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Abstract

Coral reef fishes aggregate to spawn on certain locations of reefs. This thesis is an
extensive investigation of the behavioral and ecological relations between spawning reef
fishes, predators and their environment at a spawning aggregation site.

Many hypotheses have been proposed regarding the adaptive nature of different diel
reproductive cycles observed in coral reef fishes. This study quantified the spawning
patterns of eleven different reef fish species at one location (Johnston Atoll, Central
Pacific), while making simultaneous measurements of the environmental factors likely to
affect the spawning behavior of reef fishes. The environmental variables measured
included time of day, tides, current velocity, current speed and abundance of piscivorous
predators, and were correlated with observed spawning outputs through multifactorial
analyses.

High interspecific variability in spawning patterns was found among the eleven
monitored species. The majority of species spawned at a specific time of the day, in
agreement with the timing of spawning described at other locations, indicative of a fixed
general response by fishes across distribution areas. Spawning of most fishes with
daytime spawning peaks was correlated with local changes in current direction and
predatory risks, showing responses designed to reduce the mortality of propagules and
adults. Dusk-spawning species generally did not respond to changes in flow direction and
predator abundance, most likely due to their short spawning periods and the reduced
predatory pressures that occurred at dusk. Tides did not seem to be used exclusively as
synchronizing cues to adult fishes for spawning. The influence of current speed in
determining diel timing of spawning varied among species, with some species showing
responses to current speed while others showed no response.

Predation is a selective force hypothesized to influence the spawning behavior of
coral reef fishes. This study describes and quantifies the predatory activities of two
piscivorous and three planktivorous species at a coral reef fish spawning aggregation site in
Johnston Atoll (Central Pacific). To characterize predator-prey relations, the spawning
behavior of prey species was quantified simultaneously with measurements of predatory
activity, current speed and substrate topography.

Diel activity patterns and predator-prey relations varied among the predatory species
analyzed. The activity patterns of piscivores, measured both as abundance and attack rates,
were high during the daytime, decreased during the late afternoon hours and reached a
minimum at dusk. The abundance of piscivores was significantly correlated with the
abundance of prey for only one (Caranx melampygus) of the two piscivorous species,
while the other species (Aphareus furca) did not respond to prey abundance. The selection
of certain prey species by piscivores was consistent with two different hypotheses: the



satiation of predators and the differences in spawning behaviors among prey species. Two
of the three planktivorous species fed most actively at dusk, and selected as prey those
species of reef fishes that produced eggs of large size. The third planktivorous species fed
at all times of the day.

Spawning prey fishes were more abundant over substrates with complex
topography where refuges from piscivores were abundant than over smooth substrates.
Overall attack rates by piscivores on adult spawning fishes were higher than by
planktivores feeding on recently released eggs. The diel spawning patterns displayed by
reef fishes at the study site seem to be influenced by the diel activity and prey selection
patterns of piscivores previously described. The highest diversity of prey species occurred
at dusk, when piscivores were least abundant and overall abundance of prey fishes was
lowest.

The behavioral strategies used by the piscivore Caranx melampygus (Carangidae)
while feeding on spawning aggregations of coral reef fishes were studied for two years at
Johnston Atoll (Central Pacific). Visual behavioral observations revealed the existence of
two different hunting behaviors employed by this predator. A 'midwater’ hunting
behavior, which consisted of midwater high speed attacks on spawning fishes, is typical of
large sized transient predators and yielded a low capture success rate (2 %). An 'ambush'
hunting behavior consisted of attacks on spawning fishes from hiding locations in the
substrate, and yielded a much higher capture success rate (17 %). While ambushing their
prey, C. melampygus displayed territorial aggressive behaviors toward other intruding
conspecifics, defending a specific section of the reef. This specialized ambushing behavior
is atypical of fast swimming carangids, but illustrates the behavioral flexibility of this
predator. I suggest that the use of these two hunting behaviors by C. melampygus can
potentially cause density-dependent mortality rates in prey communities, a demographic
consequence previously attributed to the simultaneous action of various guilds of predatory
species.

Two species of trunkfishes (Ostraciidae) were observed spawning above a coral
reef at Johnston Atoll (Central Pacific). This study analyzed the potential causes
determining the difference in spawning ascent height in Ostracion meleagris (3.3 m
average) and O. whitleyi (1.5 m average). One hypothesis proposes that the risk of
predation by piscivores influences how far each species can swim from the substrate, and
that predation risk is greater for O. whitleyi than O. meleagris. Trunkfishes have an
armoured exoskeleton and secrete an ichthyotoxic mucous under stress conditions, two
defenses against predation. Because the two species used the same spawning grounds and
spawned at approximately the same time, their size and toxicity levels were analyzed to
assess their susceptibility to predation. Toxins were extracted from wild fishes and tested
using a mosquitofish assay. Ostracion whitleyi was more toxic than O. meleagris, refuting
the predation-risk hypothesis. A second hypothesis proposes that long ascents are a way
for spawning pairs to avoid disturbances by other male conspecifics. Observations of the
spawning behaviours of the two species showed that male O. meleagris were frequently
involved in fighting episodes and showed high rates of male streaking (intruding non-
paired males attempting to fertilize eggs from spawning paired females), while none of
these behaviours were observed in O. whitleyi. The larger spawning height from the
substrate may be an attempt by pairs of O. meleagris to reduce the possibility of
interference by other male conspecifics. Thus, the height of spawning ascents corresponds
to the expectation from the male disturbance hypothesis, but not to the expectation of the
predatory risk hypothesis.
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The purpose of this section is to introduce the reader to my thesis, the scientific
questions it addresses and to review the previous work in the field. I will first state that the
choice of the study organisms for my thesis was not based on any scientific principle, but
was a result of my personal obsessive passion about fishes.

To a novice diver swimming over a coral reef, the first characteristic of the
inhabiting fishes is their incredible diversity, which is most obviously expressed by the
variety of colors, shapes and behaviors observed. But a behavior that few divers observe,
probably because of their excitement and desire to touch every single critter they come
across, is the process that distinguishes living organisms from non-living things:
reproduction. If a diver moves swiftly across a reef and knows where to look, suddenly he
or she will discover that the variety of colors, shapes and swimming behaviors of coral reef
fishes is matched by the number of mating rituals and spawning tactics they display
(Thresher 1984). This thesis is mainly based on observations of spawning events by reef
fishes. When talking with colleagues and friends, after commenting that I work on coral
reef fishes, the first question I inevitably get asked is "What fish species do you study?".
This is a tough question to answer in my case, since I have attempted to use a comparative
approach to study the mechanisms controlling spawning behavior of reef fishes, trying to
find general principles that might explain the diverse behavioral patterns observed. My
typical answer to the above question is "Any reef fish species that I could possibly observe
spawning or interacting with spawning fishes". This response usually causes a certain
degree of shock to the interrogator, I suppose because of the tendency of some modern
biological fields to specialize on studying with scrutinizing detail a single species, a single
strain or even a single gene. With slightly less enthusiasm, the second question I usually
receive is "And where do you study all these fishes?". I usually exhale with relief, since
there is a very straightforward answer, "Johnston Atoll". It is a small isolated coral reef

atoll located in the Central Pacific Ocean at 16° 45' N; 169° 30' W, 470 miles south from
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French Frigate Shoals, the closest reef of the Hawaiian Archipelago. Even though
Johnston Atoll has a low diversity of fish species with respect to Hawaiian and other Indo-
Pacific reefs (Randall et al. 1985, Kosaki et al. 1991), fishes are very abundant due to the
restrictive fishing regulations enforced in this U.S. Fish and Wildlife National Refuge. 1
still vividly remember the day in July of 1993, when diving along the NW reef edge of
Johnston Atoll I encountered a spawning aggregation of reef fishes (Domeier & Colin
1997) . That day I observed thousands of fishes swimming against a strong current and
rushing up to the surface to release clouds of eggs and sperm, large predators attacking
spawning fishes, small predators feeding on drifting gametes and lines of fishes migrating
in and out of the area. During that first dive at the spawning aggregation site my mind was
spinning with questions and ideas for projects. Those initial ideas were polished with time
and shared with colleagues, and with the help of approximately 400 more dives, became
the core of the work you are about to read. This thesis is a study of some ecological and
behavioral relations that occur among coral reef fishes when they aggregate to spawn.
Reproduction is a central feature in an animal's life history, since natural selection
operates only by differential reproductive success. Differential mortality can be a selective
force, but only to the degree that it creates differences between individuals in the number of
progeny they produce. Darwin came to these conclusions mainly by observing terrestrial
organisms and studying dead specimens of aquatic organisms. The study of natural
reproductive behaviors of marine fishes did not advance until the development of diving
technology which allowed scientists to routinely enter the marine environment. One of the
first published articles describing the spawning behaviors of coral reef fishes concerned
Indo-Pacific surgeonfishes (Randail 1961), one of the main groups of fishes I observed
spawning at Johnston Atoll. During the 1970's and 1980's many descriptive studies were
published regarding spawning behaviors of reef fishes, leading to the identification of some

general patterns of behavior among species (for reviews see Johannes 1978, Robertson
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1991). Multiple hypotheses where proposed to explain the observed patterns of spawning
timing and behavior (Johannes 1978, Barlow 1981, Doherty et al. 1985). These
hypotheses argued for different effects of light levels, tides, currents and predators on the
survivorship and dispersal of larvae, and on the biology of adult spawning fishes, but they
were never rigorously tested (Shapiro et al. 1988). I have attempted in the 1990's to test a
few of the hypotheses regarding the diel spawning patterns of reef fishes (Chapter 2), the
role of predator-prey interactions at spawning aggregation sites (Chapters 3 and 4) and the
mechanisms affecting rushing behaviors of spawning fishes (Chapter 5).

Many of the previous observations of spawning aggregations were opportunistic,
often lacking standardized sampling procedures (see Shapiro et al. 1988, Domeier & Colin
1997). Recent studies have evaluated hypotheses regarding annual and lunar timing
patterns of spawning (Robertson 1990, Robertson et al. 1990), but have not addressed diel
patterns of variability in spawning. In order to study the mechanisms influencing the diel
timing of spawning of reef fishes, I quantified the spawning patterns of eleven different
species while simultaneously measuring the environmental variables most likely to
influence fish spawning patterns (Chapter 2). For the first time abundance and spawning
of reef fishes were correlated in detail with tides, current direction, current speed, time of
day and abundance of predators. The use of current meters permitted the measurement of
current speed, a variable hypothesized to control spawning of fishes by affecting egg
dispersal and survival, but that had not been studied in detail at spawning aggregation sites.
Data were analyzed by multifactorial analysis techniques which helped to discern multiple
correlational patterns among the different environmental variables.

Predation is one of the most important selective forces structuring communities of
coral reef fishes, and by affecting the mortality rates of larvae, juveniles and adult fishes
(for review see Hixon 1991). However, few studies have quantified predation rates at

spawning aggregation sites, even though reef fishes can become more vulnerable to
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predation when spawning. Hypotheses proposing the importance of predation risks in
determining spawning patterns of reef fishes were formulated decades ago (Johannes
1978), but testing them was impossible due to the little existent information on the activity
patterns of predators at spawning locations (Robertson 1991). Predation events are rarely
observed in natural circumstances, but the high levels of predatory activities observed at
Johnston Atoll (by both piscivorous and plantkivorous fishes) allowed me to study specific
predator-prey interactions occurring spawning aggregation sites (Chapter 3). Two large
piscivorous species and three planktivorous species were monitored. Measurements of the
diel activity patterns of predators were done for the first time at a spawning site, so
hypotheses regarding the influence of predators on timing of spawning of reef fishes could
be addressed. The simultaneous monitoring of multiple species of predator and prey
permitted me to determine prey selection patterns of predators.

One of the piscivorous species studied, Caranx melampygus, was observed to
display multiple hunting behaviors while attacking spawning fishes (Chapter 4). While
generally being gregarious animals and attacking their prey from midwater positions,
during moments of high abundance of spawning fishes C. melampygus could modify their
behavior to increase prey capture rates. These behavioral changes involved becoming
aggressive toward other conspecifics, defending a portion of reef, and hiding underneath
coral heads while ambushing group-spawning fishes from this location. This species is
considered to be one of the most important predators of reef fishes in the Indo-Pacific,
since they are very abundant in shallow reefs and single individuals are estimated to
consume 48 kg of fish per year (Sudekum et al. 1991). The combination of different
feeding tactics by predators can cause density-dependent mortality in juvenile reef fishes
(Hixon & Carr 1997). Information on the hunting behaviors of C. melampygus is

important to understand its potential effects on community regulation of reef fishes.
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A characteristic of the spawning behavior in most reef fishes is the existence of a
spawning rush, during which reef fishes swim up into the water column to release their
gametes (Thresher 1984). The selective mechanisms causing the evolution of this common
spawning behavior have not been tested. Reef fishes are hypothesized to reduce egg
predation by reef-based predators by releasing eggs above the substrate. Data on prey
selection by predators indicate a strong preference of piscivores to attack their prey during
spawning rushes (Moyer 1987), and predation risks of adult fishes are expected to
influence the height of spawning (Robertson & Hoffman 1977). To investigate which
factors regulate the height of spawning ascent in reef fishes, I studied two similar species
of trunkfishes: Ostracion meleagris and Ostracion whitleyi, which were observed spawning
at two different heights. The relative susceptibility of the two trunkfish species to predation
was estimated by measuring and comparing their overall size and toxicity levels, two
characteristics hypothesized to influence their susceptibility to predation. Ostracion
whitleyi had never been observed spawning before, and its mating behavior was compared
to that of O. meleagris in order to determine if intraspecific social interactions could
influence the height of spawning ascents.

The existence of strict limitations on fishing at Johnston Atoll was crucial for my
observations of natural spawning and predatory events, because human fishing activities
can alter and decimate spawning aggregations, as has occurred in many other locations
(Sadovy 1994). More studies on the behavioral and ecological relations among fishes at
spawning aggregations will help us to understand the complex selective factors influencing
the reproduction of reef fishes and help elucidate the importance of spawning in
aggregations to populations of reef fishes. This topic is important because commercial and
recreational fishing practices quickly reduce the abundance of large predators, which can
have effects on the mechanisms regulating other reef fish communities. Marine reserves

are a effective way to reduce the general effects of fishing on reef fish populations (Roberts
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1997). Two of their most important functions are to protect large predators targeted by
fishermen, and to increase the reproductive output of reef fishes so larvae will colonize
reefs outside the reserves (Roberts 1997). Therefore, understanding the ecological and
behavioral processes taking place at spawning aggregation of reef fishes sites should be

crucial for the design of future marine reserves.
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CHAPTER 2

Environmental influences on the diel timing of spawning in

coral reef fishes
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ABSTRACT

Many hypotheses have been proposed regarding the adaptive nature of different diel
reproductive cycles observed in coral reef fishes. This study quantified the spawning
patterns of eleven different reef fish species at one location (Johnston Atoll, Central
Pacific), while making simultaneous measurements of the environmental factors likely to
affect the spawning behavior of reef fishes. The environmental variables measured
included time of day, tides, current velocity, current speed and abundance of piscivorous
predators, and were correlated with observed spawning outputs through multifactorial
analyses.

High interspecific variability in spawning patterns was found among the eleven
monitored species. The majority of species spawned at a specific time of the day, in
agreement with the timing of spawning described at other locations, indicative of a fixed
general response by fishes across distribution areas. Spawning of most fishes with
daytime spawning peaks was correlated with local changes in current direction and
predatory risks, showing responses designed to reduce the mortality of propagules and
adults. Dusk-spawning species generally did not respond to changes in flow direction and
predator abundance, most likely due to their short spawning periods and the reduced
predatory pressures that occurred at dusk. Tides did not seem to be used exclusively as
synchronizing cues to adult fishes for spawning. The influence of current speed in
determining diel timing of spawning varied among species, with some species showing

responses to current speed while others showed no response.
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INTRODUCTION

Since the first descriptive observations of coral reef fish spawning (Randall 1961),
many studies have described the behavior of pelagic spawning reef fish (for reviews see
Thresher 1984, Robertson 1991, Sadovy 1996). There is a great variability in spawning
behaviors among reef fish, and many different hypotheses have been formulated to explain
their reproductive patterns (Robertson et al. 1990, Robertson 1991). At the same time
there is a clear lack of experimental studies designed to test these hypotheses (Shapiro et al.
1988, Robertson 1991) . I attempted to address these hypotheses by performing a detailed
quantification of spawning activities of various reef fish species and correlating these data
with simultaneous measurements of environmental variables hypothesized to influence
reproduction in reef fishes. Iuse these correlations to distinguish among alternative
explanatory hypotheses and to provide information for the design of future experimental
studies aimed at testing specific hypotheses.

One of the most variable and least understood aspects of reef fish reproduction is
the diel pattern of spawning. Warner (1991, 1997) argued that phenotypic plasticity is
more likely to occur in species with widely dispersed larvae and good sensory capabilities,
such as coral reef fishes with pelagic spawning modes (Balon 1981). Focusing on these
reef fishes, most observations have been done at daytime and during crepuscular periods.
Coral reef fish seem follow two main rhythms for spawning: diel and tidal. The relative
importance of these two environmental cues (time of day and tides) varies among species,
and between different locations within a single species. Some species will spawn at a
specific time of the day (circadian rhythm), which can vary from early morning to after
sunset (Robertson & Hoffman 1977, Lobel 1978, Robertson & Warner 1978, Warner &
Robertson 1978, Kuwamura 1981, Robertson 1982, Thresher 1982, Clavijo 1983, Lobel
& Neudecker 1985, Thresher & Brothers 1985, Colin & Clavijo 1988, Myrberg et al.
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1989, Colin & Bell 1991, Shibuno et al. 1993). In locations where tidal flows exist,
certain species have been described on occasions to overlap a circatidal rhythm to their
circadian rhythm, spawning at a specific time of the day, but only when the water flow is
likely to sweep propagules away from the reef (Randall 1961, Robertson & Hoffman
1977, Johannes 1978, Lobel 1978, Thresher 1979, Kuwamura 1981, Tribble 1982,
Warner 1982, Robertson 1983, Ross 1983, Bell & Colin 1986, Moyer 1989, Colin & Bell
1991).

In addition to this interspecific variation, variation exists with single fish species
with groups of individuals following two different spawning rhythms in different locations
of the same reef system. On these occasions, a circatidal rhythm is followed by fish at the
reef edge, where tidal currents sweep their propagules away from the reef, and a circadian
rhythm is followed at locations where no currents off the reef are present (Robertson 1983,
Colin & Bell 1991). Also a single species has been described to follow, at the same
spawning location, a circatidal spawning rhythm during certain part of the year and a
circadian spawning rhythm during the rest of the spawning season (Tribble 1982). These
observations indicate that certain decision mechanisms utilized by reef fish to establish diel
spawning patterns are plastic and influenced by local environmental conditions (Warner
1997), possibly in a similar way as occurs in intertidal crabs (Morgan & Christy 1994,
Morgan 1996).

To achieve short-term behavioral control of spawning in relation to changing
environmental conditions, the endocrine system controlling ovule maturation (Scott 1979)
must be plastic enough to allow changes in a short period of time. The processes from the
activation of resting ovarian cells to the appearance of hydrated fertile eggs in the ovarian
lumen are poorly understood in tropical reef fishes, but can take place in 24 hours
(Hoffman & Grau 1989). Once eggs are hydrated, it is unclear how much time can they be

' retained in the ovary by a female before losing their competency. There are indications that
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female fish can release eggs for periods of 2 to 4 hours (Fischer & Hardison 1987,
Hoffman & Grau 1989), and egg release can be delayed when fish are exposed
experimentally to induced high predatory risks (Lobel & Neudecker 1985, Nemtzov 1994).
These data indicate the existence of a behavioral control by female fish on the release of
hydrated eggs, probably up to a period of a few hours. This implies that coral reef fish
have the potential to withhold their hydrated gametes if the spawning environment is
inappropriate, and to wait up to a few hours for the conditions to change.

The variety of spawning patterns observed and the ability of fish to control the
timing of spawning leads to the question of which are the selective forces determining
spawning patterns in different reef fishes. Many different hypotheses have been proposed
to explain the variety of diel and tidal spawning patterns observed, mostly based on
predator-prey interactions involving spawners and eggs (Robertson 1991). Johannes
(1978) developed the hypothesis that the avoidance of short-term predation on eggs over
reef structures determines the spawning behavior of reef fishes. He predicted spawning at
times of maximum current speeds in a direction away from the reef environment, since it
would minimize benthic predation of propagules, and the appearance of a circatidal
spawning rhythm in locations where currents are tidally controlled. Barlow (1981)
proposed that coral reef fish select times for spawning that result in maximum egg transport
away from their natal reef areas, hypothesizing that this behavior is adaptive because of
patchy adult habitats. He argued that coral reefs are undergoing continual change, so the
fish inhabiting them are selected to maximize the probability of their propagules colonizing
different reef systems to insure the survivorship of species. On a spawning location across
the reef edge with tidally driven circulation, the onset of outflowing currents should
produce the maximum dispersal of eggs away from the reef. Colin and Clavijo (1988)
proposed that tides are used as an arbitrary cue for adults to synchronize spawning, and

therefore reduce the overall time spent in reproductive activities. Therefore the timing of
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reproduction should be independent of the survivorship and dispersal of eggs and larvae.
Predation risks on the adult spawners and eggs have also been proposed as a way of
explaining diel spawning patterns of reef fishes (Robertson & Hoffman 1977, Johannes
1978, Lobel 1978, Thresher 1984, Robertson 1991), which should be a risk-minimizing
response to feeding cycles of predatory fishes.

In spite of the abundance of explanatory hypotheses concerning diel spawning
cycles of reef fishes, very few studies have been aimed at testing them (Shapiro et al.
1988). Of the above listing, only the dispersal hypothesis (Barlow 1981) has been tested
in the field (Appeldoorn et al. 1994, Hensley et al. 1994). These authors showed that a
comparison of estimated transport distances of eggs between spawning and non-spawning
times and locations revealed no evidence that Thalassoma bifasciatum spawning behavior
insures maximum transport of its propagules away from the natal reefs.

In order to evaluate the above hypotheses, there is a great need to measure current
regimes at spawning sites in detail (Shapiro et al. 1988), since water flow is a crucial
component of various hypotheses and it has rarely been measured in any detail at spawning
grounds. From the only studies to date measuring currents at spawning grounds, a
positive correlation between current speed and spawning has been described for 7.
bifasciatum over daily periods (Hunt von Herbing & Hunte 1991) and seasonal periods
(Appeldoorn et al. 1994). Colin (1995) stated that currents did not seem to influence
timing of spawning of Epinephelus striatus, even though he did not specify the sampling
period of his current speed measurements. There is also no information on predator diel
activity patterns at spawning sites, so predatory risk reduction hypotheses cannot be
effectively evaluated (Robertson 1991)

The objective of this paper is to compare observations of fish abundance and
spawning intensity with detailed measurements of various local environmental factors to

identify those factors correlated with spawning. Detailed measurements of current velocity
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and predator abundance concurrent with spawning counts allow the evaluation of some
untested hypotheses regarding diel spawning cycles. The purpose of observing multiple
species at the same spawning site is to assess the interspecific variability in spawning
patterns under the same set of environmental conditions.

Based on the previous hypotheses regarding the importance of water flow,
predation and use of tides by fish in establishing diel spawning times, the following
predictions can be made:

Use of tidal currents for maximum dispersal of larvae. Fish should spawn at the
onset of an outflowing current to maximize dispersal away from spawning grounds
(Barlow 1981). A short spawning period after this moment would insure long distance
transport for most of the propagules.

Use of currents to minimize benthic predation on eggs. Reduction of benthic egg
predation can potentially occur under different environmental conditions, leading to the
subsequent predictions: (1) fish should preferentially spawn in outflowing currents that
carry propagules away from benthic predators; (2) fish should spawn at times when
currents are fastest, to reduce the time that propagules spend exposed to benthic predators;
and (3) daytime spawning species are more likely to use currents to minimize egg predation
than dusk spawners. Dusk spawning species generally have a very short diel spawning
window (Thresher 1984), and their timing of egg release seems strongly influenced by
light intensity levels (Myrberg et al. 1989). They are expected to have less flexibility than
daytime spawners to delay spawning when water flow conditions are inappropriate.

Use of tides as a synchronization cue by adults. The use of tides as arbitrary cues
to synchronize the reproductive activities of conspecific fishes should lead to aggregation of
fishes at spawning sites shortly after the moment of high or low tide (Colin & Clavijo
1988). A selective advantage of synchronization is a reduction of time spent in spawning

activities, time that would could otherwise be invested in feeding (Colin & Clavijo 1988).
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The timing of these aggregations should occur independently of the existing currents at the
spawning site.

Predation of spawners. Fish should show reduced spawning intensity activities
during moments of high predatory activities by piscivorous species. This expectation is
based on the observation that at spawning grounds, predators primarily attack spawning
fishes during their spawning ascent (Moyer 1987, Chapter 3). Species of reef fishes with
specific anti-predatory adaptations are more likely to have lower risks of predation and to
spawn independently of the predatory activity of piscivores (Gladstone & Westoby 1988).
Large sizes, defensive spines and production of toxic substances are all examples of anti-

predatory adaptations used by coral reefs (Godin 1997, Smith 1977).

