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ABSTRACT: The scleractinian coral Plerogyra sinuosa DANA displays tentacles at night and globular 
bubbles during the day. Tentacles have few zooxanthellae (760 mm-' of a transverse section) and a 
high nematocyst density (1600 mm-2); they are used for capturing planktonic prey. Bubbles have few 
nematocysts (140 mm-2) and a high density of zooxanthellae (2300 mm-2); they are used to foster the 
photosynthetic ability of the coral. At low light intensities the bubbles inflate up to 45 mm in diameter, 
while they contract at high light intensities. P. sinuosa preferentially occupies shaded areas In water of 

10 m depth. A new method for in situ oxygen measurements wlthin the bubbles demonstrated a high 
photosynthetic activity (- 70 mg 0, m-2 h-') of the bubbles. These are interpreted as photosynthetic 
organs, enabling the coral to compete under a wide range of light conditions. 

INTRODUCTION behavioural and morphological adaptations of P. 
sinuosa foster the photosynthetic ability of the coral 

While the association of scleractinian corals and and probably serve space partitioning; this could 
endosymbiotic algae (zooxanthellae) facilitates rapid enhance the coral's competitive ability in shaded shal- 
growth and development of shallow tropical coral low areas as well a s  in deeper zones. 
reefs, some scleractinians have a wide bathymetric 
distribution (Wells, 1954; Goreau and Wells, 1967; 
Loya, 1972; Wethey and Porter, 1976; Dustan, 1979). METHODS 
Growth and survival in deeper waters with low 
ambient light conditions require special adaptations of Our study was carried out in June 1979 from the 
zooxanthellae and corals: high photosynthetic effi- underwater house 'Neritica', stationed at  Eilat (Israel) 
ciency (Wethey and Porter, 1976; Erez, 1978), high in the Red Sea, 70 m off shore, in front of the Heinz- 
chlorophyll content and high density of algal cells Steinitz Marine Laboratory. 'Neritica' was used as a 
(Kawaguti, 1937; Goreau, 1959, 1963; Kanwisher and base for SCUBA-diving and as  a n  underwater labora- 
Wainwright, 1967; Drew, 1972; Barnes and Taylor, tory. Dissolved oxygen in the open water was mea- 
1973; Mergner and Svoboda, 1977; Dustan, 1979), sured with a polarographic electrode (W Oxi 57; 
reduction of polyps per unit area of coral (Dustan, relative error < 2 %), temperature with a thermistor 
1979) and a shape that increases light-capturing (WTW TE 56, relative error < 1 %) and  photosyntheti- 
abilities (Kawaguti, 1937; Goreau, 1959, 1963; Kan- cally active radiation (PAR, 400-700 pm) with a LiCor 
wisher and Wainwright, 1967; Barnes and Taylor, quantum sensor (Lambda Instr., relative error < 5 %). 
1973; Dustan, 1979). Chlorophyll was determined as acetone extract (Vol- 

For the Indo-Pacific coral Plerogyra sinuosa Dana lenweiler, 1969) of ground coral tissue. The density of 
( 'bubble coral') we report here another adaptation: nematocysts and zooxanthellae was counted from 
light-dependent diel behaviour of a specialized mor- transverse sections (thickness 8 p.m), stained with 
phological structure (see also Gladfelter, 1975). The Lugol-solution and diluted H,SO, (Gerlach, 1977). For 

the determination of diel variations in bubble size, 
Addressee for reprint requests colour slides of the same coral section were taken 
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hourly. Later, the slides were projected and 5 randomly 
selected transects laid over the screen. Bubble and 
tentacle coverage along these transects were measured 
and expressed as percentages of transect length. In 
order to determine photosynthetic activity, oxygen 
concentration changes were measured inside the bub- 
bles. Samples were obtained by carefully puncturing 
the bubbles with 5 m1 syringes ('Tuberculine' type, 
graduated in 0.05 m1 intervals) and fitted with No. 14. 
(0.65 mm I.D.) needles. The bubbles kept tight around 
the needle, so that they collapsed when the water was 
drawn out, but a few minutes later they recovered their 
former size and shape; 5-20 bubbles were sampled for 
1 syringe filling. Dissolved oxygen concentrations 
were measured with the Winkler method, modified 
from Carpenter's (1965) procedure. 

