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Abstract. Reproductive ecology of two major reef-build-
ing corals in the eastern Pacific [Pocillopora damicornis
(Linnaeus) and Pocillopora elegans Dana] was investi-
gated between 1984 and 1990 in Costa Rica, Panama
(Gulf of Chiriqui and Gulf of Panama), and the Gala-
pagos Islands (Ecuador) following the 198283 EI Nifio
disturbance. Mature spermatocytes and oocyies were
found in both species and were usually present in the
same polyp in nearly equal ratios. Numerous zooxanthel-
lae were observed in mature, unfertilized oocytes. Al-
though spawning in field populations was not observed,
it is likely that both pocilloporids are simultaneous
hermaphroditic spawners, as evidenced by the disappear-
ance of mature gametes after full moon. This is in con-
trast with most known pocilloporid corals that brood and
release planula larvae. Corals were reproductively most
active in the thermally stable environments of Costa Rica
and the Gulf of Chiriqui (Panama) where 32 to 90% of all
colonies contained gametes. In the moderately varying
thermal conditions in the Galapagos Islands, 16 to 40%
of colonies contained gametes, and in the pronounced
seasonal upwelling environment of the Pearl Islands
(Panama) only 6 to 18% of colonies contained gametes.
Year-round reproduction occurred in Costa Rica and the
Gulf of Chiriqui, whereas reproduction was confined to
warm periods in the seasonally varying environments of
the Galapagos Islands and the Gulf of Panama. Pocil-
loporid corals in Costa Rica and the Gulf of Chiriqui
demonstrated lunar spawning activity, with mature
gametes present a few days before and after full moon.
Some limited spawning may have occurred also at new
moon. While frequent gamete maturation has been
demonstrated in this study, the relatively low rates of
larval recruitment occurring on eastern Pacific coral reefs
disturbed by the 198283 El Nifio suggest that the recov-
ery of important frame-building corals could be greatly
prolonged.

Introduction

The mode and timing of coral reproduction can have an
important influence on recovery of disturbed coral reefs.
Newly opened patches of reef framework, for example,
could be colonized rapidly if nearby coral survivors re-
produce frequently, producing larvae that settle near the
parent colonies (Connell and Keough 1985, Szmant 1986,
Sammarco and Andrews 1988). Reef patches far from
such source populations could be colonized by distant
corals with more dispersive larvae or by other benthic
taxa such as coralline algae, fleshy algae, sponges, zoan-
thids, molluscs or tunicates. Numerous patches of vary-
ing size and distance from surviving corals were created
on eastern Pacific coral reefs as a result of the severe
198283 El Nifio event (Cortes et al. 1984, Glynn 1984,
1988, 1990, Prahl 1985, Robinson 1985, Guzman et al.
1987). This study attempts to characterize the reproduc-
tive biology of surviving eastern Pacific reef corals to help
elucidate the potential for recruitment success of species
populations following the El Nifio disturbance. A total of
ten scleractinian corals and one hydrocoral were studied
in reef areas in Costa Rica, Panama and the Galapagos
Islands (Fig. 1). In this first paper, we consider the mode
and timing of sexual reproduction in Pocillopora dami-
cornis and P. elegans (order Scleractinia, family Pocil-
loporidae), which are among the most abundant and im-
portant reef-building taxa in the eastern Pacific (Glynn
etal. 1972, Porter 1972, 1974, Glynn and Wellington
1983).

While several studies have reported that Pocillopora
spp. are hermaphroditic brooders releasing sexually
derived planula larvae, this pattern is by no means invari-
ant. Corals identified as Pocillopora verrucosa (Ellis and
Solander) are brooders at Enewetak Atoll (Stimson
1978), but are broadcast spawners in the Red Sea (Fadlal-
lah 19835, Shlesinger and Loya 1985). P. damicornis over
most of its range in the Indo-Pacific region broods plan-
ulae (Stoddart and Black 1985, Richmond and Hunter
1990). However, planula larvae have not been found in
Pacific Panamanian populations and it has been sug-
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Fig. 1. Equatorial eastern Pacific region of coral reef de-
velopment. The known bounds of severely disturbed ar-
cas during the 198283 El Nifio warming event are de-
noted by the dashed line (after Glynn 1990). Arrows de-
note centers of upwelling in the Gulf of Papagayo, Guif
of Panama, and western Galapagos Islands

gested that P. damicornis may be sexually sterile in the
eastern Pacific region (Richmond 1985, 1987a). Pocil-
lopora meandrina Dana is suspected to be a broadcast
spawner in Hawaii (Stimson 1978), and P. elegans is a
brooder at Enewetak. J. Veron (in Stimson 1978: p. 176)
considers P. meandrina and P. elegans to be taxonomi-
cally equivalent. Finally, an electrophoretic study has of-
fered evidence that P. damicornis is capable of producing
planulae asexually as well as sexually (Stoddart 1983).
Of the 13 to 14 scleractinian corals present on eastern
Pacific reefs, only three have received intensive study: the
non-zooxanthellate Tubastraea coccinea Lesson, and the
zooxanthellate species Pocillopora damicornis and
Pavona gigantea Verrill. Reproductive products were
commonly present in T. coccinea and P. gigantea, but no
colonies of Pocillopora damicornis were found with plan-
ulae or mature gonads (Wellington and Glynn 1983,
Richmond 1985). Since pocilloporid corals were the pre-
dominant frame-building species on most castern Pacific
reefs before 1983 (Glynn 1976, Glynn and Macintyre
1977, Glynn et al. 1982, Glynn and Wellington 1983), it is
critical to determine the potential for sexual reproduction
in this taxon. Pocilloporid coral mortality on eastern
Pacific reefs was high, ranging from ca. 51% at Cano
Island to 76 -85% in Panama and 97—100% in the Gala-
pagos Islands (Glynn et al. 1988). In order to understand
the temporal and spatial scales of reef recovery, it is
necessary to know the origin and rates of recruitment of
the dominant reef-building species. If the recruitment of
pocilloporid corals in the eastern Pacific were dependent
upon long-distance dispersal across large expanses of the
Pacific Ocean (Richmond 1990), then reef recovery might
be greatly prolonged. If coral survivors are locally abun-
dant and asexual fragmentation is effective (Highsmith
1982), then reef recovery could be rapid without signifi-
cant sexual reproduction. We present evidence that sup-

ports frequent sexual reproduction in P. damicornis and
P. elegans, within surviving eastern Pacific populations in
Costa Rica, Panama, and the Galapagos Islands.