METHODS
Data collection

Reef fish spawning was monitored at two aggregation sites on Johnston Atoll
(Central Pacific). This small isolated atoll has a maximuin width of 20 km and a reef crest
only along its N-NW edge (Figure 1). One of the spawning sites (Mustin's Gap) was the
only significant channel that intersected the reef crest. It was approximately 28 m wide and
75 m long, with an average depth of 4.5 m. The substrate consisted of a mix of live tabular
coral formations (Acropora spp.), large dead coral boulders and fine coral rubble. The
second spawning site (Eastern Reef Edge) was located inside the NE edge of the reef crest.
Tt was a back reef location with an average depth ranging between 4 and 5 m. The substrate
consisted of dispersed live tabular coral formations and coral rubble. Other spawning
aggregations were also discovered at Johnston Atoll, but difficult and undependable diving
conditions did not permit their study.

Within each spawning site, a smaller representative sampling area was established

to measure fish abundance and spawning intensity. At Mustin's Gap the sampling area
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consisted of a 170 m2 rectangle over a mixed substrate of live tabular coral formations and
large dead coral boulders, located in the outer part of the reef channel. At the Eastern Reef
Edge the sampling area was a 40 m2 tabular coral formation surrounded by coral rubble
fields.

Observations while diving with SCUBA were always done by the same person (G.
Sancho) to reduce inter-observer sampling bias. The diver's recording position was kept
constant at both spawning grounds (always laying on the bottom and 5 m away from the
edge of the sampling area). No modification of spawning or predatory behaviors because
of diver presence were detected, and fish would on many occasions spawn a few
centimeters away from the observer. No fish were speared at the spawning sites during the
observation season. Sampling was done in 1994 and 1995 during the months of April and
May, the peak spawning season at Johnston Atoll (Appendix 1). During 1994, 82 dives
(105 hours) were done at Mustin's Gap from dawn though dusk, with the objective of
quantifying the diel periodicity of spawning (G. Sancho in prep.). In 1995, 92 dives (86
hours) were done at Mustin's Gap from April 2 to May 20, with early afternoon (1300
through 1630) and dusk (1900 though 2000) dives attempted on alternate days. High surf
across the reef crest sometimes made it impossible to dive at Mustin's Gap, causing some
breaks in the data series. During 1995 at the Eastern Reef Edge, nine dives (14 hours)
were done in the early afternoon (1300 through 1430), from May 15 to May 27.

Daytime observations were 30 minutes long, taken every hour. Dusk observations
started at 1900 and usually continued past the time of sunset, when spawning activities had
completely ceased. Behavioral data were annotated on underwater paper sheets attached
onto a clipboard. The total number of spawning rushes observed inside the sampling areas
was annotated every minute, along with the spawning behavior employed in each rush.
This procedure allowed the quantification of intense spawning bouts typical of group-

spawning species (Colin & Clavijo 1977, Colin & Clavijo 1978, Robertson 1983) . The
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total number of spawning fish present at the sampling was estimated at the beginning and
end of each 30 minute spawning count. Only fishes exhibiting spawning related behaviors
like courting, milling or bobbing were counted (Meyer 1977, Moyer & Yogo 1982).

All pelagic spawning species were recorded (37 species), but in this study I will
only use data from 11 of the most active spawning species: Parupeneus bifasciatus and
Parupeneus multifasciatus (Mullidae); Chaetodon unimaculatus (Chaetodontidae); Cheilinus
unifasciatus, Coris gaimard and Epibulus insidiator (Labridae); Chlorurus sordidus
(Scaridae); Acanthurus nigroris, Ctenochaetus strigosus and Zebrasoma flavescens
(Acanthuridae); and Ostracion meleagris (Ostracidae). Spawning occurred at various times
during the day, with some species mostly spawning in groups and others in pairs (Table
).

The presence or absence of piscivorous fish over the spawning grounds was
recorded every minute, plus any predation events on adult spawners or on recently
spawned eggs. The two main piscivorous species observed were Caranx melampygus
(Carangidae) and Aphareus furca (Lutjanidae).

Current velocities and tidal heights were measured at the spawning sites with S-4
current meters (S4 InterOcean, San Diego), mounted on PVC tripods at a height of 1.5 m
above the substrate. Their location was fixed inside both sampling areas. Current speed,
direction and hydrostatic pressure were recorded every 15 minutes (average of 240 burst

samples over a period of 2 minutes).

Data analyses

Raw spawning data collected every minute were transformed into number of
spawns per 15-minute interval. This time period was long enough to detect short
synchronized spawning bouts typical of some group-spawning species (Colin & Clavijo

1977, Colin & Clavijo 1978, Robertson 1983) , and allowed spawning data to be
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compared with the water flow measurements. For group-spawning species, the spawning
intensity (number of spawns per individual fish) was calculated by dividing the 15-minute
spawning measurements by the number of fish present at the sampling site. For the
analysis of lunar periodicity, all 15-minute samples from a single day were averaged.

The time of day when observations were made was standardized as the number of
minutes from sunset for each individual day (negative values express time before sunset,
positive ones indicate time after sunset has occurred). Measurements of piscivore presence
(presence/absence during one minute periods) were expressed as the percent of time
predators were present over the spawning sampling site per 15-minutes. Exact times for
high and low tides at Johnston Atoll were obtained with the help of Worldtide software
(Micronautics, Rockport), since tidal heights recorded with our current meters were nearly
identical to those predicted by NOAA tables. Spawning times with respect to tides were
expressed as number of minutes from the low tide. Negative values indicate that spawning
occurred before low tide (flood tide), and positive values represent spawning observations
taking place after low tide (ebb tide).

Current speed and direction data recorded by the current meters every 15 minutes
were transformed into current velocities with positive values indicating outgoing flows with
respect to the reef crest (from the lagoon into open waters) and negative values representing
inflowing currents into the lagoon (Figures 2 and 3). For the analysis of lunar periodicity
in spawning, an average current speed was calculated for each day by averaging all the 15-
minute values from 1300 to 1630 for midday spawners, and from 1900 to 2000 for dusk
spawners. This transformation was done in order to choose representative values of current
speeds occurring during the main diel spawning periods.

Observed frequency distributions of fish abundance and number of spawns were
compared with expected distributions using Chi-square (x2) tests for goodness of fit.

" Classes of environmental variables were chosen such that expected frequencies were never
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less than two (Miller 1986), and significance of departure from independence in single cells
was evaluated by comparing individual residuals with a Bonferroni familywise error rate of
0.05 (Sokal & Rohlf 1995).

Multifactorial analyses were used to study the correlation of fish abundance, total
number of spawns and spawning intensity (spawns per fish) with various independent
environmental variables: time of day, tides, current velocity and presence of piscivores.
The data set included afternoon observations from 1995, plus dusk observations from both
1994 and 1995. Two different statistical analyses were used to best fit the characteristics of
each specific data set, due to the varying spawning rates recorded for different species.

Group-spawning species and dusk pair-spawning species had relatively high
spawning rates, so a multiple regression model was used. Quadratic terms were included
in the model for the independent variables of current velocity and tide, allowing the model
to analyze for second order polynomic relations with the dependent variable. For each
dependent variable an initial multiple regression model was calculated including all
independent variables. Significant independent variables were then identified through a
backwards elimination method (p<0.05 significance level).

Daytime pair spawners spawned infrequently, leading to many 15-minute counts
with no spawning observations or only one or two spawning observations. These data
were transformed into binomial data sets. A logistic model based on a logistic
transformation of binomial data was calculated for these data (Collett 1991). A backwards
elimination method was used to simplify the model and identify the significant independent
variables (p<0.05 significance level).

Correlations among some independent variables precluded their joint inclusion into
the multifactorial analyses. Abundance of C. melampygus and A. furca positively covaried
significantly in dusk data sets (R2 = 0.552), so they were combined into one variable

(presence of predators) by averaging the data from both species. Current speed and tides
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covaried during midday data sets at both Mustin's Gap and East Reef Edge. Their relation
was well represented in most data sets by a third order polynomial regression. The solution
to this problem was to design the multifactorial analysis so these two variables were not
used simultaneously.

Dependent variable data transformations and selection of independent variables
were as follows:

Fish Abundance. Data were only available for group spawners. No accurate
abundance counts could be obtained for pair-spawning species due to cryptic behavior of
certain females, high degree of mobility of pairs and lack of long pre-spawning courtships.
In group spawners there was a high daily variability in fish abundance, which complicated
direct comparisons between abundance values from different days. To solve this problem ,
abundance data from different observation periods were standardized by the maximum
daily abundance value, creating a data set that varied between 0 and 1. These data were
normalized by arcsin transformation (Sokal & Rohlf 1995) for the multiple regression
analysis. Independent variables used in the multifactorial analysis of fish abundance were
time of day, tides and current direction. All have been previously described as cues
synchronizing specific Indo-Pacific reef fish migrations to spawning grounds: light
intensity (Myrberg et al. 1989), tidal cycles (Robertson 1983, Colin & Bell 1991) and
reversals in current direction (Moyer 1989). Current speeds and predator abundance at the
spawning sites cannot be detected by non-spawning fishes located far away from the
spawning sites (unless they are tightly coupled with tides or time of day), and were not
considered as potential causal factors for fish migration.

Number of spawns. For those species in which a regular tidal spawning periodicity
was detected, only spawning data from the maximum spawning tidal period (flood tide or
ebb tide, depending on the species) were used in the analysis. To avoid the influence of

days when little spawning activity occurred, only those dates accounting for 85% of the
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total spawning output of non-tidal group-spawning species and dates when at least one
spawn by non-tidal pair spawners was observed were used in the multifactorial analyses.
To standardize spawning effort among days, all spawning values were divided by daily
maximum spawning values and then arcsin transformed (Sokal & Rohlf 1995).
Independent variables used were time of day, current velocity, and abundance of C.
melampygus and A. furca .

Spawning Intensity. Defined as the number of spawns per fish present, this
variable was only available for group-spawning species, since accurate abundance
estimates could not be obtained for pair-spawning species. All samples were used except
days when no fish were present at the spawning grounds. Normalization of these data was
done through a logarithmic transformation (Sokal & Rohlf 1995). Independent variables
used were time of day, current velocity and abundance of C. melampygus and A. furca.
This analysis was performed to study behavioral choices in spawning times by the fish
present at the spawning grounds. Potential causes leading to delays of spawning were
perceived risk of reduced larval survivorship (affected by time of day and current velocity)
and predation risks (affected by predator presence and time of day). Hydrostatic pressure
hypothetically does not influence directly either the survivorship of adults or larvae, and

therefore tides were not included in these analyses.

GENERAL RESULTS
Water flow

The main spawning site, Mustin's Gap, typically experienced tidally influenced
semi-diurnal reversing flows (Figure 2). Currents were coupled with the tides, with
outgoing flows (water flowing from the lagoon into the ocean) during flood tides and
incoming flows into the lagoon during ebb tides. Outflowing currents were on average

faster than inflowing ones (38.5 and 14.2 cm/s respectively).
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This semi-diurnal circulation across the reef crest was disrupted on occasions,
becoming a unidirectional flow with uniform current speeds in an outward direction (Figure
3A, B). These events occurred on days of high surf conditions (G. Sancho personal
observation) and were tightly correlated with an increase in variability in the hydrostatic
pressure profiles recorded by our current meters, probably due to large waves crossing
over the moored current meter. In a 55-day current meter record (3 April - 27 May, 1995),
36 of the days (65.5 %) showed bi-directional currents coupled with tides and 19 days
(34.5 %) displayed fully unidirectional flows.

At Eastern Reef Edge, the flows were not as tightly coupled with the tides as in
Mustin's Gap (Figure 3C, D). Current velocities varied bearing no relation with the tides
with respect to direction, but highest current speeds usually occurred shortly after low tide.
This relation between tides and water flow was confirmed by the negative correlation found
in 768 simultaneous measurements of tidal height and current speed (Spearman rank
correlation rg = -0.27; p < 0.001). Average current speeds were similar for outflowing
(7.1 cm/s) and inflowing (5.2 cm/s) currents at the East Reef Edge, and were much slower

than at Mustin's Gap.

Lunar spawning

At Mustin's Gap, average current speeds for both midday (Figure 4) and dusk
(Figures 5 and 6) periods did not follow a predictable lunar pattern. Daily spawning
averages in general did not reflect the overall current intensity at the spawning site. When
comparing the daily number of spawns with the average current velocity using 1995 data, I
only found significant correlations in two of the eleven species: Cheilinus unifasciatus
spawned more on days with weak currents (Spearman rank correlation rs = -0.47), while
for Parupeneus bifasciatus the daily average spawning was positively correlated with the

average dusk current speed for a given day (Spearman rank correlation rg = 0.69).
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The two most active group-spawning species, Acanthurus nigroris and Chlorurus
sordidus had non-overlapping spawning seasons during Spring of 1995 (Figure 4). A.
nigroris only spawned during the first two thirds of the month of April while C. sordidus
had only very limited afternoon spawning activity. During end of April and through May
A. nigroris ceased spawning while C. sordidus greatly increased their spawning activities.
The observed seasonal spawning pattern of C. sordidus could potentially be the
consequence of the existence of a lunar spawning pattern with different spawning outputs
during two consecutive lunar cycles and the short sampling period of this study. In
subsequent analyses these two distinct spawning periods where taken into account, only
using for A. nigroris and C. sordidus the data from their respective main spawning

periods.

Relation of fish abundance and spawning with tides

All four group-spawning species had abundance distributions during tidal periods
that were significantly different from those expected just from the sampling effort (Figure
7a). Acanthurus nigroris had reduced abundance values from two hours before until the
hour after low tide. Chlorurus sordidus abundance was high from two hours before low
tide until five hours after it. Ctenochaetus strigosus showed two minor peaks in abundance
occurring during the middle of the flood and ebb tides. Zebrasoma flavescens showed a
broad peak in abundance at low tide and during the beginning of the flood tide, with a
narrow abundance peak at the time of high tide. The tidal distribution of spawns for each
group-spawning species was similar to their abundance distribution, and were all
significantly different from expected distributions based solely on sampling effort (Figure
7b).

At the East Reef Edge, Chlorurus sordidus abundance gradually increased during

the last hours of ebb tide, peaking one to three hours after the moment of low tide (Figure
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7a). Their spawning activity was almost exclusively concentrated during this two hour
period (Figure 7b). Both abundance and spawning intensity varied over time and differed
significantly from distributions based solely on sampling effort. These results from East
Reef Edge are similar, but more concentrated, than the conspecific results from Mustin's
Gap.

Distributions of spawns with respect to tidal times for pair-spawning species were
significantly different from a tidally homogeneous distribution for three species (Chaetodon
unimaculatus, Cheilinus unifasciatus and Ostracion meleagris ), and did not differ
significantly for the other six species (Figure 8).

The differential allocation of spawns to either ebb or flood tides was established by
comparing our observed spawning distributions with those expected based exclusively on
the sampling effort (x2-test): A. nigroris (p<0.001), C. sordidus (p<0.001), C. strigosus
(p<0.05), E. insidiator (p<0.05), C. unimaculatus (p<0.005) and P. bifasciatus (p<0.001)
spawned significantly more often during flood tides and O. meleagris was the only species
to preferentially use ebb tide for spawning (p<0.001). The other four species showed no

difference in spawning between flood and ebb.

Multifactorial analyses

Abundance of group-spawning species at Mustin's Gap showed significant
correlations with different environmental variables, which explained different proportions
of the observed variability in fish abundance (Table 2). The correlations among fish
abundance values and those environmental variables identified as significant by the
multifactorial analyses are displayed graphically in Appendix 2. Abundance values of all
four group-spawning species were significantly correlated with a specific time of the day,
and abundance of three species peaked during flood tides. No incoming current flows

were ever detected during the Acanthurus nigroris spawning season, so assessment of the
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influence of current direction on this species behavior was not possible. But of the other
three species, two increased in abundance during outflowing currents and one increased
during inflowing currents.

The multifactorial analyses of the total number of spawns observed in group
spawners indicated a high interspecific variability of responses (Table 3). All four group-
spawning species showed a significant correlation of the distribution of spawns with a
particular time of the day. Spawns for two species (A. nigroris and C. strigosus) were
significantly correlated only with time of day, and none of the other variables. Spawns
from the other two species were negatively correlated with abundance of a single predatory
species, and showed different relations with current velocity. The number of spawns by
C. sordidus peaked during moderate outflowing currents (quadratic relation), while Z.
flavescens showed an increase in spawning activity at high outflowing currents (linear
relation).

Analysis of spawning intensity in A. nigroris showed a weak correlation with
environmental variables, but an increase in spawning activities late in the afternoon and in
the presence of C. melampygus were detected (Table 4). C. strigosus also had a positive
correlation with predator presence, but decreased in spawning intensity as sunset
approached. The other two species showed negative correlations with predators, an
indication of spawning avoidance during moments of high predatory pressure. These two
species also showed quadratic relations with current velocity, peaking during medium (C.
sordidus) and high (Z. flavescens) outflowing current speeds.

Analyses of pair-spawning dusk species at Mustin's Gap (Table 5) showed no
significant correlations between the number of spawns and any of the environmental
variables for two species (Chaetodon unimaculatus and Parupeneus bifasciatus).

Spawning by the other two species were only correlated with time of day, Parupeneus
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multifasciatus decreasing its spawning activity towards sunset and O. meleagris increasing
it.

The spawning of daytime pair-spawning labrids greatly varied with environmental
conditions (Table 6). Cheilinus unifasciatus had negative correlations with the abundance
of both predator species and showed increasing spawning as the day progressed. Spawns
by Coris gaimard were positively correlated only with time of day, while the third daytime
pair spawner, E. insidiator, showed no significant correlations with any of the
environmental variables analyzed.

At the East Reef Edge spawning site, multifactorial analyses of C. sordidus showed
no relation between the abundance of fishes and any of the environmental variables
analyzed (Table 2). Both spawning and spawning intensity correlated in the same way with
current velocity (Tables 3 and 4; Appendix I), with little spawning occurring at flows close
to zero, and positive correlations as current speed increased (in both inflowing and

outflowing conditions).

Current reversal moments

On a few occasions (3, 12, 18 and 20 May 1995; 15 April 1994) a reversal in
current direction occurred while spawning observations were being recorded, allowing the
study of behavioral responses by spawning fishes to this change in water flow. Overall,
C. sordidus showed a decrease in abundance with time during the afternoon and during
moments of inflowing currents (Figure 9a). During the moments of current reversal, fish
did not leave the spawning grounds while inflowing conditions persisted, but interrupted
their courting behaviors and resumed feeding behaviors, grazing algae off the substrate (G.
Sancho personal observation). Subsequently these fish were not considered in the
spawning fish censuses, which counted only fishes showing spawning-related behaviors.

Spawning counts clearly showed that C. sordidus strongly avoided inflowing conditions
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for spawning. Fish delayed their spawning until the moment when currents reversed and
become outflowing, having a large spawning bout following the change in current direction
(Figure 9b). On 18 May, 1995, fish spawned during the moments of weak outflowing
currents (3.9 cm/s), avoiding similarly weak inflowing currents (3.4 cm/s). During three
and a half hours on 15 April, 1994, a clear sequence of spawning for C. sordidus was
observed (Figure 10a, b). Increasing fish abundance and spawning was detected during
morning hours, but spawning fish were not present in the early afternoon during inflowing
conditions. At 14:00 the currents reversed and became outflowing, followed by a very
intense spawning bout and finally leading into rapidly decreasing spawning activities as the
afternoon progressed.

The surgeonfish Z. flavescens showed an increase in presence and spawning as the
afternoon progressed (Figure 11a, b). Sudden decreases in fish abundance at the spawning
grounds during changing currents (as detected in C. sordidus) did not occur, but
surgeonfish did not move into the spawning grounds until currents started flowing
outwards.

At dusk, changes in current direction only occurred once (12 May 1995). C.
strigosus abundance seemed unaffected by the change in current direction, and the number
of spawns observed was comparable among inflowing, outflowing and transitional periods
(Figure 12a, b). A decrease in abundance and spawning activity occurred late into the dusk

period.

Dispersal of propagules

All three group-spawning species for which data were available (C. sordidus, Z.
flavescens and C. strigosus ) spawned more often during outflowing conditions than
expected (x2-test; p<0.001). Acanthurus nigroris was not analyzed since no inflowing

conditions were observed during its early spawning season. Of the seven pair-spawning
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species, C. unifasciatus preferred outflowing conditions for spawning (x2-test; p<0.05),
while O. meleagris spawned preferentially during inflowing conditions (x2-test; p<0.001).
C. sordidus at the Eastern Reef Edge spawning site also seemed to prefer inflowing
conditions (xz-test; p<0.001).

Spawning during fast current speeds is assumed to reduce the time that eggs are
exposed to benthic predators. All four group-spawning species presented spawning
distributions with respect to current speeds significantly different from expected
distributions based solely on sampling effort (Figure 13), but only two species (A. nigroris
and C. strigosus) showed preferences towards the fastest current speeds . Of the seven
pair-spawning species, O. meleagris selected the fastest inflowing currents on those days
when they spawned, which never had current speed's faster than 40 cm/s. Parupeneus
bifasciatus seemed to increase their spawning with faster currents, but the significance of
this result should be considered cautiously due to low sample size (Miller 1986). The rest
of the species did not select any specific speed categories for spawning (Figure 13).

The potential influences by the different environmental variables analyzed in this
study on the spawning by reef fishes vary among the different species studied (Table 7).
This wide variety of results can be interpreted for each species according to hypotheses

explaining the adaptive values of different diel spawning patterns.

RESULTS IN RELATION TO HYPOTHESES
Use of currents for maximum dispersal of larvae

This hypothesis predicts that spawning should occur at the time when a outflowing
current begins. Two species (C. sordidus and A. nigroris) followed a uni-modal tidal
spawning pattern (Figure 7), with high spawning values at low tide or shortly afterwards,
when currents at Mustin's Gap began to outflow (Figure 2). Peak spawning times in these

two were not reduced to a brief period after low tide as expected, but occupied most of the
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flood tide (Figure 7). The other nine species showed bi-modal or acyclic tidal spawning
patterns. Interestingly, Z. flavescens had a significant increase in spawning at the exact
time of low tide, but also showed an increase at the time of high tide. The study of specific
dates when tidally influenced current reversals occurred while monitoring the spawning
area showed that C. sordidus had spawning peaks immediately after the onset of
outflowing currents (Figure 9), as expected by this hypothesis. But the observations of
April 15 (Figure 10) showed how a significant part of the daily spawning output occurred
many hours before inflowing currents started, a sub-optimal time according to the
maximum dispersal hypothesis.

This hypothesis also predicts a variation of spawning patterns among sites with
different tidal regimes. At Johnston Atoll only C. sordidus was observed spawning at the
two different study sites. This species spawned after low tide at both locations (Figure 7),
the time when fastest current speeds generally occurred at both locations, even though at

the Eastern Reef Edge current direction was not tidally controlled (Figure 3).

Use of currents to minimize benthic egg predation

The following predictions were made based on the general hypothesis of Johannes
(1978) on avoidance of benthic egg predation:
(1) Spawning during outflowing currents- Five species spawned preferentially during
outflowing conditions, as indicated by x2-tests comparing the distribution of spawns
during inflowing and outflowing current directions. One species (O. meleagris) showed
preferences for inflowing conditions (Table 7). Results from the multifactorial analyses
showed reduced spawning intensity values for C. sordidus and Z. flavescens during
inflowing currents. Data from the days with changes in current direction confirmed these
last results for these two species, which mainly spawned during the moments of

outflowing currents (Figures 12, 13 and 14). C. strigosus spawned at the same rate in
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both inflowing and outflowing conditions on the only dusk period when a change on
current direction was observed (Figure 12).

(2) Spawning during fastest currents- Five species preferentially spawned during the fast
currents available to them, but only one of them selected the fastest available outflowing
currents observed at Mustin's Gap (60-80 cm/s), as shown by x2-tests comparing number
of spawns per 15 minutes with current speed categories (Figure 13, Table 7).
Multifactorial analyses only indicated a linear positive relation between number of spawns
and current speed for Z. flavescens (Table 3). Looking at daily current averages during the
diel spawning periods (afternoon or dusk) for all species, only spawning by Parupeneus
bifasciatus correlated in a positive way with the current speed average values (Figures 5
and 6).

(3) Dusk spawners less likely to follow currents- Of the five dusk spawning species
observed, only one (C. strigosus) spawned significantly more during outflowing currents
than incoming, while three of the five daytime species analyzed preferentially spawned
during outflowing conditions (Table 7). Both the multifactorial analyses of abundance
(Table 2) and the opportunistic observation of May 12, 1995 (Figure 12) indicated,
however, that current direction could be a factor of little importance for the spawning of C.
strigosus. Two dusk spawning species showed a preference for spawning at high current
speeds (>40 cm/s), where as two daytime spawners showed a similar pattern according to
the analysis of the 15-minute data (Table 7). The results from the multifactorial analyses of
spawning showed that current speed failed to explain the variability in spawning for any of
the dusk spawning species, but explained part of it in two daytime spawners. Using daily
spawning averages, only spawning by P. bifasciatus (dusk spawner) correlated positively

with current speed.

