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Abstract Descriptions of temporal patterns in the reproduction of damselfishes
(family Pomacentridae) and adaptive hypotheses for these patterns are derived mostly
from studies of coral reef species. It is unclear whether the types of temporal patterns
and the explanatory power of the adaptive hypotheses are applicable to damselfishes
of temperate rocky reefs. This study tested hypotheses about the existence of lunar
spawning cycles, the diel timing of hatching, and the synchronization of temporal
patterns in hatching and tides in the schooling planktivorous damselfish Chromis
hypsilepis on a rocky reef in New South Wales, Australia. Reproductive behaviour
was observed daily for 223 d between August 2004 and March 2005. C. hypsilepis
formed large spawning aggregations of 3,575-33,075 individuals. Spawning occurred
at a uniform rate throughout the day on a semi-lunar cycle. The greatest number of
spawnings occurred 1 d after the new moon and 1 d before the full moon. The cost to
males from brood care was an 85% reduction in their feeding rate. The semi-lunar
spawning cycle may be an outcome of the use of the lunar cue to synchronize the
aggregation for spawning of widely dispersed individuals and the need for males to
recuperate after brooding. Eggs hatched 3-7 hr after sunset following a 4.5 d
incubation period. This study provides no support for hypotheses that link temporal
patterns in hatching with particular tidal regimes believed to facilitate early survival
of larvae and their dispersal. The result that hatching occurred over the tidal cycle was
due to the rapid off-reef dispersal of larvae from the spawning ground at all stages of
the tide. C. hypsilepis is similar to other planktivorous damselfishes in its semi-lunar
spawning cycle, cost of brood care, and protracted diel spawning regime. It differs in
its lengthy period of hatching and its breeding in spawning aggregations, believed to
be rare among demersally spawning fishes.
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Introduction

Reproduction by damselfishes (family Pomacentridae) involves demersal spawning in
a prepared nest site, a period of broodcare by the male parent, and a pelagic larval
phase (Thresher 1984; Asoh and Yoshikawa 2002). Descriptions of temporal patterns
in damselfish reproduction have mostly focused on three aspects: lunar cycles of
spawning within the reproductive season; diel patterns in spawning; and the timing of
hatching (Keenleyside 1972; Pressley 1980; Doherty 1983; Thresher 1984; Foster
1987; Gladstone and Westoby 1988; Kohda 1988; Robertson et al. 1990; Alcaly and
Sikkel 1994; Goulet 1995; Sikkel 1995; Tzioumis and Kingsford 1995; Mizushima et
al. 2000; Asoh and Yoshikawa 2002; Asoh 2003). Spawning by most damselfishes
occurs on a lunar or semi-lunar cycle (Gladstone and Westoby 1988; Asoh 2003).
Adaptive explanations for these cycles invoke benefits to: (1) the hatching propagules
(such as facilitated off-reef dispersal from synchronization with spring tides, predator
swamping, and reduced intraspecific competition for food); (2) the spawning adults
(such as migration to the spawning site and crepuscular spawning itself being
facilitated by moonlight); or (3) the brooding males (such as cooperative defense
against predators and the opportunity to recover from the energetic costs associated

with territory defense and broodcare) (Robertson et al. 1990; Robertson 1991).

The larvae of damselfish hatch 1-2 hr after sunset following a 3-5 d
incubation period (Doherty 1983; Thresher 1984; Gladstone and Westoby 1988).
Various authors have suggested that reproductive success will be increased if larvae
hatch on a falling tide, especially the spring tide, and are rapidly removed from reef-
based predators and/or more widely dispersed (Johannes 1978; Lobel 1978; Ross
1978; Barlow 1981; Doherty 1983; Robertson 1983; Gladstone and Westoby 1988).
The potential benefits to larvae from hatching on a falling tide has been one of the
most widely invoked explanations for the temporal patterns in hatching, despite the
fact that not all damselfish larvae hatch on a falling tide and that the predicted benefits

have not been demonstrated (Shapiro et al. 1988; Robertson et al. 1990).