Materials and methods

Species identifications follow those proposed by J. W. Wells (in
Glynn and Wellington 1983). Morphologically, the eastern Pacific
Pocillopora damicornis resembles most closely the Australian series
of ecomorphs from semi-protected biotopes described by Veron and
Pichon (1976). Wells (in Glynn and Wellington 1983) considers
P. elegans to be distinct from P. verrucosa, contrary to the syn-
onymy proposed for these two sepcies by Veron and Pichon (1976).

These two pocilloporid species were sufficiently abundant in
most areas to allow frequent, long-term sampling. A total of 320
colonies of Pocillopora damicornis and 377 of P. elegans were col-
lected in Costa’ Rica, Panama and in the Galapagos Islands
(Table 1, Fig. 2). In Costa Rica, corals were collected from the two
fringing reefs at the northeast end of Cafio Island (see Guzman and
Cortes 1989). In Panama, the collections were made primarily in the
Gulf of Chiriqui at a rocky point ca. 100 m north of the Uva Island
patch reef, with some collections at the main Uva Island reef. Some
collections also were made in Panama at Saboga Island and Conta-
dora Island (Pearl Islands) in the Gulf of Panama, a seasonally
upwelling environment. Collections in the Galapagos Islands were
made primarily at the Itabaca Canal and Point Estrada sites. Addi-
tional samples were taken from elsewhere off Santa Cruz Island and
other islands in the archipelago. The low number of samples in 1985
resulted from an almost total absence of pocilloporids following the
severe 1982—83 El Nifio. All corals were sampled at 3 to 8 m depth.

The primary sampling effort entailed obtaining one branch, 5 to
8 cm in length, from three to five different pocilloporid colonies at
the various study sites. Nearly monthly sampling was performed in
1986 at the three principal study sites in Costa Rica, Panama and
the Galapagos Islands (Table 1). In addition, sequential sampling of
Pocillopora damicornis and P. elegans was performed at 3- to 5-d
intervals at four sites, to follow lunar patterns of gametogenesis
(Table 2). One half of the February 1989 Uva Island series were
sampled from known (tagged) colonies, and half from arbitrarily
selected colonies. The October—November 1989 Panama series was
begun at Uva Island and continued in the Pearl Islands.
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Within 1 h after collection, corals were fixed in a seawater
Zenker’s solution with 5% formaldehyde for 18 to 24 h. They were
rinsed by suspension in seawater or occasionally by immersion in
running freshwater for 18 to 24 h and then preserved in 70%
ethanol, with renewal of the alcohol when necessary to remove
dissolved pigments and precipitates from the fixative. Fixed corals
were decalcified for 4 to 6 h or more in 10% HCl with 0.7 g EDTA,
0.008 g sodium potassium tartrate and 0.14 g of sodium tartrate per
liter of solution. Tissues used were from distances at least 2 to 3 cm
below the branch tips. After decalcification, acid was removed from
tissues by rinsing for 24 h in running tap water. Employing a Tech-
nicon Tissue Processor, the tissues were dehydrated in a series of
alcohols and Tissue Dry dehydrant, cleared with xylenes and then
infiltrated with paraffin. The tissues were embedded in Paraplast
and oriented so that both cross sections and longitudinal sections
were obtained (see Szmant-Froelich et al. 1980, 1985 for further
details). Tissues were sectioned, 6 to 8 um thick, and stained with a
slightly modified Heidenhain’s aniline-blue method (Luna 1968),
using Azocarmine G.

The developmental condition of gonads was determined as fol-
lows. A centrally located series of polyps was selected from 2 to 4
equivalent sections present on each slide and outlined with a fine-
point pen. Both longitudinal and cross sections of polyps were
counted and then scanned slowly at 40 x magnification with an
Olympus BH-2 light microscope. Only polyps with at least 50% of
their tissues present in the mid-body (mesenterial) region were
scored. For Pocillopora spp. from Costa Rica and Panama, the
number of polyps sampled per slide ranged from 10 to 100, with
usually ca. 45 unique polyps sampled for each coral on each date.
In the Galapagos Islands, the polyps were generally larger than at

Fig. 2. Locations of primary coral
collection sites (%) at Cano Island
(Costa Rica), Uva Island (Gulf of
Chiriqui) and Santa Cruz Island
(Galapagos Islands). Additional sam-
pling was performed at sites denoted

the continental sites, resulting in 10 to 40 polyps per slide and
usually ca. 25 unique polyps sampled per colony from each collec-
tion.

Gonads were located at 100 x and the classification of gameto-
cytes was performed at up to 600 x magnification. Gametocytes
stained with Heidenhain’s aniline-blue were classified according to
the modified criteria of Szmant-Froelich et al. (1985) as follows.
Stages I and II oocytes appeared as enlarged interstitial cells, with
large nuclei, in the mesenterial mesoglea. Stage I oocytes were rela-
tively small (10 to 20 ym diameter), whereas Stage II oocytes were
larger (20 to 40 um) due to accumulation of cytoplasm. Stage IIT
oocytes stained orange, sometimes light blue, and revealed a clear
nucleus. [Stage III oocytes in Szmant-Froelich et al. (1985) were
variable in size (40 to 80 ym) and undergoing vitellogenesis.] Stage
IV oocytes were full size (ca. 100 ym) and often exhibited an indent-
ed nucleus as noted by Szmant-Froelich et al. (1985). Addition-
ally, the nucleus appeared condensed (possibly due to the presence
of chromatin), and in some Stage IV oocytes the nuclei became
slightly detached from the vitellogenic material. During Stage IV,
large lipid vacuoles in the cytoplasm increased in number, staining
often changed from red to orange-brown, and zooxanthellae were
present in the oocytes at this stage (see Fig. 5). This classification
differed from that of Stoddart and Black (1985) only in the presence
of zooxanthellae in Stage IV oocytes. Stage I'V oocytes never under-
went changes indicative of fertilization, and/or development into
Stage I embryos. Also, reproductive products were never seen in the
gastrovascular cavity.