Use of tides as a synchronization cue by adults
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Abundance of group-spawning fishes at Mustin's Gap did not rapidly increase at
the moment of low or high tide as expected under this hypothesis (Figure 7a), increases in
abundance were gradual. For instance, C. sordidus abundance started increasing two
hours before low tide at both observation sites, while spawning did not occur until after
low tide. After a gradual increase, high levels of abundance of spawning fishes were
maintained for relative long periods of time (3-6 hours). Multifactorial analyses indicate
that tides are important variables explaining the abundance of three of the four group-
spawning species, all of them showing peaks in abundance during flood tides (Table 7).
The abundance of C. sordidus at the East Reef Edge could imply the use of tides as a
synchronization cue since high abundance of fishes only occurs right after low tide (Figure

7a).

Predation of spawners

The multifactorial analysis of spawning intensities of group spawners showed two
species (C. sordidus and Z. flavescens) with reduced spawning intensity values at
moments of high predator abundance, and two species (A. nigroris and C. strigosus) with
significant positive correlations with predator abundance (Table 4), indicating no reduction
in spawning intensity due to predatory pressures. Considering the number of spawns of
pair spawners, only one species (C. unifasciatus ) showed a significant negative correlation
with predator presence (Table 6). Chlorurus sordidus and A. nigroris were the two species
under the most intensive predatory pressures, and were the target for 94 % of all the attacks
observed on spawning adults (Chapter 3). Both species responded to predation pressures
as expected. Chlorurus sordidus has a fusiform shape with no morphological defensive
adaptations against predation, and showed reduced spawning intensities during moments of
high predatory pressure. In contrast, A. nigroris is a deep bodied fish and possesses

defensive caudal spines characteristic of surgeonfishes, and did not respond to predator
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abundance. But the observation of high attack and capture rates by piscivores feeding on
A. nigroris (Chapter 3), indicate that this surgeonfish was vulnerable to piscivory, and
therefore should behaviorally respond to predatory activities in the same way as C.
sordidus. The reduction in spawning intensity of Z. flavescens at high abundance levels of
C. melampygus was also unexpected, because of the low number of recorded attacks on Z.
flavescens (Chapter 3) and the morphological defenses typical of surgeonfishes. The risk
of predation (predatory abundance and number of attacks) at dusk was less that at daytime
hours (Chapter 3), explaining the indifference of dusk spawning species to predatory

abundance levels.

DISCUSSION

A first conclusion from this study is the great variability of spawning behaviors
used by different species at the same spawning site. Not only did fish spawn at different
times of the day, but had very different responses to other environmental cues as tides,
currents and predators. This variety of spawning tactics is well known in coral reef fishes
(Thresher 1984, Robertson 1991, Sadovy 1996) and observational studies have analyzed
various species at a single spawning site (Thresher 1982, Robertson 1983, Colin & Clavijo
1988, Colin & Bell 1991). In this study no single explanatory variable was found to
include all eleven species studied, as they seemed to utilize the highly variable environment
of the spawning grounds in different ways to establish their spawning patterns. Since all
fish spawned at same site, they were all potentially exposed to the same environmental
conditions. The inter-specific differences found in spawning behaviors indicate that local
environmental conditions are interpreted in different ways by reef fish species to determine
their diel spawning patterns.

Water flow is an environmental factor considered in various hypotheses as crucial

" in determining spawning behavior, since it can affect propagule dispersal (Barlow 1981),
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their exposure to reef based predators (Johannes 1978) and egg fertilization (Petersen
1991, Petersen et al. 1992). Long-term current meter records at the main site (Mustin's
Gap) revealed a flow system that is influenced by tides, but is also affected by the more
unpredictable factor of wave action. Variability of water flow with respect to tides is
important because tidal cues have been shown to synchronize ovarian development in some
reef fishes (Hoffman & Grau 1989) and have been proposed to act as local cues for
spawning under certain water flow conditions considered selectively beneficial (Johannes
1978, Barlow 1981). Unpredictable flow conditions can be circumvented by postponing
the release of gametes upon recognition of "inappropriate" water flows at the spawning
site. Short-term postponement of egg release has been shown to occur on coral reef fishes
when predation risks on adults are mimicked (Nemtzov 1994) or spawning is actively
disturbed (Lobel & Neudecker 1985). Observations of C. sordidus spawning on days with
current reversals showed that reef fishes can delay their spawning due to inflowing water
flow conditions. Fish aggregated at the spawning site and delayed spawning until currents
reversed and became outflowing, interrupting their ongoing spawning if currents reversed
again flowing into the lagoon. During this process C. sordidus displayed the ability of reef
fishes to detect and react to changes in water velocity, responding to differences of 7.3
cm/s between inflowing and outflowing currents.

The influence of the different environmental variables in determining the timing of

spawning in coral reef fishes is discussed below:

Time of day

The existence of diel periodicities in spawning of coral reef fishes has been
described in both tidal and non-tidally influenced locations (see review by Thresher 1994),
with families of fishes spawning at approximately the same time of day across their

geographical ranges (Robertson 1983, Gladstone & Westoby 1988, Sadovy 1996). The
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eleven species from this study followed these previously described taxonomic patterns,
spawning at similar times of the day than other family members in other locations. Time of
day by itself seemed to be an important factor determining the timing of spawning in reef
fishes at Johnston Atoll (eight of eleven species). Of the three species which the
multifactorial analyses identified as not spawning at a certain of the time of day, two of
them only spawned during a two hour period at dusk (1800 through 2000). These two
species were not identified as influenced by the time of the day because of the short time
interval of sampling (60 minutes) used at dusk, but should be considered as exclusive dusk
spawners, and therefore influenced by the time of the day. In daytime species, which had
long spawning periods, multifactorial analysis indicated the significant influence of a
preferred time for spawning in five of six species. It is unknown why certain families have
evolved strong preferences for spawning at specific times of the day. Hypotheses on
various selective factors affecting larval and adult stages of fishes have been formulated to
explain these differences (Robertson 1991), but there is a lack of empirical data supporting
any specific hypothesis.

Predatory risks of recently spawned propagules by planktivorous fishes have been
hypothesized to affect the timing of spawning of reef fishes (Johannes 1978), and should
vary among different times of the day. Predation risks are expected to vary among
spawning species according to their egg size among other factors, since larger eggs are
easier targets for visual planktivores. Size of eggs varies consistently among families of
pelagic spawning fishes (Thresher 1984, Duarte & Alcaraz 1989), and families of reef
fishes with large eggs are expected to spawn latest in the day, after most of the diurnal
planktivorous fishes have stopped feeding due to low light levels (Hobson 1973, 1991).
Trunkfishes (Ostracidae) have unusually large eggs (1.4 - 2 mm in diameter) when
compared to most other families of pelagic spawning reef fishes (Thresher 1984), and

predictably, trunkfishes are typically dusk spawning species (Moyer 1979, Lobel 1996).
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As expected, at Mustin's Gap the trunkfish O. meleagris displayed a tendency of spawning

after sunset, much later than any of the other dusk spawning species analyzed in this study.

Current direction

One of the main hypotheses addressed by this study is the spawning of gametes
exclusively during currents with an outflowing direction away from the natal reef, to reduce
predation of propagules by benthic predators (Johannes 1978). This pattern has been
described in Indo-Pacific reef channels for a variety of species (Robertson 1983, Moyer
1989, Colin & Bell 1991), even though these studies did not measure water movements.
As expected, more daytime spawning species in the present study preferentially selected
outflowing conditions for spawning (four of six daytime species) than dusk spawning
species (one of five dusk species) at Mustin's Gap. This higher selectivity of outflowing
conditions by daytime spawners is likely due to their wider diel spawning windows, which
allow them to wait for outgoing water flow conditions to occur at the spawning site.
Rapidly decreasing light levels right before sunset limit the time available to dusk spawning
species to wait for water flow conditions to change.

Spawning at times that insure maximum dispersal of propagules away from the
spawning site (Barlow 1981) does not seem to occur over long time scales in a Caribbean
site with weak wind driven currents (Appeldoorn et al. 1994, Hensley et al. 1994). In a
tidally influenced current system the maximum dispersal is expected to occur right after the
onset of an outflowing tidal current. No fish were observed to exclusively restrict their
spawning to this time at Mustin's Gap. Species that had significant spawning bouts after a
change in current direction also reproduced at other tidal moments with outflowing
currents, indicating that (1) fish are not seeking maximum dispersal of their propagules, or
that (2) the onset of outflowing flows does not insure maximum dispersal away from reefs

(a possibility still untested). If this last case is true, then the degree of dispersal of
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propagules probably cannot be predicted by adults. This does not exclude the possibility
that some species are attempting to insure maximal dispersal from reefs, but if adults cannot
predict when maximal dispersal will occur, they are likely to just display a generalized
response to large-scale physical characteristics (Warner 1997). At Mustin's Gap a general
response of this kind could be to spawn during any time when outgoing flow conditions
occur. Measurements of benthic predation levels of propagules and dispersal distances
from the spawning site are needed to decide which of the two hypothesized selective forces
causes certain species to spawn during outgoing flows: risk of benthic predation or

maximum dispersal of propagules.

Current speed

A related larval biology hypothesis predicts coral reef fishes to select fast current
velocities for spawning, to reduce the time spent by propagules over the reef environment
(Johannes 1978). Studies relating spawning with current speed (Hunt von Herbing &
Hunte 1991, Appeldoorn et al. 1994, Hensley et al. 1994, Colin 1995) have been done
over long time scales and in the Caribbean, under slow current speed conditions (mostly O
to 10 cm/s) typical of locations with small tidal amplitudes. At Indo-Pacific spawning sites
located on reef channels, currents have only been subjectively estimated in spawning
studies (Robertson 1983, Moyer 1989, Colin & Bell 1991) . Currents measured at
Mustin's Gap are of same magnitude as those from the Deep Entrance at Enewetak Atoll
(Atkinson et al. 1981), a channel where large multispecific spawning aggregations have
been described (Thresher & Brothers 1985, Bell & Colin 1986, Colin & Bell 1991).

The present study measured current velocity during short time intervals, behavioral
responses of spawning fishes to quick changes in local current speed conditions could be
detected. At Mustin's Gap only one species (A. nigroris), of the eleven species monitored,

was found allocating significant part of its total spawns in the fastest outflowing current

54



speed category observed at the spawning site (60-80 cm/s), and only for one species (Z.
flavescens) were current speed and spawning effort significantly correlated in a positive
linear way, as expected under the above hypothesis. Potential reasons for most species not
selecting the fastest current speeds for spawning are (1) low importance of current speed as
a selective force determining spawning, (2) unpredictability of the times when the fastest
currents occur, (3) reduced fertilization rates at very high speeds (Petersen et al. 1992) and
(4) existence of a minimum current speed threshold past which no further benefit in
avoidance of planktivorous predation is achieved. More detailed research is needed to
resolve among these possibilities, since some of the spawning patterns described in this
study indicate potentially complex interactions of spawning with current speed. The only
two species with significant correlations between spawning intensity (spawns / fish
abundance) and current velocity in group-spawning species at Mustin's Gap showed
depressions in spawning at both slow and fast flows, with maximum values at intermediate
speeds (resulting in parabolic curve fits in the multifactorial analyses). These relations
could be a combination of avoidance of slow flows due to high predation risks of
propagules, and avoidance of high flows due to low fertilization rates. Chlorurus sordidus
spawning intensity data from the second spawning site (East Reef Edge), where current
speeds were much slower, showed increases in spawning with moderate increasing current
speeds. This pattern is similar to the correlation of C. sordidus spawning intensity and
current speed at moderate values at Mustin's Gap, indicating that C. sordidus at two
different locations increased their spawning rates with increasing current speeds in the 0 to

20 cm/s range.

Tides
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Reef fishes have been proposed to use tides as cues to synchronize spawning
(Colin & Clavijo 1988). This hypothesis implies that tidal flows are not important in the
selection of spawning times, but that hydrostatic pressure is a useful cue for migration to
the spawning grounds, reducing the time spent by fish in spawning activities and allowing
more time for other activities such as feeding. Indo-Pacific reef fishes are capable of
synchronizing their ovarian cycles with local tidal cycles (Hoffman & Grau 1989). But
Indo-Pacific reef fishes described as following tidal spawning cycles preferentially spawn
at the tidal stage that is most likely to produce a transport of propagules away from the reef
system (Randall 1961, Robertson & Hoffman 1977, Johannes 1978, Lobel 1978, Thresher
1979, Kuwamura 1981, Tribble 1982, Warner 1982, Robertson 1983, Ross 1983, Bell &
Colin 1986, Moyer 1989, Colin & Bell 1991), either during flood or ebb tides. This
indicates than even though tides can be used as a synchronizing cue for spawning, larval
transport is a crucial factor determining spawning periodicity in locations with significant
tidal amplitudes. At Mustin's Gap, seven out of eleven species spawned more intensively
during flood tides, which is the period when the currents most likely flow away from the
reef at this location, thus supporting observations from previous studies at locations with
significant tidal currents. Of the other four species, one spawned mostly during ebb tides
and three species showed no preference for either tide cycle.

At Mustin's Gap, group-spawning species showing tidal influences in spawning
were present in high abundance at the spawning grounds for extended periods of time,
which does not indicate a reduction of time allocated to spawning activities as expected by
the above hypothesis. The abundance estimates of all group spawning species were also
significantly correlated with a specific time of day, a cyclic variable which can also be used
to synchronize ovarian cycles in reef fishes (Fischer & Hardison 1987).

At the East Reef Edge spawning site C. sordidus spawned during a short period

after low tide, even though there appears to be no clear advantage to spawning at this time
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for larval transport due to unpredictable current direction. But the East Reef Edge
spawning site was located in the migration route to a much larger aggregation site located
farther East along the submerged reef edge of the Atoll (G. Sancho personal observation).
The tidal periodicity in spawning activities measured at the East Reef Edge site probably are
a secondary result from the periodicity existent at the nearby larger spawning site, where
strong tidally influenced currents are expected to occur because of the location at the reef
crest of this spawning site (no current meter deployments were possible at this site due to
very strong surf). Also current speeds at the East Reef Edge were fastest after low tide,
and within the range of speed values apparently selected by C. sordidus, so the observed
spawning pattern could actually have a potential effect on larval survivorship by reducing
time of exposure to benthic predators (Johannes 1978).

Populations of C. sordidus spawn during flood tides at Johnston Atoll and during
ebb tides in other locations (Moyer 1989, Colin & Bell 1991), depending on which tidal
cycle outflowing currents occur. This indicates that a specific tidal phase is not used as a
fixed environmental cue across the geographic range of this species, but that fish are

responding to directional water flows.

Predation

Predation risks on adult spawning fish have been proposed in numerous occasions
as a potential factor controlling the timing of spawning of coral reef fishes, but there is a
lack of information on diel activities patterns at spawning grounds of piscivores and on
specific interactions of these predators with their prey (Robertson 1991). Information on
the specific behavior of predators at spawning grounds resulting from this study is
presented elsewhere (Chapters 3 and 4). Results regarding the relation of spawning
intensity with abundance of predators illustrate the effects of predation in determining

' spawning behavior in certain species. Parrotfishes such as C. sordidus were expected to

57



be most affected by predatory risks, since they were present in high abundance and lack
anti-predatory morphological adaptations (Godin 1997, Smith 1997), and they showed
reduced spawning intensities when predators were abundant. But other predator-prey
relations observed were not expected. The most abundant surgeonfish, A. nigroris,
seemed unaffected by predator activities, as originally expected according to the
morphological characteristics of this species. But the observation of high predatory rates
on this species, and capture rates comparable to those of parrotfishes (Chapter 3), indicate
that piscivores overcame the morphological defenses of A. nigroris, and therefore predator
activity should have caused reduced spawning intensity in this surgeonfish. Also the
observed reductions in spawning intensity of two species of large size and morphological
defenses (Z. flavescens and C. unifasciatus) during moments of high abundance of
piscivores were unexpected.

The overall risk of predation was much lower at dusk that during daytime hours
(Chapter 3), explaining the indifference of all six dusk spawning species to the abundance
levels of piscivores occurring at this time.

The most vulnerable moment in a spawning sequence is during the spawning rush
(Moyer 1987, Chapter 3). Various changes in spawning behavior of prey could explain the
observations in certain species of reduced spawning intensities during moments of high
predatory risks: (1) elimination of the spawning rush, releasing eggs among the coral heads
(Lobel & Neudecker 1985), (2) delay of spawning until predator abundance diminishes
(Nemtzov 1994), (3) migration and spawning at another location and (4) interruption of
spawning and re-absorption of gametes. Re-absorption of eggs has not been observed in
coral reef pelagic spawners, and it is considered an unlikely explanation since most coral
reef fishes are batch spawners (Sadovy 1996) and can have egg maturation cycles as short
as 24 hours (Hoffman & Grau 1989). No significant energetical benefit is expected form

egg re-absorption in coral reef fishes. The other explanations which involve release of

58



eggs are more plausible, but more specific studies on predator-prey relationships at

spawning grounds are necessary to resolve among these possibilities.

The continuous water flow measurements and the evaluation of predatory activities
at the spawning grounds presented in this study allowed me to address the importance of
these selective factors in influencing the spawning behavior of reef fishes. More studies
quantifying both spawning output and variability of environmental cues in other locations
are needed to analyze the geographic variability in spawning patterns and the specific
plasticity of decision mechanisms leading to the potential establishment of locally adapted

spawning patterns.

SUMMARY

This study showed that diel timing patterns of spawning in coral reef fishes were
very diverse and seemed influenced by a variety of environmental factors. Correlations
between spawning and outgoing flows indicated that dispersal of propagules away from the
reef environment may be an important selective force for daytime spawning species, which
on occasions showed the ability to postpone spawning until flow direction was appropriate.
Spawning at high current speeds was a rare pattern among the species studied, which were
exposed to a relatively high range of current speeds. The presence of piscivorous fishes
wa negatively correlated with the spawning intensity of a few species, while the majority of
species showed no correlation. Tides did not seem to be used as synchronizing cues for
spawning by fish migrating to the spawning sites. Most species analyzed had a peak
maximum spawning activity, with daytime spawners displaying a large variability of times
for spawning and dusk spawners more restricted spawning times.

Results indicating the importance of outflowing currents as an environmental cue

for various species support the validity of either the hypothesis proposing the dispersal of

59



propagules away from reefs (Barlow 1981), or the hypothesis proposing reduction of reef
based predation of propagules (Johannes 1978) as two selective mechanisms controlling
the timing of reproduction. The avoidance predation risks by adults (Robertson 1991) can
also influence the spawning patterns of certain species.

Warner (1991, 1997) hypothesized about the mechanisms employed by reef fishes
to develop local adaptations in their adult environment, since they have a dispersive larval
stage. The mechanisms involve (1) finely tuned responses by adult fishes to detectable
local environmental cues, and (2) fixed responses across the range of a species when
certain environmental factors cannot be detected by the adults (Warner 1997). The present
study suggests that current direction and predatory risks are environmental cues that can be
detected by adult fishes and elicit reproductive responses in very short time scales. In
contrast, time of day seems to elicit a fixed reproductive responses among fish of the same
family across wide distribution areas. Daytime spawners tend to display short term
spawning responses to local changes in the environment, while dusk spawners show few
locally adapted reproductive responses. Dusk spawners potentially benefit from reduced
predatory risks occurring at dusk. The existence of species spawning during different tidal
cycles at different locations indicates that tides are not used as fixed environmental cues for
spawning, but that fishes are likely responding to associated directional water flows. The
importance of current speed as an environmental variable influencing spawning varied

among species, some avoiding to spawn at very low current speeds.
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Table 1. Spawning behavior of eleven reef fishes at the spawning aggregations of Johnston Atoll.

No. Spawns: Total number of spawns observed during each observation year. Spawning behavior: G = group spawning, P = pair
spawning, G+P = group and pair spawning, G>p = mostly group spawning with some pair spawning. Mating system: MON =
monogamy, MT = male territory, PRO = promiscuity, HAR = Haremic. Predation on Adults: attacks on spawners by Caranx
melampygus or Aphareus furca. Predation on Eggs: attacks on eggs by Melichthys niger or M. vidua. Time spawning: 1 hour period
where spawning median value is located. Sunset ocurred between 1932 - 1946 h.

Family Species Number of spawns: Spawning  Mating system Predation on: Time spawning
1994 1995 behavior Adults Egos (median)
Mullidae Parupeneus bifasciatus 15 44 P MT No No 1900-2000
(goatfish) Parupeneus muitifasciatus 36 50 P MT No Yes 1900-2000
Chaetodontidae Chaetodon unimaculatus 3 16 P MON No No 1900-2000
(butterflyfish)
Labridae Cheilinus unifasciatus 24 69 P MT No No 1700-1800
(wrasses) Coris gaimard 39 66 P MT No No 1600-1700
Epibulus insidiator 41 21 P MT No No 1400-1500
Scaridae Chlorurus sordidus 1433 2654 G>p PRO, MT Yes Yes 1400-1500
(parrotfish)
Acanthuridae Acanthurus nigroris 1520 1981 G PRO Yes Yes 1600-1700
(surgeonfish) Ctenochaetus strigosus 339 531 G+P PRO Yes No 1800-1900
Zebrasoma flavescens 504 479 G>p PRO Yes No 1700-1600
Ostracidae Ostracion meleagris 85 13 P HAR? No Yes 1900-2000

(trunkfish)
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Table 2. Multiple regression analyses of the abundance of group-spawning fish species.

Normalized abundance data are arcsin transformed. Columns contain the number of 15

minute samples used in each model (N), the coefficient of multiple determination for each

model (R-square) and its correspondent p-value, the significant independent model

estimators (significant variables), the coefficients of each individual model estimator

and the p-value of each of these estimators. Independent variables are time of day, tide,

tide2 and current direction. Positive coefficients of current direction represent outflowing

currents. See methods section for more details.

Species N R2  Regression Significant Coeff. p-value
p-value variables
Mustin's Gap
A. nigroris 68 0.481 <0.0001  Time of day 0.204 <0.0001
Tide 0.063 0.0002
Tide? 2.29E-04 0.0037
C. sordidus 86 0.431 <0.0001  Current direction  15.999 0.0001
Time of day -2.400 <0.0001
Tide 0.041 0.0188
Tide2 -2.14E-04 0.005
Z. flavescens 118 0.429  <0.0001 Current direction  0.388 <0.0001
Time of day 0.233 <0.0001
Tide 0.003 NS
Tide? -2.89E-04 <0.0001
C. strigosus 28 0.737 <0.0001 Current direction -11.934 0.0181
Time of day -1.520 <0.0001
Eastern Reef Edge
C. sordidus 32 - - (none) NS
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Table 3. Multiple regression analyses of the number of spawns of group-spawning
species. Normalized spawning data are arcsin transformed. Independent variables are time
of day, current velocity, current velocity2 and abundance of piscivores (C. melampygus
and A. furca). Details as in legend of Table 2.

Species N R2 Regression Significant Coeff. p-value
p-value variables

Mustin's Gap

A. nigroris 43 0.164 0.007 Time of day 0.179 0.007

C. sordidus 61 0.497 <0.0001 A.furca -0.316 0.0084
Current velocity 1.435 <0.0001
Current velocity 2~ -0.027 <0.0001
Time of day -0.232 <0.0001

Z. flavescens 74 0.455 <0.0001 C. melampygus -0.390 <0.0001
Current velocity 0.657 0.001
Time of day 0.099 0.0307

C. strigosus 20 0.717 <0.0001 Time of day -1.841 <0.0001

Eastern Reef Edge
C. sordidus 32 0.21 0.0327 Current velocity -0.143 NS
Current velocity? ~ 0.311 0.0098
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Table 4. Multiple regression analyses of the spawning intensity rates (number of spawns

per fish present) of group-spawning species. Normalized spawning intensity data are log

transformed. Independent variables are time of day, current velocity, current velocity2 and

abundance of piscivores (C. melampygus and A. furca). Details as in legend of Table 2.

Species N R2 Regression Significant Coeff. p-value
p-value variables
Mustin's Gap
A. nigroris 63 0.152 0.0026 C. melampygus 0.003 0.0167
Time of day 0.002 0.0048
C. sordidus 78 0.442 <0.0001 A. furca -0.005 0.001
C. melampygus -0.003 0.0037
Current velocity 0.032 <0.0001
Current velocity2 ~ -5.24E-04 <0.0001
Z flavescens 118 0.4 <0.0001 C. melampygus -0.004 <0.0001
Current velocity 0.018 0.0002
Current velocity?2 ~ -1.59E-04 0.0212
Time of day 0.002 0.0013
C. strigosus 37 0.353 0.0006 Predators 0.014 0.0003
Time of day -0.011 0.0477
East Reef Edge
C. sordidus 29 0.289 0.0119 Current velocity -0.012 0.5102
Current velocity? ~ 0.008 0.0033
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Table 5. Multiple regression analyses of the number of spawns of dusk pair-spawning
species. Normalized spawning data are arcsin transformed. Independent variables are time
of day, current velocity, current velocity2 and abundance of piscivores (average ofC.
melampygus and A. furca). Details as in legend of Table 2.

Species N R2  Regression Significant Coeff. P-value
p-value variables

C. unimaculatus 36 - - (none) NS
O. meleagris 31 0.498 <0.0001 Time of day 1.827 <0.0001
P. bifasciatus 55 - - (none) NS
P. multifasciatus 54 0.315 <0.0001 Time of day -1.598 <0.0001
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Table 6. Multiple logistic model of the number of spawns of daytime pair-spawning
species. Columns contain the number of 15 minute samples used in each model (N), the
value of the model loss function, the significant independent model estimators
(significant variables), the coefficients of each individual model estimator and their
95% confidence interval limits. Independent variables are time of day, current velocity,
current velocity2 and abundance of piscivores (C. melampygus and A. furca). See

methods section for more details.

