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Abstract approved:

Understanding the processes that influence the composition of animal

communities is a central goal in ecology. Interactions between established

residents and colonizing juveniles that affect the subsequent survival ofjuveniles

may influence community composition. In a series of experiments on coral reef

fish communities in the Bahamas and Australia, I tested whether and how

interactions between colonizing juveniles and established residents, such as

predators and territorial competitors, affected recruitment, and whether these

interactions were modified by habitat complexity.

In the Bahamas, I factorially manipulated the presence and absence of

resident piscivores and territorial damselfishes on 16 spatially isolated patch reefs

and found that both groups had strong, species-specific effects on subsequent

recruitment. In a second experiment, I tested whether the aforementioned effects of

residents were due to direct interactions between residents and juveniles or were the

result of differential juvenile settlement. This was accomplished by repeating the

first experiment, except this time placing piscivores and damselfishes within cages

to prevent direct interactions. I found no evidence for differential settlement,

suggesting that effects of residents were due to direct interactions between residents

and juveniles after settlement. In a third experiment, I cross-factored the presence

and absence of piscivores and damselfishes with two levels of habitat complexity.

I found that juvenile abundance was strongly influenced by prior residents and that
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effects of residents did not differ with habitat complexity. In contrast, the

abundance of adult fish was strongly influenced by habitat complexity but not

residents.

In Australia, I factorially manipulated the presence and absence of resident

predators and potential competitors on 20 reefs to determine whether these fish

communities were influenced by resident-juvenile interactions comparable to those

in the Bahamas. Results were similar to those obtained with the same experimental

design in the Bahamas, indicating that priority effects may be a common feature of

coral reef fish communities.

These studies illustrate the importance of both habitat complexity and

interactions between resident fishes and newly settled juveniles in coral reef fish

communities, and provide a means of qualitatively predicting the future

composition of these communities based on their current structure.
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ROLE OF PRIORITY EFFECTS AND HABITAT COMPLEXITY IN
CORAL-REEF FISH COMMUNITIES

CHAPTER 1: GENERAL INTRODUCTION

Understanding the processes that structure ecological communities has long

been a goal of ecologists, in part because such understanding permits predictions

about how communities will respond to natural and unnatural events. As

anthropogenic threats to the environment increase in both frequency and intensity,

efforts to preserve and protect natural communities are strengthened by an

increased understanding of how these systems function. My research has focused

on understanding the processes that determine the composition of coral reef fish

communities. Studies of coral reef fishes have played a central role in the

development of ecological theory, and continue to provide a wealth of research

opportunities for ecologists.

Like most marine species, nearly all reef fishes produce planktonic larvae

that spend weeks to months in the pelagic environment (Leis 1991, Victor 1991).

Larvae disperse from their natal reefs in oceanic currents, although recent studies

provide evidence that some larvae are locally retained at the scale of oceanic

islands (Jones et al. 1999, Swearer et al. 1999). Larvae typically make a nocturnal

transition from the plankton to reef or near-reef habitats, a process called

"settlement" (Victor 1991). After settlement, counted juveniles are called

"recruits", and the net process of settlement minus subsequent mortality is called

"recruitment". Because reef fishes have two distinct phases in their life history, a

pelagic larval stage and a sedentary juvenile and adult stage, processes that affect

either stage can generate patterns of abundance and distribution.

The earliest theory about how reef fish conmiunities are structured

borrowed heavily from theories developed in terrestrial systems. Reef fish



populations were assumed to be at carrying capacity, and that competition among

benthic adults for limited living space drove patterns of abundance, distribution,

and diversity (Smith and Tyler 1972, Ehrlich 1975). In a series of papers, Sale

(1974, 1977, 1978) proposed an alternative model, called the lottery hypothesis,

which shifted attention to processes occurring during the pelagic larval stage. Sale

retained the assumption that populations were at carrying capacity and that

competition between benthic adults occurred, but suggested that patterns of change

in reef fish communities were driven by variable and unpredictable larval supply

rather than competition between benthic juveniles and adults. In Sale's view, the

