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Abstract.  In situ fertilization was examined in the gor-
gonian Pseudoplexaura porosa during 1994 and 1995
spawning events in the San Blas Islands, Panama. to as-
sess spatial and temporal variation in fertilization suc-
cess and to determine whether in situ fertilization was
sperm limited. Fertilization rates did not differ signifi-
cantly between years (60% vs. 55%), but monthly means
were significantly different, ranging from 22% to 66%.
Fertilization rate varied among days. ranging from 0 to
85%: 80% of this variability was explained by daily vari-
ation in the number of colonies that spawned. A
weighted average of in situ fertilization rates suggests that
67% or more of spawned eggs are fertilized in nature.
Sperm hmitation did not occur on the nights when most
of the colonies synchronously spawned and when most
of the eggs were released. Eggs collected downstream of
the population often had higher fertilization rates than
eggs collected either adjacent to their source colony or
eggs collected in the middle of the population, which in-
dicates that in dense populations, eggs may have
multiple opportunities to be fertilized. Traits such as
highly synchronous spawning, high fecundity, large egg
size, large polyps. and large colonies directly and indi-
rectly enhance P. porosa gamete production and fertil-
1ization. These life-history traits reduce the effects of ga-
mete dilution during spawning events and thus decrease
the importance of sperm limitation in the population dy-
namics of P. porosa.
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Introduction

Whether or not fertilization rates constrain the repro-
ductive success of free-spawning organisms has become
a subject of increasing interest in the last 10 years (see
Levitan, 1995, for review). Despite a growing number of
studies on fertilization rates, the questions still remain
whether low fertilization rates are common. whether low
fertilization rates are caused by sperm limitation,
whether fertilization rates limit reproductive success,
and whether morphologies and behaviors that enhance
fertilization act as constraints on the life-history evolu-
tion of broadcast-spawning taxa. We examined the fer-
tilization rates of the Caribbean gorgonian Pseudoplex-
aura porosa in an effort to address these questions.

The conclusion that fertilization success is an impor-
tant factor controlling the overall reproductive success
of broadcast-spawning species comes from three types of
data: observations of low fertilization rates during natu-
ral spawning events; experimental manipulations indi-
cating that sperm density can limit fertilization success:
and hydrodynamic models of gamete dilution. Low fer-
tilization rates have been reported in taxa ranging from
coelenterates to fishes (Petersen, 1991; Oliver and Bab-
cock, 1992: Babcock and Mundy, 1992; Babcock er al.,
1992: Petersen et al., 1992; Brazeau and Lasker, 1992:
and Levitan, 1995). Moreover, fertilization rates are
highly variable: even species with high average fertiliza-
tion rates may exhibit cases of very low fertilization (e.g.,
Sewell and Levitan, 1992), and conversely. species with
low fertilization rates sometimes demonstrate high rates
when observed over many days (e.g., P. kuna, Lasker et
al., 1996).

When they occur, low fertilization rates have generally
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been attributed to sperm limitation. The only experi-
mental demonstration of sperm limitation during natu-
ral spawning events is that of Lasker ¢r al. (1996), who
found that incubating naturally spawned eggs with sup-
plemental sperm enhanced the fertilization rates of Plex-
auwra kuna. Field experiments that report decreasing fer-
tilization rates with distance downstream from spawning
males again suggest that sperm density limits fertilization
success (Pennington, 1985; Yund. 1990: Levitan, 1991;
Levitan et al., 1991, 1992; Babcock et al., 1994: Brazeau
and Lasker, 1992: Oliver and Babcock, 1992; Benzie et
al., 1994: Benzie and Dixon, 1994: Yund and McCart-
ney, 1994: Levitan, 1995; Levitan and Young. 1995;
Lasker et al., 1996; Coma and Lasker. 1997). Although
the effects of the downstream dilution of sperm can be
lessened by synchronous spawning, among many species
only a small proportion of the population participates in
natural spawning events (Randall ef al., 1964: Mosher.
1982: Pennington, 1985; Michin, 1987; Levitan, 1988;
Pearse er al., 1988; McEuen, 1988: Babcock and Mundy,
1992: Babcock et al., 1992: Gladstone, 1992: Beiring and
Lasker, unpubl. data).

Hydrodynamic models and measurements of turbu-
lent diffusion and the dilution of sperm also predict that
fertilization rates should be low under many circums-
stances (Denny, 1988: Denny and Shibata, 1989; Lasker
and Stewart, 1993: Levitan and Young, 1995: Lasker
and Kapela, 1997). However, the predictions of those
models are dependent on variables such as the rate of
gamete release and net flow, and several authors have
reported cases in which high fertilization rates are pre-
dicted (Denny et al., 1992: Benzie et al., 1994; and Levi-
tan and Young, 1995).

Sperm limitation is not the only cause of low fertiliza-
tion rates. For example. Levitan (1996a) reports differ-
ences in quality among sea urchin eggs. and similar
effects have been observed among gorgonians (Lasker,
unpubl. data). In addition, Mead and Denny (1995) have
identified hydrodynamic conditions that interfere with
sperm-egg interactions regardless of the concentration of
sperm. Thus the commonness and causes of fertilization
limitation are unclear and may be species specific.

