h a r y n x  the  

gastr ic  ducts  rad ia te  ou twards  to the  p e r i p h e r y  pe rpend icu l a r ly ;  a cen t ra l  gas t ra l  cavi ty  is 

l a ck ing  (Figs 4, 17, I8a). 
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Fig. 17a, b: Leptoseris fragilis. View into the  cent ra l  s t o m o d a e u m  a n d  p h a r y n x  (p r e se rved  speci-  
mens) .  At  t h e  bo t t om of t he  gas t rovascu la r  s y s t e m  : the  co lumel l a  is vis ible .  Abbrev ia t ions :  

S = s t o m o d a e u s ,  C = columel la .  Scale  bars:  a: 1 ram; b: 1 ram 

Fig. 18. Leptoseris fragilis, a: V i ew  t h r o u g h  the  s t o m o d a e u m  into t he  p h a r y n x  ( c o m p a r e  wi th  Figs  4a, 
17b). b: C lo se -up  of t he  f lagel lar  cover  of the  pha rynx .  Abbrev ia t ions :  s = bo rde r  of t h e  s t o m o d a e u m ,  
as te r i sks  = cen t ra l  axial  e d g e s  of sc lerosepta ,  a r rows  = acces s  into the  gas t r ic  ducts .  Scale  bars:  

a: 150 ~tm; b; 20 ~tm 
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P o r e s  in  t h e  o ra l  e p i t h e l i a  

Near  the  top of the crests of the  sclerosepta,  the oral ep i the l ia  are  pe r fo ra ted  by  
microscopic pores.  Through the pores  (1-2 ~tm in diameter) ,  the  gas t rovascular  sys tem 
communica tes  wi th  the sur rounding water  (Fig. 19). Up to 20 pores  are combined  into 
functional units ( interpore dis tance is 4-8 ~m). The a r rangement  may  be  descr ibed ,  in 
ana logy  to labora tory  equipment ,  as membrane  filters. 

Fig. 19. Leptoseris fragitis. Microscopical pores in the oral epithelia near the crests of the sclerosepta 
(see insertion 6 in Fig. 8a). a: A group of pores, b: An individual pore. Scale bars: a: 6 ~m; b: 3 ~m 

DISCUSSION 

In this section, functional  aspects  of the ep ide rma l  pores  are  discussed with special  
reference to the  re tent ion  of part icles.  The explanat ions,  a l though based  on the da ta  
p resen ted  here  and  on addi t ional  observations,  are somewha t  specula t ive  and  need  
further corroboration.  

C o n v e n t i o n a l  o r g a n i z a t i o n  a n d  i r r i g a t i o n  of t h e  c o e l e n t e r o n  

The gas t rovascu la r  system (coelenteron) of corals serves severa l  functions: (a) Its 
fluid consti tutes a hydrauhc  ske le ton  and gives stabil i ty in coopera t ion  with  the  l ime 
skeleton,  the mesog loea  and the mesenter ies ;  (b) The coelenteron is t he  s p a c e  for the 
distr ibution and  extracel lular  d igest ion of engul fed  p lankton  or detri tus;  f inal  d iges t ion  
occurs  in food vacuoles  within gas t rodermal  cells; (c) The gas t rovascular  sys tem is 
involved in respira t ion and in el iminat ion of all k inds  of was te  p roduc t s ,  fur thermore  in 
ion- and  osmoreguia t ion  and  in reproduct ion.  The functions l is ted are  all closely re la ted  
to the fluid of the gas t rovascular  system and its renewal .  
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The gas t rovascular  system of sohtary anthozoans is a s sumed  to be  a b h n d  sac. The 
single open ing  is mouth and anus equally.  In tentacle  bear ing  species  the  l umen  of the 
ten tac les  communica tes  with the gastrovasr  pockets .  Due to f lage l la r  activity, wa te r  
and  other  contents  are  p rope l led  within the system and also into and  out  of the  mouth.  