random provision of unoccupied living space combined with variable larval

settlement to unoccupied patches resulted in a stochastic and unpredictable

assemblage of species. Other theories challenged the assumption that reef fish

populations were at carrying capacity, and thus suggested that competition among

benthic fishes was less important. For example, intense predation on benthic

juveniles and adults could prevent populations from ever reaching a size where

competition is important (Talbot et al. 1978, review by Hixon 1991). Doherty

(1981) and Victor (1983) proposed the "recruitment limitation hypothesis", which

suggested that larval supply was generally insufficient to allow populations to reach

carrying capacity. In summary, the development of theory in coral reef fish

ecology has centered on the debate over the relative importance of processes

occurring during the pelagic larval stage and those occurring during the benthic

juvenile and adult stages (review by Jones 1991). More recently, empirical studies

have demonstrated that the relative importance of various processes often changes

from one location to another and from one time period to the next. As a result,

many reef fish ecologists have rejected single-factor theories and called for

multifactor studies to determine the relative importance of each process (reviews by

Hixon 1991, Jones 1991).

The research contained in this dissertation focuses on how early

postsettlement interactions between newly settled juveniles and resident fishes,
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such as predation and competition, influence the composition of coral reef fish

communities. By testing two or more factors at the same time in each experiment, I

have attempted to determine whether processes act independently or together to

generate patterns of abundance and distribution. I have thus attempted to maintain

a multifactor perspective throughout my research.

In Chapter 2, I used two experiments to test whether and how prior

residency by predators (groupers and moray eels) and interference competitors

(territorial damselfishes) affected the subsequent recruitment of reef fishes on a

matrix of patch reefs in the Bahamas. In the first experiment, I found that prior

residency by predators inhibited recruitment of a damselfish and surgeonfish, and

enhanced recruitment of a wrasse. In contrast, prior residency by interference

competitors inhibited recruitment of the damselfish and wrasse, and enhanced

recruitment of the surgeonfish. In the second experiment, I tested whether the

aforementioned effects of residents were a result of direct interactions between

newly settled recruits and residents (i.e., predation and competition), or the result of

differential larval settlement among reefs with different resident assemblages. I

found no evidence for differential settlement, and thus recruitment patterns appear

to have been caused by direct interactions between recruits and residents.

Furthermore, differences in recruitment were established rapidly, within 24 hours

of settlement.

In Chapter 3, I examined the effects of prior residency by predators

(groupers and dottybacks) and competitors (adult damselfishes) on a series of patch

reefs on the Great Barrier Reef, Australia. My goal was to determine whether

Australian reef fish communities were influenced by the same early postsettlement

interactions between recruits and residents that influenced Bahamian reef fish

communities. I found that prior residency by predators caused decreased

recruitment of damselfishes, surgeonfishes, butterflyfishes, and rabbitfishes,

increased recruit mortality, and decreased recruit species richness. In contrast,

prior residency by competitors decreased recruitment of damselfishes and
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rabbitfishes, but did not affect recruitment of butterflyfishes and surgeonfishes,

recruit mortality, or recruit species richness. Furthermore, recruitment patterns

were established rapidly, within 48 hours of settlement. Effects of prior residency

by predators and competitors were qualitatively similar to those documented on

Bahamian reefs, suggesting that resident-recruit interactions may be of general

importance in coral reef fish communities.

In Chapter 4, I tested whether prior residency by resident predators and

competitors affected the abundance of both recruit and adult fishes, and whether

these effects differed among Bahamian patch reefs that were either low or high

habitat complexity. Resident predators and competitors had strong negative effects

on the abundance of recruits regardless of habitat complexity, while increased

habitat complexity had a weak positive effect on recruit abundance. In contrast,

increased habitat complexity had strong positive effects on the abundance of adult

fishes, while resident predators and competitors had no effect on adult abundance.