An understanding of the patterns of temporal variation in damselfish
reproduction and the associated adaptive hypotheses has been developed largely from

studies of coral reef species. Reviews of the reproduction of damselfishes indicate that
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the temporal patterns of reproduction are known only for a limited number of
temperate reef damselfishes. Gladstone and Westoby (1988) summarized data on 26
species of tropical damselfishes. Robertson et al. (1990) studied 15 species of tropical
damselfishes. Tzioumis and Kingsford (1995) reviewed information on the
reproductive behaviour of four species of temperate damselfishes and 31 species of
tropical or sub-tropical species. Asoh (2002) summarized the spawning parameters of
30 species of tropical and sub-tropical damselfishes. Since the review of Tzioumis and
Kingsford (1995) information on the spawning of only one further temperate reef
species has been published (Picciulin et al. 2004). Factors that potentially influence
reproductive strategies of fishes, including biology (e.g. body size, diel behaviour
patterns, prevalence of predators) and environment (e.g. productivity, seasonality,
shelter availability), differ between tropical and temperate regions (Ebeling and Hixon
1991). The generality of the explanatory models for damselfish reproduction is

therefore potentially limited by this focus on tropical species.

Chromis hypsilepis (Ginther, 1876) is a planktivorous damselfish that feeds in
large schools over rocky reefs in south-east Australia, Lord Howe Island, Norfolk
Island, and northern New Zealand. It attains a maximum length of 150 mm (Kuiter
2000). C. hypsilepis is especially abundant on the rocky reefs of central-southern New
South Wales (personal observations). Although reported to spawn with no predictable
frequency (Tzioumis and Kingsford 1995) there are no detailed studies of its
reproduction. Evidence from other planktivorous damselfishes (Gladstone and
Westoby 1988; Robertson et al. 1990; Tzioumis and Kingsford 1995; Asoh and
Yoshikawa 2002) suggests that C. hypsilepis is likely to be a colonial spawner on a
lunar or semi-lunar cycle with males brooding demersal eggs that hatch just after
sunset. Accordingly, this study tested the following hypotheses: (1) C. hypsilepis
spawns on a lunar cycle; (2) the eggs of C. hypsilepis hatch within 2 hr of sunset; and
(3) temporal patterns in hatching coincide with the falling tide.

Materials and methods

Study area
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This study was carried out at Terrigal reef, New South Wales, Australia (33°27'00"S,
151°26'00"E) (Fig. 1). Terrigal reef fringes a coastal headland for a distance of 2.2 km
and consists of 4 habitats: a shallow algal-dominated fringe at 3-5 m; barren boulder
reef slope with abundant sea urchins (Centrostephanus rodgersii) from 5-18 m; deep
reef from 18-22 m (where the reef edge met sandy bottom) dominated by encrusting
life forms (e.g. sponges, ascidians, corals); and stands of kelp (Ecklonia radiata)
interspersed between barren boulder and deep reef habitats at 10-15 m depth. This
mix of habitats is typical of the coast of New South Wales (Underwood et al. 1991).
Preliminary observations indicated that Chromis hypsilepis at Terrigal reef spawned
only in the barren boulder habitat in a small section of the reef at its western extremity
at 7-10 m depth (hereafter called the spawning ground). The tidal regime at Terrigal
reef is semi-diurnal tidal with approximately 2 high tides and 2 low tides occurring

over a 24 hr period.

Field observations of spawning

Daily surveys were undertaken (weather permitting) between 1 August 2004 and 11
March 2005. No prior information was available on the spawning seasonality of C.
hypsilepis although preliminary surveys by the author had established that spawning
did not occur during the period March-September 2003. Therefore the study period
was selected to determine the specific duration of the spawning season. A 50 m fixed
transect (identified by regularly spaced, small sub-surface floats) was established in
the middle of the spawning ground at the beginning of the study. On each daily census
of the fixed transect the following variables were recorded: (1) number of adult C.
hypsilepis occurring in a 1 m band to one side of the transect and within 1 m of the
substratum and engaged in reproductive activities (defending territories, inspecting
territories, courtship, egg care); (2) number of spawnings. Daily censuses were done
over a 30 min interval between 0800 and 1000 h. The number of spawnings that
occurred on days when observations were not possible because of poor weather was
estimated by back-calculating from the number of egg clutches recorded, the last date
these egg clutches were observed, and a 4.5 d incubation period (see Results). This
was only necessary for days 49-55 (Fig. 2a).