Larger  open ings  occasional ly observed  in the tentacle  tips of an thozoans  most 
p robab ly  exist and  work  only temporar i ly:  Due to the absence  or reduc t ion  of the 
mesog loea  in that  par t icular  region,  the tissue layers  may  be  mechan ica l ly  per fora ted  e.g. 
by  inc reased  pressure  in the gas t rovascular  system caused  by  muscu la r  activity. Those 
la rge  open ings  are  not  re la ted  to the pe rmanen t  microscopical  pores  in the  ex te rna l  t issue 
layers  of Leptoseris fragilis. 

In small  coral polyps  in which  horizontal  t ransport  over  only shor t  d is tances  is 
required,  it  is conceivable  that  the a forement ioned  mechan i sm is sufficient.  The fluid 
circulation p o w e r e d  by  f lagel la  is somet imes suppor ted  by  muscu la r  actions, i.e. the  
contract ion of longi tud ina l  muscles  l eads  to an exchange  of the contents  of the  coelente-  
ron. Gladfe l ter  (1983) discussed for Acropora cervicornis the  circulat ion of f luids within 
canals  100 ~m in diameter ,  powered  only by  flagellae.  In colonial  species ,  however ,  the  
d is tances  are  shorter.  In L fragilis, t ransport  has to be  m a n a g e d  by  means  of gas t ra l  ducts  
less than 25 ~m in d iamete r  and  severa l  cent imeters  in length.  These  d imens ions  m a k e  
the opera t ion  of the  convent ional  i r r igat ion system in L. fragflis doubtful ,  

T h e  m o d i f i e d  i r r i g a t i o n  s y s t e m  of  Leptoseris fragilis 

The f lagel la  which  dense ly  cover the  body  surface of L. fragifis (Pigs 10c, 18a, b), 
t ransport  wa te r  and  par t ic les  ei ther  towards  the s tomodaeum or in the  oppos i te  direction. 
The accessory structures surrounding the basa l  par ts  of the f lagel la  (Pig. 10c, d) may  have  
sensory functions that  control the t ransport  of useful /useless  part icles.  For  the  discoidal  
genus  Fungia and other  coral species,  a mechan i sm controll ing the  select ion be tw e e n  
useful  und useless  par t ic les  has  been  descr ibed  (Yonge, 1930; Abe,  1938; Schuhmacher ,  
1979). In addit ion,  f lagel lar  activity inhibi ts  the formation of uns t i r red  layers  on the body  
surface which would  impede  diffusion in genera l  and  also the absorp t ion  of dissolved 
organic  compounds  or the supply  of inorganic  nutr ients  to the zooxanthel lae .  The oral  
ep idermis  is well  equ ipped  with microvilli  (Pigs 10c, 18), faci l i tat ing the  absorpt ion  of 
dissolved nutrients.  L. fragilis is ab le  to absorb and  accumula te  DOM (Schhchter,  in 
preparat ion) .  Swelhng  of the polypar ium,  due to excess  fluid filling the gas t rovascular  
system which may  cause  shpping  of part icles from the surface, could not  be  observed.  
The externa l  t ranspor t  of part icles  in L. fragilis takes  p lace  a long the grooves  formed by  
ad jacen t  sc lerosepta  (Pigs 5b, 8b, 11a, 16a). On reaching  the s lope of the oral  crater,  the  
par t ic les  are t ranspor ted  in an u p w a r d  direct ion onto the peris tome,  then  d o w n w a r d  into 
the  s tomodaeum.  The u p w a r d  t ranspor t  could be  a mechan i sm to f ract ionate  the  part icles  
according to size, mass  or electrostat ic  charge  (Solow & Gal lager ,  1990), in consequence  
of which only a d e q u a t e  part icles  would  be  inges ted .  E lec t ronmicrographs  give the 
impress ion  that  par t ic les  are  not coa ted  with mucous  dur ing t ranspor t  a long the surface. 
However ,  the possibi l i ty  that  mucous  was  ehmina ted  dur ing  his tological  p repa ra t ion  may  
not  be excluded.  However ,  c o m p a r e d  with the numerous  mucous  cells in the oral 
ep idermis  of Fungia klunzingeri (D6deflein), mucous  cells in L. fragflis are scarce. 
Part icles are i nges t ed  into the s tomodaeum and  are  then  moved  into the  pharynx.  The 
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part icles are  t ranspor ted  ei ther  directly by  flagellar  activity and/or  by  an inward ly  
di rec ted  s t ream of water .  The  wate r  flow within the  eoelenteron is g e n e r a t e d  by  (a) a 
"fiagellar  engine"  loca ted  in the  pha rynx  (Fig. 18), (b} the f lagel lar  l ining of the  gas-  
t rovascular  system (Fig. 14), and /o r  at  least  temporar i ly  by  (c) a lower ing and  e levat ion  of 
the oral epi the l ia  by  muscles  (see below). The inges ted  part icles arrive at the  pha rynx  
where  they are dis t r ibuted directly into the gastrovascular  pockets  and  ducts  (Figs 17, 
18). Minute  part icles  a p p e a r  to be g lued  to the columellar  f lagel lae (Fig. 20). This 

