
gain, estimated from the ratio of peak-to- 
peak amplitude of tracking to target 
waveforms, averaged 0.87 2 0.10. We 
also found that the gain for a given 
tracking trial was related to the correla- 
tion coefficient between error corrected 
for lag and target position (r = 0.78, 
d.f. = 68, P < 0.001), suggesting that a 
bat uses different gains at different times, 
although what determines its choice is 
not clear. If the tracking signal is adjust- 
ed to bring the gain to unity for that trial 
before subtracting the target signal, the 
mean error, now corrected for lag and 
gain (Fig. 20, is reduced to 1.6" t 0.4". 
Small correlations between error and tar- 
get position and velocity remain (r = 
0.13 t 0.20 and r = -0.20 t 0.22, re- 
spectively), but they account for rela- 
tively little of the error signal's variance, 
suggesting that a nonpredictive tracking 
strategy is a reasonable interpretation of 
our data. The residual error of t1 .6"  is 
comparable to the angular resolving abil- 
ity of Eptesicus determined with station- 
ary targets (3). It also indicates that bats 
can locate prey at least as precisely as 
other highly auditory hunters, such as 
owls (7), that rely on passive listening. 
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Coral Community Reproductive Patterns: 
Red Sea Versus the Great Barrier Reef 

Abstract. In contrast to many corals of the Great Barrier Reef, Australia, which 
are synchronous multispecific spawners, the abundant coral species in the northern 
Red Sea, Israel, exhibit temporal reproductive isolation. Spawning dates of 12 of the 
13 Red Sea species followed lunar periodicity and were consistent throughout 3 years 
of study. Spawning periods of all species occurred in d~yerent seasons, different 
months, or dlferent lunar phases within the same month. The high abundance of the 
corals studied at Eilat may be due in part to the advantages gained through not 
having overlapping spawning periods and settlement times. 

Our understanding of coral sexual re- corals is not well known. Until now, the 
production is limited, and few general- reproduction of only one Red Sea stony 
izations can be made about the physical coral (Stylophora pistillata) had been 
or biological factors responsible for the studied (3). We examined reproductive 
observed reproductive patterns ( I ) .  In patterns of 13 ecologically important cor- 
particular, population ecology (2) and al species (4) at Eilat (northern Gulf of 
community structure of scleractinian Eilat, Red Sea). Major reproductive ac- 

Table 1. Coral spawning dates at Eilat during 1981 and 1982. Data for 1980 is illustrated in Fig. 1. 
The lunar month is divided into eight phases similar to those described by Atoda (8): I ,  new 
moon; 3, first quarter; 5, full moon; 7, last quarter; 2, 4, 6, and 8 indicate intermediate lunar 
phases. 

1981 1982 

Spawning Lunar Spawning Lunar 
dates phase dates phase 

Stylophora pistillata* 
January-June December-June 

Seriatopora caliendrum* 
4-5 May I t  21-23 May 

31 May-2 June I?  17-19 June 
28 June-3 July 8- 1 16-20 July 
27 July-1 August 8-1 13-18 August 
27 August-1 September 8- 1 13-18 September 
26 September-1 October 8-1 12-17 October 
23-28 October 8- 1 12-17 November 
26-28 November 1 t 13-15 December 

Alveopora daedalea* 
18-24 October 6-8 5-1 1 November 
15-21 November 6-8 4-10 December 
17-23 December 6-8 2-8 January 

Pocillopora verrucosa 
1-2 July 1 19-20 July 

31 July-1 August 1 19-20 August 
Galaxea fascicularis 

21-24 July 6-7 6-9 August 
19-22 August 6-7 4-7 September 

Goniastrea retiformis 
24-27 July 7 9-12 August 

Platygyra lamellina 
30 June-5 July 1-2 19-24 July 

1-3 August l t  19-21 August 
Favia favus 

21-26 June 6-7 9-14 July 
20-22 July 6 t  5-7 August 

Astreopora myriophthalma 
16-18 July 5 3-5 August 
15-17 August 5 1-3 September 

Acropora hyacinthus 
9-11 July 3 26-28 July 

Acropora scandens 
16-18 June 5 4-6 July 

Acropora humilis 
24-26 May 7 12-14 June 

Acropora eurystoma 
19-21 May 5 6-8 June 

*Brooding species. tSporadic spawning (10 to 20 percent of population). 