138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

The days on which spawnings occurred were converted to a day in a 29 d lunar
cycle where the new moon occurred on day 1 and the full moon occurred on day 15.
The total number of spawnings that occurred on each day of the lunar cycle was
calculated and converted to a percentage of total spawnings. Rayleigh’s test (Zar
1999) was used to test whether spawning frequency was uniformly distributed
throughout the lunar cycle. The existence of distinct cycles of spawning was
examined by autocorrelation analysis. The data set of the number of spawnings
observed daily over 136 d (from the start of spawning on 1 October 2004 to the last
day on which spawning was observed, 12 February 2005) was made stationary by

first-order differencing prior to analysis (Chatfield 1996).

Diel variation in the frequency of spawning was quantified from the number of
spawnings observed in the fixed transect over a 30 min period on a single day at 0600
h, 0830 h, 1130 h and 1500 h in each of 3 consecutive spawning cycles. Observations
were done in 2005 on 10 January, 22 January and 9 February. Sunrise occurred at
approximately 0500 h during this period. The number of spawnings was standardized
to the number of spawnings 1000 adult™ C. hypsilepis present in the fixed transect so
that variations in the size of the spawning aggregation between cycles did not obscure

diel differences in spawning frequency.

Cost of brooding

Feeding rate was quantified in January 2004 as a measure of the potential costs
associated with brood care by males and as a possible explanatory factor for the
observed spawning periodicity (Robertson et al. 1990). The feeding rate of C.
hypsilepis was quantified as the number of bites min™. The feeding rate of C.
hypsilepis that were not engaged in egg care was determined while scuba diving with
a school as they fed in the water column (at 2-5 m depth) and separately observed 10
individuals for a period of 5 mins each. The number of bites observed during that time
was recorded. As C. hypsilepis are planktivorous it was not possible to observe
individual prey items being consumed. It was therefore assumed that a biting action in
the water column indicated a successful feeding event. It was also not possible to
determine the sex of individuals as they fed in the water column. It was therefore

assumed that the feeding rate did not differ between males and females outside the
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reproductive periods. The feeding rate of males that were engaged in egg care (four
days after spawning) was quantified by separately observing 10 individuals for 5 mins
each while scuba diving and recording the number of bites in the water column. The
null hypothesis of no difference in the feeding rates of individuals not engaged in egg

care and males engaged in egg care was tested by a t-test.

Length of incubation and diel timing of hatching

The length of the incubation period was determined by monitoring all egg clutches in
the transect from the day they were laid until the day after they hatched during a
spawning cycle in October 2004 and January 2005. The position of individual egg
clutches was noted in relation to their distance along the fixed transect and prominent
substrate features, to allow daily monitoring of their development. Diel timing of
hatching was determined by collecting a sample of eggs from each of 6 clutches on
the day they were due to hatch and placing each in separate 500 mL plastic jars
immersed within aerated 75 L aquaria in the laboratory. Eggs were observed hourly
from 1600 h (3 hr before sunset) and larvae present at each hourly census were

siphoned from the plastic jars until hatching was completed.