The common theme in these studies is that early postsettlement processes

play an important role in coral reef fish communities, and that interactions among

processes are common. In addition, despite important differences between

Australian and Bahamian coral reef fish communities, these communities appear to

be affected by similar processes. By demonstrating that habitat complexity and

prior residency by predators and competitors influence the dynamics of reef fish

communities, and that the effects of these factors are species- or family-specific,

these studies strengthen our ability to predict how coral reef fish communities are

likely to respond to events that affect habitat complexity and the abundance of

predators and competitors on coral reefs.
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CHAPTER 2: PRIORITY EFFECTS IN CORAL REEF FISH
COMMUNITIES

ABSTRACT

Predicting the future composition of demographically open communities is

difficult because the total and relative abundance of colonizing juveniles is often

unrelated to current community structure. However, if prior residents affect

juvenile survival in species-specific ways, then understanding resident-juvenile

interactions may permit such predictions.

Using 16 spatially isolated communities of coral reef fishes in the Bahamas,

I conducted two experiments to determine how two guilds of resident fishes affect

recruitment, and thus influence subsequent community structure. Each experiment

examined the effects of the presence and absence of two factorially manipulated

guilds: resident piscivores (groupers and moray eels) and interference competitors

(territorial damselfishes). In the first experiment, guilds were manipulated via

selective removals, and subsequent juvenile recruitment (larval settlement minus

mortality) was monitored over 44 days. In the second experiment, guilds were

placed within large cages to prevent direct resident-juvenile interactions, while

allowing for any cues produced by enclosed fishes, thereby testing whether

incoming larvae used resident-derived cues in selecting or avoiding reefs.

Colonizing juveniles were collected from each reef over 42 days to prevent

confounding resident- and recruit-derived cues.

In the first experiment, piscivores inhibited recruitment of a damselfish

(Pomacentridae) and a surgeonfish (Acanthuridae), and enhanced recruitment of a

wrasse (Labridae), perhaps because of the latter's role as a cleaner fish. In contrast,

adult territorial damselfish caused lower recruitment of the damselfish and the

wrasse, and enhanced recruitment of the surgeonfish, perhaps because the latter



was incidentally protected by damselfish aggression. Observations of early recruit

mortality suggested that recruitment differences were established rapidly during the

night or dawn periods shortly after settlement and before each daily census. In the

second experiment, there was no evidence that larvae used resident-derived cues to

select settlement sites, suggesting that recruitment differences in the first

experiment were caused by direct resident-recruit interactions rather than

differential larval settlement.

Besides demonstrating the importance of resident-recruit interactions, these

results provide a means of qualitatively predicting future structure in these open

communities because resident effects were species-specific. Thus, the present

composition of coral reef fish communities can impose a previously undocumented

degree of determinism on their future structure.

INTRODUCTION

A fundamental goal of ecology is predicting the future composition and

relative abundance of species within a community (Morin 1999). In relatively

closed and isolated communities where immigration and emigration are negligible,

future structure is largely dependent on the present relative abundance of species,

their reproductive output, and subsequent offspring survival. Consequently,

understanding how abiotic factors and biotic interactions affect subsequent juvenile

survival allows one to predict the future structure of these communities. In

contrast, relatively open communities (e.g., most marine communities, as well as

plant and insect communities with dispersive life-history stages) depend on

external sources for most incoming juveniles (reviews by Sale 1991, Connolly and

Roughgarden 1999, Knowlton and Jackson 2001). Juvenile supply is usually

spatially and temporally unpredictable such that adjacent communities often

receive different assemblages of incoming juveniles (reviews by Knowlton and
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Jackson 2001, Morgan 2001). As a result, there is usually little relationship

between the relative abundance of these juveniles and the current structure of the

community (review by Morgan 2001).

Although the supply of juveniles may be unpredictable, various processes

influence their survival after arriving and may strongly alter initial patterns of

relative abundance. For example, established community residents may consume

or compete with juveniles, thereby inhibiting their establishment in the community

(e.g., Wilbur and Alford 1985, Lawler and Morin 1993, Ostfeld et al. 1997).

Furthermore, if potential competitors arrive at different times, the interaction

between them may shift from competition to predation as older, larger colonists

consume smaller new arrivals (Blaustein and Margalit 1996). These "priority

effects", in which established individuals affect those that arrive later, have been

documented in plants (e.g., Huston and Smith 1987, Burrows 1990, Bertness and

Shumway 1993), sessile marine organisms (e.g., Connell 1961, Sousa 1979,

Menge and Sutherland 1987), coral reef fishes (e.g., Shulman et al. 1983,

Sweatman 1985, Steele 1997), and amphibians (e.g., Alford and Wilbur 1985,

Wilbur and Alford 1985, Lawler and Morin 1993). If these interactions are

predictable, strong, and species-specific, a community's current structure can

impose a level of determinism on its future structure.