Caribbean gorgonians are among the few taxa in
which fertilization rates can be predictably and directly
measured during natural spawning events. Many gorgo-
nians exhibit synchronous spawning (Kinzie, 1970: Bra-
zeau and Lasker, 1989, 1990), and the large eggs released
by octocorals can be collected from the water column
(Lasker er al.. 1996) or from the surface of the colony
(Brazeau and Lasker, 1992). Although there are some
overlaps between species in the timing of spawning,
many taxa spawn on different days or at different times
of day. allowing the collection of monospecific groups of
gametes. The gorgonians studied to date have the lowest

fertilization rates that have been measured in situ (Briar-
eum asbestinum <0.01%-6%, Brazeau and Lasker.
1992: Plexaura kuna on average 26.4%, data from
Lasker et al., 1996). Lasker er al. (1996) also provided
data on fertilization success in Pseudoplexaura porosa,
noting that high fertilization rates (including some
=80%) were more common in P. porosa than in P. kuna
These species appeared to differ in their fertilization rates
and in the importance of sperm limitation. In this paper
we expand our observations of P. porosa and show how
reproductive strategy affects fertilization success in this
SI'!U'CI.L‘.‘\',

Material and Methods

Fieldwork was conducted at Korbiski reef, a patch reef
located near the Smithsonian Tropical Research Insti-
tute (STRI) field station in the San Blas Islands, Panama.
Pscudoplexaura porosa 1s a gonochoric  broadcast
spawner with a 1:1 sex ratio: it spawns in highly predict-
able events that occur shortly after sunset after the sum-
mer full moons (Lasker er al., 1996: Ross and Lasker,
unpubl. data). P. porosa is the second most abundant
gorgonian on Korbiski reef (Lasker et a/l., 1988) and, be-
cause of the size of its colonies (up to 250 ¢cm in height).
one of the dominant members of the benthos. The P.
porosa population at Korbiski is most dense in a 150-m’
area on the eastern side of the reef along a channel that
separates Korbiski from an adjacent reef. The colonies
at Korbiski were labeled and mapped. All colonies taller
than 50 ¢cm were measured. and a fragment was collected
for sex identification.

Field collections were made during all spawning
events in 1994 (June to September) and during June,
July, and August in 1995. Eggs were collected from the
water column shortly after they were released from colo-
nies. Scuba divers positioned downstream of either spe-
cific colonies or the whole population collected the eggs
(700 pm 1n diameter) in 60-ml plastic syringes. The sy-
ringes containing the collected eggs were brought to the
STRI field station and after 0.5- 1.5 hours all eggs were
counted. placed in 120-ml polypropylene specimen
cups. and incubated with seawater that had been col-
lected prior to the start of spawning (sperm-free seawa-
ter). Containers were suspended from the field station
dock to maintain temperature and provide some stirring.
After 12 h the developing embryos were counted with
the aid of a stereomicroscope. That value was used as the
estimator of the number of eggs that had been fertilized.
Results are expressed as percent fertilization and were
arctan transformed prior to statistical analysis. Lasker er
al. (1996) discussed the biases inherent to these proce-
dures and concluded that the procedures did not intro-
duce a large systematic effect. but they did note that ob-
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served fertilization rates may shghtly underestimate the
true fertilization rate.

In 1994 we assessed overall fertilization rates as well as
spatial vanation in fertilization. Overall fertilization
rates were determined from eggs collected 5 m down-
stream of all of the P. porosa colonies on each night of
spawning. The exact position of the diver collecting the
eggs was based on the prevailing current. Lasker er al.
(1996) have previously shown that in the absence of
downstream male colonies, fertilization rates do not
differ over the range of 1 to 5 m from a spawning female.
Farther downstream eggs became too dilute to be col-
lected in a significant number. To determine where eggs
are fertilized, eggs were also collected either at a position
0.5-1 m downstream from a female colony (June 1994)
or from the center (labeled C in Fig. 1) of the population
(July 1994). Positional eftects were also studied in Sep-
tember 1994, when eggs were collected both upstream
and downstream of a male colony.

In 1995 the samphing program was designed to mea-
sure overall fertilization rates and test for the presence
of sperm hmitation in the field. All measures of in situ
fertihzation were carried out downstream of the whole
population. We also monitored the number of female
colonies spawning by examining each female colony on
the reef every 15 min and recording the start and end of
spawning for each colony. Male spawning was not
readily observed: to verify that it had occurred, water
samples were collected adjacent to arbitrarily selected
male colonies and sperm densities were determined by
means of a modification (Swain ¢r al., 1997) of the acri-
dine orange direct count technique (Hobbie et al., 1977).

An InterOcean S4 current meter was used to estimate
the speed and direction of water flow. The current meter
was placed within the population, 1.5 m above the bot-
tom, at the height of most colonies. The S4 meter sam-
pled continuously at 0.5-s intervals starting 15 min be-
fore spawning and continuing until egg release had
ended.

Sperm limitation was tested in enrichment experi-
ments similar to those described by Lasker er al. (1996)
for Plexaura kuna. One experiment was conducted dur-
ing each month of spawning in 1995 (3 nights). Eggs were
collected on the reef in syringes as described above. Two
divers collected side by side, downstream of the whole
population. During all three experiments the current ran
to the south, and the divers were located at position S
(Fig. 1). The eggs. which float, were captured about 3 m
above the substratum in the 6-m water column. Collec-
tion began at the start of the spawning event and contin-
ued for about 60 min, vielding 13 to 15 pairs of samples
(55-60 eggs per sample). The samples were then
transported to the STRI field station where the paired
samples were pooled. From each group of eggs, 50 were

incubated with sperm-free water and another 50 with
water from an aquarium containing a male colonv. Asin
the field samples, eggs were assayed the following morn-
ing to determine the proportion fertilized. As a positive
control, 50 virgin eggs were incubated in water from the
male aquarium colony. Three replicate controls were set
up at the beginning and again at the end of the enrich-
ment process (about 25 min later). The colony explants
used to obtain virgin eggs and sperm were collected from
Korbiski reef 2 -3 days before spawning. Explants were
maintained in 18-liter aquaria. and the water was vigor-
ously exchanged every 2 h between 0600 and 1800 h and
then once in the evening (2200-2400 h). Water samples
from the male tank were collected at the time of the ex-
periment, and sperm density was estimated following the
protocol of Swain et al. (1997).