The daily records of spawning frequency were lagged by 4.5 d (the incubation
period) to produce a daily record of hatching frequency. This method was used as an
indicator of temporal variation in hatching in preference to daily measurements of the
size of egg clutches because the latter would have accidentally disturbed or damaged
nearby nests because of the high density of brooding males in the spawning
aggregation site. The experiment on diel hatching times provided information on the
starting time and duration of hatching (3 hr after sunset and 4 hr respectively, see
Results). The state of the tide during hatching was determined from the times of high
and low tides in tables of the predicted tides for Sydney Harbour
(http://www.waterways.nsw.gov.au/), with no lag observed between the 2 locations.
The hypothesis that hatching occurred on a falling tide was tested by overlaying the
daily record of hatching frequency with the record of days on which high tide
occurred during the hatching period. A coincidence of the 2 sets of records would
indicate that hatching only occurred on days when high tide occurred 3—7 hr after

sunset. A more detailed test of an association between hatching and tide was done by
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determining the stages of the tide that occurred over the course of hatching of each
clutch. The observed frequency distribution of hatching times (in units of hours before
and after high tide) was compared to an expected distribution of hatching times (of the
same total number of hatchings) that would occur if hatching was restricted to the
falling tide. The expected distribution of hatching times was assumed to be a left-
skewed distribution with the largest frequencies of hatching occurring midway
between high and low tides and no hatchings occurring on the rising tide. The
observed and expected distributions were compared by the Kolmogorov-Smirnov test
(Sokal and Rohlf 1995). The hypothesis that the numbers of clutches that hatched
peaked on days of spring tide was tested by cross correlation analysis. At significant
correlation at a lag of zero days would support the hypothesis. The number of clutches
that hatched daily was equal to the number of observed spawnings lagged by the
incubation period (4.5 d). The daily maximum in tidal height was obtained from the

predicted tides for Sydney Harbour.

Results

General observations

Male Chromis hypsilepis established territories at the spawning ground from 6
September 2004 and the numbers of fish increased daily thereafter (Fig. 2a). Females
traveled to the spawning ground in lines of about 100 individuals and upon entering
the spawning ground began examining males’ territories. Spawning occurred on a
rock surface within the male’s territory. Although not quantified, females spawned
with more than 1 male on a single day and males spawned with more than 1 female on
a single day. Egg clutches were 15-30 cm diameter. Females left the spawning ground
after spawning and males remained in their territory defending egg clutches until
hatching. Males left the spawning ground after their eggs hatched. The only exception
to this occurred in October 2004 during the first spawning cycle of the season when
males remained on the spawning ground to feed and defend their territories until the

next spawning cycle began.

There was considerable variation in the size of the spawning aggregation over

the spawning season (Fig. 2a). The maximum density of males and females that
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aggregated in a spawning cycle varied from 143 to 1,323 fish 50 m™ (n=9 cycles).
Scaling upwards to the total area of the spawning ground suggests that the total

number of adult C. hypsilepis that aggregated varied between 3,575 and 33,075.

Spawning cyclicity

Nine spawning cycles were observed in the 2004/05 spawning season (Fig. 2b).
Spawning began on 1 October 2004 (water temperature 18°C). The last eggs hatched
from the final spawning cycle on 16 February 2005 (water temperature 21.5°C).
Therefore the spawning season lasted from 1 October 2004-16 February 2005, a total
of 139 d. The duration of spawning cycles (i.e. number of days between first
spawning and completion of egg hatching) was 6-13 d (mean+SE=9.0+0.8 d).
Spawning continued for 2-9 d (5.0+0.8 d) within a spawning cycle. The interval
between successive spawning cycles was 5-12 d (8.2+1.0 d). A total of 875 spawnings
were observed in the fixed transect in 2004/05. The daily spawning frequency (i.e. the
number of spawnings observed during the daily survey) was significantly correlated
with the total number of C. hypsilepis in the fixed transect (Rs=0.58, P<0.001, n=39,

significance determined by randomization because of lack of independence).