Assemblages of coral reef fishes are classic examples of open communities

(review by Sale 1991). Like most marine species, reef fishes produce planktonic

larvae that spend weeks to months in the pelagic environment (Leis 1991, Victor

1991). Larvae disperse from their natal reefs in oceanic currents, although recent

studies provide evidence that some larvae are locally retained at the scale of

oceanic islands (Jones et al. 1999, Swearer et al. 1999). Larvae typically make a

nocturnal transition from the plankton to reef or near-reef habitats, a process called

"settlement" (Victor 1991). After settlement, counted juveniles are called

"recruits", and the net process of settlement minus subsequent mortality until

census is called "recruitment". A much-debated issue concerns the extent to which
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patterns of relative abundance at settlement are reflected in future community

structure (reviews by Doherty and Williams 1988, Hixon 1991, Jones 1991, Sale

1991, Ault and Johnson 1998b). That is, do initial patterns persist, or do processes

modify them after settlement?

One prominent view of reef fish communities is that they are unpredictable

assemblages driven by stochastic larval settlement (Sale 1980, Sale and Douglas

1984, Sale et al. 1994). However, the role of prior residents in determining

subsequent community structure has seldom been explored, even though studies

have demonstrated that residents can affect both settlement and recruitment. For

example, some reef fish larvae select settlement sites based on the presence of

conspecifics or particular types of habitat, which they detect via chemical or visual

cues (Sweatman 1988, Booth 1992, Elliot et al. 1995, Danilowicz 1996).

Settlement site selection in these studies occurred at the scale of individual coral

heads, which could lead to distinct between-reef and within-reef patterns of

recruitment. Effects of prior residents on subsequent recruitment appear to be

common. For example, resident territorial damselfishes can inhibit heterospecific

recruitment (Shulman et al. 1983, Sweatman 1983, 1985, Jones 1987, Risk 1998),

and either facilitate (Sweatman 1983, 1985, Jones 1987, Booth 1992) or inhibit

(Sale 1976) conspecific recruitment. Resident predators generally inhibit

recruitment and cause increased recruit mortality (Shulman et al. 1983, Caley 1993,

Carr and Hixon 1995, Beets 1997, Hixon and Carr 1997). However, in studies

documenting effects of residents on recruitment, it was unclear whether effects

were due to differential larval settlement or differential recruit mortality.

Here I present results from two related field experiments that tested whether

and how prior residency by two guilds of fishes affected subsequent recruitment. I

identified two guilds of residents likely to influence recruit survival: "resident

piscivores", including groupers and moray eels, and "interference competitors",

consisting of highly territorial damselfish. The first experiment addressed two

questions: (1) does prior residence of these guilds affect recruitment, and (2) when



are recruitment patterns established? I found strong evidence that both guilds

affected recruitment and that effects were species-specific. Recruitment differences

among treatments were established rapidly by high recruit mortality during the

night of settlement, or perhaps the following dawn, and before morning censuses.

In the second experiment, I explored the mechanism by which residents affect

recruitment. I tested whether settling larvae selected settlement sites based on the

presence or absence of the two guilds. Specifically, I evaluated the hypotheses that

(1) larvae select between reefs, (2) larvae select sites within reefs, and (3) larger

larvae are more selective than smaller larvae. I found no evidence to support any of

these hypotheses, indicating that prior residents affected recruitment via differential

recruit mortality rather than differential larval settlement.