Fig. 20a, b: Surface view of the aboral gastroderrnis coating the columella (compare with Fig. I0c). 
Abbreviation: OD = organic debris. Scale bars: a: 13.6 ~m; b: 3.8 ~m 

contrasts with the par t ic le  t ransport  on the external  body surface. In the centra l  regions  of 
the corallite, the gas t rovascular  pockets  communica te  through perforat ions of the 
sclerosepta  (Fig. 4b). The  a r r angemen t  r esembles  a system of sieves of different  mesh  
size which may  al low the fractionation of par t ic les  in different categories:  Larger  par t ic les  
are re ta ined  in the central  regions,  thus avoiding blocking of the ducts  l ead ing  to the 
per iphery.  The d iamete r  of the e x p a n d e d  gastric ducts ranges  be tw e e n  20 and  50 ~tm, 
and the length  of the f lagel la  l ining the gast rovascular  system averages  15 to 20 btm. At 
the per iphery  of the corall i te  the perforat ions of the s c l e r o s e p t a  d i s appea r  and  the 
transport  within the gastr ic  ducts has theoret ical ly  to work  to and fro, accord ing  to the 
convent ional  i rr igat ion concept.  

The lumen of the gastr ic  ducts is confined by  the lateral  lamel lae  of the  sclerosepta.  
The number  of gastric ducts  per  sc leroseptum decl ines  from the centre  towards  the 
per iphery  (Fig. 5a). The open  sides of the gastr ic  ducts opposi te  the lamel la  are bo rde red  
by mesenter ies .  The mesente r ies  can p robab ly  close the canals  temporar i ly  (Fig. 16a). 
Closing of the gastric ducts  and  changes  in their  d iameter  - which is impor tan t  for their  
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function - m a y  be  caused  by  differences in wa te r  pressure  p ress ing  the  mesen te r i e s  
aga ins t  the open  sides of the ducts. The z ip- l ike  a r r angemen t  of the l ame l l ae  of ad jacen t  
sc lerosepta  may  facilitate closing. Forces inf luencing the wate r  p ressure  in the  coelente-  
ron are  due to f lagel lar  and  muscu la r  activity. The f lagellar  mechan i sm has  a l r eady  b e e n  
discussed (see above}. Contract ion of the mesenter ia l  retractor  muscles  would  l ead  to 
vo lume reduct ion of the gastra l  pockets ,  which would  be  the first s tep in the  i r r igat ion of 
the gas t rovascular  system (see Figs 8a, 16a, b). The original  posi t ion could  be  rees tab-  
l i shed hydraul ica l ly  by  filling the gas t rovascular  system aga in  with wa te r  due  to f lagel lar  
activity. Tissue retract ion caused  exper imenta l ly  by  light stress was  of ten so s t rong that  
the  sharp den t icu la ted  crests of the  sc lerosepta  pene t r a t ed  the oral  epi thel ia .  Studies  in 
the  future will  show which of the two irr igat ion mechanisms  m e n t i o n e d  is powerfu l  
enough  to p roduce  the waterf low through the pores.  