Plots of the daily sizes of spawning aggregations (Fig. 2a) and the daily
spawning frequency (Fig. 2b) suggest that peaks in both occurred around the times of
the new and full moons. Spawning frequency peaked within 1-3 d of the new and full
moons, except for the first two spawning events when spawning peaked 5 d after the
new moon and 4 d after the full moon respectively. The semi-lunar spawning cycle
was confirmed when all spawnings were standardized to a day of the lunar month
(Fig. 3). Rayleigh’s Z-statistic found that spawnings were not uniformly distributed
throughout the lunar cycle (Z = 75.98, P < 0.001). Autocorrelation analysis revealed
significant correlations at lags of 2 d and 12 d (Fig. 4). The significant 12 d
autocorrelation supports the separation of peak spawning frequencies in Fig. 3. The
significant 2 d autocorrelation indicates a short-term correlation in the numbers of C.

hypsilepis spawning.

Diel variation in spawning
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Comparison of mean spawning frequency throughout the day by analysis of variance
showed that, although spawning frequency gradually declined throughout the day, this
diel variation was not significant (Fig. 5). Therefore the frequency of spawnings
recorded in the daily censuses between 0800 and 1000 h was likely to be a reliable

indicator of the maximum daily spawning frequency.

Cost of brooding

In non-reproductive periods C. hypsilepis fed from 2—-3 m above the substratum to 0.5
m below the surface. Feeding bouts (when biting occurred almost continuously) lasted
1-3 min with a bite rate of 36.1+1.45 bites min™ (mean+SE, n=10) (range: 25-42).
Male C. hypsilepis guarding clutches of eggs fed in bouts during which they swam
upwards to about 1 m above their clutch, bit at plankton for no longer than 2-3 sec,
then returned to their clutch. The average bite rate of males tending a clutch was
5.4+1.45 bites min™ (range: 1-13). The two feeding rates were significantly different
(t=14.99, P<0.001).

Hatching

Daily monitoring of individually identified egg clutches produced from recorded
spawnings showed that egg clutches were absent on the fifth morning after spawning
had been observed. This indicates an incubation period of 4.5 d. This did not appear to
change throughout the spawning season, despite the change in water temperature from
18°C to 21.5°C. Eggs progressed in appearance from a light pink coloured mat on the
same day of spawning to dark grey on the day of hatching with the eyes of embryos
clearly visible as silver spots. Frequently the edge of egg clutches began to peel away
from the rock on the day of hatching. In the aquarium experiment it was found that
eggs began hatching at 2200 h (3 hr after sunset) and no further larvae hatched after
0200 h (7 hr after sunset). On the night of the experiment high tide occurred at 2230 h
and therefore most larvae hatched that night on a falling tide. However, this pattern
was not repeated for all hatchings over the spawning season. A visual comparison of

the daily record of hatching frequency and the record of days when high tide occurred

10
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3 — 7 hr after sunset (Fig. 6) shows that most hatchings occurred close to or coincided
with high tide only in cycles 3, 4, 6, 7 and 8. This pattern is confirmed upon
examination of the state of the tide that occurred during the course of hatching of each
clutch (Fig. 7). Clutches hatched at all stages of the tidal cycle, with the greatest
frequency of hatchings occurring 1 hr before and 1 hr after high tide. The observed
and expected frequency distributions of hatchings over the tidal cycle were
significantly different (D=165.08, P<0.001).

Peaks in the number of clutches hatching coincided with spring tides for 2
spawning cycles (cycles 3 and 8) and coincided with, or were near to, ebb tides for 6
spawning cycles (cycles 1, 2, 5, 6, 7 and 9) (Fig. 6). The cross-correlation factor for a
lag of zero days (0.14) was not significant (Fig. 8), which indicated that the number of

clutches that hatched on a day was not correlated with the daily maximal tidal height.