Spermaries were classified into four instead of the five develop-
mental categories of Szmant-Froelich et al. (1985). Stoddart and
Black’s (1985) classification is similar to that of Szmant-Froelich
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Table 1. Pocillopora damicornis and P. elegans. Summary informa-
tion on collection of corals from the major study sites in Costa Rica,
Panama, and the Galapagos Islands. Values in parentheses are to-
tals

Years No. of No. of No. of
months collec- colonies
collected tions  (P.damicornis/

Study sites and
collection period

P.elegans)
Costa Rica
Caiio Island; 1985 5 6 10/ 32
25 Mar 1985 1986 11 15 45/ 48
to 13 Dec 1989 1987 3 3 10/ 13
1988 2 2 4/ 3
1989 3 7 9/ 21
(78/117)
Panama
Uva Island; 1984 1 1 1/ 2
21 Jul 1984 1985 4 5 14/ 14
to 14 Mar 1990 1986 11 12 42/ 42
1987 2 3 9/ 9
1988 1 3 6/ 10
1989 2 13 59/ 60
1990 1 4 0/ 12
(131/149)
Pearl Islands: Saboga 1984 1 1 2/ 0
Island, Contadora 1985 1 1 5/ 4
Island; 11 Jul 1984 1989 2 8 24/ 24
to 4 Nov 1989 (31/ 28)
Galapagos Islands
Santa Cruz, Santa 1985 1 1 3/ 0°
Fe, Espafiola, San 1986 11 14 14/ 17
Christobal, Floreana, 1987 10 11 24/ 9
Bartolome; Islands; 1988 7 14 15/ 13
4 May 1985 to 1989 6 16 24/ 44
20 Oct 1989 (80/ 83)

Grand total 320/377

2 Only three colonies of P. damicornis were found at Espafiola and
San Cristobal Islands in 1985

-Table 2. Pocillopora damicornis and P. elegans. Locations and tim-
ing of coral sampling. T: tagged (known) colonies; A: arbitrarily
selected colonies

Study sites Collection No. of No. of Colonies
period collec- samples (P.
tions  damicornis/
P. elegans)
Costa Rica
Cafio Island  5-16 Sep 1989 5 0/15 A
Panama
Uva Island 6-24 Feb 1989 7 42/42 T/A®
3-120ct 1989 4 12/12 A
Pearl Islands 14 Oct—4 Nov 8 24/24 A
1989
Galapagos 10 Apr—11 May 11 0/30 A
Islands 1989

? One half of sampled colonies were tagged, the other half arbitrar-
ily selected

P.W. Glynn et al.: Coral reproduction in the eastern Pacific

etal. (1985) except that the former did not recognize the early
migration of interstitial cells (Stage I) in their scheme. Stage I sper-
maries, characterized by small clusters of interstitial cells located
near or entering the mesoglea, were rarely seen. Stage II spermaries
contained clusters of spermatocytes with large nuclei and distinct
spermary boundaries. Spermaries were sometimes visible on stalk-
like extensions of the mesoglea, and the Stage II spermatocytes
stained an orange-brown color. Stage III spermatids, more numer-
ous than earlier stage spermatocytes, were relatively small with
small nuclei and stained a red to mauve color. Lumina were present
in some spermaries before completion of the final reduction divi-
sion. We considered Stages IV and V (as in Szmant-Froelich et al.
1985) to be equivalent. The Stage IV spermatozoa, approximately
half the size of Stage III spermatids, were small and dense and
stained dark magenta or red. Tails were usually present and orange-
staining sperm bouquets were frequently seen. Sizes of gonads,
selected from among the five largest on a slide, were measured with
a stage micrometer.

To assess temporal patterns of gametogenesis, all colonies sam-
pled were scored with respect to the presence or absence of gameto-
cytes, and for each date the abundance of colonies with gametocytes
present was expressed as a percentage of the total number of
colonies examined for that date. The seasonal and lunar occurrence
of mature gonads also was expressed as a percentage of all gonads
observed on a given Julian or lunar date. To test for significant
annual or lunar trends in reproductive condition, chi-square analy-
ses were performed respectively for 12 categories (12 mo) and 4
categories (4 lunar phases, equal intervals beginning with new
moon). If an expected value of 0 was encountered, adjacent cate-
gories were combined in order to eliminate expected frequencies of
<1.

Environmental conditions

The primary study sites in Costa Rica and Panama were located on
islands ca. 25 km offshore of mainland Central America (Fig. 1).
Both areas are influenced by well-defined wet and dry seasons, a
result of the latitudinal migration of the Intertropical Convergence
Zone (ITCZ) (Forsbergh 1969). Centered near 9° and 8°N, respec-
tively, the rainy season at Cafio Island (Costa Rica) and Uva Island
(Panama) begins in both areas in May and ends in December
(Fig. 3). The seasonal distribution of rainfall in the Pearl Islands,
Gulf of Panama, is similar to that in Costa Rica and western
Panama, but with relatively low rainfall over much of the wet
season (Glynn 1977).