The efficiency of part icle  cap ture  and of re tent ion  of useful  part icles ,  as wel l  as the  
efficiency of ass imilat ion are of impor tance  in the  nutri t ion of filter feeders  {Rubenstein & 
Koehl, 1977; Solow & Gal lager ,  1990}. No da ta  are avai lable  on the  efficiency of 
assimilation; however ,  some information exists on the efficiency of par t ic le  cap ture  and  
retention.  

The gas t rovascular  system of soli tary anthozoans  is a s sumed  to end  b l indly  which  
complicates  the  t ransport  of wa te r  and  par t ic les  back  and forth in na r row  tubes  of 
cons iderab le  length.  L. lragilis may  have  solved the problem of efficient  i r r igat ion and  
suspens ion  filter feeding  in the following way:  Particle capture  is op t imized  by  the p la te-  
l ike shape  and  the dense  cover with f lagel la  of the external  body  surface (Fig. 10c, d). 
The  gastral  cavi ty  is not  a b l ind  but  a f low-through system. The nu t r i en t -con ta in ing  wate r  
current  enters  L. fragiZs th rough  the s tomodaeum and  leaves  the  gas t rovascu la r  sys tem 
not only th rough  the mouth but  also through ep ide rma l  pores  {Fig. 19}. The  "lips" of the 
pores  sugges t  that  water  s t reams only in one direct ion (Fig. 19b}. The  d i a m e t e r  of the 
pores  is small  enough  to keep  b a c k  p icop lank ton  which does not  have  to be  necessar i ly  
coated  with mucous.  Irr igation is powered  by  a pressure  difference across the pore  units. 
The pressure difference may be caused by the "pharyngeal flagellar engine" (Fig. 18) 
and flagellae coating the gastric ducts {Fig. 14). This unidirectional water flow leads to an 

accumulation of particles in the gastric ducts. As mentioned above, the irrigation could 

also be achieved by muscle actions (Figs 8a, b, 16b}: Contraction of the mesenterial 
retractor muscles would produce a water current, and provided the stomodaeum remains 

closed, the water would be pressed through the pores and suspended particles would be 

retained and concentrated. The continuous unidirectional water current through the 

gastrovascular system would also improve other functions of the coelenteron listed 

above. 
Stated simply, the gastrovascular system of L. [ragilis works like the filtration system 

of poriferans but in reverse with respect to the diameter of in- and outlets: In i. fragilis, 
water - free of suspended particles - leaves the body through microscopical pores of the 

oral epithelia. 
The transport of wastes from the gastric ducts out through the mouth could be 

managed by flagellar activity or by the lowering and lifting mechanism. If the 
stomodaeum remains open during contraction of the mesenterial retractor muscles, 

indigestible material could be rejected through the mouth. This mechanism may work if 
the ducts are not set at a fixed size and the epithelia coating the gastric ducts are flexible 
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and only partially attached to the coralhte. The final deposition of undigestible material 
within the lowest gastric ducts could be another alternative to eliminate waste products, 
for the ducts lose their nutritive function in any case due to vertical growth of the skeleton 
(or in connection with carbonate deposition). The epidermal pores may also have non- 
trophic functions, e.g. the release of water more rapidly from the coelenteron during 
stress situations (e.g. fish grazing). 

One aim of this study was to elucidate trophic adaptations in L. fragilis which may be 
responsible for the extraordinary bathymetric distribution of this zooxanthellate coral 
species. Energy calculations based on in situ measurements of respiration and photosyn- 
thesis indicate that in the northern part of the Gulf of Aqaba {Red Sea) the phototrophic 
input is not high enough to compensate the energetic requirements of host and symbionts 
during 6 to 8 months of the year (Pricke et al., 1987, 1992). The observations and 
morphological studies described here show how the capture and the retention of particles 
may be supported in a scleractinian coral species lacking tentacles. Due to the abihty to 
extract even microscopical POM, the heterotrophic contribution to the nutrition of both 
host and symbionts appears to be optimized. Heterotrophy of the zooxanthellae them- 
selves was proved by Steen (1986). Another strategy to endure periods of insufficient 
autotrophic supply would be to reduce metabohsm or to use stored reserves, e.g. stored 
lipids which are of particular metabolic importance in corals. In zooxanthellate cnidarians 
it has been clearly shown that the cytosymbiotic algae are involved substantially in the 
synthesis of lipids of the host (Patton et al., 19771 Schhchter & Kremer, 1985~ Spencer 
Davis, 1991). 