Table 2. Time periods of development and settlement of planulae given in days from spawning 
until appearance of a fully developed polyp in the laboratory. 

Develop- Minimum Settle- First First 

ment free- Species ment in water swimming aP- 
column* thecal period pearsf walls 

Stylophora pistillataB 0 1 1-2 6 7 
Seriatopora caliendrumB 0 0.5 0.5-1 1 2 
Alveopora daedaleaB 0 3 3-6 16 30 
Pocillopora verrucosa 1-2 3 3 -5 8 16 
Gaiaxea fascicuiaris 1-2 6 6-6 12 14 
Goniastrea retiformis 1-2 6 6-8 14 18 
Platygyra lamellina 1-2 8 8-10 11 12 
Favia favus 1-2 6 6-8 12 17 

*Time range from egg fertilization to first observation of swimming larvae. *Time range of active 
searching behavior on aquaria bottom until final settlement on substrate (dead coral branches). tSecre- 
tion of basal plate and first appearance of septae. $Brooding species. 

tivities of these abundant species (5) 
occurred in different seasons, different 
months, or different lunar phases within 
the same month. These results are in 
marked contrast to the reproductive pat- 
terns described for 32 coral species in the 
central Great Barrier Reef (GBR) that 
were reported to be synchronous multi- 
specific spawners (6). 

Reproductive cycles were determined 
from in situ and laboratory observations 
as well as histological studies (7). The 
lack of overlap in spawning dates of the 
corals was consistent throughout all 
years of the study (Fig. 1 and Table 1). 
Spawning dates are thus highly predict- 
able. 

All species examined are sequential 
protogynous hermaphrodites and, ex- 
cept for S .  pistillata, exhibit lunar perio- 

dicity of gamete or planular shedding (8). 
In most species the onset of oogenesis 
precedes that of spermatogenesis by 2 to 
4 months. Maturation of the male and 
female gonads occurs simultaneously 
and spawning is synchronized. Broad- 
casting species release their gametes 
during periods of up to six nights, once 
or twice a year, whereas brooders re- 
lease their planulae for 3 to 7 months 
(Fig. 1 and Table 1). The breeding period 
of most of the species studied occur 
throughout the summer, when water 
temperatures are rising or warmest (9) 
(in different months or different lunar 
phases within the same month). 

Settlement of most of the released 
planulae of brooding species occurs 
within hours in Seriatopora caliendrum, 
1 to 2 days in S .  pistillata, and 3 to 6 days 

Stylophora pistillata - 
Seriatopora caliendrum 
- 

0 n 

Alveopora daedalea - 
Pocillopora verrucosa P L 1 I 

Galaxea fascicularis 

Goniastrea retiformis 
.-- 

Platygyra lamellina 
- 

? 1 l d 

Fav ia  favus ? 1 I q 

Astreopora  myriophthalma 1 rn rn 

Acropora hyacinthus 

Acropora scandens 
- 

Acropora humilis 
-- - 

Acropora eurystoma - 
Moon p h a s e  (1980) 

Fig. 1. Reproductive patterns of 13 scleractinian corals at Eilat in 1980. The first three species 
are brooders and the rest are broadcasting spawners. The results presented are in accordance 
with the lunar calendar, as follows: @, new moon; 9, first quarter; 0, full moon; and a ,  last 
quarter. The period of gonadal development is represented by a solid line with indications of the 
onset of oogenesis ( 0 ) ,  and spermatogenesis (8 ) .  Further development of both gonads is 
indicated by the line following the 8 9 sign. Black bars represent massive spawning (90 to 100 
percent of the population), and blank bars represent sporadic spawning (10 to 20 percent of the 
population). 

in Alveopora daedalea. In most gamete 
spawners, the interval between fertiliza- 
tion and settlement ranges from 6 to 10 
days (Table 2). There are time gaps be- 
tween the settlement dates of all species. 