METHODS

Study site

The study was conducted near the Caribbean Marine Research Center at

Lee Stocking Island, Bahamas. This site is located in the Exuma archipelago,

which separates the shallow Great Bahama Bank to the west from the deep waters

(>2000 m) of the Exuma Sound to the east (Fig. 2.IA). All experiments were

performed on a unique matrix of live-coral patch reefs that were translocated to a

shallow sand flat on the leeward side of Norman's Pond Cay between 1991 and

1994 (Carr and Hixon 1995, Hixon and Carr 1997). The matrix included 32 reefs

in five rows, at depths between 2 and 5 meters. Each reef consisted of 9 to 13 coral

heads (mean = 10.8, SD = 1.5) of primarily three coral species: Montastrea

annularis, Porites asteroides, and Siderastrea siderea. Average reef area was 6.6

m2 (SD 1.0 m2) and mean height was 0.5 m (SD = 0.07 m). Reefs supported fish

communities indistinguishable from those on nearby (within 5 km) non-
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manipulated patch reefs of similar size (personal observation). Each reef was

separated from all others by 200 m of sand and seagrass and the closest naturally

occurring reef was more than 1 km from the edge of the matrix. Therefore, the

disappearance of any new recruit from a reef could be attributed only to mortality.
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Figure 2.1: Study site. (A) Position of translocated patch reefs with respect to
nearby islands. (B) Spatial arrangement of reefs and the blocking scheme of live-
coral reefs used in both experiments. Unused artificial reefs were constructed of
concrete blocks. Each reef is separated from its closest neighbor by 200 meters.
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Study species

Tagging studies demonstrated that resident fish seldom moved between

reefs in the matrix, with the exception of several transient predators (mostly jacks

[Caranx spp.] and snappers [Lutf anus spp.]) (M. A. Hixon,personal

communication). Therefore, each reef was considered an independent experimental

unit. Resident piscivores were identified using two criteria: (1) a diet of at least

10% fishes by volume (Randall 1967) and (2) a strong tendency to retreat to the

reef (as opposed to fleeing) when approached by a diver. The five resident

piscivores included three diurnally active groupers (Serranidae: Cephalopholis

cruentata [graysby], C. fulva [coney], and Epinephelus striatus [Nassau grouper]),

and two nocturnally active moray eels (Muraenidae: Gymnothorax moringa

[spotted moray] and G. vicinus [purplemouth moray]). There were two species of

territorial damselfish: Stegastes leucostictus [beaugregory] and S. partitus [bicolor].

Adults of both species are aggressive towards nearly all other fishes (Robertson

1996). Stegastes leucostictus is omnivorous, consuming algae, detritus,

polychaetes, and fish material, whereas S. partitus is primarily planktivorous

(Randall 1967, Emery 1973).

Effects of prior residents

To determine the effects of resident piscivores and territorial damselfishes

on subsequent recruitment, I factorially manipulated the presence and absence of

these two guilds on 16 of the 32 translocated patch reefs during the 1997 summer

settlement season. I selected four blocks of reefs, each block consisting of four

reefs, using two criteria: (1) reefs within each block had similar naturally occurring

communities of fishes, which minimized confounding effects of variable species

composition, and (2) reefs within a block were close to each other, which
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minimized confounding effects of variable larval supply. To meet these criteria, 1

compared the fish communities on all 32 reefs prior to any manipulation using

Cluster Analysis (Bray-Curtis Distance and Group Average) and combined this

analysis with reef location to select the best arrangement of reefs and blocks (Fig.

2. 1B). Piscivore and damselfish densities varied among blocks, but were similar

within blocks, and reflected the natural range of densities in the reef matrix prior to

manipulations. Reefs were randomly assigned treatments within each block.

There were four experimental treatments (n = 4 reefs each): piscivores and

damselfish both present (P+D+); piscivores present, damselfish absent (P+D-);

piscivores absent, damselfish present (P-D+); and both piscivores and damselfish

absent (P-D-).

Using SCUBA, I manipulated resident piscivores and damselfish using the

fish anesthetic quinaldine, hand nets, and a B]INCKE net (Anderson and Can

1998). After removing all recruits from each reef at the start of the experiment, I

monitored subsequent cumulative recruitment by conducting a visual census of

each reef approximately daily for 44 days. Recruits that had settled the previous

night were identified by their incomplete pigmentation and small size and recorded

as "new settlers." Mortality during the experiment was estimated by subtracting the

number of disappearances from the number of observed new settlers. Settlement

and mortality of wrasse were not estimated because newly settled wrasse could not

be reliably distinguished from those that had settled the previous several days.

