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Abstract: In the dusky damselfish Stegastes dorsopunicans (Poey) two levels of population reproductive 
synchrony exist. At one level, there is a broad peak in spawning activity every month between full moon 
and new moon. Within these lunar peaks of spawning activity, spawning is concentrated on specific days, 
ot~en flanked by days with no spawning, resulting in spawning peaks within the broader monthly peak. On 
days of higher spawning activity, more females spawn in a nest that receives eggs, and the average number 
of eggs a male receives is higher. Larger clutches suffer lower mortality from both complete and partial clutch 
predation by the father (filial cannibalism). Males are more likely to eat complete clutches when the clutches 
are small. Fathers also appear to eat a subset of their clutches, but the number of eggs eaten is independent 
of clutch size, so larger clutches have a lower percentage mortality from partial clutch loss. A separate source 
of clutch mortality, complete clutch loss to nocturnal predators, affects all clutches equally and does not 
select for large clutch size and spawning synchrony. The differences in rates of clutch cannibalism between 
synchronized and nonsynchronized days provides an adaptive explanation for spawning synchrony in this 
noncolonial fish; female synchrony may have evolved in response to differential egg mortality. 
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INTRODUCTION 

In tropical reef fishes with paternal care, the spawning activity of a population is often 
synchronized, with fluctuations in levels of population reproductive activity following 
lunar, semilunar, or higher frequency periodicity (reviewed in Gladstone & Westoby, 
1988; Robertson et al., 1990). The higher frequency fluctuations are common; in one 
recent study by Robertson etal. (1990) six of 10 paternal care species with lunar 
spawning periodicity had additional fluctuations in activity with periods ranging from 
2 to 8 days. The purpose of this paper is to examine the evolutionary causes and 
consequences of high frequency reproductive periodicity in the dusky damselfish 
Stegastes dorsopunicans (Poey). 

Most current explanations for synchronization of reproduction within populations in 
marine organisms assume that the benefit for synchronizing reproduction is increased 
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offspring survivorship. Depending on the hypothesis, the benefit occurs while demersal 
eggs are developing on the reef, at hatching when larvae or planktonic eggs leave the 
reef, or at the time of larval settlement (reviewed in Robertson et al., 1990). However, 
many of these hypotheses suggest that differences in offspring survivorship stem from 
differences in levels of moonlight or tidal amplitude, which do not vary with the same 
periodicity of the high frequency spawning fluctuations found by Robertson et al. (1990), 
and therefore do not apply to the higher frequency spawning synchronization. 

There are also hypotheses which, although they do not invoke tidal or light levels as 
the selective force resulting in spawning periodicity, also appear inadequate to explain 
higher frequency cycles. In some species spawning synchronization may increase 
offspring survivorship by either saturating egg predators or diluting their effects with 
pulses of eggs at the population level (Keenleyside, 1972; Foster, 1987). A second 
hypothesis is that synchronization decreases egg morality by reducing the cost of 
parental care by providing a hiatus between consecutive clatches, allowing the parent 
to recoup condition before the next clutch is deposited (Dominey & Blumer, 1984; 
Robertson et al., 1990). Both of these hypotheses require a hiatus between the hatching 
of clutches from one cycle and the deposition of the next batch of eggs. However, 
spawning synchrony with a period less than the development time of the eggs will not 
result in the pulses of clutches necessary for either of these hypotheses. The 2-3-day, 
higher frequency fluctuations in reproductive activity in Eve of the six Caribbean 
damselfishes, including S. dorsopunicans, are less than the 3-5-day hatching times of 
eggs for these species (Robertson et al., 1990). 

In colonial breeders, synchronization may offer the benefit of mulual defense from 
egg predators (Loiselle, 1977; Dominey, 1981; Gross & MacMillan, 1981; Foster, 
1989). However, the species in this study, S. dorsopunicans, is not colonial. 