The occurrence of zooxanthellae in L. fragilis, growing on the border of the photic 
zone, should therefore be discussed under this synergistic point of view: During months 
of high solar elevation the zooxanthellae contribute to the, synthesis of lipid reserves of 
the host. Thus, the algae have an essential metabolic function which may explain the 
extreme efforts of the host to support photosynthesis by unique photoadaptations. 
L. fragiiis could also successively utilize organic material accumulated within the gastric 
ducts during periods of high POM supply in the habitat. L. fragilis lives successfully with 
respect to energy supply in a habitat  which favours neither phototrophic nor hetero- 
trophic feeding habits. Solar irradiation in the habitat is low and of particular spectral 
composition. The habitat is far from the shallow, more productive zones, thus the supply 
with, for example, net plankton is considerably reduced (Johannes et al., 1970), Microbial 
biomass and detritus are abundant also in deeper  reef areas {Marshal et al., 1975; Lewis, 
19771 Mitskevich & Kriss, 19821 Moriarty et al., 1985). Linley & Koop (1986) argued that 
even pelagic bacteria are a potential major food resource for benthic filter feeders. 

L. fragilis displays structural and physiological adaptations which compensate the 
barren trophic conditions of the habitat. Adaptations enabling photosynthesis were 
discussed in detail (Fricke et al., !987, 1991; Schlichter et al., 1985, 1987, 1988~ Schlichter 
& Pricke, I990, 1991). The present study indicates adaptations supporting POM feeding. 
L. fragilis successfully competes with other motile or sessile invertebrates in catching 
POM. In a speculative sense, the ability of L. fragilis to capture and keep back suspended 
particles of a diameter of 1 to 2 gm could be the "secret" of gaining sufficient energy 
heterotrophically. The ability of scleractinians to retain suspended particles was already 
shown, for example by Lewis (1976). The fiowthrough system of L. fragilis operates faster 
and more efficiently than blind gastrovascular systems. To my knowledge a similar 
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s y s t e m  h a s  no t  ye t  b e e n  d e s c r i b e d  for  corals .  T h e  r e d u c t i o n  of c a t c h i n g  s u r f a c e s  in  L. 

[ragilis, i.e. t h e  a b s e n c e  of t e n t a c l e s ,  s e e m s  to b e  b a l a n c e d  b y  t h e  a b i l i t y  to u t i l i ze  

p a r t i c l e s  w h i c h  a re  e x t r a c t e d  in  t h e  gas t r i c  duc ts .  T h e  c a p t u r e  of l a r g e r  p l a n k t o n  w h i c h  

m a k e s  t e n t a c l e s  a n d  n e m a t o c y s t s  n e c e s s a r y  ( the s y n t h e s i s  of b o t h  n e e d s  e n e r g y )  s e e m s  

to b e  of less  i m p o r t a n c e  for L. fragilis; t h e  n e m a t o c y s t s  m i g h t  h a v e  a p r e d o m i n a n t l y  

p r o t e c t i v e  func t ion .  
T h e  g r o w t h  fo rms  of s c l e r a c t i n i a n  cora ls  in  g e n e r a l  a re  d i s c u s s e d  i n  t e r m s  of 

e c o p h y s i o l o g i c a l  or  a n a t o m i c a l  a d a p t a t i o n s  to p a r t i c u l a r  e n v i r o n m e n t a l  c o n d i t i o n s .  T h e  

p l a t e - h k e  o r g a n i z a t i o n  of L. fragilis is a m e a n s  to ki l l  two  b i r d s  w i t h  o n e  s t o n e :  (a) T h e  

z o o x a n t h e l l a e  c a n  - w i t h o u t  s h a d i n g  e a c h  o t h e r  - b e  o p t i m a l l y  e x p o s e d  to l ow  i r r ad i a -  