Species N Loss Significant Coeff. 95% Cl
Function variables Lower Upper
C. unifasciatus 108 25.126 A. furca -0.038 -0.064 0.077
C. melampygus  -0.03 -0.052 -0.007
Time of day 0.05 0.023 -0.012
C. gaimard 117 74.322 Time of day 2.885 -0.003 0.015
E. insidiator 42 - (none)
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Table 7. Compilation of results from different analyses comparing the number of spawns with different variables. Tide Analyses:
results from G-test analyses of tidal spawning periodicity indicating deviations from random; tidal times are divided into ebb/flood
(significant deviations indicated as flood or ebb) and 1-2 hour categories (significant deviations indicated by asterisks). Multifactorial
Analyses: results from multifactorial analyses comparing number of spawns with time of day, current speed and predator abundance;
significant positive (+), negative (-) or quadratic (¥) relations between dependent and independent variables are indicated. Positive and
negative relations with time of day indicate increasing and decreasing spawning activity during observtion times. Dispersal Analyses:
results from G-test analyses of spawning with respect to currents, indicating deviations from random; currents are divided into current
direction (significant deviations indicated as Out or In) and current speed (significant deviations indicated by asterisks).

Species Tide Analyses Multifactorial Analyses Dispersal Analyses

Ebb/Fiood Categories Time of Current Predator Direction Speed
Day Speed Abundance

Parupeneus bifasciatus Flood *

Parupeneus multifasciatus -

Chaetodon unimaculatus Flood *

Cheilinus unifasciatus * + - Out

Coris gaimard +

Epibulus insidiator Flood

Chilorurus sordidus Flood * - +,+ - Out *

C. sordidus (East Reef Edge) Flood * -

Acanthurus nigroris Flood * + (no data) *

Ctenochaetus strigosus Flood * - Out *

Zebrasoma flavescens * + + - Out *

Ostracion meleagris Ebb * + In *
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Figure 1. Map of Johnston Atoll with the locations the two spawning aggregations sites
used in this study: Mustin's Gap and Eastern Reef Edge.
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Figure 2. Current velocities and tidal heights at Mustin's Gap during May 2, 1995,
representing a tidally influenced day. Dashed lines indicate the moments of high and low
tides. Positive current velocity values represent outflowing directions, and negative

represent inflowing ones (oriented perpendicularly relative to the reef crest).
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Figure 3. A. Depth profile and B. Current velocities representing a transition from tidally
influenced currents to wave influenced currents recorded at Mustin's Gap between May 3-
8, 1995; C. Depth profile and D. Current velocities recorded at Eastern Reef Edge
between May 15-20, 1995.
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Figure 4. Daily afternoon (1300 - 1630) averages of (A) current speed and (B) spawning
at Mustin's Gap from April 2 to May 20, 1995. In graph A gray bars represent the current
speed on the days when daytime spawning observations were done and white bars
represent days when no spawning observations were done. The x-axis represents the

different moon phases: black circles indicate new moon, white circles indicate full moon.
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Figure 5. Daily dusk (1900 - 2000) averages of (A) current speed and (B) spawning at
Mustin's Gap from April 11 to May 25, 1994. In graph A gray bars represent the current
speed on the days when daytime spawning observations were done and white bars
represent days when no spawning observations were done. Cross-marks represent days
when data were not recorded. The x-axis represents the different moon phases: black
circles indicate new moon, white circles indicate full moon.
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Figure 6. Daily dusk (1900 - 2000) averages of (A) current speed and (B) spawning at
Mustin's Gap from April 3 to May 23, 1995. In graph A gray bars represent the current
speed on the days when daytime spawning observations were done and white bars
represent days when no spawning observations were done. The x-axis represents the
different moon phases: black circles indicate new moon, white circles indicate full moon.
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Figure 7. Fish abundance (A) and spawns (B) of group-spawning species at different
tidal times. Abundance and spawning values are averages of 15-minute observations (x
SE) pooled from a total of 140 measurements. Tidal categories express hours from low
tide. Negative tidal category values indicate number of hours before low tide (ebb tides)
and positive values indicate hours after low (flood tides). Top eight graphs correspond to
Mustin's Gap, bottom two to East Reef Edge. Observed values are compared with a
distribution based only on the sampling effort at different tidal times through a x2-test, p-
values are shown when significant. Asterisks indicate significance of x2 residuals with a
Bonferroni familywise error of 0.05.
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Figure 8. Spawns of pair-spawning species at different tidal times. Spawning values are
averages of 15-minute observations (+ SE) pooled from a total of 140 measurements for
afternoon spawners, and 72 measurements for dusk spawners. Other details as in legend
of figure 7, all graphs are from Mustin's Gap. Asterisks indicate significance of 12
residuals with a Bonferroni familywise error of 0.05.
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Figure 9. Abundance (A) and spawning sequences (B) of Chlorurus sordidus at Mustin's
Gap during days when current reversals occurred in 1995. Gray bars indicate number of
fish present at spawning grounds or the number of spawns observed in 15 minute counts.
The black solid lines indicate the current velocities (cm/s) recorded with the current meter
(positive=outflowing, negative=inflowing). Horizontal dotted lines represent the change of
current direction. The arrows on top of graphs indicate the exact time of low tide.
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Figure 10. Abundance (A) and spawning sequences (B) of Chlorurus sordidus at Mustin's
Gap during April 15, 1994. The arrows on top of graphs indicate the exact time of high
and low tides. Details as in legend of Figure 9.
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Figure 11. Abundance (A) and spawning (B) sequences of Zebrasoma flavescens at
Mustin's Gap during days when current reversals occurred in 1995. Details as in legend of

Figure 9.
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Figure 12. Abundance (A) and spawning sequences (B) of Ctenochaetus strigosus at
Mustin's Gap during May 12, 1995. Details as in legend of Figure 9.
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Figure 13. Spawns at different current speed categories. Spawning values are averages of
15-minute observations (+ SE). Data used in this analysis is from days when spawning
occurred, and in the case of species that selected certain flow directions for spawning, only
current speed data from flows in the preferred direction were considered. Observed values
are compared with a distribution based only on the sampling effort at different tidal times
through a x2-test; p-values are shown when significant. ~Asterisks indicate significance of
+2 residuals with a Bonferroni familywise error of 0.05.
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CHAPTER 3

Predator-prey relations at a spawning aggregation site of coral

reef fishes
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ABSTRACT

Predation is a selective force hypothesized to influence the spawning behavior of
coral reef fishes. This study describes and quantifies the predatory activities of two
piscivorous and three planktivorous species at a coral reef fish spawning aggregation site in
Johnston Atoll (Central Pacific). To characterize predator-prey relations, the spawning
behavior of prey species was quantified simultaneously with measurements of predatory
activity, current speed and substrate topography.

Diel activity patterns and predator-prey relations varied among the predatory species
analyzed. The activity patterns of piscivores, measured both as abundance and attack rates,
were high during the daytime, decreased during the late afternoon hours and reached a
minimum at dusk. The abundance of piscivores was significantly correlated with the
abundance of prey for only one (Caranx melampygus) of the two piscivorous species,
while the other species (Aphareus furca) did not respond to prey abundance. The selection
of certain prey species by piscivores was consistent with two different hypotheses: the
satiation of predators and the differences in spawning behaviors among prey species. Two
of the three planktivorous species fed most actively at dusk, and selected as prey those
species of reef fishes that produced eggs of large size. The third planktivorous species fed
at all times of the day.

Spawning prey fishes were more abundant over substrates with complex
topography where refuges from piscivores were abundant than over smooth substrates.
Overall attack rates by piscivores on adult spawning fishes were higher than by
planktivores feeding on recently released eggs. The diel spawning patterns displayed by
reef fishes at the study site seem to be influenced by the diel activity and prey selection

patterns of piscivores previously described. The highest diversity of prey species occurred
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at dusk, when piscivores were least abundant and overall abundance of prey fishes was

lowest.
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INTRODUCTION

Predation is an important force in the evolution of fishes and in the regulation of
fish populations in coral reef ecosystems (Hixon 1991). Predation affects fishes at
different life history stages such as eggs and larvae (via planktivory) as well as juveniles
and adults (via piscivory).

Predation of juvenile fishes in particular has been hypothesized to be a major factor
controlling post-settlement processes that eventually determine the numbers of adult fishes
on coral reefs (Hixon 1991, Jones 1991, Hixon & Carr 1997). The effects of piscivores
on adult fish populations can be direct, through the consumption of large numbers of adult
fishes (Sweatman 1984, Sudekum et al. 1991, Kingsford 1992), or indirect, through
influencing various behaviors of the prey species that affect their susceptibility to attacks,
such as choice of habitat (Jones 1988, Connell & Jones 1991) and feeding behavior
(Sackley & Kaufman 1996). Piscivory is also an important force in the evolution of fishes
by selecting and promoting the evolution of defensive adaptations such as rigid spines,
toxins and armors (Godin 1997, Smith 1997).

The effects of planktivores on fish populations can be direct, through the
consumption of propagules (Hobson 1991), or indirect, by influencing the reproductive
behavior of reef fishes (Johannes 1978).

Piscivory can be intense on adult reef fishes while they are spawning (Moyer
1987). The same traits that enhance mating success in fishes can also increase their
susceptibility to piscivory (Lima & Dill 1990), even though some relations between mating
tactics of coral reef fishes and piscivory observed in the field contradict theoretical
predictions on prey susceptibility (Clifton & Robertson 1993). Predation of reef fish eggs
in coral reefs can also be very intense during spawning (Moyer 1987, Robertson 1983).

Different mating strategies (pair and group spawning) employed by pelagic-spawning reef

105



fishes have been observed to receive different predation pressures by planktivores
(Robertson 1983), but the cause for these differences between pair and group spawns
remains unresolved (Shapiro et al. 1988). Information is needed to elucidate which
moments of the spawning sequences of reef fishes are selected by attacking piscivores and
planktivores.

Many hypotheses formulated to explain the reproductive behavior of reef fishes are
based on risks from piscivorous or planktivorous predation, including explanations for the
timing, location and behavior of reproduction in pelagic spawning fishes (Shapiro et al.
1988, Robertson 1991). Johannes (1978) hypothesized that the choice of spawning times
and locations by coral reef fishes functions to minimize reef-based predation of their eggs
by planktivorous fishes and invertebrates. In a similar way, various reef fish behaviors,
including the choice of timing and location of spawning activities (Johannes 1978), have
been hypothesized to be risk-minimizing responses to diel feeding patterns of piscivores
(Hobson 1973).

Predation-related hypotheses explaining the timing of reproduction of reef fishes
predict spawning to be restricted to (1) periods when predators are inactive, (2) periods
when predators, although active, are satiated from previous feeding, or (3) periods when
the ability of predators to detect or capture prey is somehow impaired. But too little
information exists on the diel feeding patterns of reef predators and their relation with
spawning prey to test these hypotheses (Robertson 1991).

Early observations of predation on schooling fishes from the Gulf of California,
where a crepuscular peak in piscivorous activities occurs (Hobson 1968), led to the
hypothesis that a similar crepuscular peak in piscivorous activity occurred in coral reef
environments (Hobson 1973). This idea was substantiated in coral reefs by the observation
of a midwater predator swimming close to the reef at twilight (Collette & Talbot 1972) and

" the crepuscular peaks of activity of piscivores feeding on schooling prey with predictable
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twilight migrations over non-reef areas (Major 1977, Ogden & Ehrlich 1977). But more
recent studies quantifying diel activity rates of piscivores feeding on non-schooling reef
fishes showed coral reef piscivores active during the daytime period, sometimes with
reduced activity patterns during crepuscular hours (Sweatman 1984, Shpigel & Fishelson
1989, Clifton & Robertson 1993). Diel activity patterns of planktivorous fishes, including
species that incidentally catch fish eggs, have been described in coral reefs (Hobson &
Chess 1978, Hobson 1991). But these descriptions of feeding activities do not include
planktivores specialized in feeding on recently released eggs at spawning sites. An
objective of the present study is to analyze in detail the diel activity patterns of piscivores
and planktivores at reef fish spawning sites.

Flexible responses to different predatory risks are expected to occur in marine
organisms with dispersive planktonic phases (Morgan & Christy 1994, Warner 1991,
1997). But these same marine organisms have also been hypothesized to display fixed
responses across entire geographical ranges (Warner 1997). Theoretical studies of
predator-prey relations predict that activity patterns of predators should follow those of
their prey (Werner 1992, Hugie & Dill 1994). Some field studies of predatory behavior in
coral reefs have found evidence for this correlation in predator-prey activity patterns for
some species (Shpigel & Fishelson 1989, Kingsford 1992, Clifton & Robertson 1993),
while other studies have shown predator activity patterns which are independent of prey
activities (Sweatman 1984, Shpigel & Fishelson 1989). At spawning aggregations of reef
fishes where many different species concentrate to spawn at different times of the day, the
existence of specific predator-prey interactions can result in unique activity patterns of both
predators and prey.

Hypotheses regarding the effect of predation on the choice of spawning sites by
reef fishes predict that they will (1) spawn from locations with abundant refuges from

piscivores (Hugie & Dill 1994), or (2) from locations with fast outflowing current speeds
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that will reduce the exposure of eggs to benthic predators at the spawning site (Johannes
1978). Small coral reef fishes typically use holes and crevices in the substrate as refuges
when attacked by piscivores (Hixon 1991, Hixon & Carr 1997). Many studies describe
reef fishes spawning over specific substrate formations (see Shapiro et al. 1988), but no
measurements of the availability of refuges at spawning locations exist. An objective of
this study is to estimate the availability of refuges in both spawning and non-spawning
sites. On many occasions reef fishes migrate to spawning aggregation sites which have
strong currents (Robertson 1983, Thresher & Brothers 1985, Moyer 1989, Bell & Colin
1986, Colin & Bell 1991), but within these aggregation sites current speeds have rarely
been compared between discrete spawning and non-spawning areas (Appeldoorn et al.
1994).

The present study describes the behavior of two piscivorous and three
planktivorous predators at a spawning aggregation site of reef fishes. I attempted to
evaluate the effect of predators on the reproductive behavior of prey fishes by comparing
the activities of predator and prey species present at a spawning aggregation site. The
activity of pelagic spawning reef fishes in the area was monitored simultaneously with
predator observations.

For this study, the hypotheses regarding predator-prey relationships among
piscivores, planktivores and spawning fishes (Hobson 1968, Johannes 1978, Shapiro et
al. 1988, Robertson 1991) are transformed into conceptual models (Figure 1) with
alternative predictions that can be tested using simultaneous observations of predator and
prey species at a single study site. The predictions for the relative timing of predator and
prey activities are:

1. Predation occurs predictably on a daily schedule, independently of prey activity.
This hypothesis implies that the diel feeding cycles of predators show no response to

changes in prey behavior or capture success. Predators with this fixed response are
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expected to feed on many different organisms and not show strong preferences towards
any specific prey species (Shpigel & Fishelson 1989). If predation influences the timing of
spawning of prey fish as hypothesized by Johannes (1978), prey are expected to spawn
during moments of low predatory activities.

2. Predation is reduced at the end of the day as predators become satiated from
previous feeding activities. As predators fill up their stomachs with prey, they are
expected to become less responsive to prey activities (Curio 1976). Long periods of
successful feeding should be followed by times of low predatory activities, allowing prey
fish to spawn at this time with less predation risks (Robertson 1991). In daytime-active
predators, satiation is expected to occur late in the afternoon or at dusk. Prey species that
spawn at dusk would be exposed to reduced predation only if other prey fishes have been
previously active during the daytime, causing satiation of the predators.

3. Predators change their activities in response to prey behavior. Various
spawning-related behaviors affect variability in the vulnerability of prey to predators (Lima
& Dill 1990). Differences in prey vulnerability would consequently affect the feeding
behavior of predators, so predatory attacks should be concentrated when prey do their most
vulnerable behaviors. To test this hypothesis it is necessary to first address the question of
which reproductive behaviors (if any) lead to an increase in prey vulnerability. Under this
hypothesis, moments of high predatory activity are expected to occur when prey fishes
perform vulnerable behaviors, whenever they might occur.

Whereas the models above focus on the temporal patterns in predator activity,
complementary models can be cosntructed to address prey selectivity by predators. Factors
such as species-specific differences in behavior, morphology or timing of spawning of
prey species can affect predator preferences (Lima & Dill 1990, Godin 1997, Smith 1997).
The three previous models can be transformed to state that: predators will not select any

specific prey species (Hypothesis 1); will select early-spawning species versus those
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spawning late in the day (Hypothesis 2); or will predominantly attack those species
displaying the most vulnerable behaviors (Hypothesis 3). A fourth alternative hypothesis
explaining prey selectivity by predators is:

4. Predation is influenced by prey morphology. Predation risks should vary with
body morphology of prey. Piscivores should select species lacking morphological
adaptations that make ingestion difficult, such as deep bodies, defensive spines or toxic
substances (Godin 1997). Planktivores feeding on recently spawned eggs should select
prey species in an analogous manner, selecting species with large visible eggs over those
with small inconspicuous ones.

An expectation of this predator-selectivity hypothesis is that predators with flexible
diel activity patterns (Hypothesis 3) should be independent of the activity patterns of
species with significant anti-predatory adaptations, but be influenced by the activity patterns
of those species without adaptations (Figure 1).

Predatory risks are expected to influence certain behaviors in prey fishes (Lima &
Dill 1990). One of the behaviors of prey at spawning grounds that can be affected by
predation is the choice of spawning location:

5. Risk of predation determines the choice of spawning location by prey. Due to
risks of predation by piscivores, fish should spawn at locations with abundant refuges
(Hugie & Dill 1994), where prey can seek protection when attacked. Due to risks of
predation by planktivores, fish should spawn at locations with the fastest current speeds
available, to minimize the time eggs are exposed to benthic planktivores on the reefs
(Johannes 1978). These are two different responses by prey fishes to predatory pressures,
and the adoption of one or the other strategy will indicate the relative importance of

piscivory and planktivory in controlling the choice of spawning site by reef fishes.
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Background on predatory species

Two piscivorous species that were routinely observed attacking reef fishes at
spawning aggregation sites at Johnston Atoll, Caranx melampygus (Carangidae) and
Aphareus furca (Lutjanidae), were monitored for this study. Caranx melampygus is
generally found in clear lagoons and seaward reefs across the tropical and sub-tropical
areas of the Indo-Pacific (Myers 1991). The diet of C. melampygus consists mostly of
shallow water reef fishes (Potts 1981, Sudekum et al. 1991) and this piscivore typically
shows active roaming predatory behaviors over shallow reefs during daytime hours (Potts
1980, Holland et al. 1996). Aphareus furca is found in the same habitats across the
tropical Indo-Pacific region (Myers 1991). Little information is available on the diet and
predatory behaviors of this lutjanid, but casual observations by various researchers and
during this study indicate that reef fish are an important component of their diet and they
seem to be less mobile over the reefs than C. melampygus (Randall 1955, Hobson 1974,
Potts 1981, G. Sancho personal observation). Other large transient piscivorous species
that were sighted during this study, but not observed attacking reef fishes, included
Triaenodon obesus (Hemigaleidae), Carcharhinus amblyrhynchos (Carcharhinidae),
Caranx ignobilis, Caranx lugubris, Caranx sexfasciatus, Scomberoides lysan (Carangidae)
and Sphyraena barracuda (Sphyraenidae).

Three species of planktivores were monitored in this study. Two mobile
planktivorous species were observed following spawning fishes during their ascent and
feeding on clouds of gametes: Melichthys niger and Melichthys vidua (Balistidae). These
triggerfishes seem to feed only occasionally on pelagic eggs, since 70 % of their diet
consists of algae (Randall & Klausewitz 1973). The third planktivorous species monitored
was Dascyllus albisella (Pomacentridae), a small damselfish that feeds by picking

individual plankters out of the water column. Pomacentrids are known to feed on drifting
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fish eggs (Hobson & Chess 1978), and gut content analyses of D. albisella indicate that

they are occasional consumers of planktonic fish eggs (Mann & Sancho in prep.).

METHODS

Data collection for this study took place during April- May of 1994 and 1995 at
Johnston Atoll (Central Pacific), in a reef channel which was used as a resident spawning
aggregation site (Domeier & Colin 1997) by various species of pelagic spawning reef
fishes. This channel (Mustin's Gap) crosses the NW reef crest of the Atoll (Figure 2), and
is 70 m long and 28 m wide, with an average depth of 4.5 m. Substrate composition
consists of a mix of live tabular coral formations dispersed among dead coral boulders and
fine rubble. Currents at Mustin's Gap were bi-directional, influenced by both tides and

waves (Chapter 2).

Behavior of piscivores and prey

Observations of the behavior of piscivores and prey were done by a single observer
(G. Sancho) while diving with SCUBA. Behavioral sampling was limited to a rectangular
sampling area of 170 m?2, used for all observations of piscivorous predators and for the
quantification of spawning by various reef species (Figure 2). The diver made
observations from a fixed position located 5 m away from the sampling area, annotating
every minute the presence of any piscivores above the sampling area during one-minute
periods (score = 1), or their absence (score = 0). This one-zero scoring (Altmann 1974)
was done continuously for two consecutive 15-minute periods. Abundance of piscivores
was expressed as the percentage of one-minute sampling intervals when predators were
present above the sampling area, out of a 15-minute period. Attacks by piscivores on reef
fishes inside the sampling area were recorded, as well as the specific motor pattern

displayed by the intended prey fish at the moment of the attack. Two spawning-related
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motor patterns were identified in these observations. "Bobbing" consisted of courtship-
related behaviors by pre-spawning fishes and involved fish interacting while swimming
above the substrate (0.1 to 2 m approximately). This motor pattern combined what other
authors described for Thalassoma cupido as "bobbing" and "milling" behaviors (Meyer
1977, Moyer 1987). "Rushing" occurred when two fishes (pair-spawning) or more
(group-spawning) rapidly dashed upwards through the water column to release gametes at
the apex of the rush (0.5 to 4.5 m above the bottom), after which the fish would quickly
return to the substrate. Successful attacks or kills were recorded when ingestion of the
prey by a piscivore was observed, or when after an attack the prey was observed inside the
oral cavity of the piscivore.

In the spring of 1994, a total of 31 hours of behavioral observations of predators
were done between dawn and dusk (0700 - 2000 h), while in the spring of 1995 a total of
46.5 hours of observations were concentrated in the early afternoon (1300 - 1630 h) and
dusk (1900 - 20:00 h) periods. Spawning and abundance data of prey species were
simultaneously recorded during these observations periods (Chapter 2). Spawning
sequences of various species were video-recorded in May of 1994.

Duration of spawning rushes was measured from the video-recordings by counting
the total number of frames per rushing event. The time spent rushing by each species at the
spawning grounds was estimated by multiplying the average spawning rush duration by the
total number of spawns observed for each species in a given time. For this calculation,
only data from times when spawning fish were present and actively spawning were used

(Chapter 2).
Behavior of planktivores

During the observations of piscivorous fishes described above, all cases of

~ predation by mobile planktivores (Melichthys niger and M. vidua) on recently released
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propagules observed were recorded. Data on egg sizes of different species spawning at
Mustin's Gap were obtained from published values of the individual species if possible, or
otherwise from a member of the same genus or family (Randall 1961, Thresher 1984, Leis
& Moyer 1985, Colin & Clavijo 1988) .

The feeding behavior of Dascyllus albisella was studied differently at Mustin's
Gap, since they do not swim with rushing fishes to feed on concentrated clouds of gametes
but pick individual drifting eggs from the water column. Due to their site attachment
behavior, individual D. albisella occupying specific territories were identified on different
dates and their feeding behavior observed under various environmental conditions. Six
different individuals were continuously monitored for two minutes at a time, recording any
changes in their behavior (feeding, courting or resting) and their approximate position in
the water column (cm above substrate). Two-minute observation series were always made
consecutively on all six individuals in approximately 15 to 20 minutes. From 20 April to
20 May of 1995, a total of 27 series of observations of damselfish feeding behavior were

made, at times ranging between 1300 - 2000 h.

Topographical and current speed measurements

To study the potential effects of predation in the choice of prey spawning grounds,
I measured the topographical complexity of the substrate, water velocity above the substrate
and abundance of spawning reef fishes at the reef channel. A large section (1820 m2) of
the Mustin's Gap reef channel was delimited and divided into 10 defined sampling areas
(Figure 2). The bottom topography was quantified using a modification of the ratio of
linear versus contoured distance technique (Risk 1972, Luckhurst & Luckhurst 1978,
Leum & Choat 1980, Connell & Jones 1991). This method was chosen because it is
highly sensitive to detecting bottom structures with deep crevices and holes (McCormick

1994), which are used as refuges by prey fish (Hixon & Beets 1989, Hixon 1993). A total
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of five quadrates (1 m2) were randomly positioned in each of the 10 sampling areas. The
contoured distance was measured with a fine-link chain applied over the substrate along the
two middle axes (1 m) of all fifty quadrates. A topographic index (TI), referred elsewhere
as substrate rugosity index, was calculated as the ratio of linear distances (1 m) to
contoured distances. Flat surfaces have values of 1, while more complex surfaces will
have values closer to 0.