There are a limited number of hypotheses capable of explaining higher frequency 
spawning periodicity in noncolonial animals. The potential benefits of spawning syn- 
chrony may be the result of factors that covary with spawning synchrony, but are not 
related to synchronized spawning per so. Specifically, synchronized spawning may lead 
to males defending larger clutches. Gronell (1989) has shown that egg survivorship 
increases with the average number of eggs in a nest of the Indo-Pacific damselfish 
Chrysiptera cyanea. There are several reasons why larger clutches may have higher egg 
survivorship, including reduced levels of either complete or partial clutch cannibalism 
by the parent (filial cannibalism; Rohwer, 1978; Dominey & Blumer, 1984; Petersen 
& Marchetti, 1989; Petersen, 1990), dilution of egg losses within a nest to conspecific 
and heterospecific predators (DeMartini, 1987), and enhanced levels of parental defense 
(Pressley, 1981; Carlisle, 1985; Sargent, 1988). For this hypothesis to explain spawning 
synchronization, higher reproductive activity by females should lead to increased 
numbers of eggs per guarding male, which must be positively correlated with egg 
survivorship. 

Another potential benefit of synchronized spawning is that the cost of finding 
preferred spawning circumstances is reduced during periods of higher reproductive 
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activity. If females prefer to mate at a nest with other females, they would be more likely 
to find these opportunities at nearby locations during periods of higher spawning 
activity. Females in S. dorsopunicans defend permanent feeding territories, and costs of 
spawning might include travel time, vulnerability to predators when travelling or 
spawning, or lost resources in their territory while they are gone. 

In this paper we first describe the temporal patterns of spawning synchronization in 
S. dorsopunicans. We then show how spawning synchronization affects clutch size, egg 
survivorship, and one type of cost associated with female spawning, distance travelled 
to the spawning site. Finally, we examine the role of differential egg survivorship in 
selecting for female mating tactics in this species. 

BIOLOGY OF DUSKY DAMSELFISH 

Stegastes dorsopunicans is an herbivorous damselfish in which both sexes defend 
permanent all-purpose territories in shallow water (Waldner & Robertson, 1980; 
Mahoney, 1981; Bartels, 1984; Robertson, 1984; Foster, 1985a,b; Petersen, 1990). 
Reproduction follows the typical damselfish pattern; spawning occurs in the first 2 h 
of daylight, with females depositing a monolayer of eggs in the nest within the territory 
of a male, where they are externally fertilized. Nests are hard surfaces that have been 
cleared of filamentous algae by the male. In this study, a clutch is defined as the group 
of eggs laid on the same day in a nest. Clutches are often deposited by multiple females, 
and males often have multiple clutches (eggs spawned on different days) in a nest 
(Petersen, 1990). The male defends and tends the clutch for 3.5 days, with the eggs 
hatching at dusk of the 4th day (Petersen, 1990; Robertson et al., 1990). 

Clutch acquisition follows a lunar pattern, with most clutches being received between 
full and new moon (Petersen, 1990). Robertson etal. (1990) also noted a higher 
frequency fluctuation in reproductive activity with a period of 3 days. The timing of the 
higher frequency peaks was not correlated between nearby reefs. A cross-correlation of 
spawning activity between nearby reefs was not significant for 9 of 12 months, 
suggesting that the timing of spawning peaks within the monthly reproductive peak was 
different between reefs (Robertson et al., 1990). 

The data used in this analysis are for a subset of clutches used in an analysis of the 
causes of complete clutch loss in two species of damselfish (Petersen, 1990). In that 
study two distinct causes of complete clutch loss were described for S. dorsopunicans, 
clutch cannibalism by the guarding male and overnight clutch loss. Complete clutch 
cannibalism occurred on the first day of development, and clutches that were eaten were 
significantly smaller than the clutches that were still present at the end of the first day 
of development. The other complete clutch losses occurred at night, when parental 
males were relatively quiescent. The cause of this clutch loss was unknown. There was 
no significant difference in size between clutches that completed development and those 
that disappeared overnight, and the probability of overnight clutch loss was independent 
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of clutch age. 41% of the clutches disappeared before completing development, with 
21~o of those losses due to complete clutch cannibalism (Petersen, 1990). 