Results
Spawning

Spawning in P. porosa was highly synchronized in a
restricted 2 -4 day period that started 5-6 days after the
full moon each month from June to September. Scat-
tered observations from the summer months of 1987
through 1995 (36 observation nights) showed that all
spawning events occurred 5- 10 days after the full moon.
Monthly spawning events were characterized by 1-2
nights of intense spawning and 1-2 nights of weak
spawning. Usually, the first and the last nights had weak
spawning. Most colonies started spawning between 1815
and 1915 h and ended between 1915 and 1945 h. Differ-
ences in the iming of egg release between specific colo-
nies were consistent between months and vears. Female
colonies began spawning by releasing eggs at a low rate
for about 10 min. Egg release steadily increased over 15—
30 min and then rapidly decreased at the end of the
spawning. Sometimes female colonies had two peaks of
intense spawning during a single night.

Spatial distribution of colonies

In the study area the density of colonies taller than
50 cm was 0.1 colonies per square meter. The population
of colonies with identifiable gonad consisted of six male
colomes (height = 125-230 cm, mean = 194 ¢cm), and
six female colonies (height = 101-201 cm, mean =
142 cm). Samples collected at either of the two down-
stream collecting positions (N and S: Fig. 1) had similar
mean distances to the six male colonies (N—distance =
4-19.7m, mean = 13 m; S—6-23 m, mean = 14.8 m).
Collections at the central position (C; Fig. 1) always ex-
cluded half of the male population as a result of the uni-
directional flow regime. The center collection site had a
similar mean distance to male colonies (center position
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Figure 1. Map of Pseudoplexaura porosa colonies (taller than 50 ¢cm) at Korbiski reef, San Blas Is..

Panama. Female colonies (hlled circles), male colomes (empty circles). and S4 current meter (triangle).
Collections were made at positions downstream of the entire population (N or S) and one position in the

center of the population (C).

with current from the north— 3 colonies at a distance of
3.4-10 m. mean = 5.6 m; center position with current
from the south—3 colonies at a distance of 1.8-7 m,
mean = 5.1 m).

Variability in fertilization

In situ fertilization ranged between 0% and 98%. The
majority (66%) of the downstream samples had levels of
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Figure 2. Frequency distribution of fertilization rates among all
samples of Pyseudoplexaura porosa eggs from all nights.

fertihzation above 50%. The modal fertilization rate was
80% -90% in both vyears (Fig. 2). Fertilization rates did
not differ significantly between years. but did vary sig-
nificantly between months and days (Tables I and II).
The lowest monthly mean was observed in September.
Fertilization was high on at least one night during each
month (Table II). Annual fertilization success during
1995 was estimated by weighting the fertilization rate of
each night by the number of female colonies observed
spawning (Table II; Fig. 3), vielding an estimated fertil-
1zation rate of 67%. Sperm release was not visible in the
field, and measures of sperm density were highly vari-

Table |

Nested analyvsis of variance of fertilization rates of Pseudoplexaura
porosa hetween vears, among months, and among davs (months
nested in vears, and days nested in months)

Source df SS MS F P
Year | 0004 0.004 0.32 0.5717
Month (& 19.87 3.31 281.27 <0.0001
Day 8 14.65 1.83 155.61 <0.0001
Error 152 1.79 0.12

df. degrees of freedom; SS. sums of squares; MS, mean square: I, [
ratio; P, probability.
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Table 11
In situ fernilization rate of Pseudoplexaura porosa af Korbiski
Fertihzation rate* Flow
No. ¢ colonies

Date No. samples No. eggs collected [Day Month Year spawning Sperm densityt cmy/s dir (°N)
1994

20.V] 16 772 71 — ot e

30.VI Y 1023 46 — ) i

1.VII 12 367 9 47 E i ==

28.VIl 16 724 31 — — —

29.vIl 21 507 73 — — —

30.VI 31 1757 83 6H6 — e =

28. VI 17 615 75 - —_ —

29.VII | 46 57 66 60 == e it

25.1% 4 473 27 — —_ 7.0 344

26.1X 12 602 16 22 — 13.3 352
1995

18.VI 11 530 48 3 —_

19.VI 26 1 300 82 5 —

20.V1 8 481 30 53 ] 190 11.2 335

17.VII 3 132 0 | =

18.VII 12 709 HY 6 1780

19.VII 26 1300 83 51 [ 5200 13.3 148

16.VIII 8 448 40 60

17.VIII 30 1500 85 63 55 5 2370 3.1 51

* Daily. monthly, and annual mean percentages.
+ Cumulative sperm/ml.

able, ranging from 0 to 2700 sperm/ml for samples col-
lected from the same male. There was no correlation be-
tween fertilization and cumulative sperm release for
those nights. Because we could not see sperm coming
from the colony, it is unclear whether the variation in
sperm density reflects sperm release or the positioning of
the sample bottle relative to the “plume”™ of sperm being

10(}|—

60 |~

Fertilization (%)

20 -

0 = | | I 1 |
0 1 2 3 4 5 6
Number of Female Colonies Spawning

Figure 3. Relationship between number of female colonies spawn-
ing and mean daily fertilization rates for Pseudoplexaura porosa eggs.

released. Assuming that gamete release must be some-
what synchronous between sexes, we also used the num-
ber of spawning females as an indicator of the number of
spawning male colonies. The number of spawning fe-
male colonies explained 80% of the variance in fertiliza-
tion success observed between nights (Fig. 3).

Spatial variability was examined 1n experiments using
three different designs. Fertilization rates among eggs
collected close to the colonies versus those collected
downstream of the whole population changed signifi-
cantly, but the effect varied between nights (Table III).
There also was a significant day > position interaction.