Two current meters (S4 InterOcean, San Diego) were mounted simultaneously on
PVC tripods at two contiguous sampling areas with different topographic complexity
values (Figure 1, Table 4). The first current meter was mounted 1.5 m above a complex
substrate area composed of broken coral heads, while the second one was located 1.7 m
above a smooth substrate composed of coral rubble. They recorded current velocity every
second. Simultaneous data used for comparative analyses were recorded on May 21 (1005
- 1105 h) and May 25 (1345 - 1459 h) of 1994, for which consecutive one-second
recordings of current speed were combined into 1 minute averages.

Fish censuses at Mustin's Gap were performed on 14 occasions during May 1995
by swimming down the reef channel and estimating the number of fishes above each of the
ten sampling areas. Sampling was done in the afternoon (1300 - 1600 h) and only fish

showing courting and spawning behaviors were censused.

Data analyses

All statistical procedures were done according to Sokal & Rohlf (1995). Observed
diel distributions of predatory activities were compared with expected distributions, based
solely on the relative sampling effort, by using G-tests for goodness of fit, modified with a
William's correction. To detect differences between daytime and dusk predatory activity
rates, Mann-Whitney U tests were used. The statistical independence of pairs of variables

was analyzed using two way G-tests for independence at a 95% significance level. The
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distribution of successful piscivorous attacks at different time periods and among different
prey species was analyzed by a Fisher's exact probability test. Simultaneous current speed
recordings were compared through a paired t-test analyses for equal variances. Significant

correlations among variables were established through Spearman rank correlation tests.

RESULTS
Piscivores

A total of 254 attacks by piscivores were observed on 5 different prey species:
Chlorurus sordidus, Scarus psittacus (Scaridae), Acanthurus nigroris, Ctenochaetus
strigosus and Zebrasoma flavescens (Acanthuridae). All five species can be classified as
predominantly group spawners at Mustin's Gap, and all observed attacks occurred during
spawning related behaviors (bobbing or rushing) of the prey, with no attacks observed on
feeding or migrating fishes. The two piscivorous species, Caranx melampygus and
Aphareus furca, had similar attack rates during 1994 and 1995 (Table 1). The proportion
of attacks by C. melampygus and A. furca (50 versus 32 attacks in 1994; 123 versus 49 in
1995) did not vary significantly between the two sampling years (G-test of independence,
p>0.05).

Ten of these piscivorous attacks resulted in the successful capture and ingestion of
prey (Table 1). The total success rate of attacks, defined as proportion of attacks leading to
prey capture, was 3.9 %. The success rates for C. melampygus (4.0 %) and A. furca (3.7
%) were not significantly different (G-test of independence, p>0.05).

Diel abundance and attack distributions were significantly different from expected
distributions based solely on the sampling effort at each time category for both C.
melampygus and A. furca, and for both years of sampling (G-test; p<0.001). The
abundance of C. melampygus at the spawning grounds during 1994 increased along the

day, reaching a maximum during the early afternoon (1300 - 1500 h), then decreased in the
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later afternoon, reaching a minimum at dusk (Figure 3). Abundance of A. furca was
constant along all daytime periods, abruptly decreasing at dusk (Figure 3). In 1995, the
abundance values of C. melampygus and A. furca were significantly higher during the
afternoon than at dusk (Mann-Whitney U test; p<0.001 for both species; Figure 4).

The timing of attacks on reef fishes was similar to the abundance distributions of
the attacking piscivores. In 1994, C. melampygus attacked spawning fishes during the
morning and the early part of the afternoon, with most of predatory activity occurring at the
time period when they were most abundant (1300 - 1500 h). Aphareus furca had its
highest attack rates in the early morning (0700 - 0900 h) and in the afternoon (1500 - 1700
h). During 1994 no attacks were observed for either species after 1700 h (Figure 3). In
1995, A. furca was only observed attacking during the afternoon, with no attacks at dusk,
while C. melampygus was observed attacking spawning fish at dusk. Both species had
significant lower attack rates at dusk than during the daytime period (Mann-Whitney U test;
p<0.004 for C. melampygus and p<0.02 for A. furca; Figure 4).

All successful attacks (kills) occurred during the daytime period (between 1107 and
1529 h), except for one attack by Caranx melampygus directed on three rushing
Ctenochaetus strigosus which occurred at 1934 h and resulted in the capture of one
spawning individual. But this difference in the number of successful attacks by piscivores
at daytime and dusk was not statistically significant (Fisher's exact probability test; p>0.05)
when compared with the number of observational samples recorded during each diel
period.

To evaluate which prey were most vulnerable to attacks, I measured the duration of
the spawning rush for different species, which varied between 0.8 and 2 seconds in
duration (Table 2). Combining these data with the number of spawns observed in the
observation area, the proportion of time spent rushing by each species while aggregated at

the spawning site was calculated (Table 2). The proportion of time spent by different prey
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species rushing to release gametes in the water column varied between 7.9 % and 0.8 % of
the total time present at the spawning sites.

Of all the attack sequences observed in their entirety, 210 attacks (84.7 %) occurred
on prey while they were ascending into the water column in a spawning rush, while only
38 (15.3 %) occurred on fish that were involved in pre-spawning related behaviors
(bobbing and milling). Comparing the proportion of attacks by piscivores during
spawning rushes with the actual time spent by each species rushing (Table 2), a significant
difference between the two distributions (G-test; p<0.001) indicated that predators
preferentially attacked their prey while they rushed above the substrate, and they avoided
attacking fishes located near the substrate. This selection for attacks on rushing fish is still
significant even if it is considered that spawning fish could spend up to 50 % of their time
rushing to release eggs (G-test; p<0.001).

Most of the attacks (93.9 %) by piscivores were directed towards two species:
Chlorurus sordidus and Acanthurus nigroris, the two most active spawning species at
Mustin's Gap (Table 3), accounting for 80.2 % of the total number of spawns by group
spawning species at Mustin's Gap. Comparing the number of attacks observed with the
number of spawns by each prey species, both C. melampygus and A. furca were found to
select C. sordidus and A. nigroris as prey items with respect to the other group-spawning
species (G-test of independence, p<0.001).

Considering the total number of spawns observed, I calculated the proportion of
spawning rushes that were attacked by piscivores for each individual prey species (Table
3). Chlorurus sordidus (3.0 %), Acanthurus nigroris (2.4 %) and Scarus psittacus (5.3 %)
suffered significantly more attacks per spawning rush (G-test of independence, p<0.001)
than Ctenochaetus strigosus (0.6 %) and Zebrasoma flavescens (0.3 %).

One attack was observed on a pair spawning event and one attack on a group of

three spawning individuals, but all other piscivorous attacks occurred on groups of four or
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more spawning fishes. Comparing this distribution of attacks with the number of spawns
involving two and three spawners (494) versus those with more than four individuals
(8501), piscivores were found to preferentially attack their prey when they were spawning
in groups, rather than in pairs or trios (G-test of independence, p<0.001).

Considering only the attacks for which the identity of the intended prey was clearly
identified by the observer (248 attacks), the total attack success by piscivores was 4.0 %
(Table 3). The differences in attack successes of piscivores on different prey species were
not statistically significant (Fisher's exact probability test; p>0.05), even though they
varied between 17 % (C. strigosus) and O % (S. psittacus and Z. flavescens). The
probability of a successful attack occurring during a spawning rush for all group-spawning

species was estimated to be 0.1 %.

Planktivores

Melichthys niger formed aggregations of variable size (from 2 to 15 individuals)
and spent most of their time close the surface among breaking waves as described by
Lubbock (1980), while M. vidua were usually observed in pairs or as single fish close to
the substrate. The attack behaviors of the two planktivorous species on planktonic gametes
were almost identical: planktivores would quickly approach groups and pairs of spawning
fishes during their spawning ascent and proceed to bite in the center of the released cloud of
gametes as it drifted down current.

Attacks were observed at all times of the day, from 0922 - 1941 h, but a higher
proportion of attacks occurred during the dusk period than during daytime hours (G-test,
p<0.005; Figure 5). A total of 48 attacks on eggs by M. niger (25 attacks) and M. vidua
(23 attacks) were observed at Mustin's Gap over the two sampling years, on both group-
spawning (25 attacks) and pair-spawning events (23 attacks). The comparison of the

proportion of attacks with the total number of group (7521) and pair (300) spawns
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recorded at Mustin's Gap by the six species attacked by triggerfishes, revealed that
triggerfishes selected pair-spawning events over group-spawns (G-test of independence,
p<0.001).

The selection of prey was further explored by studying the proportion of spawns of
each individual species whose gametes were eaten by mobile planktivores. Triggerfishes
preyed on high proportions of spawns of those species which had larger egg sizes (Figure
6), independently of their abundance at the spawning grounds. Families with large eggs
observed spawning at Mustin's Gap (Bothidae, Ostracidae and Aulostomidae) are mostly
composed of pair spawning species (Sancho in prep.). Families with low proportions of
spawning rushes subjected to planktivorous attacks all had small eggs, and contained pair-
spawning (Mullidae) and group-spawning (Scaridae and Acanthuridae) species. Two other
families (Labridae and Chaetodontidae) with species which were often observed spawning
in pairs at Mustin's Gap have small egg volumes (range of 1.20 - 1.32 mm3; Thresher
1984, Colin & Bell 1991), and were not attacked by planktivorous triggerfishes.

The planktivorous damselfish D. albisella spent 99.1 % of its time feeding in the
water column, and no significant differences in the average time spent feeding were found
between afternoon and dusk periods (Table 4). Damselfishes fed almost continuously
during the day and no indications of satiation were observed.

The average feeding height above the substrate of all six monitored damselfishes
pooled together was 0.7 m. For each individual fish the feeding height at dusk was lower
than at daytime, but this difference was statistically significant only for one of the six fishes
(Mann-Whitney U test; p<0.05). Pooling all six fish together, a significantly smaller
average feeding height occurs at dusk than during afternoon hours (Table 4), with an
average difference of 25 cm. The average current speeds between daytime and dusk

sampling periods were not significantly different (Table 4).
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Current speed was correlated with the feeding height of D. albisella, with fish
feeding closer to the substrate at higher current speeds (Figure 7). At daytime the average
difference in feeding heights during slow (O to 20 cm/s) and fast (>40 cm/s) current speeds

was 63 cm (Mann-Whitney U test; p<0.001).

Diel spawning patterns

A total of 3754 spawns by a total of 20 species were observed in 1994 during
monitoring of predatory activities at the spawning grounds. The diel distributions of
spawning fish abundance and spawning activity (Figure 8) were significantly different (G-
test; p<0.001) than those expected from considering only sampling effort. Highest
abundance and spawning rate values occurred during the afternoon hours (1300 - 1900),
with the lowest values recorded at dusk. The diel distribution pattern of the two most
abundant species spawning at Mustin's Gap (C. sordidus and A. nigroris) had shorter
periods of peak abundance and activities (1300 - 1700 h) and a more drastic decrease in
activities in the late afternoon period (1700 - 1900 h) than the total prey abundance
distribution (Figure 8). Neither of these two species was observed spawning at dusk.

The number of different species observed spawning over discrete time intervals
increased as the day progressed (Figure 8). Only three species spawned in the morning

hours, while a maximum of 16 species were observed spawning at dusk.

Spawning grounds

The abundance of group-spawning fishes was significantly correlated (Spearman
rank correlation r = -0.71; p<0.05) with the Topographical Index (TI) measurements at
Mustin's Gap (Figure 9). Fish avoided spawning above the areas with the lowest
topographical complexity values, and were more abundant in areas with abundant crevices

and holes (low TI values). This relation was also significant when considering individually

121



the abundance of the two most abundant group-spawning species during May of 1995:
Chlorurus sordidus and Zebrasoma flavescens (Spearman rank correlation r = -0.68 and r
= -0.79 respectively; p<0.05).

Mean current velocities measured simultaneously at two adjacent sampling areas
with different substrate morphologies (site 1: TI = 0.48; site 2: TI = 0.74), were
significantly different on each of two independent sampling days (Table 5). The location
with lower topographical complexity (site 1) had slightly faster currents (6 cm/s average
difference) than the more complex area (site 2), while density of spawning fishes was

much lower at site 1 than at site 2 (0.06 and 0.77 fish per m? respectively).

DISCUSSION
Piscivores

An initial objective of this study was to describe the diel activity patterns displayed
by predators at spawning aggregation sites of coral reef fishes. Predatory activities by
Caranx melampygus and Aphareus furca were high during the day, decreased during the
late afternoon and were significantly lower at dusk. These results do not rule out the
possibility of piscivores feeding actively at dusk somewhere else in the reef system, but
clearly predatory pressure decreased at the spawning grounds in the later part of the day.
These data are consistent with the diurnal activity patterns shown by other piscivores that
feed on diurnal coral reef fishes (Sweatman 1984, Shpigel & Fishelson 1989, Clifton &
Robertson 1993). Specifically, C. melampygus showed high daytime predatory activities
at Aldabra Atoll (Potts 1980, 1981) and a diet mainly composed of diurnal reef fishes in the
Hawaiian Islands (Sudekum et al. 1991). Sonic tracking studies in Hawaii showed how
C. melampygus actively patrol an extensive territory during the daytime, while at nighttime
they display 50% lower activity rates than at daytime, and are restricted to a distinct smaller

territory (Holland et al. 1996). The results from the present study are inconsistent with
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studies arguing for increased piscivore activities during crepuscular hours in coral reefs
(Collette & Talbot 1972, Hobson 1973), an idea derived from observations of predators
feeding in temperate waters (Hobson 1968) and supported by studies of piscivores feeding
on schooling prey species over non-reef areas (Major 1977, Ogden & Ehrlich 1977).

The first hypothesis regarding diel activity patterns of piscivores states that
predation occurs predictably on a daily schedule and is independent of prey activity
(Hypothesis 1). The general patterns of abundance of piscivores and prey were similar,
with higher abundance values during the daytime than at dusk. To further investigate the
relation between predator and prey abundance, I compared the abundance of the two most
abundant prey species selected by piscivores (C. sordidus and A. nigroris) with the specific
values of predator abundance through a linear regression analyses during a short time scale
(15 minutes), using 123 paired measurements collected in 1994.

For C. melampygus the joint abundance of the two prey species explained an
important portion (R2 = 0.52, linear regression) of the variance in abundance of this
predator at the spawning grounds (Figure 10). This result indicates that the abundance of
this piscivore is most likely dependent on the abundance of its prey. The reef channel of
Mustin's Gap is likely to be part of a larger daytime hunting territory for various C.
melampygus individuals, which patrol through it in search of food (Potts 1980). When
large groups of suitable prey species aggregate to spawn (Chapter 2), patrolling C.
melampygus will likely locate them and stop patrolling to concentrate their hunting activities
in the channel to exploit this food resource. This flexible activity pattern regulated through
the abundance of prey could also explain the low abundance of C. melampygus at dusk,
since this is the time of day when overall prey abundance is lowest. This prey-dependent
change in predator abundance has been observed in other transient carangids feeding on

juvenile reef fishes (Hixon & Carr 1997).
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Prey abundance was not significantly correlated with the pattern of abundance of A.
furca (R2 = 0.004, linear regression) when measured in 15-minute intervals (Figure 10),
indicating that A. furca has a daytime activity pattern that is not closely controlled by short
term variations in prey abundance at the study site. Generalist piscivores which do not
select for any specific reef fishes have been shown to have regular diel activity patterns
(Sweatman 1984, Shpigel & Fishelson 1989). Fish and crustaceans have been found in
stomach contents of A. furca (Randall 1955, Hobson 1974), but it is presently unknown
which is the relative importance of reef fishes in the overall diet of this predator. The
limited information describing A. furca as a territorial predator with low mobility (Randall
1955, Hobson 1974, Potts 1981, G. Sancho personal observation) supports the
supposition that they adapt a diel activity pattern independent of prey activity. It is likely
that A. furca individuals were present at the spawning grounds at all times, but visual
censuses only counted those individuals swimming above the substrate, during feeding and
non-feeding periods, and ignored those hiding among coral formations.

Successful feeding by these diurnal piscivores can potentially lead to their satiation,
which would result in a decrease in their feeding activity toward the end of the day
(Hypothesis 2). Low predation activity levels (measured as abundance and attack rates)
found during the late afternoon and dusk periods may indicate the occurrence of satiation of
piscivores at Mustin's Gap. The number of prey items ingested per day by reef piscivores
probably varies with the predator-prey size relation, but ingestion rates of one or two prey
fish per day are common values for coral reef piscivores (Sweatman 1984, Kingsford
1992). With a measured capture rate of 3.9%, piscivores at Mustin's Gap would need to
perform approximately 25 to 50 attacks to reach their estimated daily ration, a figure
comparable to attack rates by diurnal ambushing lizardfishes, which on average attempt 27

attacks on small reef fishes every day (Sweatman 1984).
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Piscivorous activities can be directly related to specific behaviors of their prey
(Hypothesis 3), since different spawning related behaviors of potential prey affect their
vulnerability to predation (Lima & Dill 1990, Clifton & Robertson 1993). Piscivores
preferred to attack reef fishes when these rushed up into the water column to release
gametes, which constitutes an example of predator-prey dependence. Piscivores attack
prey while they temporarily become vulnerable by abandoning the reef substrate, where
refuges from predation exist (Major 1978, Hixon 1991, Hixon & Carr 1997). At Mustin's
Gap successful attacks by piscivores only occurred on individuals engaged in spawning
rushes. In a similar study, Moyer (1987) described the same selection by piscivores of
attacking during the rushing movements of their prey, but successful attacks were only
observed on reef fishes that were bobbing close to the substrate. The difference in results
is probably due to differences in predatory behaviors. Both C. melampygus and A. furca
are large mobile predators, and mostly performed midwater, high-speed swimming attacks.
All piscivores from Moyer's study were small cryptic resident predators with ambushing
attack behaviors, some with striking areas limited to a distance of only 6-7 cm from the
substrate. The specific hunting behavior of different piscivores is likely to determine
which behavioral motor pattern of spawning prey is most susceptible to predation.

The abundance of Caranx melampygus was positively correlated with the
abundance of Chlorurus sordidus and A. nigroris (Figure 10). The abundance of group-
spawning fishes at Mustin's can be considered a spawning related behavior, since they
migrate to this location to spawn (Chapter 2). Therefore, C. melampygus seemed to
modify its hunting behavior in response to changes in behavior of its prey (Hypothesis 3).
The abundance of A. furca was independent of changes in prey abundance at the spawning
grounds, indicating that the presence of this predator was not affected by spawning

activities of reef fishes (see previous discussion).
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Piscivores selected prey spawning in groups versus those spawning in pairs,
indicating that mating behavior can affect predation patterns. Stomach content analyses of
Caranx bartholomaei revealed that male parrotfishes that typically spawn in groups were
predated more often than males spawning in pairs (Clifton & Robertson 1993). Both
results indicate that group-spawning is a riskier mating tactic than pair-spawning. These
differential predation risks could explain why pair-spawning tactics are common among
certain reef species, even though group-spawns provide significantly higher fertilization
rates of eggs than pair-spawns (Marconato et al. 1997).

Piscivores showed a certain specificity when attacking group-spawning species: C.
sordidus, S. psittacus and A. nigroris were selected as prey over C. strigosus and Z.
flavescens (Table 3). This selectivity pattern can be explained according to interspecific
differences in timing of spawning and spawning behavior of the prey.

Predator satiation (Hypothesis 2) can explain the differences in attack rates suffered
by group-spawning prey species. The prey species that received high attack rates by
piscivores spawned during the morning and early afternoon hours, while the two species
that suffered low attack rates spawned late in the afternoon and at dusk (Chapter 2), when
piscivores were potentially satiated.

Because of the behavioral selectivity shown by piscivores at Mustin's Gap for
attacking spawning fishes in the water column, the total time spent by each individual prey
species rushing up in the water column to spawn (Table 2) can be considered an estimate of
prey availability to piscivores (Hypothesis 3). Of the four prey species for which the
proportion of time spent in the water column was calculated, attacking piscivores selected
the two species which spent most time rushing up in the water column.

Certain anti-predatory morphological adaptations are expected to reduce the risk of
predation for certain species (Godin 1997). Patterns of predatory activity were predicted to

depend on the behavior of vulnerable species (Hypothesis 4). But the observed patterns of
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prey selectivity by piscivores indicated that prey morphological characteristics were of low
importance to piscivores. The morphological characteristics of surgeonfishes did not
protect them from piscivorous activity as expected: A. nigroris suffered high attack and
capture rates by piscivores, plus a capture event of a C. strigosus individual by C.
melampygus was observed. Selectivity of different group-spawning species by piscivores

did not seem controlled by prey morphology at Mustin's Gap.

Planktivores

Mobile planktivorous triggerfishes (Melichthys niger and M. vidua) were active at
all times of day, and showed a higher proportion of attacks at dusk. These triggerfishes
seem to feed only occasionally on pelagic eggs, since 70 % of their diet consists of algae
(Randall & Klausewitz 1973). At Mustin's Gap both species were observed feeding on
recently spawned eggs, but often they would feed in midwater on drifting clumps of algae,
and on occasion they were observed biting algae directly on the coral substrate. The
relative importance of fish eggs in the diet of triggerfishes at spawning aggregation areas is
unknown, but satiation (Hypothesis 2) did not seem to occur in these predators.
Planktivores have been hypothesized to feed less actively and to be less effective in locating
eggs at dusk (Johannes 1978, Lobel 1978, Robertson 1983, Colin & Clavijo 1988), but
this does not seem to be the case with planktivorous triggerfishes at Mustin's Gap.

Triggerfishes directed their feeding efforts towards those fish species with large egg
sizes. This selection of prey explains the diel activity pattern of these planktivores, since
species with large eggs predominantly spawned at dusk in Mustin's Gap (Sancho pers.
obs.), when triggerfishes were most active. These results indicate that triggerfishes
displayed an activity pattern that matched the activity of prey species with a certain
morphological characteristic that made them more vulnerable and attractive to these

" planktivores (Hypothesis 4). Large eggs are probably easier to locate and ingest by these
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planktivores, since their mouths are not protrusible and their teeth are designed to bite hard
surfaces. Their feeding behavior corroborates this idea, since they only prey upon clouds
of recently spawned eggs while they are still in high concentrations. The selection of prey
species was independent of prey abundance, which implies that triggerfishes can recognize
the identity of fishes when rushing.

Mobile planktivores attacking gametes from two surgeonfish species at Palau
showed intraspecific preferences for gametes originated from group-spawning rushes over
those produced in pair-spawning rushes (Robertson 1983). At Mustin's Gap not enough
information was available to compare group and pair spawning predation rates within a
single species (intraspecific comparison), but considering all spawning species together
(interspecific comparison), planktivorous triggerfishes selected pair-spawns to prey upon,
which would indicate a preference based on the behavior of their prey (Hypothesis 3). But
this difference is likely due to the preference of triggerfishes for species with large egg
sizes, which predominantly spawned in pairs at Mustin's Gap (Sancho in prep.). Other
spawning sites where mobile planktivores are abundant (Colin 1978, Robertson 1983,
Moyer 1987) have planktivorous species which are more adapted to the ingestion of
individual planktonic particles from the water column than triggerfishes (Hobson 1991),
and will readily prey upon gametes from species with small egg sizes (Colin 1978,
Robertson 1983, Moyer 1987). Preference by planktivores for pair-spawning species was
likely caused by differences in egg characteristics (this study), while preference by
planktivores for group-spawning behaviors within a single spawning species was likely
caused by the simpler visual localization of gametes released in group-spawns versus pair-
spawns (Robertson 1983). The selection of certain prey species over others is expected to
vary among different spawning locations according to the composition of the planktivorous

fish community and their dietary preferences.
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Dascyllus albisella is a planktivorous damselfish that feeds on individual
zooplankters as they drift over the reef. These planktivores were observed feeding
continuously in the water column every day until late at dusk. Dascyllus albisella seemed
to have a predictable feeding schedule that was independent of prey activities (Hypothesis
1). These planktivores did not show any signs of feeding satiation as the day progressed.

Feeding height of planktivorous damselfishes is hypothesized to be controlled by
piscivorous predation risks (Sackley & Kaufman 1996) and current strength (Hobson &
Chess 1978). The average feeding height of damselfishes measured at Mustin's Gap
decreased at dusk, potentially due to reduced detection abilities of piscivores in twilight
conditions (Pitcher & Turner 1986). But this decrease in feeding height with decreasing
light levels was smaller that the decrease caused by fast current velocities. It is still
uncertain how important benthic planktivores are in determining the survivorship of
propagules, or whether a reduction in feeding height of planktivores would have any effect.
But with regard to planktivorous damselfishes, predation risks for drifting eggs were

potentially lower during high current speeds than at crepuscular light levels.

Choice of spawning location by reef fishes

The choice of spawning locations within a spawning aggregation site by group-
spawning reef fishes is hypothesized to (1) reduce reef-based predation of eggs (Johannes
1978) or to (2) reduce predation risks on adult spawners (Hugie & Dill 1994). The spatial
abundance pattern of group-spawning fishes along the channel of Mustin's Gap was
correlated with the topographical complexity of the underlying substrate at small scales (10-
20 meters). The significant positive result suggests the importance of refuge availability in
determining the spawning location of reef fishes, since fish attacked by transient piscivores
escape by swimming into crevices and holes among the corals (Hixon 1991, Hixon & Carr

1997). Topographic complexity and availability of holes have been also shown to
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positively correlate with survivorship of juvenile and adult fishes in non-spawning
situations (Luckhurst & Luckhurst 1978, Roberts & Ormond 1987, Hixon & Beets 1989,
Connell & Jones 1991, Buchheim & Hixon 1992, Hixon 1993, Tupper & Boutilier 1997).
Locations with fast current speeds are expected to minimize the exposure of eggs to
reef based predators (Johannes 1978). Current speed data from two adjacent locations with
different topography showed that the site with low topographical complexity and fastest
current speeds was not used by spawning fishes. Topography, and not current velocity,

appeared to influence the choice of spawning sites at Mustin's Gap.