The free-swimming period of the plan- 
ulae is 0.5 to 3 days in brooding species 
and 3 to 8 days in broadcasting species 
(Table 2). This difference is probably due 
to the time required by the larvae of the 
broadcasters to develop in the water 
column to the edwardsia stage (three to 
four pairs of mesenteries) or to the hal- 
campoides stage (six pairs of complete 
mesenteries). These are the earliest de- 
velopmental stages in which settlement 
has been observed. In the brooding spe- 
cies, planulae are already at the edward- 
sia or halcampoides stages when re- 
leased, which may account for the 
shorter time period required for success- 
ful settlement. 

Because space for settlement and de- 
velopment is one of the most important 
limiting resources on coral reefs, there 
may be acute competition among coral 
populations (2, 10) and other benthic 
organisms (11). Stony corals and benthic 
algae (turfs and macroscopic noncalcare- 
ous algae) have been suggested as the 
major competitors for space in shallow 
water at Eilat (12). The major reproduc- 
tive activity of most of the corals studied 
coincides with the seasonal disappear- 
ance of benthic algae (12). Various spe- 
cies of algae progressively decline in 
abundance throughout the summer 
months, continuously creating more 
space for coral settlement during this 
season. During the winter algal cover on 
the shallow reefs is very high and space 
for settlement is scarce (12). Availability 
and predictability of space for settlement 
during summer, together with warm wa- 
ter temperatures (9), allow more favor- 
able conditions for successful reproduc- 
tion in Red Sea corals. 

Levin (13) has suggested that selection 
for seasonal reproductive isolation in 
plants is usually a response to competi- 
tion, whereas in animals it is more often 
a response to selection against hybridiza- 
tion or mismating. Most stony corals are 
sessile animals attached to the substrate 
throughout their lives; they possess 
many ecological features typical of both 
plants and animals. Selection against hy- 
bridization (more likely among sympat- 
ric species) or competition for space (or 
both) may have led to the evolution of 
temporal reproductive isolation among 
prominent reef corals at Eilat. Intraspe- 
cific synchronization of spawning and a 
discrete breeding period may be advan- 
tageous to each coral species by (i) re- 
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ducing gametic wastage, hybridization, 
and disruptive gene flow; (ii) increasing 
the probability of successful fertilization; 
and (iii) reducing interspecific competi- 
tion both among corals and between cor- 
als and algae. Hence, the success of 
these corals in terms of abundance and 
living cover (5) may be due in part to 
advantages gained by having no overlap 
in breeding periods (14). 

The reproductive traits of 32 coral 
species from the central GBR differ from 
those at Eilat. Harrison et al. (6) report- 
ed synchrony of spawning both within 
and between coral species. Most of the 
species recorded spawned during a sin- 
gle night, a few nights after the late 
spring full moons, suggesting that the 
synchronous simultaneous spawning of 
corals may increase the survival chances 
of their larvae by satiating predators 
during the spawning period. To what 
extent gamete loss through hybridization 
takes place, or how gamete union is 
ensured in the resultant gamete melange, 
is not known. 

A possible explanation for the differ- 
ences in the reproductive patterns of 
corals in the two localities may be the 
marked differences in the respective en- 
vironmental regimes. The range and am- 
plitude of most environmental variables 
on the GBR are more extreme (15) than 
at Eilat. During the summer months at 
the Eilat study area (2 to 6 m depth), 
most environmental variables are almost 
constant (16). This might be one reason 
why the major reproductive season of 
corals at Eilat is much longer (3 to 4 
months during summer) (Table 1) than 

that of GBR corals (1 to 2 months during 
spring). Also, within the same coral spe- 
cifs, the time interval for gamete spawn- 
ing is longer at Eilat: two to six nights 
once or twice a year (Table 2) compared 
to a single night annually in most of the 
central GBR corals (6). It is possible that 
mass spawning of GBR corals at a partic- 
ular time of year may be induced by a 
precise combination of optimal environ- 
mental conditions, maximizing repro- 
ductive success. The evolution of dis- 
crete breeding periods in a coral commu- 
nity, as opposed to synchronous multi- 
specific spawning, poses important 
theoretical questions regarding differ- 
ences in stability and predictability of 
environmental conditions between the 
two areas during their evolutionary his- 
tory. The high plasticity in reproductive 
traits of scleractinian corals, both on 
local and geographical scales, may ac- 
count in part for their success in tropical 
seas. 
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