During each census, I verified treatment conditions and removed any piscivore and

adult damselfish immigrants. Immigration to the 16 reefs was negligible during the

44-day experiment (total of four piscivores and five adult damselfish).

To determine when recruitment patterns were established relative to

nocturnal settlement events, I tested whether mortality was relatively high during

the first few hours of daylight postsettlement by comparing the number of new

settlers recorded during early (0800 0900) vs. late (1100 1200) morning

censuses. I conducted recruitment censuses each day (ca. 15 mm per reef) between
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0800 and 1200. I divided the 16 reefs into four rows such that each row contained

all four treatments to prevent confounding treatment with time-of-day. I

systematically varied row censuses such that each row was censused in the early

morning (0800 to 0900) every fourth day.

Mechanisms underlying prior-resident effects

The goal of the second experiment, conducted during the 1998 summer

settlement season, was to determine whether recruitment differences observed in

the first experiment were due to differential larval settlement or differential recruit

mortality. The experimental design was identical to that of the first experiment

except that piscivores and damselfish were placed in large plastic mesh enclosures

in the center of the reef. Small coral heads and rubble were placed inside the

enclosures to provide shelter for occupants, and coral heads that provided

settlement habitat for recruits surrounded each enclosure. This manipulation

eliminated direct interactions between enclosed fish and recruits outside cages, but

retained any cues produced by enclosed fish that could be used by incoming larvae

in selecting or rejecting a settlement site.

Each enclosure consisted of a cylindrical frame of metal re-bar (1 .25-cm

diameter) covered with plastic mesh (1.9-cm mesh "vexar"). New recruits could

pass through this mesh. Enclosures had a diameter of 165 cm and a height of 65

cm (total volume = 1.4 m3) and each had an internal divider of vexar (Fig. 2.2). All

enclosures were identical regardless of treatment.

I used the same reefs and blocks as in the first experiment and randomly re-

assigned treatments (P+D+, P+D-, P-D+, or P-D-) to reefs within each block with

the constraint that each reefs treatment differed from its treatment in the first

experiment, thereby controlling for any location effects between experiments. Each
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piscivore-present (P+) enclosure contained the average piscivore assemblage found

on pre-manipulated reefs: two Epinephelus striatus, one Cephalopholis cruentata

Coral Plastic-mesh
heads enclosure

:

1 meter

Figure 2.2: Fish enclosure used to examine mechanisms underlying prior-
resident effects. View of a single reef showing the arrangement of the enclosure
and coral heads. Each plastic-mesh enclosure had an internal divider to keep
piscivores and damselfish separated in treatments where both were present, and
each contained coral heads and rubble for shelter. Live coral heads outside
enclosures served as settlement habitat for incoming larvae.

or C. fidva, and one Gymnothorax moringa or G. vicinus. Each damselfish-present

(D+) enclosure contained the average damselfish assemblage on pre-manipulated

reefs: two adult Stegastes leucostictus and two adult S. partitus. Where piscivores

and damselfish occurred together (P+D+), each group occupied one half of the

enclosure. Where piscivores occurred alone (P+D-), the two E. striatus were

placed in one half and the C. cruentata or C. fulva and moray eel occupied the

other. Where damselfish occurred alone (P-D+), each species occupied one half of

the enclosure. Preliminary trials showed that this arrangement resulted in the
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fewest antagonistic interactions between enclosed individuals. In most cases, prior

residents from the same reef were used to stock the enclosure on that reef. Reefs

where both piscivores and damselfish (P-D-) were removed had empty enclosures.

Enclosed fishes generally showed no adverse effects of confinement and appeared

to behave normally. During periods of predictably low settlement (i.e., full moon), I

fed enclosed piscivores pieces of fish and small swimming crabs (Portunidae).

Enclosed damselfish fed normally from enclosed coral heads or passing plankton.