The volume of the sample was reduced to exactly 
5 ml. The Winkler-chemicals (0.05 m1 manganous 
chloride, 0.05 m1 sodium hydroxide iodide and 0.1 m1 
of the sulphuric acid reagent) were dispensed directly 
into the sampling syringe, using a 1 m1 'Tubercu1ine'- 
syringe, graduated in 0.01 intervals and fitted with a 
small rubber seal around the needle to prevent leak- 
age; < 5 min elapsed between sample extraction and 
fixation. The bottom of the sampling syringe and the 
piston together form a spherical cavity housing a 4 mm 
stainless steel ball. Shaking of the syringe liberates the 
ball and thus guarantees thorough mixing of the sam- 
ple with the reagents. Titration was done in a magne- 
tically stirred 25 m1 Erlmeyer flask with a 0.02 N 
sodium thiosulphate solution dispensed from a 2.5 m1 
microburet (R. Gilmont; accuracy ml). For error 
estimates artificial sea water was aerated by air, oxy- 
gen or nitrogen to obtain different oxygen concentra- 
tions. To test for accuracy, samples with oxygen con- 
centrations of 0.6 to 28 mg 021- '  were analyzed with 
the unimodified Winkler method according to Car- 
penter (1965) as control. Within the range of 1.5-21 mg 
0 , l - '  the results differed by < 5 %, in very high 
(> 21 mg O,1-l) and very low (< 1.5 mg 0, I-') oxy- 
gen concentrations by < 8.5 %. Standard deviations of 
2 series of measurements were f 2 % and f 2.3 % of 
the mean. 

RESULTS AND DISCUSSION 

The brainlike coral PIerogyra sinuosa (maximum 
circumference 192 cm in the Nature Reserve, Eilat) is 
covered during the day with globular or elipsoid 'bub- 
bles' measuring 10-20 mm in diameter (Fig. l a ) ,  con- 
nected by tubes to the gastric cavity. The position of 
bubbles surrounded by tentacles at the polyp's oral 
disc suggest that the bubbles are modified tentacles. 
The bubbles contract at dusk and the surface of the 

Fig. 1. Plerogyra sinuosa at different t~rnes  of the day. (a) 
Bubbles 7.00 a m . ;  (b) tentacles 8.00 p.m. (note contracted 
bubbles surrounded by tentacles); (c) partially contracted 
bubbles 2.00 p.m. water depth of coral: 12 m. All photos taken 

from same distance 

coral becomes thickly covered with tentacles, 3 at the 
base of each bubble (Fig. lb) .  These tentacles capture 
planktonic prey; but in contrast to other reports 
(Scheer, 1971; Drew, 1972) we found no evidence that 
bubbles were also used for prey capture. Veron and 
Pichon (1980) suggest that bubbles may have a purely 
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protective function. Our results indicate that bubbles 
have some function other than prey capture and pro- 
tection. 

Nematocyst density is much higher in tentacles 
(1600 + 200 [SE] mm-' of cross-sections) than in bub- 
bles (140 + 25 mm-'), zooxanthellae density is higher 
in bubbles (2300 t 160mm-') than in tentacles 
(760 + 50 mmw2). In tentacles and coral tissue other 
than bubbles, zooxanthellae are aranged in several 
layers within an entoderm of 50-80 pm (light hours, 
retracted tentacles) and they are covered by an 
ectoderm of 100-160 Wm. In bubbles, however, zooxan- 
thellae are mostly aranged in 1 layer only within an 
entoderm of 10-25 pm and covered by an  ectoderm of 
15-30 pm (light hours, expanded bubbles). Therefore, 
zooxanthellae in bubbles are in a better position to 
capture even small amounts of light than zooxanthel- 
lae in other coral tissue. 

Fig. 2a illustrates the diurnal cycle of expansion and 
contraction of bubbles and tentacles in relation to light 
and temperature. Bubbles are only expanded during 
the day and tentacles are only expanded during the 
night. Endogenous control of this cyclic behaviour 
seems unlikely. When coral heads were transferred by 
day into dark chambers, the bubbles were slowly con- 
tracted and the tentacles expanded. Conversely, the 

illuminations of a coral head at night caused an 
immediate contraction of the tentacles and a slow 
expansion of bubbles. Because daily temperature 
changes (Fig. 2b) are minute (26.1 "C + 0.3 C") and 
other exogenous environmental factors are unlikely to 
trigger the behaviour, bubble and tentacle expansion 
and contraction seem to be controlled by light condi- 
tions. 