t ion;  (b) t h e  p l a i n  su r face ,  d e n s e l y  c o v e r e d  w i t h  f l a g e l l a e  , o p e r a t e s  as  a t r a p  c o l l e c t i n g  

s u s p e n d e d  pa r t i c l e s  no t  c a u g h t  b y  t h e  t e n t a c l e s  or b y  t h e  n e m a t o c y s t s .  D u e  to t h e  

p e r f o r a t e d  g a s t r o v a s c u l a r  cav i ty  t h e  p a r t i c l e s  c a n  e f f ic ien t ly  b e  a c c u m u l a t e d  w i t h i n  t h e  

gas t r i c  duc t s .  

Acknowledgements. This study was supported by the Deutsche Forschungsgemeinschaf t  (Schl. 115/ 
7-1 and Fr. 369/7-1). I would hke to express my gratitude to Professor H. W. Fricke and  the crew of 
the research submersible  GEO for considerable help and encouragement.  I t hank  M. Grosmann,  H. 
Krisch, H.-P. Bollhagen and  J. Jacobi for skillful technical assistance. I am indebted  to Drs E. Robson, 
M. LeTisier, G. Scheer  and  H. Schuhmacher  for critical reading of the manuscr ip t  and  for helpful 
comments  and valuable suggestions. I, however,  take responsibility for any errors. 

L I T E R A T U R E  CITED 

Abe, N., 1938. Feeding behaviour  and the nematocyst  of Fungia and 15 other species of corals. - 
Palao trop. biol. Stn Stud. 1 (3), 469-522. 

Chevalier, J. P., 1987. Ordre des Scl4ractiniaires. In: Trait4 de zoologie. Ed. by P. P. Grass41 Masson, 
Paris, 498-539. 

Fricke, H. W. & Schuhmacher ,  H., 1983. The dep th  limits of Red Sea stony corals: a n  ecophysiologi- 
cal problem (a deep diving survey by submersible).  - Mar. Ecol. Prog. Set. 4, 163-194. 

Fricke, H. W., Vareschi, E. & Schlichter, D., 1987. Photoecology of the coral Leptoseris fragilis in the 
Red Sea twilight zone (an experimental  study by submersible). - Oecologia 73, 271-381. 

Fricke, H. W., Kaiser, P. & Schfichter, D., 1992. Auto-heterotrophy in Leptoseris fragilis at the 
extreme limits of coral-algal photosynthesis.  - Mar. Biol. (In press). 

Gladfelter, E. H., 1983. Circulation of fluids in the gastrovascular system of the reef  coral Acropora 
certdcornis. - Biol. Bull. mar. biol. Lab., Woods Hole 165, 619-638. 

Hoeksema, B. W., 1989. Taxonomy, phylogeny and biogeography of mushroom corals (Scleractinia: 
Fungiidae). - Zool. Ve rh ,  Leiden 254, 1-295. 

Johannes,  R. E., Coles, S. L. & Kuenzel, N. T., 1970. The role of zooplankton in the  nutr i t ion of some 
scleractinian corals. - Limnol. Oceanogr. 15, 579-586. 

Le Tissier, M. D. A. A., 1990. The ultrastructure of the skeleton and  skeletogenic  tissues of the  
temperate  coral Caryophyllia smithii.- J. mar. biol. Ass. U.K. 70, 295-310. 

Lewis, J. B., 1976. Experimental  tests of suspension feeding in Atlantic Reef Corals. - Mar. Biol. 36, 
147-150. 

Lewis, J. B., 1977. Processes of organic production on coral reefs. - Biol. Rev. 52, 305-347. 
Linley, E. A. S. & Koop, K., 1986. Significance of pelagic bacteria as a trophic resource in a coral reef  

lagoon, One Tree Island, Great  Barrier Reef. - Mar. Biol. 92, 457--464. 
Marshall, N., Durbin, A. G., Gerber, R. & Telek, G., 1975. Observations on part iculate and  dissolved 

organic matter  in coral reef areas. - Int. Revue ges. Hydrobiol. 60, 335-345. 
Mitskevich, I. N. & Kriss, A. E ,  1982. Distribution of the number,  biomass and  production of 

microorganisms in the world ocean. - Int. Revue ges. Hydrobiol. 67, 433-458. 