Table 111

Analvsis of variance testing for feviilization rates of Pseudoplexaura
porosa collections carried out close to a spawning female colony and
downstream of the population (Position), and among days (Day)

Source dr SS MS F P
Day 2 1.11 0.56 26.86 <0.0001
Position | 0,10 0.10 481 0.0348
Day = Position 2 0.31 0.16 7.51 0.0019
Error 36 0.75 0.02

df. degrees of freedom: SS, sums of squares; MS, mean square; F, I
ratio; P, probability.
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On two nights, the fertilization rate | m from a female
colony was lower than the downstream fertilization rate
(29 June 1994: 26% at 1 m vs. 71% downstream: 30 June
1994: 3% at 1 m vs. 9% downstream), but on a third
night, fertilization close to the female colony was higher
than fertilization downstream (63% at 1 m vs. 46%
downstream). On 30 June 1994, a third diver also col-
lected samples immediately downstream of the spawn-
ing female. The difference between the two collections
made at the female colony, 38% and 3%, is indicative
of the spatial variability in fertilization rates. Given the
variation between divers at the colony. it is not surprising
that there were no significant differences between the
samples collected at the colony and those collected
downstream of the population (ANOVA, F,, = 3.02.
P = 0.099). However. it is also important to note that
relatively few samples were collected that night. which
was the last night of spawning.

On 29 and 30 July 1994, a position effect was observed
between collections from the center of the population and
those downstream. Fertilization was higher at the down-
stream position than at the position in the center of the
population (two-way ANOVA: F, ,, = 33.10. P < 0.0001:
Fig. 4). Another experiment (26 Sept 1994) compared the
fertilization rates between eggs collected immediately up-

stream of a male colony and those collected downstream of

the male. There was total failure upstream and 16% fertil-
ization downstream (one-way ANOVA_ F,,, = 117.22. P
< 0.0001). The low fertilization rate probably occurred be-
cause this was the last night of spawning in September and
few colonies released gametes. Examination of polyps of
colonies sampled 3 days before the September spawning
showed that the colony used in the experiment was the only
male colony with mature spermaries.
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Figure 4. Proportion of Pseudoplexaura porosa eggs fertilized in
individual samples collected on 29 July 1995 at the center of the popu-
lation (center) and downstream of the entire population (downstream).
Mean fertilization rate at each collection site is also shown.
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Figure 5. Fertilization rates among in situ samples of Pscudoplex-

attra porosa eggs incubated with (enriched) and without (control) addi-

tional sperm

Sperm-limitation experiments

Enrichment experiments were conducted on a single
evening each month during the 1995 spawning events.
To ensure an adequate supply of eggs. the enrichment
experiments were conducted on the nights with the great-
estdensity of eggs in the water column (19 June, 19 July,
and 17 August). Those were the days on which the great-
est number of spawning females were observed and in
situ fertihzation rates were over 80% (Table I1). There
were no significant differences between field fertilization
and sperm-enriched samples (paired ¢ test, 1 = 1.39.df =
39, P = 0.174; Fig. 5), indicating that sperm limitation
did not occur on these three nights. Control incubations
carried out in the laboratory at the beginning of the ex-
periment always had fertilization rates higher than 80%
(81%~82%) and did not differ from controls initiated at
the end of the experiment (two-way ANOVA, F,, =
1.25, P =0.296).

The limited data on flow speed suggests that flow over
the range of observed speeds had little impact on fertil-
ization. For instance, fertilization was greater than 80%
on both 19 July and 17 August 1995 despite the fourfold
difference in current speed on the two nights (Table 11).

Discussion

Fertilization success in P. porosa was often substan-
tially less than 100%. and in situ rates were often lower
than those reported for other broadcast-spawning taxa
(Petersen, 1991 Oliver and Babcock, 1992; Babcock and
Mundy, 1992: Babcock e al., 1992: Sewell and Levitan,
1992; Petersen et al., 1992). As we previously noted
(Lasker et al., 1996), this suggests that P. porosa fertiliza-
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tion rates are sperm limited at times. There also was a
general correspondence between sperm release in 1995
and fertilization rates (Table II), but our data also suggest
that most eggs are released under conditions in which
sperm are not limiting.

First. we determined that 67% of eggs released over the
entire spawning event are fertilized. To calculate average
fertilization rates. we weighted the fertilization rate from
each night by the number of colonies releasing eggs. The
number of eggs being released per colony also varies
among nights, and it probably peaks on the same nights
that the greatest number of colonies spawn. Therefore,
our weighted averages probably underestimate fertiliza-
tion.

Second. we did not detect any evidence of sperm limi-
tation in sperm-enrichment experiments, which were
conducted on the nights on which most spawning occurs.
That 100% fertilization was never observed in those ex-
periments may be a function of biases introduced by the
sampling and incubation techniques (Levitan. 1995:
Lasker et al., 1996), but those biases would have affected
both the controls and treatments. The failure to see en-
richment in samples that yielded only 50% fertilization
rates (Fig. 5) suggests that eggs in those particular incu-
bations were less capable of developing, due either to nat-
ural variation in gamete quality, or to the experimental
technique. In either case the conclusion that sperm were
not limiting is not affected.