METHODS 

All data were collected between April and September 1988 in the San Bias Islands 
in the Republic of Panama at the southwest edge of Tiantupo Reef(see Robertson, 1987, 
Fig. 1, for a map). Nest sites of 44 males were censused for 5 months. These males 
defended clutches laid either on artificial substrata (tiles, N - 34; bowls, N -- 4), dead 
coral or dead fire coral (Millepora spp.) (N = 4), or both natural and artificial substratum 
(N = 2). The tiles were 10 by 20 cm clay tiles used by Robertson et al. (1990) and had 
been at the site for over a year. Males were censused daily during the reproductive period 
of the month to determine clutch survivorship and the size of any new clutches. Clutch 
size was estimated by measuring the length and width of the egg monolayer and 
describing the shape as an ellipse or a rectangle. This area can be converted to number 

x of eggs from counts of known areas of eggs (~ = 257 eggs. cm - 2, N - 14, SE ~ 17., 5j. 
A clutch was considered to have disappeared prematurely if > 95 % of the clutch was 
gone before the census on the last day of development. None of the clutches censused 
on both the morning and evening of their last day of development disappeared 
(N = 152), so clutches only censused once in the morning of their final day of develop- 
ment were assumed to have completed development. 

More intensive censusing was done during July-September 1988. Two daily censuses 
were done, one in the early morning, and one during the last hour of daylight. During 
the period of intensive censusing, partial clutch loss was monitored for 96 of the 
152 clutches that completed development by measuring changes in the area of the 
monolayer of eggs. Changes in area were most often noticed as new empty patches 
within the egg monolayer, which were identical to bare patches that resulted when a 
dusky damselfish was observed taking bites on the nest. Bite marks were common in 
most nests and were relatively uniform in size. A subset of bite marks was measured, 
and their mean size was used to estimate the area of eggs lost from a bite mark (~ 
diameter of bite marks ranged from 2 to 3 mm, ~ a r e a -  6.1 mm 2, SE-  0.56, 
N -  10 bite marks from 4 nests). 

Focal-female censuses were conducted daily during the dawn spawning period over 
the reproductively active portion of the lunar cycle for August and September (32 days). 
Each of two observers monitored spawning activity of 10 females every morning for the 
length of the daily spawning period (up to 2 h). The number and identity of spawning 
partners of each focal female, as well as the number of other females observed spawning 
in each nest visited by a focal female were recorded. These data were supplemented by 
data from male-focal observations made during the June and July cycles (23 days). 

The relationship between egg survivorship and spawning activity was examined in 
two ways. First, egg survivorship was compared with the amount of reproductive 
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activity on a day, estimated as the proportion of males receiving eggs on a day. Also, 
we compared egg survivorship on synchronized and non-synchronized days. Days of 
spawning synchronization were defined as days where (1) the number of censused males 
receiving clutches at a site was at least twice that of both the previous and subsequent 
days, and (2) >i 20% of the censused males obtained eggs. Criterion 1 adjusted the 
definition of synchrony relative to female activity, which fluctuated during the lunar 
month, while Criterion 2 eliminated from the definition of synchrony days of low 
spawning activity that were flanked by days with no spawning. 

Statistical analyses follow Sokal & Rohlf (1981): nonparametric statistics were used 
for analyses of patterns of egg survivorship. Male reproductive activity is reported as 
the proportion of males with eggs, although the number of males in the study stayed 
relatively constant (N = 41-43). Arcsine transformation did not improve the fit of data 
to parametric assumptions, and was not employed. 

RESULTS 

TEMPORAL PATTERNS OF CLUTCH ACQUIS~Tr~;.')~Y WITHIN A SITE 

Within a month, clutch acquisition was highly sporadic, with several peaks of syn- 
chronized clutch deposition (Fig. 1). The time between peaks of reproductive activity 
within a lunar reproductive cycle varied from 2 to 4 days. Clutch acquisition by males 
reflected female spawning activity. Data from the focal-female spawning observations 
exhibited a strong correlation between the proportion of 20 censused females spawning 
and the proportion of 44 censused males that received eggs that day (r s = 0.87, 
N = 29 days, P < 0.001). 

CONSEQUENCES OF DALLY VARIATION IN SPAWNING ACTIVITY 

Changes in clutch size 

For every monthly spawning period, there was a significant, positive relationship 
between clutch size on a day and the proportion of males receiving clutches on that day. 
The relationship existed when each clutch was considered an individual data point 
(P < 0.05 for all regressions) or when the daily mean clutch size was weighted by the 
number of males observed obtaining eggs on a day (P < 0.001 for all regressions). Data 
from the July-August cycle are shown in Fig. 2. 