Effects of predation on reef fish populations

Predation pressures at spawning aggregation sites seem to vary greatly among
different geographical locations (for review see Shapiro et al 1988, Robertson 1991). In
the present study piscivores attacked 2.3 % of all spawning rushes, and mobile
planktivores attacked the eggs from 0.6 % of all spawning rushes. But these general
predatory pressures should be considered cautiously, since they could greatly increase for
specific spawning species that are selected as prey by predators (see previous discussion).
Overall, spawning can be considered a dangerous activity if compared with other non-
reproductive behaviors (foraging, migration), since predatory attacks on adult fishes were
always directed towards fishes displaying spawning-related behaviors.

In the case of piscivores feeding on spawning fishes, the overall attack success rate
measured in this study was 3.9 %. The estimated mortality risk per individual spawning
rush for group-spawning fishes at Mustin's Gap was 0.1 %. By estimating the number of
spawning rushes that an individual fish makes in a spawning season, the yearly mortality
rates of individual adult fishes due to piscivory at spawning aggregations sites can be
calculated. Considering that about 15 fishes are typically involved in a group spawning

rush (G. Sancho personal observation), a four to six month spawning season typical of
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many Hawaiian fishes (Lobel 1989, Sadovy 1996, Appendix 2) and a maximum spawning
rate for female fish of one spawning rush per day (Hoffman & Grau 1989), the chances of
an individual female of being killed while performing a spawning rush during a whole
spawning season are low (1.2 - 0.8 %). But the estimated annual spawning mortality rates
for group-spawning males that can spawn between 20 and 50 times per day are very high
(15 - 60 %). These calculations indicate that predation of adult male fishes by large
piscivores at spawning aggregation sites could be of crucial importance for population
regulation of group-spawning species at Mustin's Gap. Prey selectivity by carangids
feeding on parrotfishes in Panama confirm the higher risks of male versus female fishes
during spawning activities, specifically of males participating in group spawns (Clifton &

Robertson 1993)

Effects of predation on timing of spawning of reef fishes

An important question regarding the timing of spawning of reef fishes is whether
they spawn at times when predation risks are reduced (Johannes 1978, Robertson 1991).
The degree of prey selectivity by predators can be important, since species that are highly
selected by flexible predators are unlikely to be able to reduce predatory risks by modifying
their timing of spawning. Also, species with low vulnerability to predation should not be
influenced by predatory risks and should spawn independently of predatory activities
(Gladstone & Westoby 1988).

Dusk was the time when predator abundance and activity levels of piscivores were
lowest. Dusk was also the period of the day with lowest overall abundance of spawning
fishes and lowest spawning intensities, which could potentially be an explanation for the
reduced activity by piscivores during the dusk period at the spawning grounds. At
Mustin's Gap, the largest diversity of spawning fishes occurred at dusk, a characteristic of

other multispecific spawning sites (Johannes 1978, Lobel 1978, Thresher 1984).
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These observations support the hypothesis that piscivores principally feed during
thq daytime on vulnerable group-spawning species, and then due to either satiation,
decreasing prey abundance or changes in prey composition, piscivores reduce their feeding
activity during the late afternoon. Dusk could be used as the time for spawning by many
species which exist in low abundance, which would benefit from the reduced piscivorous
activity levels at the spawning grounds during this time period. This potentially constitutes
an example of how the abundance of certain species can affect the mortality rates of other
species (Kingsford 1992).

Planktivores showed different activity patterns than piscivores. Because of the high
selectivity shown by triggerfishes for certain prey species, the feeding activity of these
planktivores affected a small number of the spawning species. Spawning reef fishes with
small eggs seem to potentially benefit from reduced predatory rates of their gametes during
the daytime and dusk periods, since triggerfishes selectively attacked species with large
eggs. Planktivores which feed indiscriminately at all times of the day such as D. albisella

are unlikely to affect the timing of spawning of reef fishes.

Comparative studies at different locations are needed to further resolve the
generality of the predator-prey relationships occurring at the spawning aggregation site
described in this study. Changes in predatory pressures are expected to have behavioral
and population effects on coral reef fish communities. Due to increasing fishing pressures
in the coral reef environments the populations of predators are declining, in particular of
large-sized piscivores (Roberts 1997). Predator-prey interactions in environments with
abundant predatory populations, such as marine reserves and remote reefs, should be

compared with those from locations impacted by fishing activities.

SUMMARY
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This study describes different predator-prey relations occurring at a spawning
aggregation site. The large transient piscivore Caranx melampygus displayed a flexible
daytime predatory activity pattern which was correlated with the abundance of selected prey
species. The other main piscivore, Aphareus furca, had a daytime feeding activity pattern
which was independent of prey abundance. Potential explanations for the low abundance
of piscivores during the dusk period include satiation of piscivores, changes in prey
abundance and interspecific differences of prey spawning behaviors. Piscivores showed
preferences toward certain prey species, but it is unclear if this selectivity was caused by
satiation processes or prey behavioral characteristics. Mobile planktivorous species
(Melichthys niger and M. vidua) selected prey species that released large eggs. These
planktivores displayed a flexible diel feeding pattern with peak activity rates occurring at
dusk, the time when species with large eggs spawned. In contrast, the planktivorous
damselfish Dascyllus albisella fed continuously during the daytime and dusk periods,
independently of the spawning activities occurring at the observation site. Overall,
predation rates by piscivores on adult prey were higher than those by planktivore feeding
on recently released eggs. Piscivory was inferred to be an important selective force
affecting certain spawning behaviors of prey species, and to potentially have an impact on

populations of group-spawning prey species.
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Table 1. Attacks by Caranx melampygus and Aphareus furca on different prey species.
Numbers in parenthesis represent successful attacks (kills). The motor pattern of prey fish
was categorized as bobbing or rushing when an attack was observed. The
indiscriminate category represents attacks that occurred when (1) the specific spawning
behavior of the prey was not observed, or (2) the attack was directed to a mixed species

aggregation.
Year Prey species Motor pattern C. melampygus A. Furca Total
attacks attacks attacks
1994
C. sordidus Rushing 26 (1) 16 (2) 45
Bobbing 8 1 9
A. nigroris Rushing 72 4 13
Bobbing 2 2 4
Z. flavescens Rushing 2 0 2
Bobbing 1 0 1
S. psittacus Rushing 0 4 4
Bobbing 0 0 0
Indiscriminate 1 3 4
1995
C. sordidus Rushing 56 (3) 10 69
Bobbing 10 2 12
A. nigroris Rushing 37 34 71
Bobbing 8 2 10
Z. flavescens Rushing 1 0 1
Bobbing 1 0 1
C. strigosus Rushing 4(1) 0 5
Bobbing 1 0 1
indiscriminate 1 0() 2
TOTAL Rushing 140 70 210
Bobbing 31 7 38
All 173 81 254
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Table 2. Results for four prey fish species on the duration of individual spawning rushes,
the proportion of time spent rushing up into the water column and the proportion of attacks
by piscivores directed towards rushing fishes. The selection by attacking piscivores of
spawning rushes as the moment to attack their prey was established by comparing the
proportion of time spent rushing with the proportion of attacks directed on rushing fishes.

Prey species Duration of Proportion of Proportion of Selection of
spawning rush  time spent attacks on spawning rushes
(seconds) rushing rushing fish by piscivores %

C. sordidus 1.9 7.9 % 84.4 % Yes

A. nigroris 1.1 49 % 85.7 % Yes

C. strigosus 0.9 21 % 83.3 % Yes

Z. flavescens 2.0 0.8 % 60.0 % Yes

(*) G-test for goodness of fit; p<0.001
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Table 3. Attacks by piscivorous predators and spawning activities of their prey. Predation data from Caranx melampygus and
Aphareus furca, as well as from both 1994 and 1995 sampling seasons were combined. The proportion of spawns attacked,
attack success rates and mortality risks per individual spawning rush were calculated using data on attacks and kills by predators,
and data on prey spawning..

Prey species Total no. No. attacks on  No. spawns Propottion of No. kills Total attack Mortality risk per
attacks rushing fish spawns attacked success rate  spawning rush

C. sordidus 135 114 3749 3.0% 7 5.2 % 0.2 %

S. psittacus 4 4 76 5.3% 0 0.0% 0%

A. nigroris 98 84 3461 24 % 2 2.0 % 0.1 %

C. strigosus 6 5 770 0.6 % 1 16.7 % 0.1%

Z. flavescens 5 3 939 0.3 % 0 0.0 % 0%

Total 248 210 8995 2.3 % 10 4.0 % 0.1 %
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Table 4. Average feeding intensity and feeding height of D. albisella during afternoon and dusk periods, and diel distribution of
current speeds. Behavioral feeding variables are averages from 6 individual fishes. N: number of observations (each observation
included all six individual planktivores); Max-Min: extreme values from individual fishes. Mann-Whitney U tests compare

afternoon and dusk values for percentage of time spent feeding, feeding height above the bottom and current speeds.

N Average Max- Min UMann- Average Max- Min U Mann- Current  Max-Min U Mann-
percentage Whitney feeding ~ Whitney  speed Whitney
of time (p-value) height (m) (p-value)  (cm/s) (p-value)
feeding

Afternoon 19 988 % 100-36.7% 25745 0.78 2.16-0.25 1963.5 30.9 586-35 65
NS (p<0.009) NS
Dusk 8 99.8 % 100-91.7 % 0.53 1.19-0.25 27.9 45.0-2.3

Total 27 991 % 0.70 30.0
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Table 5. Comparison of current speeds from two adjacent sampling sites (1 and 2). TI:

topographical index calculated as the ratio of linear to contoured length (see methods

section); N: number of 1 minute samples used in analysis; average speed: total current

speed average (cm/s); speed max-min: maximum and minimum current speed values; t-

values: t-statistic from a paired comparison between simultaneous currents at both sites.

Site Substrate T.L Fish Date N Average Speed t-value
density speed Min - Max (p-value)
1 broken 0.48 0.77 May21 60 414 32.0 - 50.1 5.9
coral heads (<0.001)
2 coral rubble 0.74 0.06 May21 60 43.8 36.7 - 52.1
1 May25 75 40.8 32.9 - 491 19.6
(<0.001)
2 May25 75 50.3 35.5-59.5
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Figure 1. Hypotheses regarding the diel activity of predators in relation to their prey. 1.
Predation is independent of prey activity. 2. Predation is reduced after satiation from
previous feeding. 3. Predation is dependent on prey behavior or activity. 4. Predation is

dependent only on the activity of vulnerable prey species, and independent of prey with
anti-predatory adaptations.
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Figure 2. A. Map of Johnston Atoll showing the location of the spawning aggregation
site, Mustin's Gap. B. Schematic representation of Mustin's Gap showing the position
and size of the 10 sampling areas used in topographical and fish census measurements.
The dominant substrate elements in each area are Acropora spp. (a), broken coral heads (c)
and fine coral rubble (r). Cross-marks indicate the position of current meters. The darker
area shows where behavioral observations of piscivores and spawning fish were made.
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Figure 3. Timing of Caranx melampygus and Aphareus furca presence (A) and attacks (B)
during 1994. Data are averages from 15-minute observations (£ SE).
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Figure 4. Caranx melampygus and Aphareus furca presence (A) and attacks (B) during
daytime (1300-1630) and dusk (1900-2000) periods of 1995. Data are averages per 15-
minute observations (+ SE).
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Figure 5. Number of Melichthys spp. attacks on recently spawned gametes during daytime
(1300-1630) and dusk (1900-2000) periods (1994 and 1995). Data are averages per 15-

minute observations (+ SE).
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Figure 6. Relation between the percentage of spawns attacked by mobile triggerfishes
(Melichthys niger and Melichthys vidua) and the egg volume of different spawning species.
Egg volumes correspond to the species of Aulostomus chinensis (Watson & Leis 1974, as
cited in Leis & Trnski 1989),Chlorurus sordidus (Colin and Bell 1991) and Ostracion
meleagris (Leis & Moyer 1985); and to species from the same genus of Parupeneus
multifasciatus (Parupeneus sp.; Suzuki et al. 1980, as cited in Leis & Rennis 1983),
Acanthurus nigroris (A. triostegus; Randall 1961) and Bothus mancus (B. robinsi; Jutare
1962, as cited in Martin & Drewry 1978).
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Figure 7. Feeding heights of six individual Dascyllus albisella versus current speed. Data
are averages per 2-minute observations. Lines are linear regressions corresponding to data
from each individual fish.
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Figure 8. Diel distribution of abundance of spawning fish (A), spawning rate (B) and
number of species (C) at Mustin's Gap during 1994. Data are from 15-minute observation
periods (n=123). Abundance of fish values are averages and include all species observed
spawning (n=24). Spawning rate is expressed as the average number of spawns (number
of spawns observed = 3754) per minute of observation. Black bars represent abundance
and spawning rate of only Chlorurus sordidus and Acanthurus nigroris, while white bars

represent values from the other species. Gray bars represent number of species.
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Figure 9. Relation of density of spawning fishes (number of fish per m?2) with substrate
topographical index (ratio of contoured length to linear length). Fish density values (sum
of Chlorurus sordidus, Acanthurus nigroris and Zebrasoma flavescens) are averages from
14 censuses (= SE); individual topographical indices values are averages from 2 diagonals
from 5 quadrates (* SE).
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Figure 10. Relationship between prey abundance (Chlorurus sordidus and Acanthurus
nigroris combined) and the presence of piscivorous predators (Caranx melampygus and
Aphareus furca). Data points correspond to 15-minute observation periods. A solid line

indicates the linear regression between Caranx melampygus presence and prey abundance
(R2=0.55)
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CHAPTER 4

Novel territorial ambushing behavior of the transient predator

Caranx melampygus (Carangidae)
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ABSTRACT

The behavioral strategies used by the piscivore Caranx melampygus (Carangidac)
while feeding on spawning aggregations of coral reef fishes were studied for two years at
Johnston Atoll (Central Pacific). Visual behavioral observations revealed the existence of
two different hunting behaviors employed by this predator. A 'midwater’ hunting
behavior, which consisted of midwater high speed attacks on spawning fishes, is typical of
large sized transient predators and yielded a low capture success rate (2 %). An 'ambush'
hunting behavior consisted of attacks on spawning fishes from hiding locations in the
substrate, and yielded a much higher capture success rate (17 %). While ambushing their
prey, C. melampygus displayed territorial aggressive behaviors toward other intruding
conspecifics, defending a specific section of the reef. This specialized ambushing behavior
is atypical of fast swimming carangids, but illustrates the behavioral flexibility of this
predator. I suggest that the use of these two hunting behaviors by C. melampygus can
potentially cause density-dependent mortality rates in prey communities, a demographic
consequence previously attributed to the simultaneous action of various guilds of predatory

species.
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INTRODUCTION

Predation is a major ecological force structuring various ecological systems, such as
freshwater and rocky intertidal communities (Sih et al. 1985). In coral reef fish
communities, post-settlement mortality in the benthic environment due to predation seems
to be an important factor controlling populations (Hixon 1991). The abundance of
predators and refugia have been proved important in determining the abundance and
composition of reef fish populations (Hixon & Beets 1989, Hixon & Menge 1991, Caley
1993, 1995, Hixon 1993, Beets 1997). Recent experimental studies show that certain
feeding behaviors of piscivores are crucial in achieving density-dependent mortality of
fishes (Hixon & Carr 1997), a key demographic condition that prevents prey populations
from fluctuating widely and becoming extinct. The simultaneous predatory action of
transient midwater piscivores, which swim above the substrate between reefs, and resident
benthic piscivores, which are relatively sedentary and are closely related with the substrate,
can produce density-dependent mortality (Hixon & Carr 1997). Thus specific predator-
prey behavioral interactions can have significant effects on reef fish communities at the
population level.

Predator-prey relationships have been studied extensively among fishes in a variety
of natural environments as well as in the laboratory (for reviews see Stouder et al. 1994,
Godin 1997a). Piscivores exhibit a variety of search and pursuit tactics when feeding on
reef fishes, such as stalking, ambush, rushing, and chasing attacks (Hobson 1968, Curio
1976, Parrish 1993). The efficiency of predatory attacks has been well studied in
laboratory conditions and in freshwater environments (Juanes 1994, Godin 1997b), but
few studies have actually quantified the success of attacks by piscivores under natural

conditions in marine reef environments (Sweatman 1984, Moyer 1987, Parrish 1993).
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The jack family (Carangidae) is largely composed of mobile transient piscivores
such as Caranx melampygus, a large-sized transient piscivore widely distributed across
Indo-Pacific coral reefs (Myers 1991, Holland et al. 1996). This carangid feeds almost
exclusively on small diurnal reef fishes, and is a major predator in coral reefs. A single
individual is estimated to consume 48 kg of fish per year (Sudekum et al. 1991). Its
success as a diurnal predator in very diverse locations and across a wide variety of coral
reef habitats has been attributed to its behavioral flexibility (Potts 1980, Potts 1983).

The feeding behavior of large transient or free ranging piscivores is difficult to
quantify in their natural environment due to their high mobility and rapid swimming
(Holland et al. 1996). The existence of prey aggregations which occur predictably on
certain reef areas allows researchers to observe the hunting behavior of transient piscivores
at these locations (Moyer 1987, Parrish 1993). These predictable and patchy food sources
are ideal circumstances for the appearance of aggressive territorial behaviors among
predators competing for food (Milinski & Parker 1991, Grant 1997). The adoption of
territorial behaviors due to competition for food resources among fishes is common in coral
reef environments (Grant 1997), but has not been shown to occur in large mobile
piscivores.

This study focuses on two different hunting behaviors displayed by C.
melampygus when feeding on spawning reef fishes, and is part of a larger effort to
describe the predator-prey interactions between piscivores and reef fishes at a spawning
aggregation site (Chapter 3). In this paper I will describe the two hunting tactics employed
by this transient piscivore and quantify the success rates of each attack mode in order to
evaluate the potential benefits of each behavior. Comparison with theoretical studies and
other field studies will help me evaluate the consequences of this dual behavioral pattern on

the mortality patterns of prey fishes.
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METHODS

Data were collected at Johnston Atoll, an isolated open atoll located 800 km south
of the central Hawaiian Islands. Observations were made in a reef channel (Mustin's Gap)
that intersected the northwest reef crest of the atoll. This reef channel was approximately
70 m long, 28 m wide and had an average depth of 4.5 m. The substrate was a mixture of
tabular coral formations (Acropora spp.), broken coral heads and fine coral rubble. Data
were collected during the months of April and May, in both 1994 and 1995.

The channel of Mustin's Gap is utilized by various species of reef fishes as a
spawning aggregation site (Chapter 2). Caranx melampygus (Carangidae) and Aphareus
furca (Lutjanidae) are commonly observed to prey on spawning fishes at this location
(Chapter 3).

Underwater behavioral observations of Caranx melampygus were done with
SCUBA, always by the same observer (G. Sancho). Behavioral observations were made
in a small rectangular sampling area (14 x 12 m) located in the outer part of the channel,
over a topographically complex substrate composed of live and dead coral structures
(described in Chapter 3). The observer would lie down on the bottom always at the same
location, 5 m away from ta single rectangle, annotating observations on underwater paper.
Visibility always exceeded 20 m, so the entire sampling area was visible.

In 1994, sampling was done throughout the day (0700 - 2000) for a total of 31
hours of observation. In 1995, observations were made during the afternoon (1300 -
1630) and dusk (1900 - 2000) periods for 46.5 hours. I performed observations for 30
minutes at a time, recording any observed predatory attempts by C. melampygus occurring
inside the sampling rectangle. For every attack observed, the identity of the intended prey,
the behavior of the prey at the moment of the attack and the final outcome of the attack were

recorded. Each attack was categorized as a 'midwater' or an 'ambush’ attack. Midwater
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attacks by C. melampygus were initiated from a midwater swimming position
(approximately 2 meters above the substrate). Ambush attacks were those performed from
a stationary hiding position close to the substrate.

To estimate the presence of C. melampygus at the sampling area a one-zero
sampling method was used (Altmann 1974), scoring the presence or absence of piscivores
every 60 second period. Separate counts were kept for swimming (midwater behavior) and
hiding (ambushing behavior) individuals. Even though the one-zero scoring method has
certain limitations (Altmann 1974), its simplicity allowed the observer to simultaneously
record and quantify the spawning behavior of reef fishes (Chapter 2), the presence of
another co-occurring piscivore, Aphareus furca (Chapter 3), and to describe in detail the

feeding behavior of C. melampygus.

RESULTS
Midwater attacks

This mode of attack has been described previously in great detail by Potts (1980,
1981, 1983). Individuals usually approached the spawning grounds by swimming 1 or 2
m above the substrate. When hunting, these individuals swam at medium speeds,
frequently changing direction (zig-zag pattern). C. melampygus performed this hunting
behavior alone and in gregarious groups of 2 to 5 individuals, displaying their usual light-
silver coloration mottled with blue specks. They typically approached their prey along the
main axis of the channel from either direction (inwards and outwards of the lagoon).
Midwater attacks were initiated from a swimming position above the substrate (Figure 1),
and consisted of a sudden acceleration leading to a high-speed rush through a group of
prey. Most of the attacks were directed towards reef fishes during their spawning rushes,
when they were located in the water column away from the substrate (Chapter 3). Prey

fish immediately darted towards the substrate in search of refuge in holes and crevices
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when an attack was detected. After the first rushing attack, jacks would occasionally
pursue the fleeing prey, following individual fishes until the prey found cover among the
coral heads. Jacks were often observed to charge into coral heads while trying to catch
escaping prey, and frequently displayed fresh scratches and coral marks on their heads.
Even though groups of C. melampygus occasionally approached prey, all attacks observed
in this study were performed by single individuals and no simultaneous group attacks were

observed.

Ambush attacks

On occasion, an individual C. melampygus would adopt a dark coloration, referred
hereafter as 'pigmented’ phase. This change in color was observed to occur in only a few
seconds. Pigmented individuals hid underneath a large Acropora coral formation,
maintaining a steady position against the current with the help of minor caudal and pectoral
fin movements. At the observation area within the reef channel, most C. melampygus
individuals used the same Acropora head as hiding location. This table-top coral formation
had a large cavity open on three sides and was located approximately three meters away
from an active spawning site used by group-spawning species. An ambushing jack was
observed inside the sampling area hiding at a different location only once: during two
consecutive sampling periods of 30 minutes a second pigmented jack was observed hiding
behind some large broken pieces of coral located seven meters upstream from the normal
hiding location, which at the time was occupied by another pigmented jack. These two
pigmented jacks directed their attacks towards different sub-groups of spawning fishes,
both within the sampling area. Pigmented C. melampygus showing ambushing behavior
were also observed at other hiding locations within the reef channel of Mustin's Gap, but
their activities were not quantified. The identity of the pigmented individuals hiding under

the main Acropora head varied among different days (personal observation).
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Before launching an attack from the main Acropora hiding location, ambushing
jacks turned their bodies slightly sideways, orienting themselves according to the shape of
the frontal opening of the table-top coral head, through which a large jack did not fit in an
up-right position. Attacks started with a fast rush initiated from underneath the coral head.
The attacking jack would dart from beneath the coral head and accelerate upward, rushing
through a group of fishes at the apex of their spawning rush (Figure 2). After this first
ramming attack, jacks behaved as in midwater attacks, occasionally turning around and
pursuing individual fleeing fishes.

When attacking, ambushing C. melampygus rushed from underneath the hiding
location, accelerated, and rammed through a group of rushing fishes at speeds comparable
to those of midwater attacks. A difference between ambushing and midwater attack
behaviors was the angle of the attack rush, since ambushing jacks approached spawning
fishes from below, thereby restricting the prey's access to refuges in the coral substrate.

Pigmented individuals displayed a very strong aggressive territorial behavior
against conspecifics. Jacks approaching the spawning grounds while a pigmented
individual was hiding elicited an immediate response by the pigmented fish. Upon locating
the intruding fish or fishes, the pigmented jack would swim out of its hiding location and
drive away the intruders, which always displayed a normal silvery-blue coloration (Figure
2). The pigmented jack would approach intruding conspecifics and nudge its head against
their side. This behavior always caused intruders to turn around and leave the spawning
site, and aggression never escalated past this point. After intruders had been driven away,
the pigmented individual would return to its hiding position under the coral head and

resume its ambushing hunting behavior.
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Quantitative comparisons

Abundance of hunting C. melampygus at the spawning grounds was generally
highest during midday and early afternoon hours (Figure 3), the time when the most of the
spawning activity occurs at Mustin's Gap (see Chapter 3). Display of ambushing behavior
occurred less often than midwater hunting behavior, but both behaviors were most
prevalent during early afternoon (Figure 3). Midwater hunting behavior was displayed
during both inflowing and outflowing currents at the reef channel, while ambushing
behavior only occurred while currents were outflowing.