Spatial variability in fertilization

Lasker et al. (1996) showed that eggs collected within
I m of a colony of Pseudoplexaura sp. had similar fertil-
ization rates to eggs collected downstream. Presumably
sperm are continuously diluted as they are transported
downstream. so eggs released into the water column in-
teract with ever decreasing concentrations of sperm.
Therefore, eggs that are not rapidly fertilized will have
ever decreasing probabilities of being fertilized. Of
course. downstream additions of sperm can affect fertil-
ization. Fertilization rates that we measured did not con-
sistently vary between eggs collected within a meter of
the colony and those collected downstream of the entire
population, but collections made in the center of the
population regularly underestimated the fertilization
success of the population. Whether fertilization in-
creased downstream of individual female colonies was
probably a function of the behavior of the nearby male
colonies, and that effect appears to have varied among
nights and colonies. Distance had a positive eftect on fer-
tilization when downstream transport enabled eggs to
travel past additional male colonies.

Temporal variability in fertilization

Fertilization was very similar in both years. The sig-
nificant difference between months was mainly due to
the low fertilization rate in September. Monthly varia-
tion can probably be attributed to gamete release (Ross
and Lasker, unpubl. data) or to monthly changes in fer-
tilization kinetics similar to that observed in Plexaura
kuna (Lasker and Stewart, 1993 and unpubl. data) and
in Acanthaster planci (Benzie and Dixon, 1994).

Individual size and local population density have sig-
nificant effects on fertilization rates among echinoderms
(Levitan, 1991; Levitan and Young. 1995), presumably
through their effects on sperm density in the water col-
umn. Sessile organisms cannot aggregate. but synchroni-
zation of spawning increases the likelihood of fertiliza-
tion. The importance of spawning synchronization is ev-
ident in P. porosa because most of the variance in
fertilization among nights was explained by the number
of spawning colonies. Although our measure of sperm
density did not correlate with fertilization rates, the cor-
relation between fertilization and the number of spawn-
ing colonies is likely a reflection of the density of gametes
in the water column. This is well illustrated in the 26
September 1994 data which show that when few colonies
spawned, most eggs were not fertilized. Conversely, on
nights when most of the spawning occurred. fertilization
rates were highest and the enrichment experiments re-
vealed no evidence of sperm limitation.

Reproductive strategy and fertilization success

Fertilization rates were low on some nights and sperm
limitation probably did occur on those nights: neverthe-
less. the overall effect of sperm limitation on fertilization
success in Pseudoplexaura porosa may be low. This re-
sult is in marked contrast to the low in situ fertilization
rates reported for Briareum asbestinum (Brazeau and
Lasker. 1992) and Plexaura kuna (Lasker et al., 1996).
Furthermore, the sperm-enrichment experiments failed
to detect sperm limitation with P. porosa, whereas the
results of identical experiments at the same study site
strongly suggested sperm limitation with P. kuna (Lasker
et al., 1996).

Although few octocorals have been examined, we can
compare gorgonians for which there are data to assess
the effects of life-history traits on fertilization success. At
Korbiski and at many sites at which it is common, P.
porosa dwells at relatively low density in habitats with
fast (> 10 cm/s) unidirectional currents. Models of fertil-
ization processes predict low fertilization rates under
these conditions (Levitan and Young, 1995). However,
fertilization rates are higher in P. porosa than in other
gorgonians, a feature that is probably explained by traits
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such as gamete production, fertilization kinetics, spawn-
ing pattern. egg size, polyp size, and colony growth rate.

Gamete density—and in particular sperm density —
is one of the principal factors determining fertilization
success (egg density has only a small effect on fertiliza-
tion: Lillie, 1915; Vogel eral., 1982; Levitan et al., 1991).
P. porosa, which 1s not sperm limited. has spermaries
that are an order of magnitude greater in volume than
those of Plexawra kuna, which 1s sperm himited (Lasker
et al., 1996); and P. porosa has the largest spermaries
(0.8 mm*/polyp; Ross and Lasker, unpubl. data) found
among the studied gorgonian species (Briareum asbesti-
num, 0.05-0.15 mm?*/polyp., Brazeau and Lasker, 1990
Paramuricea clavata, 0.4 mm*/polyp, Coma et al,
1995b:; Plexaura kuna, 0.07 mm*/polyp. Lasker and
Stewart, 1993; Plexaura flexuosa, 0.05 mm?/polyp, Beir-
ing and Lasker, unpubl. data).

Spawning synchrony also plays an important role in
determining gamete density and fertilization success
(Thorson, 1946: Harrison et al., 1984: Sewell and Levi-
tan, 1992). P. porosa spawning was limited to about | h
on each of 4 nights during each of 4 months. Further-
more, most spawning occurred on only 2 of the 4 nights
each month. A short spawning period should generate
higher gamete concentration than a long spawning pe-
riod. Spawning over several months allows greater total
gamete production, whereas spawning over several days
within each month increases the chances of spawning on
nights with favorable conditions for fertilization.

Preliminary experiments (unpubl. data) have shown
that. in addition to producing many sperm, at least some
gorgonians produce gametes that are able to fertilize a
large percentage of eggs (>70%) at low sperm concentra-
tion (107 sperm/ml). This suggests that the fertilization
kinetics of P. porosa could yield higher levels of fertiliza-
tion at lower sperm concentration than can be achieved
by other broadcast-spawning taxa (sea urchins— Vogel
et al, 1982; Levitan et al, 1991; corals—Oliver and
Babcock. 1992).

Levitan (1993, 1996a.b) has argued that large eggs
present a larger target for sperm and thus increase the
probability of fertilization. P. porosa eggs are among the
largest (700-750 um, Ross and Lasker, unpubl. data)
observed in gorgonians (Corallivm rubrum: 300-
330 pm, Vigni, 1970: Muricea californica: 700 um, M.
- fructicosa: 600 um, Grigg, 1977; Plexaura homomalla:
315-640 um, Martin, 1982; Plexauwra kuna: 500-
600 um, Brazeau and Lasker, 1989: Briareum asbesti-
num: 600-900 ym, Brazeau and Lasker. 1990: Para-
muricea clavata: 400-500 um, Coma et al., 1995a). P.
porosa polyps are the largest among gorgonian species in
which reproduction has been studied. This trait is impor-
tant because a large proportion of the fully mature polyp

is occupied by gonad, so polyp size may limit gamete
production.