Discussion

Chromis hypsilepis spawned on a semi-lunar cycle, with the greatest number of
spawnings occurring 1 d after the new moon and 1 d before the full moon. This result
contrasts with the observation of Tzioumis and Kingsford (1995) that C. hypsilepis at
other locations spawned with no predictable cycling frequency. Spawning periodicity
has been reported for many species of damselfishes with lunar, semi-lunar or periodic
cycling more common than acyclic spawning (Thresher 1984; Ochi 1986; Gladstone
and Westoby 1988; Robertson et al. 1990; Robertson 1991; Tzioumis and Kingsford
1995; Mizushima et al. 2000; Asoh and Yoshikawa 2002; Mcllwain 2002; Asoh
2003; Picciulin et al. 2004). Ecological hypotheses proposed to explain spawning
periodicity invoke benefits to either the larval offspring (via enhanced off-reef
dispersal, predator saturation, tracking of larval food, reduced competition, or
synchronization with ideal settlement periods) or the adults (via moonlight facilitating
migration and/or spawning, saturation of egg predators, enhanced predator defence, or
reductions in the overall cost of paternal care to males) (Allen 1972; Keenleyside
1972; Johannes 1978; Colin et al. 1987; Gladstone and Westoby 1988; Foster 1989;
Robertson et al. 1990; Gladstone 1994; Petersen and Warner 2002).

11
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In attempting to provide an ecological explanation for the semi-lunar
spawning cycle of C. hypsilepis it is possible to eliminate hypotheses relating to the
use of moonlight for migration, pre-dawn spawning, and facilitated egg care.
Migration to the spawning ground and egg care occurred in both the low light (i.e.
near new moon) and high light (i.e. near full moon) phases of the lunar cycle. This is
evident in Fig. 4 when the spawning data is lagged by the incubation period of 4.5 d.
Spawning also occurred during daylight hours. In addition, hypotheses relating to
saturation of predators of larvae, eggs, and brooding males are also unlikely
explanations for the periodicity of spawning by C. hypsilepis. The variable amounts of
time that spawning occurred for in each spawning cycle (range of 2-9 d) meant that
hatching, and numbers of brooding males present at the spawning site, were not
highly synchronous. A high degree of synchronicity is required for these hypotheses
to be true (Robertson et al. 1990).

| suggest that the semi-lunar cycling of reproduction in C. hypsilepis is a
response to two factors: (1) the costs of reproduction; and (2) the need for a cue to
synchronize the gathering of widely dispersed individuals for spawning. Male C.
hypsilepis incurred a cost associated with their egg care, measured as a reduction in
feeding rate of 85%. This is comparable to, although higher than, the costs recorded
for other planktivorous, egg-brooding damselfishes (Robertson et al. 1990). Female C.
hypsilepis also incur a cost from reproducing via their production of eggs and travel to
the spawning aggregation site. Cycling would therefore provide an opportunity for
both male and female C. hypsilepis to recover from their reproductive efforts.
However, the need for brooding males to recuperate after each spawning cycle cannot
be the sole explanation for the observed semi-lunar periodicity. A simple periodic
cycle unrelated to the lunar cycle could provide that recovery (e.g. Chromis dispilus in
Tzioumis and Kingsford 1995). C. hypsilepis is a schooling planktivore. Feeding
schools were observed at different locations around the reef’s perimeter (a total length
of 2.2 km) and it is likely that some individuals migrated over this total distance to
reach the spawning ground. Schools of C. hypsilepis occasionally fed over the
spawning ground (personal observations), although the schools were never of the
same size as the aggregations observed in the spawning ground. It is therefore
unlikely that aggregations (of the size observed in this study) formed as a result of

social cues provided by a small number of males that established mating territories

12
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(Robertson 1991). | suggest that the semi-lunar spawning cyclicity reflects the use of
lunar cues by C. hypsilepis to facilitate the aggregation of widely dispersed

individuals, and also allows males to recuperate between spawning cycles.

Contrary to the proposed hypothesis, the eggs of C. hypsilepis did not hatch
only during a falling tide. Hatching occurred on all stages of the tidal cycle and peaks
in hatching did not coincide with the spring tide. The existence of a link between
hatching and the tidal cycle has been tested frequently in studies of reef fish
reproductive ecology (Johannes 1978; Ross 1978; Thresher 1984; Gladstone and
Westoby 1988; Robertson et al. 1990; Robertson 1991; Gladstone 1994; Tzioumis and
Kingsford 1995; Sancho et al. 2000; Mcllwain 2002). The basis of this hypothesis is
the assumption that larvae that hatched on a falling tide would be carried rapidly away
from reef-based predators and would suffer less mortality. Although this adaptive
explanation is appealing, the association between hatching and falling tides has been
confirmed for some species of damselfishes (Ross 1978; Kingsford 1985; Robertson
et al. 1990; Mizushima et al. 2000; Mcllwain 2002) but not others (Ochi 1986;
Robertson et al. 1990; Tzioumis and Kingsford 1995).