Because coral spawning often occurs during seasonal warming
periods (e.g. Stimson 1978, Fadlallah 1983, Harrison et al. 1984,
Babcock et al. 1986, Richmond and Hunter 1990), annual synoptic
variations in sea surface temperature (SST) also are characterized
for the four study sites (Fig. 3). Surface sea water temperature is
high (27 to 29°C) and relatively constant at Cafio and Uva Islands
(Glynn et al. 1972, Dana 1975, Glynn 1977, 1990, Kwiecinski and
Chial-Z. 1983, Glynn et al. 1988). Seasonal upwelling occurs in the
Gulf of Panama with relatively low and variable mean monthly SST
(24 to 26°C) prevalent from January through April, the height of
the dry season (Glynn and Stewart 1973, Kwiecinski et al. 1988,
Glynn and D’Croz 1990). In some years, extreme low SSTs of 14 to
18°C have been observed during 3- to 5-d upwelling pulses
(Kwiecinski et al. 1988, Glynn and D’Croz 1990, Richmond 1990).
At such times, nutrient concentrations increase in the euphotic
zone, with subsequent increases in plankton productivity (Fors-
bergh 1969).

The Galapagos Islands are centered on the equator, ca. 1100 km
west of mainland Ecuador (Fig. 1). The influence of the ITCZ is
diminished at this southerly location. Except during El Nifio years,
rainfall is relatively low in the wet (warm) season (fanuary to April)
and nearly absent over the remainder of the year. Exceptionally
heavy rains occurred during the 1982—83 El Niflo event, with a
daily maximum of 138 mm in December 1982 and an annual total
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Fig. 3. Synoptic seasonal variations in precipitation (Ppt., in mm)
and sea surface temperature (SST) near the three primary collection
sites and the Gulf of Panama (see Fig. 2). Monthly means and 95%
confidence intervals of means are from data sets of several years, as
follows. Rainfall: Costa Rica, Puntarenas, 1961 to 1970, NOAA
(1982); Panama, Gulf of Chiriqui, Puerto Armuelles, 1961 to 1970,
NOAA (1982); Panama, Gulf of Panama, Balboa, 1951 to 1968,
Forsbergh (1969); Galapagos Islands, Santa Cruz Island, Charles
Darwin Research Station, 1965 to 1972 and 1977 to 1985. SST:
Costa Rica and Gulf of Chiriqui, Panama, 1947 to 1958, Renner
(1963), and 1980 to 1985, from F. Miller’s (Inter-American Tropical
Tuna Commission, La Jolla, California, USA) monthly synoptic
charts of ship injection temperatures from 2° latitude/longitude
squares; Gulf of Panama, Panama, Balboa, 1971 to 1987, Meteoro-
logical and Hydrographic Branch, Panama Canal Commission;
Galapagos Islands, Santa Cruz Island, Charles Darwin Research
Station, 1965 to 1972 and 1977 to 1985

of 2769 mm in 1983 (Robalino 1985). The dry season (May to
December) is relatively cool due to the prevalence of overcast/misty
(“garua”) conditions. The sea state (i.e., swell size and direction) is
commonly unsettled during the cool season. SSTs at all collection
sites east of Isabela Island are relatively high in the wet season
(January to May) and low in the dry season (June to December)
(Glynn and Wellington 1983). Rainfall and SST variability is greater
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in the Galapagos than at the continental sites largely because of the
varying interannual influence of the Panama Current in the Gala-
pagos area and the sporadic occurrence of El Nifio events.

Results
Reproductive condition

Gonads were attached to or otherwise closely associated
with the 12 primary mesenteries in both Pocillopora da-
micornis and P. elegans. Where attachment sizes were vis-
ible in histological preparations, the gonads appeared as
extensions of the mesenteries. Prominent stalks, reported
by Harriott (1983 a) and Stoddart and Black (1985) for
P. damicornis in Australia, were not observed in either
species of Pocillopora in the eastern Pacific. Oocytes and
spermaries occurred separately or together within the
same polyp and even shared the same mesentery in some
polyps (Fig. 4 A, B). Other studies have shown zooxan-
thellae in the planulae of P. damicornis (see Fadlallah
1983); however, zooxanthellae have not been reported in
mature oocytes as shown here (Fig. 5). Most colonies
contained both spermaries and oocytes, with nearly equal
sex ratios (Table 3).

In the thermally stable environments of Cafio Island
and Uva Island, 32% to nearly 90% of the colonies sam-
pled contained gonads. Percentage of colonies with go-
nads was highest for Pocillopora elegans at Uva Island
(89.9%). In the Pearl Islands and Galapagos Islands,
with marked seasonal thermal variations, lower propor-
tions of corals were gravid. P. elegans revealed 17.9 and
39.2% gravid colonies in the Pearl Islands and Galapagos
Islands respectively (Table 3). Relatively few colonies of
P. damicornis were gravid in the Pearl Islands (6.4%) and
Galapagos Islands (16.2%).

No clear pattern was apparent in the disposition of
spermaries and oocytes. However, if oocytes and sper-
maries were present on the same mesentery, the sper-
maries were always situated basally (Fig. 4B). In polyp
cross sections, oocytes and spermaries either were situ-
ated alternately between mesenteries, were present in
mesenteries on opposite sides or were distributed ran-
domly among mesenteries within the polyp. When
oocytes and spermaries were present in the same intra-
septal space, the two were separated distally. Typically,
between one and three, and up to ten, ripe gonads per
mesentery were visible in cross and longitudinal sections
of sexually mature polyps. At Uva Island, the mean (SD)
number of spermaries in sexually mature Pocillopora
damicornis ranged between 3.0 (1.8) and 4.5 (2.8) per
polyp section (#=204 polyp sections examined), and
mean (SD) oocyte number ranged between 2.2 (2.2) and
6.1 (5.0) per polyp section (n=138). Mature oocyte mean
diameters were ca. 100 yum (range =80 to 138 um, n=063),
and mature spermaries were nearly twice the diameter of
oocytes (x =180 uym, range =101 to 266 um, n=69) at all
collection sites over the course of the study. The complete
absence of mature male or female gonads occurred near
new (Lunar Day 15) or full (Lunar Day 29) moon in a few
samples, when spawning presumably occurs (see ‘Lunar
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Fig. 4. Pocillopora damicornis. (A)
Disposition of oocytes and sper-
maries in a cross section of coral
polyp, Uva Island, Panama (14 June
1988). e: epidermis; g: gastrodermis;
gve: gastrovascular cavity; mf: mesen-
terial filaments; o: Stage IV oocyte;
s: Stage III spermatids. (B) Disposi-
tion of gonads in a longitudinal sec-
tion of coral polyp, illustrating the
basal location of spermaries, Uva
Island, Panama (11 August 1985).
o: Stage III oocyte; s: Stage III sper-
matids; t: tentacle. Scale

bars=100 ym

Table 3. Pocillopora damicornis and P. elegans. Number of colonies sampled, percentage of colonies with gonads and number of colonies
with oocytes and/or spermaries in corals from Costa Rica, Panama and the Galapagos Islands