Large colony size also contributes to total gamete re-
lease, and P. porosa colonies are large relative to other
reef gorgonians. P. porosa also has the fastest growth rate
observed among studied gorgonian species (up to 20 cm/
vear, unpubl. data). Energetic constraints (Harrison and
Wallace, 1990) or polyp internal space may limit colony
reproductive output. Regardless of the proximal factors
controlling growth and reproduction, P. porosa colonies
inhabit environments that enable them to produce large
colonies through fast growth: this, in turn, promotes the
production of a large number of gametes at a single
point.

P porosais common in areas of high flow. Flow affects
processes such as feeding, metabolic rate, fertihzation,
fragmentation, and survival. Although flow may en-
hance traits such as feeding, and thus the energy balance
of a colony, high flow probably reduces the rate of fertil-
1ization. The adverse effects of flow rate on fertilization
have been observed in many species (Pennington, 1985;
Levitan er al., 1992; Petersen et al., 1992; Levitan and
Young, 1995; Levitan, 1996a; Coma and Lasker, 1997).
However, on the nights we monitored fertilization, the
number of spawning colonies appeared to have a greater
effect than flow. For instance, on the mights of 19 July
and 17 August 1995, a large percentage of the population
released eggs and fertilization was over 80%, vet flow on
the two nights varied fourfold (Table I1). P. porosa life-
history traits probably reduce the effects of flow on fertil-
ization and thus reduce the importance of sperm limita-
tion.

The Korbiski population produced an estimated 2.1
< 10" eggs (839 branches * 50 cm/branch [minimum
estimation of reproductive tissue per branch] > 70 pol-
yps/cm [SD = 14, n = 10] x 4.3 eggs/polyp [Ross and
Lasker. unpubl. data]). The six mature colonies of the
studied population were distributed over an area of
150 m”; if67% of all eggs were fertilized. then 56,000 em-
bryos/m* were produced annually. This estimate of lar-
val production is similar to that for Eunicella singularis
(60.000 larvae/m*; Theodor. 1967). The production of
eggs in P. porosa (84,000 eggs/m”) at Korbiski is an order
of magnitude smaller than that documented for Para-
muricea clavata (730,000 eggs/m*; Coma et al., 1995b).
P. clavata has a reproductive biology (Coma et al.,
1995a) similar to that of B. ashestinum, and B. asbesti-
num has fertilization rates that are an order of magnitude
lower than those of P. porosa (Brazeau and Lasker.
1992).

The life history of P. porosa is affected by a wide vari-
ety of factors. For instance, polyp size affects feeding as
well as gonad volume; egg size may affect larval longev-
ity: growth rates affect maturation and relative probabil-
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ities of survival. It 1s simplistic to argue that the life his-
tory of P. porosa is built around fertilization success
alone, because selection to increase fertilization rate will
be balanced by selection on other life-history traits and
limited by morphological constraints (Levitan, 1995).
Nonetheless, it 1s clear that many P. porosa life-history
traits are successful at enhancing fertilization compared
with that of species without such traits. Although all eggs
were not fertilized and fertilization rates were variable,
sperm limitation was not regularly observed. Sperm him-
itation probably plays a lesser role in the population ecol-
ogy of P. porosa than of other gorgonians.

Acknowledgments

Our thanks to Elizabeth Beiring, Mary Alice Coffroth,
Stephanie Holzward, Kiho Kim. Kristin Kittle, Tyler
Ross, and Tim Swain for their good-natured assistance
on far too many night dives. and to Sara Weatherup for
the sperm-density counts. Our work in the San Blas was
made easier and more pleasant by the staft of the Smith-
sonian Tropical Research Institute, and our special
thanks go to Reynaldo Tapia, the San Blas Station man-
ager. We thank the Kuna Indians and the Republic of
Panama for permission to work in the San Blas and are
grateful for the support of the National Science Founda-
tion grant OCE 9217014 (HRL), the National Geo-
graphic Society (HRL), a Ministerio de Educacion y
Ciencia of Spain Postdoctoral Fellowship to RC. The
manuscript was improved by the comments of E. A.
Beiring, M. A. Coffroth and K. Kim. D. Levitan, T.
Ross, and an anonymous reviewer.

Literature Cited

Babcock, R.C., and C.N. Mundy. 1992. Reproductive biology.
spawning and field fertiization of Acanthaster planci. Aust. J. Mar.
Freshwater Res. 43: 525-534.

Babcock, R. C., C. N. Mundy, J. Keesing, and J. Oliver. 1992, Predict-
able and unpredictable spawning events: in sitie behavioural data
from free-spawning coral reef invertebrates. Inveriehr. Reprod. Dev
22:213-228.

Babcock, R. C., C. N. Mundy, and D. Whitehead. 1994, Sperm diffu-
sion models and in sitte conhrmation of long-distance fertilization
in the free-spawming asteroid Acanthaster planci. Biol. Bull 186:
17-28.

Benzie, J. A. H., and P. Dixon. 1994. The effects of sperm concentra-
tion. sperm:egg ratio. and gamete age on fertulizaton success in
crown-of-thorns starfish (Acanthasier planci) in the laboratory.
Biol. Bull 186: 139-152.

Benzie, J. A. H., K. P. Black, P.J. Moran, and P. Dixon. 1994.
Small-scale dispersion of the eggs and sperm of the crown-of-thorns
starfish (Acanthaster planci) in a shallow coral reef habitat. Biol
Bull 186: 153167,

Brazeau, D. A, and H. R. Lasker. 1989. The reproductive cycle and
spawning in a Canbbean gorgonian. Brol. Bull 176: 1 -7.