A p e r f o r a t e d  ga s t rovascu l a r  cavi ty  in a s tony  coral  443 

Moriarty, D. J. W., Pollard, P. C. & Hunt, W. G., 1985. Temporal and spatial variation in bacterial 
production in the water column over a coral reef. - Mar. Biol. 85, 285-292. 

Patton, J. S., Abraham, S. & Benson, A. A., 1977. Lipogenesis in the intact coral Pocillopora capitata 
and its isolated zooxanthellae: evidence for a light-'driven carbon cycle between symbiont and 
host. - Mar. Biol. 44, 235-247. 

Pilkington, J. B., 1969. The organization of skeletal tissues in the spines of Echinus esculentus. - 
J. mar. biol. Ass. U.K. 49, 857-877. 

Rubenstein, D. I. & Koehl, M. A. R., 1977. The mechanisms of filter feeding: some theoretical 
considerations. - Am. Nat. 111,981-994. 

Schlichter, D. & Kremer, B. P., 1985. Metabolic competence of endocytobiotic dinoflagellates 
(zooxanthellae) in the soft coral, Heteroxenia fuscescens.-  Endocyt. Cell Res. 2, 71-82. 

Schlichter, D., Weber, W. & Fricke, H. W., 1985. A chromatophore system in the hermatypic, deep- 
water coral Leptoseris fragilis (Anthozoa: Hexacorallia). - Mar. Biol. 89, 143-147. 

Schlichter, D., Fricke, H. W. & Weber, W., 1986. Light harvesting by wavelength transformation in a 
symbiotic coral of the Red Sea twilight zone. - Mar. Biol. 91, 403-407. 

Schlichter, D., Fricke, H. W. & Weber, W., 1988. Evidence for PAR-enhancement by reflection, 
scattering, and fluorescence in the symbiotic deep water coral Leptoseris fragilis (PAR = 
Photosynthetically Active Radiation). - Endocyt. Cell Res. 5, 83-94. 

Schhchter, D. & Fricke, H. W., 1990. Coral host improves photosynthesis of endosymbiotic algae. - 
Naturwissenschaften 77, 447-450. 

Schlichter, D. & Fricke, H. W., 1991. Mechanisms of amplification of photosynthetically active 
radiation in the symbiotic deepwater  coral Leptoseris fragilis- Hydrobiologia 216/2I 7, 389-394. 

Schuhmacher, H., 1979. Experimentelle Untersuchungen zur Anpassung yon Fungiiden (Scterac- 
tinia, Fungiidae) an unterschiedliche Sedimentation- und Bodenverh~ltnisse. - Int. Revue ges. 
Hydrobiol. 2, 207-243. 

Sebens, K. P., 1987. Feeding mechanisms of coelenterates. In: Animal energetics. Ed. by T. J. 
Pandian & F. J. Vernberg. Acad. Press, San Diego, 1, 58-60. 

Solow, A. R. & Gallager, S. M., 1990. Analysis of capture efficiency in suspension feeding: 
application of nonpararnetric binary regression. - Mar. Biol. 107, 341-344. 

Spencer Davies, P., 1991. Effect of daylight variations on the energy budgets of shallow-water corals. 
- Mar. Biol. 108, 137-144. 

Spurr, R. A., 1969. A low-viscosity epoxy embedding medium for electron microscopy. - J. ultra- 
struct. Res. 26, 31-43. 

Steen, R. G., 1986. Evidence for heterotrophy by zooxanthellae in symbiosis with Aiptasia pulchella. 
- Biol. Bull. mar. biol. Lab., Woods Hole 170, 267-278. 

Yonge, C. M., 1930. Studies on thephysiology of corals: I. Feeding mechanisms and food. - Scient. 
Rep. Gt Barrier Reef Exped. 1, 13-57. 