The most likely explanation for the temporal patterns in hatching of C.
hypsilepis eggs is that tidal phase was irrelevant to the likelihood of larval dispersal
and survival. A parallel study (Gladstone unpublished data) found that dispersal was
much more rapid from the spawning site, compared to non-spawning sites, regardless
of the tidal phase. Therefore, properties of the spawning site used by C. hypsilepis (i.e.
rapid off-reef dispersal regardless of tidal phase) explain the absence of a close

association between hatching frequency and tidal phase.

C. hypsilepis spawned throughout the day and there was little change in
spawning frequency. This observation is consistent with the results of other studies
that have found that planktivorous damselfishes that engage in colonial nesting spawn
throughout the day (Thresher 1984; Gladstone and Westoby 1988; Robertson et al.
1990; Asoh and Yoshikawa 2002; Asoh 2003). Permanently territorial damselfishes
spawn over a narrow time frame around dawn (Doherty 1983; Thresher 1984;
Gladstone and Westoby 1988; Robertson et al. 1990) but see (Sikkel 1995). Thresher

(1984) argued that spawning time may be optimized so that larvae hatch at the

13
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optimal time for dispersal, and most damselfishes, except C. hypsilepis, hatch over a
very short time period just after sunset (Doherty 1983; Thresher 1984; Foster 1987,
Gladstone and Westoby 1988; Robertson et al. 1990; Alcaly and Sikkel 1994; Asoh
and Yoshikawa 2002). The adaptive basis for the extended diel spawning period of
colonially nesting damselfishes has not been investigated in detail (Petersen and
Warner 2002).

The extended diel spawning period of C. hypsilepis is likely to be a result of
factors relating to the timing of hatching and social behaviour. Hatching of C.
hypsilepis eggs was not confined to a particular tidal phase and, therefore, the timing
of spawning was not critical. The extended period of diel spawning is reflected in the
extended period of nocturnal hatching and the lack of tidal controls to hatching. A
social factor that is likely to contribute to the existence of an extended diel spawning
period is the protracted period of female arrivals at the spawning site. Females
continued to arrive at the spawning site throughout the day (personal observations).
The protracted period of arrival is probably due to the distance over which females
had to migrate to reach the spawning site and intrinsic physiological differences
between individual females in their response to the lunar cue for spawning. It is likely
that the cost to males from defending additional eggs in their nest (arising from
continued spawnings) is not excessive. Therefore, males are able to accept additional
spawnings throughout the day. If true, there is no impediment to spawning continuing

throughout the day.

The large aggregation of C. hypsilepis that formed on a semi-lunar cycle to
spawn and brood eggs can be defined as a ‘spawning aggregation’ (Domeier and
Colin 1997; Claydon 2004). The features of C. hypsilepis’ reproduction that allow it
to be categorized as a spawning aggregation include migration away from the normal
feeding grounds to form temporary aggregations for spawning; use of the same
location by the aggregation over successive spawning cycles within a spawning
season and over successive spawning seasons; and temporal predictability. Although
not documented here, the spawning aggregation was observed by the author in the
same location in 2003/2004 and 2005/2006 and local divers have known about its
existence for 25 years (L Graham personal communication). There was considerable