Brazeau, D. A., and H. R. Lasker. 1990. Sexual reproduction and ex-
ternal brooding by the Caribbean gorgonian Briareum asbestinum
Mar. Biol. 104: 465-474.

Brazeau, D. A., and H. R. Lasker. 1992. Reproductive success in a
marine benthic invertebrate. the Canibbean octocoral Briareim
asbestinum. Mar. Biol 114: 157-163.

Coma, R., and H, R. Lasker. 1997. Small scale heterogeneity of fertil-
1zation success 1n a broadcast spawning octocoral. J Exp. Mar
Biol Ecol (in press).

Coma, R., M. Ribes, M. Zabala, and J. M. Gili. 1995a. Reproduction
and cycle of gonadal development in the Mediterranean gorgonian
Paramuricea clavata. Mar. Ecol. Prog. Ser. 117: 173-183

Coma, R., M. Zabala, and J. M. Gili. 1995b. Sexual reproductive
effort in the Mediterranean gorgonian Paramuricea clavata. Mar
Ecol. Prog. Ser. 117: 185-192,

Denny, M. W. 1988. Biology and Mechanies of the Wave-Swept En-
vironment. Princeton University Press, Princeton, NJ.

Denny, M. W., and M. F. Shibata. 1989. Consequences of the surf-
zone turbulence for settlement and external fertilization. Am. Nat
134: 859889,

Denny, M. W, J. Dairiki, and S. Distefano. 1992,
quences of topography on wave-swept shores: 1.
external fertihzation, Biof. Bull 183: 220-232.

Gladstone, W. 1992. Observations of the crown-of-thorns starfish
spawning. Aust. J Mar. Freshwater Res. 43: 535-537.

Grigg, R. W. 1977. Population dynamics of two gorgonian corals.
Ecology 58: 278-290.

Harrison, P. L., and C. C. Wallace. 1990. Reproduction. dispersal
and recruitment of scleractinian corals. Pp. 133-207 in Coral
Reefs. Z. Dubinsky, ed. Elsevier, Amsterdam.

Harrison, P. L., R. C. Babcock, G. D. Bull, J. K. Oliver, C. C. Wallace,
and B. L. Willis. 1984.  Mass spawning in tropical reef corals. Sci-
ence 223: 1186-1189.

Hobbie, J. E., R.J. Daley, and S. Jasper. 1977. Use of Nuclepore
filters for counting bacteria by fluorescence microscopy. Appl. En-
viron. Microbiol. 33: 1225-1228.

Kinzie, R. A. 1970. The ecology of the gorgonians (Cnidaria. Octo-
corallia) of Discovery Bay. Jamaica. Ph.D. Thesis, Yale University.
New Haven, CT.

Lasker, H. R., and W. Kapela. 1997. Heterogeneous water flow and
its effects on the mixing and transport of gametes. In Proc 8th Int.
Coral Reef Symposium, H. A. Lessios, ed. Smithsonian Tropical
Research Institute, Panama. (In press.)

Lasker, H. R., and K. M. Stewart. 1993. Gamete dilution and fertil-
ization success among broadcast spawning octocorals, Pp. 476 -483
in Proc. 7th Int. Coral Reef Symposiwm, Vol. 1. R. H. Richmond.
ed. University of Guam. Agana. Guam.

Lasker, H. R., M. A. Coffroth, and L. M. Fitzgerald. 1988. Foraging
patterns of Cyphoma gibbosum on octocorals: the roles of host
choice and feeding preference. Biol. Bull. 174: 254-266.

Lasker, H. R., D. A. Brazeau, J. Calderon, M. A. Coffroth, R. Coma,
and K. Kim. 1996. [n situ rates of fertihization among broadcast
spawning gorgonian corals. Biol. Bull 190: 45-55.

Levitan, D. R. 1988.  Asynchronous spawning and aggregative behav-
1or in the sea urchin Diadema antillarum (Phillippi). Pp. 181186
in Echinoderm Biology, Proe. 6th Int. Echinoderm conference. R.
Burke. ed. A. A. Balkema, Rotterdam.

Levitan, D. R. 1991. Influence of body size and population density
on fertilization success and reproductive output in a free-spawning
invertebrate. Biol. Bull. 181: 261 -268.

Levitan, D. R. 1993. The importance of sperm limitation to the evo-
lution of egg size in marine invertebrates. Am. Nar. 141: 517-536.

Levitan, D. R. 1995. The ecology of fertilization in free-spawning in-
vertebrates. Pp. 123~ 156 in Ecology of Marine Inveriebrate Larvae,
L. McEdward. ed. CRC Press. Boca Raton. FL.

Levitan, D. R. 1996a. Effects of gamete traits on fertilization in the
sea and the evolution of sexual dimorphism. Natrre 382: 153155,

Biological conse-
enhancement of



GORGONIAN FERTILIZATION 29

Levitan, D. R. 1996h.
spawning marine invertebrates. 4m. Nar 148: 174 - 188

Levitan, D. R.. and C. M. Young. 1995,
populations: empirical measures and theoretical predictions of fer-
tihzation in the sea iscuit Clypeasier rosacens. J. Exp. Mar. Biof
Ecol 190:221-241.

Levitan, D. R., M. A. Sewell, and F. S. Chia. 1991. Kinetics of fertil-
1zation in the sea urchin Strongvlocentrotus franciscanus: interaction
of gamete dilution, age, and contact ime. Biol Bufl 181: 371 -378.