A total of 149 midwater attacks were observed, while only 24 ambushing attacks
occurred during the sampling intervals (Table 1). Only seven attacks succeeded in the
capture of their intended prey. One other attack led to the capture of a non-spawning
butterflyfish when a jack was pursuing fleeing parrotfishes above the substrate (Table 2).
Because of its accidental nature, this successful attack was not considered in the analyses.
Three of the successful attacks were categorized as midwater, and four as ambush attacks
(Table 1). The success rate of ambush attacks (16.7 %) was significantly higher than of
midwater attacks (2.0 %) (Table 1).

Caranx melampygus preferentially attacked when their prey rushed into the water
column to spawn (Chapter 3), but the proportion of attacks on rushing prey in midwater
attacks (80 % directed to rushing prey) was significantly lower (Fisher's exact test;
p=0.042) than that of ambush attacks (95 % directed to rushing prey). The majority of
midwater attacks (93 %) and all of the ambush attacks were directed towards two prey
species: Chlorurus sordidus (Scaridae) and Acanthurus nigroris (Acanthuridae). All the
attacks directed towards rushing fishes occurred on group spawns (three or more fish
involved), with the exception of one midwater attack on pair-spawning C. sordidus. By

comparing the total number of attacks with the number of spawns observed for each
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species, C. melampygus was found to select these two prey species over other species
spawning at Mustin's Gap (G-test of independence, p<0.001), but no differences in prey
selectivity were found between midwater and ambush attack behaviors (Fisher's exact test;
p>0.05).

Significant differences were found when comparing the 15-minute observation
periods when ambushing behaviors occurred with those periods when ambushing behavior
was absent. Sampling periods with ambushing had higher abundance of prey fishes than
periods of no ambushing, with an average abundance at the observation area of spawning
fishes of 80 individuals (Chlorurus sordidus and Acanthurus nigroris only) at times when
no ambushing occurred, and of 163 individuals when ambushing jacks were present. This
difference in prey abundance was significant (Mann-Whitney U test; p<0.001) when
considering all sample periods measured (n = 309), or just those restricted to the early
hours of the afternoon (n = 198) when C. melampygus was most active. Similarly, the 15-
minute periods when ambushing occurred had higher abundance of conspecific jacks
displaying midwater hunting behaviors than in the time periods when no ambushing

occurred (Mann-Whitney U test; p<0.001).

DISCUSSION

The midwater hunting behaviors exhibited by Caranx melampygus at the spawning
aggregation site of reef fishes in Johnston Atoll were equivalent to those displayed at a reef
channel in Aldabra Atoll, where C. melampygus fed on schooling reef fishes (Potts 1980).
While describing hunting behaviors of C. melampygus, Potts differentiated among
passing, quartering, hunting and attacking behaviors (Potts 1983). What I refer to as
midwater behavior accounts for the latter three behavioral categories, and ignores 'passing'
behavior, since passing individuals seemed to be using the channel just for migratory

purposes and displayed no interest in potential prey located along it.
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Midwater attacks on spawning fishes were similar to those observed in Aldabra on
other non-spawning fish species (Potts 1980, Potts 1981). C. melampygus did not seem
to orient to individual spawning fishes, but apparently rammed indiscriminately through
spawning groups, which varied in size from 3 to 20 individuals. These apparently
indiscriminate rushing attacks have been observed in other midwater predators feeding on
schooling prey in the natural environment (Hobson 1968, Parrish 1993). Indiscriminate
attack behaviors allow predators to avoid confusion effects produced by schools of prey
(Ohguchi 1981, Pitcher & Parrish 1993), since attacks are not directed towards individual
prey but towards the whole group. Occasionally following a ramming attack against a
specific spawning rush, C. melampygus would pursue individual fleeing prey as they
swam for refuge among coral heads. This behavior is similar to that occasionally shown
by various jack species (Caranx melampygus, C. ignobilis and C. caballus) when attacking
tight schools of snappers, anchovies and herring respectively (Major 1978, Potts 1980,
Parrish 1993),

Jacks using midwater hunting behaviors at Mustin's Gap displayed varying degrees
of association with conspecifics. In experimental enclosures Caranx ignobilis showed a
positive relation between the size of conspecific hunting groups and capture efficiency of
schooling prey (Major 1978). The association patterns of C. melampygus were not directly
measured in the reef channel in Johnston Atoll, but solitary hunting individuals seemed
more abundant that groups of multiple individuals. In reef channels of Aldabra solitary
hunting jacks were most common, occasionally seen hunting in groups of two or more
individuals (Potts 1980), while on the reef slope of Aldabra most C. melampygus hunted in
groups (Potts 1981). Different avoidance responses shown to solitary and group hunting
jacks by potential prey in these two environments (Potts 1980, Potts 1983) indicate that
conspecific associations of predators into hunting groups can have different adaptive

advantages in different environments. Groups of jacks have been described dashing quasi-
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simultaneously into large schools of prey, even though after the initial approach, each
individual predator behaved independently of the others while pursuing fleeing prey (Potts
1983, Parrish 1993). At Mustin's Gap, group attacks by C. melampygus were never
observed, probably due to the different behavior of their prey. Spawning reef fishes will
ascend up into the water column to spawn over locations with topographically complex
substrates that offer them refuge from predators (Chapter 3). As soon as the first attack on
a spawning rush occurred, all the fishes located in the vicinity would rush towards the
substrate and hide among its crevices (personal observation), thus offering no targets for
other predators to perform a group attack. Schooling midwater prey do not have access to
a physical refuge, and confusion after an initial attack can be advantageous to other
individual piscivores in subsequent group attacks (Potts 1983, Parrish 1993).

Caranx melampygus at Mustin's Gap performed ambushing attacks, which were
very different than the midwater attacks previously discussed and have not been previously
described for transient piscivores such as carangids. The success rate of ambush attacks
was significantly higher than midwater attacks, indicating the advantage of an ambush
behavior for feeding on spawning reef fishes.

The adoption by C. melampygus of an aggressive territorial behavior while
ambushing their prey can be explained as a defense of a valuable resource (Milinski &
Parker 1991, Grant 1997). C. melampygus is typically a highly mobile transient predator
(Holland et al. 1996), often showing gregarious behaviors while hunting (Potts 1980,
Potts 1981, Potts 1983). The existence of an aggregation of vulnerable prey situated near a
hiding location from which more successful ambush attacks can be launched is valuable
enough to elicit the adoption of a territorial behavior to defend this resource. Intruding C.
melampygus disrupted the normal spawning behavior of prey, which seemed essential for

the successful completion of ambush attacks by ambushing individuals. The size of the
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territory was not quantified, but was estimated to cover an area of approximately 100 m?2
around the ambushing location.

Territorial behaviors in response to feeding resources are hypothesized to be
profitable when food items are found in high densities with a predictable spatially patchy
distribution (Grant 1997). Group spawning fishes at Mustin's Gap form very dense
spawning aggregations (Chapter 2) and use only certain areas of the channel as spawning
locations (Chapter 3). Caranx melampygus individuals patrol large areas of reef during the
daytime in search of prey (Holland et al. 1996). This behavior could allow jacks to detect
any large accumulation of spawning fishes within their patrolling range, as indicated by the
positive correlation found between abundance of C. melampygus and the abundance of
group spawning prey species at Mustin's Gap (Chapter 3). The adoption of territorial
behaviors by C. melampygus was limited in space, and only occurred during times of high
abundance of spawning prey. Fish exposed to spatially clumped and predictable food
sources will readily defend feeding territories to defend the resource (Magurran & Seghers
1991, Barlow 1993).

The transformation of C. melampygus individuals into a pigmented phase occurred
on every occasion that ambushing was observed. An hypothesis for this change is the
potential cryptic benefit of a dark coloration while ambushing prey from beneath a coral
head. A second hypothesis is the use of a dark coloration as a sign to conspecifics of the
existence of a territory. This measure might be necessary for jacks since they only
occasionally defend a territory, and it would express aggressive tendencies towards
conspecifics (Archer 1988). Caranx melampygus has been observed establishing
interspecific associations with the labrid Novaculichthys taeniourus (Potts 1980, G.
Sancho personal observation). During these associations, the individual C. melampygus
adopts a dark coloration, and will display aggressive behaviors towards other jacks

approaching the labrid, in what seems to be a case of resource guarding behavior
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(Chapman & Kramer 1996). The feeding behavior of N. taeniourus involves frequent
overturning of rocks and pebbles along the substrate, and pigmented C. melampygus feed
on crustaceans and small fish uncovered by the labrid. The behavior of N. taeniourus may
provide a clumped and predictable food resource worth defending from conspecifics, and
in this case, the dark coloration serves no cryptic function. Adoption of dark coloration
during this association and also possibly during ambushing is therefore most likely an
aggressive display signal directed at conspecifics.

All aggressive encounters between territorial dark C. melampygus and approaching
light-colored conspecifics were resolved with a brief encounter and the fleeing of the
intruding individuals. No serious aggressive escalation was observed among jacks. It was
not clear if there was any size difference between territorial and intruding individuals.
More studies are needed to address whether a dark coloration is an indication of the
resource holding power of an individual, or if it just expresses aggressive intentions
(Maynard Smith 1982).

The ambushing behavior displayed by C. melampygus probably kept the attacker
out of sight from potential prey, while hiding a short distance from them. Fishes spawning
in the absence of perceived predators typically left the substrate more readily than when
predators were approaching, and would perform spawning activities farther up in the water
column (personal observation). This behavior may increasie their risk of predation.
Another potential benefit from using a hiding location situated close to a site used by
spawning fishes is the reduction of the striking distance between predators and their prey
(Dill 1973).

When compared with other studies measuring capture success rates of marine
piscivores in the field, C. melampygus midwater attack success rates from Mustin's Gap
were low (2.0 %), and similar to those measured for demersal stalking predators (1.9 %)

feeding on spawning wrasses (Moyer 1987). These low capture rates indicate that rapid
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spawning rushes of reef fishes generally serve as a good defense against attacks of this
predator. Ambushing increased the capture success of C. melampygus (16.7 %) to levels
comparable to stalking lizardfishes (12 %) feeding on a variety of coral reef demersal fishes
(Sweatman 1984) and two stalking predators (11 - 20 %) feeding on schooling herring
(Parrish 1993). The only other field measurements of attack success by jacks showed high
values (32 - 48 %) for high-speed midwater attacks on schooling herring (Parrish 1993).
Caranx melampygus can act either as an ambush or a transient predator, according
to the behavior, abundance and location of its prey. The higher success rate of ambush
attacks by C. melampygus, which occur only at high prey densities, could produce
negative density dependence in the survivorship of adult fishes (Hixon & Carr 1997).
Since C. melampygus is probably the most important large predator of diurnal reef fishes
in the Indo-Pacific (Sudekum et al. 1991), the feeding behaviors adopted at specific
locations by this piscivore can potentially have important effects on the mortality patterns of
co-existing communities of reef fishes. This constitutes an example where specific
predator-prey relations lead to behavioral modifications that could have effects at the
population level. But more research is needed to address the occurrence of density-
dependent mortality in prey populations that suffer both midwater and ambush attacks by
C. melampygus. Knowledge on predator-prey behavioral relations will give insight to the
importance of postrecruitment processes in adult coral reef fish community regulation, and
will help predict the effects of changes in fisheries management of large predators in the

populations of prey species.
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Table 1. Comparison between success rates of midwater and ambush attack behaviors.

Midwater Attack Ambush Attack
Number of attacks 149 24
Number of kills 3 4
Attack success rate 2.0% 16.7 % *

(*) Fisher's exact test; p<0.01
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Table 2. Description of each successful attack by Caranx melampygus observed at Mustin's Gap.

Date Time Behavior Description of successful attacks

13 Apr 1994 1500 midwater Midwater attack on group rushing Chlorurus sordidus (Scaridae), but during the pursuit
captured among the coral heads a Chaetodon trifascialis (Chaetodontidae), a territorial
butterflyfish not involved in any spawning activities (accidental capture).

15 Apr 1994 1537 ambush From an ambushing position attack on group rushing Acanthurus nigroris
(Acanthuridae). The same individual C. melampygus intermittently displayed
ambushing behavior from 1435 to 1615 hours.

27 Apr 1994 1508 midwater Attack on group rushing Chlorurus sordidus. During this time Acanthurus nigroris was
dominant spawning species and the spawning grounds.

29 Apr 1994 1523 ambush Ambushing attack on group rushing Acanthurus nigroris. The same C. melampygus
individual was observed ambushing between 1405 and 1643 hours.

13 Apr 1995 1934 midwater While patrolling over spawning grounds, attack on a trio of rushing Ctenochaetus
strigosus. One of the few attacks observed at dusk.

28 Apr 1995 1516 ambush Ambush attack on group rushing Chlorurus sordidus. Ambushing was only observed in
the 1500 to 1530 time period.

5 May 1995 1511 ambush Attack on group rushing Chlorurus sordidus by an ambushing jack very involved in
driving away other conspecifics from the spawning site. The same individual pigmented
C. melampygus was observed ambushing intermittently between 1511 and 1530
hours.

16 May 1995 1318 midwater Midwater attack on group rushing Chlorurus sordidus by a patrolling fish while two

pigmented C. melampygus were ambushing in the sampling area.
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Figure 1. Schematic representation of a midwater attack sequence by Caranx melampygus
on spawning prey. Patrolling fish swim along the channel, can show gregarious
behaviors, and display a light coloration. See results section for more details.
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Figure 2. Schematic representation of an ambushing attack sequence by Caranx
melampygus on spawning prey. Fish ambush their prey from underneath a coral head,
show aggressive territorial behavior against conspecifics and adopt a dark coloration. See
results section for more details.
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Figure 3. Diel distribution of hunting C. melampygus displaying midwater and ambushing
behaviors, during 1994 (A) and 1995 (B). Presence of C. melampygus is expressed as the
percentage of minutes they were observed at the sampling area. Data are averages per 15-
minute observation (+SE).

192



I 1 1 I I | |
8 < 19:00 - 20:00
s 3 rﬁ
.W 2
s £ | 17:00 - 19:00
|
15:00 - 17:00
—
:00 - 15:
_ 13:00 - 15:00
1 11:00 - 13:00
- 9:00 - 11:00
< 7:00 - 9:00
o o o o o
(o] © < N

Jussoaid awiy Jusdiad

] Midwater
Il Ambush

70

60

50
40
30
20

Juasaid swy Jusdiad

10

Dusk

Day

193



194



CHAPTER 5

Influence of predation and male competition on the height of

spawning ascents in trunkfishes (Ostraciidae)
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ABSTRACT

Two species of trunkfishes (Ostraciidae) were observed spawning above a coral
reef at Johnston Atoll (Central Pacific). This study analyzed the potential causes
determining the difference in spawning ascent height in Ostracion meleagris (3.3 m
average) and O. whitleyi (1.5 m average). One hypothesis proposes that the risk of
predation by piscivores influences how far each species can swim from the substrate, and
that predation risk is greater for O. whitleyi than O. meleagris. Trunkfishes have an
armoured exoskeleton and secrete an ichthyotoxic mucous under stress conditions, two
defenses against predation. Because the two species used the same spawning grounds and
spawned at approximately the same time, their size and toxicity levels were analyzed to
assess their susceptibility to predation. Toxins were extracted from wild fishes and tested
using a mosquitofish assay. Ostracion whitleyi was more toxic than O. meleagris, refuting
the predation-risk hypothesis. A second hypothesis proposes that long ascents are a way
for spawning pairs to avoid disturbances by other male conspecifics. Observations of the
spawning behaviours of the two species showed that male O. meleagris were frequently
involved in fighting episodes and showed high rates of male streaking (intruding non-
paired males attempting to fertilize eggs from spawning paired females), while none of
these behaviours were observed in O. whitleyi. The larger spawning height from the
substrate may be an attempt by pairs of O. meleagris to reduce the possibility of
interference by other male conspecifics. Thus, the height of spawning ascents corresponds
to the expectation from the male disturbance hypothesis, but not to the expectation of the

predatory risk hypothesis.
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INTRODUCTION

Most coral reef fishes perform a spawning ascent into the water column to release
their gametes. The function of this rushing behaviour has been hypothesized to reduce the
predation on gametes by benthic filter-feeding invertebrates and small planktivorous fishes
(Robertson & Hoffman 1977, Johannes 1978). The height and speed of spawning rushes
vary greatly among different species of reef fishes. The reasons for this variability are
unclear, but the most common hypothesis states that the height of spawning results from
two competing selective pressures: the risk of egg predation by benthic planktivorous
organisms, and the risk of predation on adult fishes while spawning (for review see
Thresher 1984). An alternative factor hypothesized to affect spawning ascent behaviours is
the avoidance of sperm competition from males with alternative mating tactics (Myrberg et
al. 1989).

By using a comparative approach, I examined which factors potentially influenced
the spawning height of two trunkfish (Ostraciidae) species: Ostracion meleagris (Jenkins)
and O. whitleyi (Fowler). Preliminary observations indicated that both species had equally
slow spawning ascents, but O. meleagris released its gametes much higher in the water
column than O. whitleyi. Because both species were observed spawning roughly at
sunset, diel activity patterns of predators were expected to equally affect predation risks for
the two species. The hypotheses analyzed in this study were:

Hypothesis 1. Spawning height is controlled by risk of predation on adults.
Predatory pressures on adult fishes are expected to affect the spawning height of reef
fishes, since they use the reef substrate as a refuge from predators (Hixon 1991), and
piscivores preferentially attack spawning fishes during their spawning ascent (Moyer

1987). If predation risks on adults are important in determining the height of spawning,
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then species spawning high in the water column are expected to have stronger defenses
against predation by piscivores than species spawning closer to the substrate.

The susceptibility of adult spawning fishes to predation can be affected by various
factors, including body size and the existence of specific antipredatory adaptations (Godin
1997, Smith 1997). Large prey are more difficult for piscivores to ingest than small prey,
and therefore, larger species might be expected to spawn higher in the water column than
smaller ones. Based on the preliminary spawning height observations, I would predict that
adult O. meleagris should be larger than O. whitleyi individuals. Trunkfishes have two
obvious antipredatory adaptations: armoured exoskeletons and production of toxic
secretions. The exoskeletons of O. meleagris and O. whitleyi are described as
morphologically similar (Randall 1972), and therefore are expected to equally reduce
predatory risks for both species. Trunkfishes have shown the ability to secrete
ichthyotoxic substances through their skin in situations of stress (Thompson 1964) such as
during an attack by a predator. Toxicity has been measured for O. meleagris (Thompson
1964, Boylan & Scheuer 1967), but not for O. whitleyi. Differences in toxicity have been
detected among trunkfish species in Australia (Goldberg et al. 1988), which were attributed
to quantitative differences in both the amount of secretion produced and the chemical
composition of the toxins. If predator responses to toxicity control the height of spawning
of trunkfishes, I would predict that O. meleagris should be significantly more toxic than O.
whitleyi.

Hypothesis 2. Spawning height is influenced by intraspecific male competition.
Under circumstances of intense competition among male fishes, extended spawning ascents
away from the substrate could be an avoidance response by pair-spawning fishes to
spawning parasitism by conspecific males, referred to as "streaker” males (Warner et al.

1975). In pair-spawning fishes such as trunkfishes, streaker males rush from the substrate

towards mating fishes and release sperm simultaneously with the spawning pair.
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Spawning far away from the substrate is expected to hinder the approach of streaker males,
and reduce their chances of fertilizing the female's eggs. If long ascents away from the
substrate serve as a mechanism to reduce spawning competition by streaker males, then
spawning populations of O. meleagris are expected to have higher competition among
males than O. whitleyi populations. This potential difference should be reflected by higher
rates of male aggression and streaking events in O. meleagris than in O. whitleyi.

In order to test the above hypotheses regarding the factors controlling the height of
spawning ascents of O. meleagris and O. whitleyi, I compared their relative sizes
(Hypothesis 1), levels of toxicity (Hypothesis 1) and male-male aggression rates

(Hypothesis 2).

METHODS
Behavior

All observations of Ostracion meleagris and Ostracion whitleyi took place at a reef
channel along the NW reef crest of Johnston Atoll (Central Pacific). Within the reef
channel, a sampling area of 170 m? was monitored by an observer using SCUBA while
laying on the substrate. Observations started approximately at 1900 h, and lasted until all
spawning activity by trunkfishes had ceased, approximately one hour after. Data were
collected for 18 days during 1994 and 1995, totaling 990 minutes of observation.

Behavioral events of trunkfishes were recorded every minute on underwater paper.
These events included successful spawnings, male-male aggressive encounters, and
interrupted spawning ascents due to intrusions by streaker males or by planktivorous
triggerfishes (Melichthys niger and M. vidua). For each successful spawning event, the
number of fish involved in gamete release was recorded and the height off the substrate

was estimated to the nearest meter.
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Toxicity

During 1995, a total of 14 O. meleagris and 11 O. whitleyi were captured for toxin
extraction. Fish were captured while SCUBA diving with hand nets and transported live in
buckets to the laboratory. Toxins are not found in dead trunkfishes, but are produced as a
mucous secretion by epidermic multi-cellular glands in live fishes under distress conditions
(Thompson 1964, 1968, Boylan & Scheuer 1967). Toxins were extracted by placing
newly-captured live fish in glass beakers with 70 ml of distilled water. Fishes were
continuously swirled around for two minutes and rinsed with distilled water to produce 100
ml of aqueous solution. To avoid bacterial detoxification, aqueous solutions were
immediately heated (100 °C) after extraction and then frozen for preservation (Thompson
1964). After the toxin extraction, fish were weighed, measured (standard length) and
placed in a large volume tank for observation. Fish showing normal swimming behaviour
were released immediately , while those with erratic swimming patterns due to toxin over-
exposure were sacrificed following JACUC animal care guidelines.

Potency of the toxin extracts was measured through a bioassay modified after Coll
et al. (1982), using common mosquitofish (Gambusia affinis) collected from warm
brackish waters. Four mosquitofish were placed in each of six replicate glass jars
containing 70 ml of filtered seawater, to which 0.25 ml of toxic solution were added.
Assays were all done at a temperature between 19 and 21 °C. The amount of toxic
excretion used in these assays (0.25 ml) was chosen because in preliminary experiments it
caused 50 % mosquitofish mortality in approximately 30 minutes (Figure 1), thus avoiding
the degradation of toxins at room temperature (Thompson 1964, Boylan & Scheuer 1967).
Assays were always done in pairs, simultaneously testing extracts from O. meleagris and
O. whitleyi individuals. Toxicity for each of 12 trunkfishes tested (Table 1) was estimated

through a toxicity index, calculated as the inverse of the average number of minutes

201



necessary to reach 50 % mosquitofish mortality, multiplied by the weight (kilograms) of
each individual trunkfish (units = 1/kg.min). On the three occasions when no mortality of
mosquitofish occurred with toxic extracts from O. meleagris, a time equal to that of the
least toxic individual (100 minutes) was used for toxicity estimation.

Non-parametric tests (Mann-Whitney U and Kruskall-Wallis H) were used to

compare differences between trunkfish species.

RESULTS

During the field component of this study, O. meleagris and O. whitleyi were
observed spawning 85 and 6 times respectively. Each species spawned exclusively during
the dusk period (Figure 2), but O. meleagris spawned on average ten minutes before O.
whitleyi (at 6 and 16 minutes after sunset respectively; Mann-Whitney U = 72; p=0.003).
As preliminary observations indicated, O. meleagris spawned significantly higher in the
water column than O. whitleyi (Figure 3A). The spawning height of O. meleagris
remained constant (average of 3.3 m) during the entire spawning period (Kruskall-Wallis H
=4.4; p=0.351; n = 5 categories), including the later times when O. whitleyi spawned
(Figure 2).

The two trunkfish species had the same average size (Figure 3B), measured as
weight (Mann-Whitney U = 58; p=0.112) and standard length (Mann-Whitney U = 52.5;
p=0.180). The toxicity assay indicated that O. whitleyi was more toxic than O. meleagris
(Figure 3C), a result that was contrary to the prediction from the predation risk hypothesis.

No social male-male interactions were observed in O. whitleyi, but they were
observed frequently among O. meleagris males. Aggressive encounters in O. meleagris
consisted of circular swimming bursts and ramming events between two opposing males,
which lasted for a few seconds. These encounters were observed both around coral heads

and up in the water column. At total of 71 aggressive encounters were observed between
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O. meleagris males not involved in spawning ascents, the majority prior to the most active
spawning period (Figure 4A).

Pairs of O. meleagris ascending through the water column to spawn were
frequently intercepted by single males swimming from the substrate. These encounters
typically resulted in midwater aggressive encounters between ascending and intruder males,
while females abandoned the ascent and returned the substrate. Intruding males caused the
interruption of 251 spawning ascents (Figure 4B). The interruption of the spawning was
caused by females darting quickly away upon sighting an approaching intruder, and by
intruder males directly attacking the ascending male. I observed spawning ascents that
were interrupted repetitive times by multiple males, and females performed successive short
ascents with different male fishes after each interruption. Observations of four and five
fighting events during single ascent were not uncommon. Gamete release by O. meleagris
took place in the characteristic spawning position of trunkfishes, with male and female side
by side, both curling their caudal fins in opposite directions and facing away from each
other (for pictures see Moyer 1979). While the pair were in spawning position, streaker
males often quickly joined them, positioning their caudal area as close as possible to the
caudal regions of the spawning pair. Streaking events usually involved one or two extra
males, but up to five male fishes were observed simultaneously spawning with a single
female O. meleagris, forming a "rosette" of fishes with their caudal regions in the center.
Successful streaking was observed in 33 out of 85 O. meleagris spawns (Figure 4C),
which constitutes a streaking rate of 39 %. On average, O. meleagris spawns in which
streaker males were successful occurred later in the evening than uninterrupted pair-spawns
(Mann-Whitney U = 577; p=0.011; Figure 4c). The height of spawning events of O.
meleagris did not vary with streaking (Mann-Whitney U = 790; p=0.807).