Clutches were composed of eggs from 1-4 females ( 7 -  1.9 females, s o -  0.9, 
N - 113, based on spawning observations). The number of females contributing to a 
clutch was positively correlated with the number of males receiving clutches on a day 
(r - 0.23, N = 113, P < 0.05), while the average clutch contribution of a female (clutch 
size. number- i of females contributing to the clutch) was independent of the number 
of males receiving clutches on a day (r - 0.03, P > 0.5). Thus, the increase in clutch size 
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Fig. 1. The pattern of clutch acquisition at 44 male territories censused for 5 lunar months at Tiantupo reef 
in 1988. F, full moon; N, new moon. 

on days with high spawning activity was due to a greater number of females contributing 
to a clutch and not to a larger number of eggs spawned by individual females. 

Fema& spawning behavior 

There was little aggressive behavior between females when multiple females were 
spawning at a nest. Up to 3 females were observed spawning at once in an nest, but 
often females waited immediately outside a nest site while other females were spawning. 
Females released their eggs in several short oviposition bouts lasting 1-21 min 



DAMSELFISH SPAWNING SYNCHRONY 161 

100 

A 

N 8 0  

E 
6 0  

N 
= = = ,  

¢fJ 4O 

2 0  ro 

i ,  e 

• o ; 

O .  ~ " " 

: . 

• " : 

: : 

! • 
e • | 
• 0 

6 "  " 

; :  , 
• • | 
$ 

0 .25 .5 .75 

proportion of males receiving clutches 

Fig. 2. The relationship between clutch size and the proportion of males receiving clutches within the 
July-August reproductive cycle. Dots indicate individual data points upon which the regression is based, 
open circles represent means for each day. The regression equation is y = 22.3 + 0.28x, r = 0.33, P < 0.01, 

N ~- 162 clutches. 

alternating with trips back to their feeding territories where they stayed ~ 1 min 

(2 = 53 s, SD - 41 s, range = 10-155 s ,N = 13 spawning observations with each datum 
the mean of all observed trips by a single female on a morning). In only three of 247 
spawns were females observed spawning in multiple nests in a morning. In the more 
extensively monitored focal-female data set, none of 92 spawns were split between two 
males. Females spawned repeatedly within a lunar month, with a spawning interval of 

1-9 days between discrete spawning acts by individual females (Fig. 3). 

The distance a female travelled to spawn (d = the middle of her territory to the 

oviposition site in meters) was negatively correlated with the proportion of males 
receiving clutches on a day (p) (d = 3.7-1.36p, r = -0 .16 ,  N = 230, P < 0.05, Fig. 4). 
However, the regression explained less than three percent of the variance in the 
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Fig. 3. The number of days between successive spawns for individual females during a lunar reproductive 
period. Total bar height is combined male-focal and female-focal data. Individual females often contributed 
multiple data points. Not included were two observation where females spawned in two nests on the same 

morning (the equivalent of a 0-day interval). 
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Fig. 4. The relationship between the distance a female travelled to spawn and the degree offemale spawning 
synchrony in a day estimated by the proportion of males receiving clutches. 

spawning commute by females from their territories to the nest site of the male. The 
difference between the days of lowest and highest activity only resulted in a difference 
of 1 m in the expected distance travelled, approximately the width of  an average female 

territory. 

PATTERNS OF EGG SURVIVORSHIP 

Partial clutch loss 

For losses due to partial clutch mortality, eggs in smaller clutches were at a higher 
risk. There was a significant decrease in percentage egg mortality with clutch size 

(r s = -0 .36 ,  N = 96, P < 0.001, Fig. 5). However, the total area of eggs lost was 
independent of clutch size (r s = - 0.17, P > 0.1). There was a negative but nonsignifi- 
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Fig. 5. The relationship between partial clutch loss and clutch size. The dark circles represent cases where 
eggs either sloughed off the oviposition surface or were lost to infection. 
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cant relationship between the proportion of males receiving clutches on a day and the 
egg mortality due to partial clutch loss (r s = - 0.28, N = 16 days, PI-tailed > 0.1). On a 
per egg basis, there was a 7.5~o increase in mortality due to partial clutch loss for 
clutches laid on nonsynchronized compared with synchronized days, with a mortality 
rate of 7~o on synchronized days and 14.5~o on nonsynchronized days. However, 
because only 46 ~o of the clutches that were laid eventually completed development, the 
probability ofmortality due to partial clutch loss for a newly laid egg differs by only 3.4 ~o 
between synchronized and nonsynchronized days. 