Levitan, D. R., M. A. Sewell, and F. S. Chia. 1992. How distribution
and abundance influences fertilization success in the sea urchin
Strongvilocentrotus franciscanus. Ecology 73: 248 =254,

Lillie, F. R. 1915. Studies of fertilization. VII. Analysis of variations
in the fertihzation power of sperm suspensions of Avbacia. Brol
Bull 28:229-251.

Martin, E. 1982,  Ciclo reproductivo. proporcion sexual v fecundidad
del coral blando Plexanra homomalla (Esper.) en el Mar Caribe
Mexicano. An. Inst. Ciene. Mar Limnol. Univ. Nac. Awton. Mex. 9:
359-380.

McEuen, F. S. 1988. Spawning behaviors of the Northeast Pacific sea
cucumbers (Holothuroidea: Echinodermata). Mar. Biol 98: 565 - 585,

Mead, K. S., and M. W. Denny. 1995, The effects of hvdrodynamic
shear stress on fertilization and early development of the purple sea
urchin Strongvlocentrotus purpuratus. Biol. Bull 188: 46 - 56.

Michin, D. 1987. Sea-water temperature and spawning behaviour in
the seastar Marthasterias glaciaris. Mar. Biol. 95: 139- 143,

Mosher, P. J. 1982. Spawning behaviour of the aspidochirote holo-
thurian Holthuria mexicana (Ludwig). Pp. 467-468 in Lchino-
derms: Proc. i, Conference. Tampa Bay. J. M. Lawrence. ed. A. A
Balkema, Rotterdam.

Oliver, J., and R. Babcock. 1992.  Aspects of the fertilization ecology
of broadcast spawning corals: sperm dilution effects and 1 sifri mea-
surements of fertilization. Biol. Bull 183: 409-417.

Pearse, J. S., D..J. McClary, M. A. Sewell, W. C. Austin, A. Perez-
Ruzafa, and M. Byrne. 1988. Simultancous spawning of six spe-
cies of echinoderms in Barkley Sound. British Columbia. faverrebr
Reprod Dev 14: 279-288.

Predicting optimal and unique egg sizes in free-

Reproductive success in large

Pennington, J. T. 1985,
the consequences of sperm dilution. adult aggregation. and syn-
chronous spawning. Biol Bull 169: 417-430.

Petersen, C. W. 1991.
fish, Halichoeres bivattaris: correlates and implications. Biol Bull
181: 232-237.

Petersen, C. W., R. R. Warner, S. Cohen, H. C. Hess, and A. T. Sewell.
1992, Vamnable pelagic fertilization success: implications for mate
choice and spatial patterns of mating. Feology 73: 391 -401.,

Randall, J. E.. R. E. Schroeder, and W. A. Stark, Jr. 1964. Notes on
the biology of the echinoid Diadema antitlariem. Caribb. J. Sci 4:
421-433.

Sewell, ML AL and D. R. Levitan, 1992, Fertihzation success during a
natural spawning of the dendrochirote sea cucumber Crctonaria
mnicta. Bull, Mar. Sci. 51: 161 - 166,

Swain, T. D., K. Kim, and H. R. Lasker. 1997,
microscopy in an assay of sperm density for the gorgonian coral
Plexawra kuna In Proc. S8th Int. Coral Reef Symposium, H. A. Les-
sios. ed. Smithsomian Tropical Research Institute, Panama. (In

The ecology of fertilization of echinoid eggs:

Varation in fertihization rate in tropical reef

Use of fluorescence

press.)

Theodor, J. 1967. Contnbution a I'etude de gorgones (VII): écologie
et comportement de la planula. Tie Miien 18: 291 =301.

Thorson. G. 1946.
marine bottom invertebrate, with special reference to the plank-
tonic larvae in the sound (Oresund). Medd. Dan. Fisk-Havunders..
Ser. Plankton 4: 1-523.

Vigni, M. 1970. Ricerche sul ciclo reproductivo del corallo rosso
(Corallium rithrum (L)) del promontorio di Portofino. Atti Accad
Lincel (ROMA) Ser. 8 (1) 10: 1 -26.

Vogel, H., GG. Czihak, P. Chang, and W. Wolf. 1982.
kinetics of sea urchin eggs. Maith. Biosci. 58: 189-216.

Yund, P. 1990, An in sitre measurement of sperm dispersal in a colo-
mal marine hydrowd. J. Exp. Zool 253: 102 -106.

Yund, P, and M. A. McCartney. 1994,  Male reproductive success in
sessile invertebrates: competition for fertilizations. Eeology 75:
2151-2167.

Reproduction and larval development of Danish

Ferulization



ImEE BHL

Biodiversity Heritage Library

Coma, R and Lasker, Howard R. 1997. "Effects of Spatial Distribution and
Reproductive Biology on in situ Fertilization Rates of a Broadcast-Spawning
Invertebrate." The Biological bulletin 193, 20-29.
https://doi.org/10.2307/1542733.

View This Item Online: https://www.biodiversitylibrary.org/item/17283
DOI: https://doi.org/10.2307/1542733
Permalink: https://www.biodiversitylibrary.org/partpdf/13283

Holding Institution
MBLWHOI Library

Sponsored by
MBLWHOI Library

Copyright & Reuse

Copyright Status: In copyright. Digitized with the permission of the rights holder.
Rights Holder: University of Chicago

License: http://creativecommons.org/licenses/by-nc-sa/3.0/

Rights: https://biodiversitylibrary.org/permissions

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 12 January 2024 at 15:57 UTC


https://doi.org/10.2307/1542733
https://www.biodiversitylibrary.org/item/17283
https://doi.org/10.2307/1542733
https://www.biodiversitylibrary.org/partpdf/13283
http://creativecommons.org/licenses/by-nc-sa/3.0/
https://biodiversitylibrary.org/permissions
https://www.biodiversitylibrary.org