I conducted a visual census of each experimental reef every other day for 42

days. During each census, I removed any recruits that had recently settled, using

hand-nets and quinaldine, to eliminate any cues from recruits that might influence

subsequent settlement and thus confound treatment effects. Prior to capture, I

noted the position of each settler relative to the two sections of the enclosure on the

two damselfish-present treatments (P+D+ and P-D+) to determine if there were any

effects of enclosed fish on within-reef settlement location. I collected a random

sample (n 25 to 52 individuals per species) of newly settled recruits from the

most abundant species in each family and measured each individual's total length

(TL) to the nearest 0.1 mm using dial calipers.

Data analysis

In the first experiment, designed to test for prior-resident effects, I

compared differences in recruitment among treatments with two-way ANOVA

(model terms: Blocks, Piscivores, Damselfish, and Piscivore-Damselfish

interaction) (Sokal and Rohif 1995). When interaction terms were significant (P

0.05), I conducted a linear contrast of the means for each pairwise treatment

comparison (Ramsey and Schafer 1997). When interaction terms had P-values

0.20, I removed the interaction term and analyzed the additive model (model terms:

Blocks, Piscivores, and Damselfish). When ANOVA F-tests were not significant



(P> 0.05), I calculated the statistical power (0) of the test to detect an actual

difference of one fish among treatments. To analyze differences in recruitment, I

compared the average number of recruits on each treatment on the last day of the

experiment (day 44). I chose this response for three reasons: (1) final recruit

density is logically the best predictor of future community structure, (2) recruitment

patterns continued to diverge at the conclusion of the experiment, and (3) final

recruit density was consistent with the recruitment trajectory observed throughout

the study. In the second experiment, designed to test the underlying mechanisms of

prior-resident effects, I used the same two-way ANOVA procedure to compare the

total number of recruits collected from each treatment during the experiment. I

compared the average total lengths (TL) of recruits among treatments with one-way

ANOVA. When ANOVA F-tests were not significant (P> 0.05), I calculated the

power of the test to detect an actual difference among treatments of 20% of the

observed range of total length for each species. I analyzed within-reef differences

in settlement location with a Binomial Test (Sokal and Rohif 1995). To insure that

ANOVA assumptions were met, I tested for homogeneity of variance using

Levene's Test and examined normal probability plots (Ramsey and Schafer 1997).

When ANOVA F-tests were significant (P 0.05), I estimated effect sizes and

calculated 95% confidence intervals (Zar 1999). All statistical analyses were

conducted using SAS Institute statistical software (SAS version 6.12 and JMP

version 4.0).

RESULTS

Effects of prior residents

During the 44-day duration of this experiment, I observed 340 new settlers

representing 22 species, more than 90% of which were from three families:



Pomacentridae (130 damselfish recruits), Acanthuridae (28 surgeonfish recruits),

and Labridae (150 wrasse recruits). Resident piscivores and territorial damselfish

differentially affected recruitment of the most abundant species in each family.
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Figure 2.3: Differential effects of prior residents on recruitment of four
species. Relationship between cumulative recruitment (larval settlement minus
mortality) and experimental treatments (n = 4 reefs each) for the most abundant
species in three families: (A) Stegastes leucostictus and (B) Ste gastes part itus
(Pomacentridae), (C) Acanthurus coeruleus (Acanthuridae), and (D) Thalassoma
bfasciatum (Labridae). Treatments consisted of presence (+) or absence (-) of
resident piscivores (P) and adult territorial damselfish (D). Error bars are ± SE.
The circles at the top of each column correspond to dates of the new moon (.) and
full moon (o). Note that Y-axis scale varies among plots.

Damselfish recruitment Most of the 130 newly settled damselfish were

from two species: the beaugregory damselfish, Stegastes leucostictus (79 recruits),

and the bicolor damselfish, S. partitus (42 recruits). Both piscivores and adult
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territorial damselfish significantly affected S. leucostictus recruitment, and there

was a significant interaction (Fig. 2.3A; two-way ANOVA: interaction P = 0.02 1).