In most cases egg losses were manifested as small bite marks, with up to 120 per 
clutch. We frequently observed dusky damselfish eating eggs, and with one exception, 
only parental males were observed taking bites at a nest. The exception occurred when 
a spawning female was courted by a nearby male, took several bites of eggs from his 
nest, and left without spawning in that nest. New bite marks appeared during the day, 
and because parental males excluded other fish from the nest site, and no other fish were 
observed taking bites on clutches, we believe that partial clutch loss is due in large part 
to cannibalism by the parental male. 

For most partial clutch losses, the eggs appeared to be developing normally before 
disappearing, but there were two types of exceptions. Occasionally, eggs turned opaque 
white before disappearing. These eggs were dead and infected. The infection appeared 
contagious, once a few opaque eggs were observed the infection quickly spread along 
lines in the egg mass. A second cause of disappearance occurred when eggs sloughed 
off the oviposition substratum. This was restricted to a fraction of the eggs that were 
laid on entrusting Millepora spp. These exceptional cases (N = 14) accounted for several 
of the higher egg mortality rates in larger clutches (Fig. 5). When these clutches were 
excluded from the analysis, leaving the subset of clutches where partial clutch loss 
appeared to be caused by the male, there was still a significant decrease in egg mortality 
with clutch size (r s = -0.46, N = 82, P < 0.001, Fig. 5). 

Complete clutch loss 

Complete clutch cannibalism by the guarding male was directed towards smaller 
clutches, while nocturnal losses which were due to unknown egg predators occurred 
independently of clutch size, as reported by Petersen (1990). For complete clutch 
cannibalism, the probability of a clutch being eaten on a synchronized spawning day 
was lower than for clutches on a non-synchronized day. The probability of a clutch 
being eaten increased from 6 to 15~ from synchronized to nonsynchronized days 
(G = 5.4, N = 287, P < 0.05). On a per egg basis, there was an 8% increase in mortality 
due to complete clutch cannibalism on nonsynchronized compared with synchronized 
days, with a. mortality rate of 3.7°Jo on synchronized days and l l.7Fo on non- 

synchronized days. 
Nocturnal losses occurred independently of the degree of spawning synchronization 

when the clutch was laid. The number of nests receiving eggs on a day did not affect 
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the probability of those clutches being a victim of nocturnal predation (r, = 0.04, 
N = 29 days, P > 0.5). This was the only form of egg predation that was not strongly 

linked to filial cannibalism by the male. 

Overall pattern of egg survivorship 

When egg mortality due to complete clutch cannibalism (by the guarding male), partial 
clutch losses, and nocturnal clutch losses was combined, and the survivorship of each 
clutch was weighted by its size, there was a positive correlation between egg survivorship 
and the proportion ofnests that received clutches on a day. This result was qualitatively 
similar whether or not clutches in which partial loss had not been measured were 
eliminated from the analysis (rs = 0.62, P < 0.01, N = 21 days) or if these clutches were 
assigned the average egg survivorship measured for clutches that had hatched that day 
(rs = 0.43, N = 21 days, Pl-tailed < 0.05). 

In addition to the degree of spawning synchronization on a day, the time of the lunar 
month had an independent effect on egg survivorship. There was a significant decrease 
in egg survivorship as the reproductive month progressed from the beginning ofmonthly 
spawning activity shortly before the full moon to the end of spawning activity after new 
moon (r s -- -0.45, N = 21 days, P < 0.05). Increasing mortality through the month 
appeared to be due not to complete clutch loss, which did not change throughout the 
reproductive cycle (rs - 0.02, us), but to partial clutch loss, which significantly increased 
later in the monthly reproductive cycle (r~ - 0.74, N = 16, P < 0.005). This pattern 
continued to exist when synchronized (rs = 0.70) and non-synchronized (r~ = 0.80) 
days were considered separately. There was no tendency for synchronized days to occur 
at different times in the lunar month compared to nonsynchronized days, so this 
increase in partial clutch loss over the reproductive cycle is a second, independent 
pattern of clutch mortality. Increasing partial clutch mortality over the month was also 
independent of clutch size; in the two months that partial clutch mortality data were 
obtained, there was no discernible effect oflunar day on clutch size (ANCOVA, P > 0.5 
for both months). 