Species Location No. of % Colonies Number of colonies with:
colonies with gonads
Oocytes Spermaries Oocytes and
spermaries

P. damicornis Cafo Island 78 320 23 22 20

Uva Island 131 59.5 39 43 53

Pearl Islands 31 6.4 1 2 1

Galapagos Islands 80 16.2 10 10 8
P. elegans Caio Island 117 59.5 62 66 59

Uva Island 149 89.9 67 61 109

Pear! Islands 28 17.9 5 4 4

Galapagos Islands 83 39.2 28 17 15
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Fig. 5. Pocillopora damicornis. Zooxanthellae (dark spheres) pres-
ent in Stage IV oocytes, Uva Island, Panama (14 June 1988). The
clear spheres are lipid vacuoles. Scale bar=>50 yum

activity’ below). Finally, polyp diameters and tissue layer
thicknesses tended to be greater in pocilloporids from
the Galapagos than in those from Costa Rica and
Panama. A statistical comparison indicated that polyps
of P. damicornis from the Galapagos (x=0.72 mm di-
ameter, n=47) were significantly larger than polyps from
Panama (¥ =0.62 mm, n=24) (p<0.05, Student’s ¢-test).

Mature spermaries were present in polyps with both
mature and immature oocytes. The ratio of male to fe-
male gonads per polyp appeared to remain constant dur-
ing reproductive maturation. No early-stage embryos or
planulae were found in the histological examination of
over 300 colonies of each of the two Pocillopora species.
Although spawning has not been observed in the field,
present evidence strongly suggests that both pocil-
loporids are simultaneous hermaphroditic broadcast
spawners (see ‘Lunar activity’ below). At full moon, the
gonads separated from the mesenteries. Also, structures
that looked like spent spermaries and others resembling
empty sacs were observed in histological sections of
P. elegans from Cafio and Uva Islands from 1 to 3d
following full moon. Finally, samples from known
colonies followed for several days after full moon con-
tained no spermatozoa but early-stage (I and II) oocytes
only, suggesting that gametes were released and not re-
sorbed.

Seasonality

At Caifio Island, Costa Rica colonies of Pocillopora da-
micornis with male and female gonads were found in var-
ious stages of reproductive development in both the dry
and wet seasons (Fig. 6 A). P. elegans, however, demon-
strated a statistically significant seasonal trend, with both
sexes showing peak reproductive activity at mid wet sea-
son (August and September) and minimal activity in
November when mean seawater temperature is lowest
(Fig. 7A, Table 4).

At Uva Island, Panama, relatively few gonads were
present in Pocillopora damicornis from the end of the wet
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Fig. 6. Pocillopora damicornis. Reproductive condition at Cafio Is-
land, Costa Rica (1985 to 1989). (A) Annual trend in percentage of
colonies with gonads; (B) annual trend in percentage of gonads in
Stage IV; (C) lunar trend in percentage of gonads in Stage IV. Sper-
maries are shown on the upper portion of each panel, oocytes on the
lower. Number of collections plotted in each panel is indicated after
each year in Panel A. The total record consists of 27 collections with
78 colonies sampled (¥ =2.9 colonies collection 1) and 787 unique
polyps scored (X=29.2 polyps collection™*)

season (November to mid-December) to the beginning of
the dry season (mid-December to January) (Fig. 8 A).
This trend was highly significant in both sexes (Table 4).
The occurrence of Stage IV gametes (Fig. 8 B) was con-
fined largely to mid wet season, suggesting that gonadal
maturation and spawning did not take place until after
cooler dry-season secawater temperatures had passed
(Fig. 3). In P.elegans, a significant decline in oocyte
abundance was evident during January—February, with
an increase in March (Fig. 9A, Table 4). No seasonal
trends were apparent in the occurrence of spermaries
(Fig. 9 A, Table 4). Stage IV spermatozoa were found
most frequently in the dry season, but this trend was
non-significant (Fig. 9B, Table4). All colonies of
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Table 4. Pocillopora damicornis and P. elegans. Chi-square analyses
of temporal patterns of gametogenesis in both pocilloporid species
at the three primary collection sites. Observed annual frequencies
were compared with expected frequencies for each of 12 mo, and

P.W. Glynn et al.: Coral reproduction in the eastern Pacific

lunar frequencies for each of 4 equal periods within the cycle. Chi-
square analyses were not performed when data were insufficient (ns,
p>0.05). Freq. col.: frequency of colonies with gonads; Freq. SIV:
frequency of Stage IV gonads; Ann.: annual; Lun.: lunar

Period P. damicornis

Location Test P. elegans
Spermaries Oocytes Spermaries Oocytes
e P n *p n ¥oop n * b n
Caiio Is. Freq. col. Ann. 1.9 ns 26 56 ns 51 81 <005 76 8.0 <0.05 138
Lun. 131  ns 26 20.5 <0.05 51 236 <0.05 76 26.2 <0.01 138
Freq. SIV Ann. — — — —
Lun. - - 128 <0.01 23 119 <0.01 27
Uva Is. Freq. col. Ann. 331 <0.005 129 158  <0.005 132 0.5 ns 130 73 s 302
Lun. 3054  <0.005 129 611 <0.005 132 48 ns 30 241  <0.05 302
Freq. SIV Ann. — - 192 wos 49 8.8 mns 69
Lun. 262 <0.005 11 139 <0.005 15 211 <0.005 49 25 ns 69
Galapagos Iss. Freq. col. Ann. 32 ns 14 180 <0.005 24 83 <005 24 3.6 ns 66
Lun. - - 144 ns 24 264 <0.01 66
Freq. SIV Ann. - - - —
Lun. — - — —

Pocillopora elegans, Cafio Is.
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P. damicornis (n=1) and P. elegans (n=2) sampled at
Uva Island in August 1984 contained gonads, indicating
a return to normal reproductive activity within 1 yr after
the El Nifio disturbance (Glynn 1988, 1990). Overall, a
higher proportion of colonies of P. elegans than P. dami-
cornis were reproductively active (Table 3).