variation in the size of spawning aggregations throughout the spawning season (Fig
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3a). Kingsford (1980) attributed variations in the size of spawning groups of Chromis
dispilus to variations in local weather conditions. This is unlikely to be the sole reason
for C. hypsilepis because large variations in the size of the spawning aggregation
occurred over similar weather conditions (e.g. the last 3 cycles in Fig 2a). C. hypsileps
is unusual amongst species forming spawning aggregations because of its small size
and demersal spawning habit. Only one other species with a demersal spawning habit
(Pseudobalistes flavimarginatus, Balistidae) has been documented to spawn in
aggregations (Gladstone 1994) and pelagic spawning has been hypothesized as a
prerequisite to the formation of spawning aggregations. Pomacentrids that nest
colonially are not recognized as aggregative spawners because of the absence of a
migration from the normal feeding grounds to a distinct spawning site (Claydon
2004). The spawning aggregation of C. hypsilepis is likely to be a useful model for
testing general hypotheses about the processes and factors underlying the formation of

spawning aggregations that may be more difficult to test in other, larger species.

Conclusion

The temporal patterns of reproduction in C. hypsilepis support predictions that
schooling, planktivorous damselfishes will spawn colonially on a lunar or semi-lunar
cycle over a protracted period of the day. The use of a lunar cue by C. hypsilepis to
synchronize the gathering of widely dispersed individuals and to allow males to
recuperate from their brooding duties lends further support to the usefulness of adult-
biology hypotheses (Robertson et al. 1990) to explain temporal patterns in
reproduction. The lack of an association between temporal variation in hatching and
the tidal cycle suggests that local factors (in this case the water movements from the

spawning ground) can explain the observed temporal patterns in hatching.
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FIGURE CAPTIONS
Fig. 1 Chromis hypsilepis. Location of study site.

Fig.2 Chromis hypsilepis. Diel variation in spawning frequency (number of spawnings
1000 adult™ Chromis hypsilepis). Values shown are mean number of spawnings + SE
(n = 3 cycles). The difference between time intervals is not significant (one-way
analysis of variance F3 g = 0.46, P = 0.71, untransformed data, Cochran’s C = 0.62 P
> 0.05).

Fig. 3 Chromis hypsilepis. Temporal variation in (a) size of spawning aggregations
(no. fish 50 m®) and (b) frequency of spawnings (recorded as no. spawnings observed
50 m™ during the daily surveys). Daily results are shown for 1 September 2004 (day
1) to 24 February 2005 (day 179). Daily surveys actually began on 1 August 2004 and
concluded on 11 March 2005 but no reproductive behaviours were observed before 1
September 2004 or after 24 February 2005.

Fig. 4 Chromis hypsilepis. Number of spawnings observed on each day of the lunar
month as a % of total spawnings (day 1 is the new moon). ® = new moon. O = full
moon.

Fig. 5 Chromis hypsilepis. Correlogram of autocorrelation coefficients for daily
spawning frequency. Correlation coefficients exceeding the 95% confidence limits
(dashed line) are significant (Chatfield 1996).

Fig. 6 Chromis hypsilepis. The number of egg masses that hatched throughout the
2004/2005 spawning season in relation to the maximum daily tidal height. Peaks in
tidal height represent spring tides and troughs represent ebb tides. Daily results are
shown for 1 September 2004 (day 1) to 24 February 2005 (day 179). The number of
egg masses that hatched on each day was the number of spawnings lagged by the
incubation period of 5 d. Boxes enclose days on which high tide occurred 3-7 hr after
sunset (i.e. times of hatching).

Fig. 7 Chromis hypsilepis. The tidal stages that occurred over the course of each egg
clutch’s hatching (observed values). Stages of the tidal cycle are represented in units
of 1 hr before (negative values) and 1 hr after (positive values) high tide. It has been
assumed that the 875 clutches hatched over 875 x 4 hour-long intervals. The expected
distribution of tidal stages was simulated by distributing the same number of hour-
long hatching intervals over the high-low tide cycle with maximal hatching occurring
midway through the falling tide.

Fig. 8 Chromis hypsilepis. Cross-correlation factors (CCF) between number of egg

masses that hatched on a day and the maximum daily tidal height for lags of 0 to 7
days. The dashed lines are the 95% confidence limits.
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