DISCUSSION 

The main consequence of spawning synchronization in S. dorsopunicans appears to 
be an increase in the average number of females contributing to a clutch, which increases 
the mean clutch size in nests on synchron~ed days. The increase in egg survivorship 
of larger clutches, through both reduced complete clutch cannibalism and reduced 
partial clutch loss, leads to an increase in egg survivorship with increasing reproductive 
activity. These results support the hypothesis that increases in egg survivorship with 
increasing female spawning activity on a day selects for spawning synchronization 
within the broader monthly reproductive cycle in S. dorsopunicans. 

In addition to increased egg survivorship, females may have obtained a second benefit 
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for spawning synchronously by travelling shorter distances to spawn. This advantage 
for spawning on days with more female spawning activity is independent of the increase 
in egg survivorship and provides a possible second selective advantage to synchronous 
spawning. However, the benefit of the small difference in distance travelled is unknown 
and is probably minimal. 

The other hypothesis that could be tested with these data, that increased levels of 
parental defense select for spawning synchronization, was not supported in 
S. dorsopunicans. Eggs were only lost to egg predators other than the male during the 
night, and these nocturnal losses were independent of both clutch size (Petersen, 1990) 
and the degree of spawning synchronization. In a congener, Stegastes partitus, with 
similar patterns of nocturnal clutch loss, brittlestars and fireworms have been implicated 
as the probable nocturnal egg predators (R. Knapp, pers. comm.). 

Although complete and partial clutch cannibalism both contribute to the reduced egg 
survivorship of smaller clutches, they are two different phenomena. Complete clutch 
cannibalism is a decision by a parent to cut off all parental care to a clutch, abandoning 
its current attempt at reproducing, and is made at the early stages of embryo develop- 
ment. The potential benefit of complete clutch cannibalism is an increased probability 
of future clutches. Partial clutch cannibalism represents a decision by the parent to 
sacrifice some of his progeny, but to continue to invest in the current reproductive 
attempt, and occurs throughout the period of egg development. The benefits for partial 
clutch cannibalism may be either an increase in the probability of raising the current 
clutch or an increased probability of future clutches. The result that partial loss increases 
later in the lunar month when males are presumably in poorer condition due to recent 
stresses of parental duties supports an interpretation that partial clutch cannibalism 
maintains males in adequate condition to successfully raise the carrent clutch. 

Reduced clutch survivorship later in the monthly reproductive cycle observed in this 
study has also been reported in Ophioblennius atlanticus (C6te & Hunte, 1989) and 
Microspathodon chrysurus (Petersen, 1990). In both of these previous studies, increased 
egg mortality later in the lunar reproductive cycles was manifested as higher rates of 
disappearance for entire clutches, while in S. dorsopunicans the reduced egg survivorship 
is due to increases in partial clutch mortality. A decrease in egg survivorship later in the 
monthly reproductive peak will select for females to spawn earlier in the cycle, and 
should select for a briefer monthly reproductive peak. 

Although this study has demonstrated a selective advantage for females spawning 
synchronously, the cues that females use to synchronize reproductive activity are not 
known in this species. Damselfish in general, and S. dorsopunicans specifically, are 
known to take extraterritorial trips throughout the day (Clarke, 1970; Keenleyside, 
1972; Thresher, 1980; Bartels, 1984; Gronell, 1989). These forays away from the 
territory, often with several conspecifics, have been suggested by Keenleyside (1972) as 
being important to females in assessing the readiness of other individuals to reproduce. 
Whatever cues females are using, they result in an increase in the number of new eggs 
in the nest of a male, and an increase in the survivorship of those eggs. 
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