Bubbles also adjust in size to different light inten- 
sities. Fig. 3 shows that bubbles on shaded parts of the 
same coral head are significantly larger than on those 
exposed to light and that mean and maximum bubble 
size in both, light exposed and shaded areas, increase 
with water depth. The largest bubble of a coral in the 
Red Sea was 26 mm in diameter (26 m depth) and at 
the West Coast of Thailand 45 mm (21 m depth; Vare- 
schi, unpubl.). Bubbles on heads in light-exposed shal- 
low water are often contracted (Fig. l ~ ) .  This could 
reduce over-illumination of the zooxanthellae which 
may cause inhibition of photosynthesis as found in 
marine phytoplankton (Erez, 1978). 

These results are a further argument for the ecotypic 
photoadaptability of Plerogyra sinuosa bubbles. 
Means adapted by other corals (see above) may be 
equally effective in coping with varying light condi- 
tions, but probably do not allow such differentiated 

t ime  of measurement  

Fig. 2. Plerogyra sinuosa. Die1 behaviour of expansion and contraction of bubbles and tentacles; oxygen concentration within 
expanded bubbles in relation to light and temperature (coral head in 12 m depth; 27-07-79). (a) Relative degrees of extension and 
contraction of bubbles and tentacles in relation to time of day; open circles: bubbles; filled circles: tentacles. (b) Light intensity 
and temperature at study site in relation to time of day; crosses: light intensity; squares: temperature. (c) Oxygen concentrations 
within bubbles and in ambient water in relation to time of day; open circles: oxygen concentration in ambient water; filled 

circles: oxygen concentration in bubbles 
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responses, varying not only locally but within short- 
time intervals. 

The photosynthetic activity of the bubbles was tested 
by measuring the oxygen concentration within them. 
Fig. 2c shows the diurnal changes in oxygen concen- 
tration. The drastic increase after sunrise indicates 
substantial oxygen production in the bubbles. Further 
increase in light intensity has no apparent effect on the 
oxygen concentration, probably because production 
rates are at their limits, and/or increasing oxygen dif- 
fusion into the open water. During late afternoon, 
respiration exceeds phytosynthesis and oxygen con- 
centration decreases with waning light intensity. Simi- 
lar features have been reported for other corals 
(e.g. Franzisket, 1969; Mergner and Svoboda, 1977; 
McCloskey et al., 1978). Different rates of photosynthe- 
tic activity also occur on sunny and shady parts of the 
same coral head. Measurements on a coral in 8 m 
depth at 4.10 p.m. gave an oxygen concentration of 
6.5 t 0.6 mg 0, 1-' (SE) for shaded areas and 
9.1 + 0.9 mg O2 1-' for sun-exposed parts; in 12 m 
depth at  4.50 p.m. the corresponding values were 
6.6 + 0.6 and 9.0 t 0.9 mg 021-'. Maximal oxygen 
generation within the bubbles was 7 mg O2 1-' h-'. 
These bubbles had a mean volume of 0.9 m1 and a 
mean projected area of 1.1 cm2. Therefore we estimate 
that the oxygen production of a Plerogyra sinuosa head 
could reach approximately 60 mg 0, mp2 h-'. Photo- 
synthetic activity of the bubbles is linked with high 

pigment concentration. Extractions of chlorophyll a 
from a coral head in 12 m depth revealed a signifi- 
cantly higher content in bubbles than in tentacles 
(bubbles: 40.0 f 4.3 mg Chl a g-' dry weight, n = 5; 
tentacles: 16.7 f 6.1 mg Chl a g-' dry weight, n = 4 ;  
p < 0.01, t-test; bubbles and tentacles were cut off in 
situ with small clippers). 

The reported features of Plerogyra sinuosa bubbles 
(no prey capturing activity, low nematocyst density, 
high zooxanthellae density and high chlorophyll a 
content, substantial oxygen production and size adap- 
tability in response to varying illumination) all support 
our hypothesis that the bubbles are specialized, inflat- 
able organs of the coral which foster the zooxanthel- 
lae's photosynthesis. Hence we feel justified to call the 
bubbles 'photosynthetic organs' of the coral. Light- 
dependent activity patterns have also been reported 
for some scleractinian corals (Lasker, 1979) and 
anemones (Pearse, 1974). 