The spawning sequence of O. whitleyi involved an approach by a male upon

sighting a female among the substrate, a slow ascent into the water column with the male
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positioning his snout against the back of the female, and the adoption of a spawning
position followed by the release of gametes. All these behaviours were done in a similar

manner as O. meleagris.

DISCUSSION

The relative adult size and toxicity of the two trunkfish species did not support the
hypothesis that differences in predation risks determine the spawning height in trunkfishes.
The two species were the same size, and their differences in toxicity did not correspond to
the predictions, since the most toxic species (O. whitleyi) spawned closest to the substrate.
Instead, the results are consistent with the hypothesis that high spawning ascents are a
result of intraspecific competition among male fishes. The population of O. meleagris, the
species which spawned highest in the water column, showed signs of intense competition
among males during spawning, which were never observed in the population of O.
whitleyi.

Predation on adults is generally considered an important selective mechanism in
influencing the spawning behaviours of fishes (Lima & Dill 1990). In razorfishes
(Labridae), the perceived risk of predation has been shown to reduce their spawning height
(Nemtzov 1994). Similarly, the height of spawning rushes of bucktooth parrotfish
(Scaridae) is related to the size of the spawning female (Marconato & Shapiro 1996). The
apparent lack of influence of size and toxicity levels in determining the spawning ascent of
trunkfishes indicates that the two trunkfish species from this study are probably relatively
immune to predatory pressures. Independence from predatory pressure is an argument
used to explain the spawning behaviour of certain toxic pufferfishes (Tetraodontidae)
(Gladstone & Westoby 1988). Adult trunkfishes are rarely found in gut content analyses

of coral reef piscivores (Sweatman 1984, Shpigel & Fishelson 1989, Kingsford 1992), but
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have been found in the stomachs of a few large carangids (Sudekum et al. 1991), indicating
that their anti-predatory adaptations are not completely successful in avoiding predation.

A second explanation for the lack of correspondence between spawning ascent
height and potential predation risks at Johnston Atoll could be that the overall activity of
predators at the spawning grounds at dusk was minimal. Many piscivores that feed on reef
fishes are generally diurnal (Sweatman 1984, Shpigel & Fishelson 1989), and jacks and
snappers feeding on spawning fishes at the location where this study took place had their
lowest activity levels at dusk (Chapter 3). The abundance and variety of dusk-spawning
fish species that have long spawning ascents also suggests that dusk is a period with low
predatory risk for adult fishes (Thresher 1984).

Trunkfishes are generally territorial fishes, with males defending groups of females
within a territory close to the substrate (Moyer 1979). Aggressive encounters between
males have been observed in O. meleagris at other locations (Lobel 1996) and in other
trunkfish species (Moyer 1979), but at much lower rates than those of O. meleagris
described in this paper. Streaking behaviours have been observed in various families of
reef fishes, but had never been described in trunkfishes. Although spawning streaker
males successfully spawned with ascending pairs throughout the spawning period, these
events were most frequent late in the evening. This pattern could be related to a higher
tolerance of spawning pairs to intruders as light levels quickly decrease and the
opportunities for spawning on a given day come to an end.

By releasing eggs far above conspecifics positioned close to the substrate,
spawning pairs of O. meleagris could be attempting to hinder the action of streaker males.
Trunkfishes are slow swimmers, so ascending high in the water column would give
spawning pairs a chance to release their gametes before streaker males could locate and
reach them. It is not clear which member of a spawning pair, the male or the female,

determines when to conclude an ascent and begin gamete release. This decision could
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depend on the relative fitness costs caused by streaking and on the swimming
characteristics of spawning pairs. By avoiding streakers, the principal spawning male
ensures exclusive fertilization of the eggs released by the female. Females can benefit from
avoiding streakers by maintaining control of mate selection (Gross 1996). But females
could also potentially gain from allowing streaker participation, by achieving higher
fertilization rates (Petersen 1991, Warner et al. 1995, Marconato & Shapiro 1996,
Marconato et al. 1997).

During the spawning ascent, males position their snout against the back of the
female carapace, following her through the water column (personal observation). From
this position the male would occasionally "bump" the female, a behaviour observed in other
trunkfish species with long spawning ascents (Moyer 1979), which could force her to
continue the ascent. If this is true, the male could partially determine the location of gamete
release within the water column.

Ostracion whitleyi were less abundant at the spawning site than O. meleagris. 1
suspect their low population density resulted in the absence of obvious interspecific
competition among males for spawning opportunities. I suggest that O. whitleyi pairs
performed short ascents, spawning just one or two meters above the substrate, because of
the absence of aggressive conspecific males.

Comparative studies at other locations where natural populations of different
densities exist are necessary to determine the flexibility of spawning heights in response to
spawning competition among males. The spawning heights of O. meleagris within
populations where male competition does not occur are expected to be lower than those
observed in this study. Similarly, spawning heights of O. whitleyi are expected to increase
within dense populations, if this species develops aggressive behaviors similar to those of

O. meleagris. Estimations of fitness costs of streaking behaviours, female mate choice and
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fertilization rates are not available, but will be necessary to fully understand the precise
selective mechanisms influencing spawning behaviour in trunkfishes.

In conclusion, the observed patterns of spawning height of two species of
trunkfishes did not conform to expectations based on their relative size and toxicity levels,
but corresponded to those based on male-male competition patterns. I suggest that risk of
predation is not a selective factor in determining the height of spawning in trunkfishes, but

that male competition seems to influence the observed spawning patterns.
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Table 1. Toxicity of Ostracion meleagris and Ostracion whitleyi extracts used in toxicity
tests. Two individuals of the same sex and different species were tested simultaneously.
In each toxicity assay, 0.25 ml of toxic extracts were added to six jars containing
mosquitofishes. The number of minutes until the death of 50 % of mosquitofishes in each
jar (n = 6) was recorded, and their average (+ standard error) was calculated for each
individual fish.

Ostracion meleagris Ostracion whitleyi

Fish no. (sex) weight () min £SE Fish no. (sex) weight () min+SE
1 (male) 121.2 (no deaths) 1 (male) 58.8 20.3+0.6
2 (female) 22.2 99.7 + 9.4 2 (female) 25 433+32
3 (male) 110.4 (no deaths) 3 (male) 52.1 25107
4 (female) 53.1 60.7 £ 3.6 4 (female) 53.8 33+1.4
5 (female) 74.3 (no deaths) 5 (female) 57.1 61.7 4.1
6 (male) 44.6 42+15 - 6 (male) 41.1 30+1.7
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Figure 1. Toxic effects of increasing amounts of toxic extracts of Ostracion meleagris and
Ostracion whitleyi. The X-axis represents the amount (ml) of original toxic extract added
to jars with mosquitofish in the toxicity assay (see methods). Toxicity Index (Y-axis) is
calculated as the inverse of the product of trunkfish weight (kg) by the number of minutes
necessary to kill 50 % of fishes in the mosquitofish assay. Both variables have been log-
transformed and linear regression curves have been fitted to the data.
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Figure 2. Timing of spawning by Ostracion meleagris and Ostracion whitleyi. Spawning
effort is expressed as the percentage of total spawning by each species, while time is
expressed as the number of minutes from sunset (negative values = before sunset).
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Figure 3. Comparison of spawning height (A), size (B) and toxicity (C) between Ostracion
meleagris and Ostracion whitleyi (£ 1 standard error). Toxicity Index is calculated as the
product of trunkfish weight by the number of minutes necessary to kill 50 % of fishes in
the mosquitofish assay (see methods). Asterisks indicate significant differences through a
Mann-Whitney U test for spawning height (U = 5; p < 0.001) and Toxicity Index (U =4; p
= 0.009).
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Figure 4. Timing of Ostracion meleagris behavioral events, including male fighting events
(A), interrupted spawning ascents (B) and successful spawning events (C), observed over
a total of 19 hours. Spawning ascents were interrupted by streaker males and
planktivorous triggerfishes. Spawning events occurred in pairs, or with the presence of
one or more streaker males. Time is expressed as the number of minutes from sunset
(negative values = before sunset).
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CHAPTER 6

Summary
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An important objective of this thesis was to address various hypotheses explaining
diel spawning patterns of reef fishes. These hypotheses propose that diel spawning
patterns maximize dispersal of propagules (Barlow 1981), minimize predation of eggs by
benthic planktivorous animals (Johannes 1978), are a response to predatory risks on adult
fishes (Robertson & Hoffman 1977) and are cued to tidal cycles to synchronize the
spawning activities of adult populations (Colin & Clavijo 1988). Different species of
pelagic spawning fishes were found to have diverse responses to the environmental cues
hypothesized to control diel timing of spawning. The time of the day when fish spawn
seems to be a general fixed response for each species, which tend to spawn at the same
time of the day at different locations. Spawning intensity of daytime spawning species was
generally influenced by other environmental variables such as current direction and predator
abundance, while dusk spawning species showed no correlation with these variables.
Observations of spawning fishes responding to quick changes in current direction and
predator abundance indicate that these environmental variables were detected by adult fishes
at the time of spawning. Most daytime species selected outflowing currents for spawning,
which will transport eggs away from the reef. This result supports hypotheses proposing
the avoidance of predation of eggs by benthic reef predators (Johannes 1978) and the
dispersal of eggs away from natal reefs (Barlow 1981) as selective mechanisms influencing
the time of spawning. A few species of reef fishes showed low spawning intensities
during times of high abundance of piscivores, indicating that spawning can be postponed
due to high risks of predation (Robertson & Hoffman 1977). Group-spawning fishes
which migrate long distances to spawning aggregation sites could be using tides to help
synchronize their spawning activities (Colin & Clavijo 1988), but it seems like larval
transport away from reefs is a more crucial factor determining spawning periodicity at

locations with significant tidal amplitudes.
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It is significant that no single selective mechanism explained all the diel patterns
observed. There is a great interspecific variability in behavioral responses, which indicates
the complexity of the evolutionary and ecological mechanisms controlling timing of
spawning of coral reef fishes.

The use of current meters permitted the correlation of spawning rates of fishes with
the different current speeds occurring at the spawning grounds. Spawning during
moments of maximum current speed has been hypothesized to reduce the time that eggs are
exposed to benthic predators (Johannes 1978) , but my data suggest that very few species
selected high speed currents for spawning. Some species did avoid spawning at very low
current speeds however. Studies on the effect of current speed on the predation rates of
eggs by reef organisms and egg fertilization rates are needed to further understand how
current speed might affect larval survival.

Many hypotheses consider the risk of predation as a potential factor influencing
spawning patterns of reef fishes, but the behavior of predatory species at spawning
aggregation sites was not well characterized (Robertson 1991) until the present study.
Observations of diel activity patterns of two piscivorous species (Caranx melampygus and
Aphareus furca) at the spawning aggregation site in Johnston Atoll showed that risks of
predation are high during the daytime period, and are lowest at dusk. This result refutes
hypotheses that propose crepuscular peaks of risk of predation in coral reef environments
(Hobson 1973), and coincides with diurnal observations of piscivores feeding on non-
spawning reef fish species (Sweatman 1984, Shpigel & Fishelson 1989, Clifton &
Robertson 1993). Potential hypotheses explaining this daytime pattern of activity include
the satiation of piscivores, diel changes in prey abundance and interspecific differences in
prey spawning behaviors.

Piscivores selected to attack their prey during spawning ascents, a finding which

confirms previous work by Moyer (1987). They also selected certain prey species over
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others at the spawning grounds. Selection of Chlorurs sordidus and Acanthurus nigroris
as prey was hypothesized to be caused by predatory satiation processes, or by differences
in spawning behaviors of prey species which affected their susceptibility to predation. The
measured attack rates of piscivores on spawning fishes (2.3 % of spawning rushes by prey
species were attacked), as well as capture rates (4 % of all attacks were successful) indicate
that spawning is a high-risk behavior for selected species. Based on these data, piscivory
is expected to be an important cause of mortality for certain populations of group-spawning
fishes, in particular for male fishes which spawn multiple times per day (Clifton &
Robertson 1993). Mortality due to predation of adult fishes during spawning should be
considered as a potentially important mechanism regulating fish communities.

Predators can also affect the spawning behaviors of reef fishes by consuming
recently released eggs. Planktivorous triggerfishes (Melichthys niger and M. vidua) had a
high preference for attacking spawns from fishes which have large eggs, in comparison
with much more abundant species which produce small eggs. Triggerfishes were more
active at dusk, when species with large eggs usually spawned. Meanwhile, small
planktivorous damselfishes (Dascyllus albisella) fed at similar rates during the daytime and
dusk periods.

The interspecific variability in diel feeding patterns and prey selection by piscivores
and planktivores shown in this study indicates that specific predator-prey interactions are
important in determining the spawning patterns of reef fishes.

The choice of spawning locations by reef fishes has been hypothesized to reduce
predation risks on adult spawners (Hugie & Dill 1994). Group-spawning fishes were
preferentially spwned from locations with high topographical complexity, which potentially
offered refuge to adult spawners from piscivorous attacks, and avoided spawning over
those stretches of reefs where holes and crevices did not exist. This result indicates that

predation can affect the choice of spawning location for reef fishes.
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Ambushing and territorial behaviors were described for the first time for C.
melampygus, which confirmed the behavioral flexibility of this piscivorous species (Potts
1983). These hunting behaviors provided C. melampygus with significantly higher capture
success rates of adult spawning prey than the more common midwater hunting behaviors,
indicating the potential advantage of ambushing behavior when prey concentrate at
spawning aggregation sites. The behavioral flexibility of this piscivore could cause
density-dependent mortality of its prey (Hixon & Carr 1997), a key demographic condition
for the regulation of fish populations.

Observations of two similar trunkfish species (Ostracion meleagris and O. whitleyr)
releasing eggs at different heights from the substrate inspired the study of the selective
factors influencing this behavior. The hypothesis tested states that risks of predation of
adult fishes influence the height of spawning rushes (Robertson & Hoffman 1977), relating
long spawning ascents to low susceptibility of spawning fishes to predation. Examination
of the size of both species and measurements of their relative toxicity revealed no
differences in susceptibility to predation that might explain their spawning behaviors.
However, O. meleagris, which spawned very high in the water column, had an extremely
high rate of male competition during spawning, with abundant male-male aggressive
interactions and high rates of streaking. Ostracion whitleyi spawned close to the substrate,
and showed no indications of intraspecific male competition. Extended spawning ascents
are interpreted as attempts to reduce the possibility of interference by streaker males. Thus,
spawning height does not seem to be regulated by predatory risks in trunkfishes, but is
more likely the result of competition among male fishes for matings. Future comparative
observations are proposed to test this hypothesis.

The results from this thesis indicate that complex predator-prey interactions occur at
spawning aggregation sites. Simple evolutionary hypotheses regarding the diel timing of

spawning do not match the observed data well, since fish seem to interact in complex ways
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with different environmental variables. Predation of adult reef fishes at spawning

aggregations can have important ecological consequences to the structuring and regulation

of reef fish communities.
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APPENDIX 1

Reproductive seasonality of four reef fishes at Johnston Atoll

(Central Pacific)
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ABSTRACT

The reproductive seasonality of four coral reef fish species was analyzed at
Johnston Atoll. Specimens of Chaetodon multicinctus, Chlorurus sordidus, Ctenochaetus
strigosus and Zebrasoma flavescens were collected at different times of the year, and their
reproductive status was analyzed by calculating gonosomatic indices. All four species
appeared to have a peak reproductive season during the late winter and spring months, even
though interspecific variability was observed with respect to the beginning of the
reproductive season. The spawning season at Johnston Atoll coincided with the general

spawning pattern displayed by reef fishes in the Hawaiian Islands.
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INTRODUCTION

Seasonal patterns in reproduction have been observed in most coral reef fishes
studied (Munro et al. 1973, Johannes 1978, Thresher 1984, Sadovy 1996), and many
factors have been hypothesized to control these seasonal spawning patterns (Robertson
1991). The principal hypotheses propose selective forces which will affect survivorship of
pelagic larvae (larval-biology hypotheses) or the reproductive capacity of adults (adult-
biology hypotheses). Larval-biology hypotheses propose temporal patterns of
reproduction that have been selected to maximize larval survivorship in the pelagic
environment and insure recruitment of juvenile individuals. Adult-biology hypotheses
propose mechanisms that affect the reproductive capabilities and costs of reproduction of
the adult fishes, and are independent of subsequent larval survivorship.

The objective of this study was to describe the spawning seasonality of four
representative fish species from Johnston Atoll, in order to identify months of peak
reproductive output. Later studies on the diel periodicity of spawning reef fishes were
done during these peak reproductive months (Chapter 2). This study was not designed to
investigate the environmental factors controlling spawning seasonality at Johnston Island,
but data from this study will be compared with data from the Hawaiian Islands and other

locations.

METHODS

Seasonality of reproductive activity was estimated from analyses of gonads from
four different species of reef fishes: Chaetodon multicinctus (Chaetodontidae) a species
endemic to the Hawaiian Islands and Johnston Atoll, and Chlorurus sordidus (Scaridae),
Ctenochaetus strigosus and Zebrasoma flavescens (Acanthuridae), three species with pan-

tropical Pacific distribution. All fish were collected from the same location in the lagoon of
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Johnston Atoll (east of North Island), characterized by large Acropora spp. coral
formations. Collection dates (n = 9) were distributed between July of 1993 and June of
1994. All collections were done between 1600 h and 1800 h by four or five SCUBA
divers using Hawaiian spears. Speared fish were kept on ice and, on the same night of
collection, were measured, sexed and their gonads dissected. Measurements included fish
weight (to 0.001 g), gonad weight (to 0.001 g) and fish standard length (to 1 mm),
measured as the distance between the snout of the fish to the point of insertion of the caudal
fin rays.

Gonosomatic index (GSI) was calculated as the percentage of total body weight
attributable to gonads. Because GSI values are dependent not only on stage of gonad
development, but also on fish size (DeVlaming et al. 1982), only data from fishes which
varied less than 15 % in length were used in the analyses. Only females were used in the
GSI analyses, to avoid potential variations in male testes size due to differences in sperm
production within populations caused by different mating tactics of male fishes (Petersen et
al. 1992, Warner et al. 1995, Marconato & Shapiro 1996). A condition index (K) was
calculated as K = constant x weight / (standard length)3 (Anderson & Gutreuter 1983) to
assess the physical condition of fishes. A condition index was also calculated from
weights and standard length measurements of fishes (Chaetodon multicinctus,
Ctenochaetus strigosus and Zebrasoma flavescens) collected from the west coast of the

Island of Hawaii in 1980 and 1981 by P.S. Lobel (1989).

RESULTS

Elevated gonosomatic index (GSI) values occurred during the late-winter and
spring months at Johnston Atoll, but variations in this general pattern were observed
among different species (Figure 1). Chaetodon multicinctus appeared to begin peak

spawning in January and to continue through May, according to its GSI values. Chlorurus
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sordidus had enlarged ovaries between April and May, with intermediate GSI values
observed in July and August. Ctenochaetus strigosus had high GSI values between
February and April, and showed reduced GSI values by May. Zebrasoma flavescens had
high GSI values from February through June.

The seasonal distribution of condition index (K) values at Johnston Atoll indicated
that all four species analyzed showed poor physical condition after the peak spawning
season was over, in July and August (Figure 2). Annual minimum values of condition
index occurred for all four species during these two summer months. Between October
and May, the condition index remained relatively constant for all species. The condition
index from fishes collected in the Island of Hawaii varied little among months (Figure 3).
No common pattern was found for all three Hawaiian species analyzed, except for a small

increase in condition in June.

DISCUSSION

A broad spring peak of spawning activity seems to occur for the four species
studied at Johnston Atoll according to GSI analyses. This reproductive pattern coincided
with the spawning season of three of these species (Chaetodon multicinctus, Ctenochaetus
strigosus and Zebrasoma flavescens) measured by the same method in Hawaiian waters
(Lobel 1989). More detailed comparisons between individual species from both studies are
not attempted, due to the different sampling schedules employed and the coarse resolution
of GSI analyses. No data on the reproductive seasonality of Chlorurus sordidus are
available from the Hawaiian Islands, but this species seems to mainly spawn between April
and August in the Ryukyu Islands (Yogo 1985) and was observed spawning between
March and June in Enewetak Atoll (Colin & Bell 1991). The only other reef fish for which
data on reproductive seasonality have been collected at Johnston Atoll is Myripristis amaena

(Myripristinae), which showed peak spawning in May and June (Dee & Parrish 1994).
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The general spawning peak described for reef fishes in the Hawaiian Islands
(Walsh 1987, Lobel 1989) coincides with the peak observed at Johnston Atoll, even
though a few other species in Hawaii have different spawning seasons (Ross 1983, Walsh
1987). The general coincidence in spawning seasons indicates that whatever factors are
responsible for establishing spawning seasonality, they are likely shared among various
species in the Hawaiian Islands and Johnston Atoll, and possibly with these species at
other Indo-Pacific locations within the northern hemisphere. Coral reef fishes from the
southern hemisphere typically spawn during the austral spring (Montgomery & Galzin
1993, Sadovy 1996), and display a weakening of spawning seasonality with decreasing
latitude (Munro et al. 1973, Robertson 1991). A review of the potential factors
hypothesized to control these seasonality patterns can be found in Robertson (1991), plus
see Lobel (1989) for arguments in support of the larval biology hypotheses and Clifton
(1995) for recent data supporting adult biology hypotheses.

The condition index (K) is an estimate of body robustness. At Johnston Atoll the
lowest condition indices occurred for all four species during the summer months, following
the peak reproductive season. The occurrence of poor fish conditions during post-
reproductive periods has been observed in various surgeonfish species (Montgomery &
Galzin 1993), and was interpreted as an inability of feeding activity to supply energetic
demands during the months following the reproductive season.

The condition indices of the three species analyzed from the Island of Hawaii did
not vary seasonally as much as condition indices from fishes collected at Johnston Atoll.
The different results from the fish populations of Johnston Atoll and Hawaii are most likely
due to differences in the environment between the two locations. Condition differences
between the samples could potentially be caused by (1) interannual differences in reef
productivity between samples, (2) geographical differences in reef productivity between

islands, (3) differences in reef habitats from where fish were collected or (4) differences in
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reef fish communities, which could affect competition and other ecological processes
influencing physical condition of fishes. Genetic differences are less likely to cause the
different seasonal condition patterns observed between Johnston and Hawaii, since both
locations are part of the same Hawaiian faunal area and seem to be interconnected through

larval dispersal (Randall et al. 1985, Lobel 1997).
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Figure 1. Gonosomatic index for female Chaetodon multicinctus (N = 101), Chlorurus
sordidus (N = 104), Ctenochaetus strigosus (N = 64) and Zebrasoma flavescens (N = 89).
All fishes were collected at Johnston Atoll from July 1993 to June 1994.
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Figure 2. Average condition index (K) for female Chaetodon multicinctus (N = 101),
Chlorurus sordidus (N = 104), Ctenochaetus strigosus (N = 64) and Zebrasoma flavescens
(N = 89). All fishes were collected at Johnston Atoll from July 1993 to June 1994. Error
bars are % 1 standard deviation.
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Figure 3. Average condition index (K) for female Chaetodon multicinctus (N = 189),
Ctenochaetus strigosus (N = 105) and Zebrasoma flavescens (N = 98) from Island of
Hawaii. Data collected on different days within months were pooled into single month
categories. Data for C. multicinctus and C. strigosus were collected from September 1980
to August 1981; data for Z. flavescens were collected from March 1980 to December 1980.
Error bars are + 1 standard deviation.
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APPENDIX 2

Graphic representations of some multifactorial analyses from

Chapter 2
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Figure 1. Regression curves of group-spawning fish abundance (normalized data
subjected to arcsin transformation) with significant independent variables of (A) current
direction, (B) time of day and (C) tide from multiple regression analyses (see Table 2 in
Chapter 2). All graphs are from Mustin's Gap.
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Figure 2. Regression curves of the number of spawns by group-spawning species
(normalized data subjected to arcsin transformation) with significant independent variables
of A) predator presence, (B) time of day and (C) current velocity from multiple regression
analyses (see Table 3 in Chapter 2). Predator presence is expressed as the percent of time
predators were observed per 15-minute observation period, the predator identity is
indicated in the lower-right corner of each graph. Graphs are from Mustin's Gap, except
for one East Reef Edge graph in column (C).
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Figure 3. Regression curves of the spawning intensity (number of spawns per fish
present) of group-spawning species (log transformed) with significant independent
variables of A) predator presence, (B) time of day and (C) current velocity from multiple
regression analyses (see Table 4 in Chapter 2). Predator presence is expressed as the
percent of time predators were observed per 15-minute observation period, the predator
identity is indicated in the lower-right corner of each graph. Graphs are from Mustin's
Gap, except for one East Reef Edge graph in column (C).
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