At the Pearl Islands (Gulf of Panama), gonads were
present in Pocillopora damicornis and P. elegans only
during the nonupwelling wet season {(June to December).
P. damicornis possessed Stage III and IV oocytes and
spermaries in July and November only. From the ten
collections and 31 colonies analyzed, only two colonies
(6.4%) contained gonads (Table 3). Stage IV oocytes and
spermaries were present in P. elegans in October and
November. From nine collections and 28 colonies, five
colonies (17.9%) contained Stage II and IV gonads
(Table 3).

In the Galapagos Islands, the only significant seasonal
trend in Pocillopora damicornis was a high incidence of
Stage II oocytes in early July 1987 (Fig. 10 A, Table 4).
Stage IV spermatozoa were present in November 1986
and in January, May and June 1987, and a few Stage IV
oocytes were present in May 1987. The unusually high
reproductive activity in 1987 occurred during an El Nifio
event of moderate strength (Quinn et al. 1987). P. elegans
had significantly more gonads in the normally cool water
season and limited sexual activity at the beginning of the
warm season (Fig. 11°A, Table 4). Stage IV gametes were
present only in the 1987 collections.

«
Fig. 7. Pocillopora elegans. Reproductive condition at Cafio Island,
Costa Rica (1985 to 1989). Panels (A) to (C) as in Fig. 6. The total
record consists of 32 collections with 116 colonies sampled (¥=3.6
colonies collection™!) and 1239 unique polyps scored (Xx=238.7
polyps collection ™ !)
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Fig. 8. Pocillopora damicornis. Reproductive condition at Uva Is-
land, Panama (1984 to 1989). Panels (A) to (C) as in Fig. 6. The
total record consists of 37 collections with 74 colonies sampled
(¥=2.0 colonies collection ') and 1031 unique polyps scored (x =
27.9 polyps collection~1)

Lunar activity

There was a tendency for mature gametes to occur more
frequently around new and full lunar phases than at other
times. This was especially evident in Pocillopora damicor-
nis and P. elegans at Cano Island (Figs. 6 and 7) and Uva
Island (Figs. 8 and 9). From collections with sufficient
data, chi-square tests were performed on the occurrence
of Stage IV gametes at the four lunar phases. For P. ele-
gans at Cafio Island, males (p<0.001) and females
(p=0.01) contained the highest frequency of mature
gametes around the full moon (Fig. 7, Table 4). The sig-
nificant (p <0.001) lunar trends in both sexes of P. dami-
cornis at Uva Island indicated increased maturity at and
around the new moon (Fig. 8, Table 4). Mature sper-
maries in P. elegans at Uva Island were significantly
(p<0.001) clustered around full moon (Fig. 9, Table 4).
Ripe oocytes also occurred more frequently around full
and new moon, but this trend was non-significant
(p>0.05). The low reproductive activity of Galapagos
pocilloporids precludes any assessment of lunar periodic-
ity in that area.
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Fig. 9. Pocillopora elegans. Reproductive condition at Uva Island,
Panama (1984 to 1990). Panels (A) to (C) as in Fig. 6. The total
record consists of 39 collections with totals of 89 colonies sampled
(¥=2.3 colonies collection™!) and 1339 unique polyps scored
(¥=34.3 polyps collection ')

Sequential sampling of the gonadal condition in Pocil-
lopora elegans also revealed a high incidence of mature
gametes in both sexes on and around full moon (Fig. 12).
Stage IV gametes were present in corals over 5- to 7-d
periods spanning the full moon phase at Cafio Island
(Fig. 12A) and Uva Island (Fig. 12B). The disappear-
ance of Stage IV gametes occurred within 3 d after the full
moon at Uva Island in March 1990 (Fig. 12C). These
patterns indicate that spawning probably occurred 1 to 2
nights after the full moon. At Uva Island, Stage IV
gametes were present 1 night after new moon and were
absent 3 nights later (Fig. 12 B). This indicates that some
spawning activity may occur around the new moon as
well (see Figs. 8§ C and 9 C). Since early embryos and plan-
ula larvae were never observed during these peak repro-
ductive periods, it is highly probable that P. elegans is a
broadcast spawner.

Pocillopora damicornis was sampled repeatedly in
1989 during two periods at Uva Island (in February and
October) and during one period in the Pearl Islands (Oc-
tober-—-November), but mature gonads were sufficiently
rare to negate any analysis of lunar synchrony.
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Fig. 10. Pocillopora damicornis. Reproductive condition in the
Galapagos Islands, Ecuador (1985 to 1989). Panels (A) to (C) as in
Fig. 6. The total record consists of 32 collections with totals of 80
colonies sampled (X=2.5 colonies collection™') and 915 unique
polyps scored (X=28.6 polyps collection™ 1)