Recent reports on Caribean sea anemones describe 
light-dependent behaviour of pseudotentacles and 
auxiliary structures of the column; these contain dense 
populations of zooxanthellae and they are considered 
to be light-capturing structures (Gladfelter, 1975; 
Sebens and DeRiemer, 1977). These features are simi- 
lar to our findings in Plerogyra sinuosa. Faulkner and 
Chesher (1979) also interpreted P. sinuosa bubbles as 
means to enlarge the light-exposed surface. 

Obviously coral geometry has evolved in response to 

d e p t h  C m 1  

Fig. 3. Plerogyra sinuosa. Alteration of bubble size in relation to light intensity. (a) Mean diameter of bubbles in relation to depth 
in light-exposed parts (open circles: lower regression line) and in shaded parts (filled circles: top regression line) of same coral 
head with standard errors (horizontal bars). All measurements taken between 11.00 a.m. and 12.30 p.m. on same day. (b) Mean 
diameter of bubbles measured from photographs taken at different angels of 0 "  to 150' to the vertical axis of 2 coral heads at 
depths of 2 m (crosses) and 4 m (circles); horizontal bars. standard errors. Bubble diameter increases from light-exposed to 

shaded parts of same coral head 
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l ight  a n d  p lank ton  cap tu re .  Different growth s h a p e s  a t  

different d e p t h  a r e  invar iable ,  not  flexible modifica- 

t ions of t h e  coral.  T h e  morphological  special izat ion in  

Plerogyra sinuosa, however ,  is a flexible a n d  revers- 

ib le  adap ta t ion  e n a b l i n g  the  coral to compete  a t  a w i d e  

r a n g e  of l ight  intensities,  d o w n  to the  poor a n d  scat- 

tered l igh t  conditions of overhung  reef par ts  a n d  cre- 

vices.  

Plerogyra sinuosa i s  descr ibed a s  a very ra re  coral 

spec ies  i n  t h e  Indo-Pacific O c e a n ,  occurr ing i n  such  

diverse  habi ta ts  a s  reef crest regions or e v e n  soft 

lagoon bot toms d o w n  to 3 5  m d e p t h  (Scheer ,  1971; 

Pichon, 1972) preferr ing caves  or crevices,  w h e r e  it  

grows o n  vertical faces  o r  overhangs  (Veron a n d  

Pichon, 1980). For Eilat,  a n  op t imum d e p t h  r a n g e  of 

20-40 m is reported (Loya a n d  Slobodkin,  1971). How-  

ever ,  coral counts  in t h e  Na ture  Reserve of Eilat a long  

t ransects  paral le l  to  t h e  coast d o w n  to  4 5  m ind ica te  a 

m a i n  distribution of P. sinuosa a l o n g  t h e  reef e d g e s  

b e t w e e n  3-6 m, w h e r e  crevices  a n d  s h a d e d  overhung  

a reas  w e r e  preferent ia l ly  occup ied  (Tab le  1). Recent  

Table 1. Plerogyra sinuosa. Distribution in the Nature Reserve 
of Eilat, Israel, Gulf of Akaba. Transects of approx. 1200 m 
length were laid parallel to coastline. Shaded: corals in cre- 
vices or overhung areas; Light-exposed: corals in full sunlight 

Reef zonation Depth Number Shaded Light- 
(m) of corals exposed 

Lagoon 0- 3 4 4 0 
Reef edge 1- 6 5 9 54 5 
Sandy area with 

3-12 
Coral knolls 

10 8 2 

Deep-water reef 16-22 11 8 3 

counts  n e a r  several  smal l  i s l ands  a b o u t  1 0  k m  off 

Phuke t  (West coast of Tha i l and)  indicate  a m a i n  dis- 

tribution of P. sinuosa b e t w e e n  8 a n d  1 0  m. Most  coral 

h e a d s  d e e p e r  t h a n  8 m w e r e  s u n  exposed ,  whi le  coral 

h e a d s  b e t w e e n  0 a n d  6 m d e p t h  preferred s h a d e d  a r e a s  

(Vareschi ,  unpub l . ) .  H. C h a n g s o n g  (pers.  comm.)  found  

P. sinuosa to  b e  a m o n g  t h e  commones t  coral spec ies  

n e a r  several  is lands a b o u t  50 k m  off Phuke t  a t  15-20 m 

dep th .  T h e s e  distributions ind ica te  that  P. sinuosa i s  

best  a d a p t e d  to poor l igh t  in tensi t ies .  T h e  b u b b l e s  with  

their  l igh t -dependen t  behav iour  shou ld  contr ibute  sig- 

nificantly to this  adap ta t ion .  
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