Discussion
Reproductive condition

In agreement with previous studies, we did not observe
the release of planula larvae from pocilloporid corals in
Panama (Birkeland 1977, Wellington 1982a, Richmond
1985, 1987a), Costa Rica or the Galapagos Islands.
Moreover, no embryos or planulae were found in the
histological examination of nearly 700 colonies combined
of Pocillopora damicornis and P. elegans. By contrast,
however, we found that a relatively high proportion of
corals, ca. 49% overall (both species, all sites) and as high
as 90% (P. elegans, Uva Island), contained gonads in
advanced stages of development over the 5- to 7-yr sam-
pling period at the three principal study sites. Most
gravid colonies contained both oocytes and spermaries in
similar stages of development, indicating a capacity to
function as simultaneous hermaphrodites. Richmond
(1985) found no mature gonads in the histological exam-
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Fig. 11. Pocillopora elegans. Reproductive condition in the Gala-
pagos Islands, Ecuador (1986 to 1989). Panels (A) to (C) as in
Fig. 6. The total record consists of 30 collections with 74 colonies
sampled (¥==2.5 colonies collection ') and 1000 unique polyps
scored (¥=33.3 polyps collection 1)

ination of over 900 branches of P. damicornis sampled in
Panama from upwelling and nonupwelling areas over a
ca. 2-yr period (February 1984 to September 1985). Since
some of our sampling of P. damicornis was performed
during the same time interval and at the same localities in
Panama as Richmond’s (1985) study, we can only sur-
mise that apparently contradictory findings resulted from
differences between the sample sizes and the histological
procedures used. For example, many of Richmond’s
(1985) collections were made in the upwelling environ-
ment of the Gulf of Panama where we found gonads in
only ca. 6% of all colonies sampled. Further, Richmond
(1985) examined 10 to 15 polyps colony ™!, whereas we
examined 20 to 100 polyps colony !. Finally, Rich-
mond’s (1985) samples were fixed in 10% formalin (in-
stead of Zenker’s fixative), which may have interfered
with staining of the reproductive tissues. In any case,
neither study found any indications of planular develop-
ment. Thus, like P. verrucosa in the Red Sea (Fadlallah
1985, Shlesinger and Loya 1985) and P. meandrina at
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Fig. 12. Pocillopora elegans. Frequency of Stage 111 and Stage IV
gametes occurring in coral sampled sequentially at (A) Cafio Island
and (B and C) Uva Island. “0” values indicate absence of gonads in
the samples collected

Hawaii (Stimson 1978), P. damicornis and P. elegans in
the eastern Pacific are probably broadcast spawners that
produce externally fertilized, free-swimming planulae.

Seasonality

The majority of studies conclude that gametogenesis is
most common in reef-building corals during seasonal
warming periods or at mid-summer when sea tempera-
tures are high (Fadlallah 1983, Harriott 1983 b, Harrison
et al. 1984, Shlesinger and Loya 1985, Babcock et al.
1986, Szmant 1986, Heyward et al. 1987, Richmond and
Hunter 1990). However, a few species, including Pocil-
lopora damicornis, breed during the cooler winter months
in some areas (Harriott 1983 a, Shlesinger and Loya 1985,
Szmant 1986). Also, the reproductive seasonality of
corals (Oliver et al. 1988, Richmond and Hunter 1990)
and many other tropical-subtropical invertebrate taxa
(Giese and Pearse 1974) is less marked at lower latitudes,
with more frequent gametogenesis in areas where annual
sea temperature ranges are slight. Although in the present
study all sampling was performed between ca. 8°N and
1°S, seasonal upwelling and changing current paths cause
marked annual variations in sea temperature in the Gulf
of Panama and Galapagos Islands.

Reproductive activity in the eastern Pacific was re-
lated to local thermal regimes, with generally higher inci-
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dences of gravid corals at sites with stable, warm water
conditions or during warming periods in areas that expe-
rience significant seasonal variations. At Cano Island
(Costa Rica) and Uva Island (Panama), where thermal
conditions are relatively high and stable, 60 to 90%, re-
spectively, of all Pocillopora elegans sampled contained
gonads throughout the year, and 32 and 60%, respec-
tively, of P.damicornis were gravid. This year-long
gametogenesis at Cafio and Uva Islands differs from all
known broadcast-spawning pocilloporids, which are
characterized by a highly seasonal breeding period (Stim-
son 1978, Fadlallah 1985, Shlesinger and Loya 1985). No
gonads were found in pocilloporid corals in one collec-
tion from the Pearl Islands (Gulf of Panama) during the
upwelling season (March 1985, n=4 colonies for P. da-
micornis and n=3 for P. elegans). Annual variation in
mean monthly seawater temperature in the Gulf of
Panama is 5 C° and overall only 6 to 18% of the coral
samples contained gonads. By contrast, annual variation
in mean monthly seawater temperature in the central
Galapagos Islands is 3 C°, and overall 16 to 40% of the
corals in this area were gravid. Relatively few gonads
were present in Galapagos corals during the dry season,
when the relatively cool South Equatorial Current is
dominant. However, Stage I'V spermaries were present in
both pocilloporid species throughout the year from De-
cember 1986 to December 1987, which spanned a moder-
ate El Nifio event (Quinn et al. 1987). During this period,
SST anomalies ranged between 1 and 2 C° above average
(Lander 1989).

Long-term coral growth records in the Galapagos in-
dicate periods of accelerated linear skeletal growth dur-
ing moderate El Nifio years (Glynn and Wellington 1983).
Jokiel and Guinther (1978) also found that optimal tem-
peratures (26 to 27°C) are the same for both growth and
reproduction in Pocillopora damicornis, thus supporting
the possibility that moderate El Nifio warming can stim-
ulate gametogenesis in Galapagos pocilloporid corals.
Correlation between gametogenesis and skeletal growth
rate would indicate that corals are showing an overall
positive response to favorable environmental conditions.
Since light-enhanced calcification is dependent upon en-
dosymbiotic zooxanthellac productivity, and large
amounts of photosynthate are translocated from zooxan-
thellae to coral host tissues (Muscatine and Porter 1977,
Falkowski et al. 1984), it is reasonable to assume that
surplus energy would be available for other needs (e.g.
reproduction) during periods of rapid colony growth. It
should be noted, however, that pavonid corals, whose
skeletal growth is dependent on zooplankton abundance,
undergo maximum growth during periods of low water
temperature and high productivity, and reproduce during
warm periods (Wellington 1982 b, Wellington and Glynn
1983). Shlesinger and Loya (1985) speculated that Red
Sea corals reproduce during the warm summer months
when algal cover is low. At such times, the settlement of
larvae and juvenile coral growth would be favored by the
increased availability of space and reduced competition
with benthic algae. Selection also might be acting on east-
ern-Pacific pocilloporid corals to favor reproduction dur-
ing warm, non-upwelling periods when growth rates are
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high and competition with algae and suspension-feeding
animal populations would be minimal (Birkeland 1977).

Lunar activity

Lunar periodicity of planula release in Pocillopora spp.
has been observed in many studies (Fadlallah 1983, Har-
riott 1983 a, Jokiel 1985, Richmond and Hunter 1990),
but the synchrony of planulation has been found to vary
both among species and among locations within species
(Stimson 1978, Richmond and Jokiel 1984). P. verrucosa
was observed to broadcast gametes at Eilat, Red Sea,
during the new moon (Shlesinger and Loya 1985). Fad-
lallah (1985) failed to detect lunar spawning in P. verru-
cosa farther south in the Red Sea, but this may have been
due to his infrequent sampling schedule. Our sequential
sampling and histological evidence from longer-term col-
lections indicate that most spawning in P. damicornis and
P. elegans occurred during a few days around full moon,
with some spawning also occurring around new moon.
Since spawning has not been observed in the field, the
extent of synchrony in eastern Pacific pocilloporids is still
unknown.

Reproduction and recovery

The recruitment of Pocillopora spp. by settling planulae
has been less frequent in Panama (Birkeland 1977, High-
smith 1982, Wellington 1982 a, Richmond 1985, 1987a)
than in the central and western Pacific (Birkeland et al.
1982, Harriott 1983 a, Richmond 1985, 1987 a). Only two
larval recruits of Pocillopora spp. were found on settling
plates by Birkeland (1977) in a 5-yr study in Panama,
whereas larval settlement was commonplace over a 180-d
period at Guam (Birkeland et al. 1982). From the shapes
of colonies (branch growth orientation) and the appear-
ance of their attachment sites, Highsmith (1982) and
Richmond (1985, 1987a) concluded that asexual frag-
mentation accounted for 100 and 97%., respectively, of
P. damicornis recruitment onto seaward reef slopes in
Panama. In Highsmith’s (1982) study, 1.2 Pocillopora
spp. colonies m ~ % were replaced every 3 yr by fragmenta-
tion. Seven minute colonies (with 1 to 12 polyps each) of
P. damicornis were found attached to the underside of a
brick in the Gulf of Panama, but Richmond (1985) sur-
mised that these originated from polyps that separated
from a nearby, stressed colony (‘polyp bail-out’; see Sam-
marco 1982). The comparatively low rates of larval re-

cruitment in eastern Pacific pocilloporids is in agreement

with the low rates generally reported for broadcast
spawners {Szmant 1986). Although similar morphologi-
cally, the fundamental life-history differences between
eastern Pacific and central-western Pacific P. damicornis
raise doubts of their genetic similarity (Richmond 1985,
1987 a).

Some workers have related the reproductive mode of
corals to the levels of habitat disturbance they experience.
Stimson (1978) found that shallow-living Pacific corals
that were frequently disturbed and experienced high
mortality reproduced by releasing planulae year-round.
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Szmant (1986) has also argued that some Caribbean
corals inhabiting unstable habitats and suffering high
adult mortality rates may have evolved a year-round,
brooding mode to enhance local recruitment. Moreover,
Richmond’s (1985) failure to find evidence for sexual
reproduction in Pocillopora damicornis in Panama led
him to conclude that selection for an asexual, fragmenta-
tive mode of reproduction has been predominant in the
eastern Pacific. Present results do not fit these models.
Firstly, the broadcast spawning found in these corals
occurred more frequently in physically stable environ-
ments (nonupwelling Costa Rica and Gulf of Chiriqui)
and less frequently in unstable environments (upwelling
Gulf of Panama and cool/warm currents in the Gala-
pagos). Secondly, eastern Pacific Pocillopora spp. are
broadcast spawners with low rates of recruitment, but
they appear to suffer physical and biotic disturbances
(e.g. extreme tidal exposures, intense upwelling, El Nifio
warming events, dinoflagellate blooms, competition with
benthic algae and predation) more frequently (Glynn
etal. 1972, Glynn 1974, 1976, 1982, 1990, Glynn and
Wellington 1983, Glynn and D’Croz 1990, Guzman et al.
1990) than implied by Richmond (1985).

Following the high coral mortality (50 to 97%) that
accompanied the 198283 El Nifio disturbance (Glynn
et al. 1988), numerous pocilloporid recruits have been
observed at some sites in Costa Rica, Panama and the
Galapagos Islands (P. W. Glynn unpublished data).
Many of the recruits were small (1 to 2 cm maximum
diameter) when first observed, and most were attached to
vertical, non-carbonate rock surfaces or to the summits
of boulders, indicating that recruitment by fragmentation
was unlikely. Their form and type of colony attachment
also conform to Richmond’s (1985) criteria for recogniz-
ing the larval origin of corals. In the Galapagos Islands,
larval settlement presumably has been the predominant
mode of recruitment, and the only observed form of re-
cruitment in areas that experienced high mortality (97 to
100%) in 1983. Only on coral reefs in Panama, where
some large pocilloporid patches survived the 1983 distur-
bance, has fragmentation been important in reef recov-
ery.

The occurrence of larval recruitment in eastern Pacific
Pocillopora spp., although low compared with other
Pacific areas, suggests that local populations have the
capacity to recover from disturbances. For P. verrucosa,
a broadcast spawner like the eastern Pacific pocil-
loporids, planulae settle 3 to 5d after spawning
(Shlesinger and Loya 1985). From several lines of evi-
dence, including energetic needs, larval life, competency,
and current transport, Richmond (1982, 1985, 19870,
1990) has argued that planulae from brooding pocil-
loporid corals can cross the eastern Pacific barrier. Such
long-distance dispersal may be important over geologic
time as an occasional means serving to re-introduce pop-
ulations that suffer extinctions at the limits of their distri-
bution or to maintain gene flow among relatively isolated
subpopulations. However, it does not seem necessary to
invoke long-distance dispersal in the present case, where
relatively large numbers of pocilloporid corals survived
the 198283 disturbance event.
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