In the absence of adult damselfish, piscivores reduced recruitment by an average (±

95% CI) of 3.5 ± 2.0 recruits per reef (linear contrast: P = 0.003). In the absence of

piscivores, adult damselfish reduced recruitment by 3.3 ± 2.0 recruits per reef

(linear contrast: P = 0.005), while piscivores and adult damselfish together reduced

recruitment by 3.3 ± 2.0 recruits per reef (linear contrast: P = 0.005). The number

of observed new settlers was highest, and their subsequent mortality lowest, where

both piscivores and adult damselfish had been removed (Table 2.1A). Recruitment

of S. partitus was low, highly variable, and did not differ significantly among

treatments (Fig. 2.3B; two-way ANOVA: P = 0.590, 0 = 0.77). The number of

observed new settlers was highest where only adult damselfish were present (Table

2.1B). Low recruitment precluded comparisons of recruit mortality.
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Table 2.1: Differential effects of prior residents on the recruitment of three
species. The number of observed new settlers and their subsequent mortality
during the experiment (44 days) for (A) Ste gastes leucostictus, (B) Stegastes
partitus, and (C) Acanthurus coeruleus.

Number of observed Number of disappearances
Species Treatment' new settlers (% mortality)2

A. S. leucostictus P+D+ 18 15 (83.3)
P+D 14 12 (85.7)
PD+ 9 6 (66.7)
PD 38 22 (57.9)

B. S. part itus P+D+ 9 5 (55.6)
P+D 4 2 (50.0)
PD+ 16 11(68.8)
PD 13 5 (38.5)

C. A. coeruleus P+D+ 1 1 (100.0)
P+D 5 3 (60.0)
PD+ 10 0 (0.0)
PD-- 5 1 (20.0)

'P = predators, D damselfish, + = present, = absent.
2Note: Total % mortality = (total deaths/total new settlers) X 100.

Surgeonfish recruitment Of 28 newly settled surgeonfish, 21 were

Acanthurus coeruleus (blue tang). Piscivores and adult territorial damselfish both

significantly affected recruitment of A. coeruleus, and there was a significant

interaction (Fig. 2.3C; two-way ANOVA: interaction P = 0.020). In the absence of

piscivores, adult damselfish increased recruitment by an average (± 95% CI) of 1.5

± 0.8 recruits per reef (linear contrast: P = 0.015). In the absence of adult

damselfish, piscivores decreased recruitment by 0.5 ± 0.8 recruits per reef (linear

contrast: P = 0.343). There was no surgeonfish recruitment where both piscivores

and adult damselfish were present. The number of observed new settlers was



20

highest where only adult damselfish were present (Table 2.1 C). Low recruitment

precluded comparisons of recruit mortality.

Wrasse recruitment Of 150 newly settled wrasse, 127 were Thalassoma

bfasciatum (bluehead wrasse). Recruitment of T bfasciatum was significantly

influenced by piscivores, independent of adult damselfish, and differed among

blocks (Fig. 2.3D; two-way ANOVA: piscivores P = 0.004, damselfish P = 0.37 1,

blocks P = 0.011). Piscivores increased recruitment by an average (± 95% CI) of

4.0 ± 2.4 recruits per reef. The average (SD) number of recruits per reef in each

block was as follows: block 1 = 6.8 (4.9), block 2 = 1.0 (2.0), block 3 = 2.0 (2.2),

and block 4= 5.3 (2.2). The number of observed new settlers, and their subsequent

mortality, was not estimated due to the difficulty in distinguishing newly settled

wrasse from those that had settled the previous several days.

Timing of mortality

The number of new settlers observed between early (8 am - 9 am) and late

(11 am - noon) morning was similar for each category of recruits (early morning

counts: all species = 50, S. leucostictus = 21, S. partitus = 10, A. coeruleus = 4; late

morning counts: all species = 60, S. leucostictus = 20, S. partitus = 10, A. coeruleus

= 6), indicating that mortality was negligible between these two periods.

Comparisons of early and late morning counts of wrasse were again precluded by

the difficulty in distinguishing newly settled wrasse from those that had settled the

previous several days.
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Mechanisms underlying prior-resident effects

During the 42-day duration of this experiment, I collected 488 recruits from

25 species, more than 90% of which were from four families: Pomacentridae (153

damselfish recruits), Acanthuridae (53 surgeonfish recruits), Labridae (164 wrasse

recruits), and Pomacanthidae (72 angelfish recruits).

Damselfish recruitment Of 153 damselfish recruits, 105 were Stegastes

leucostictus (beaugregory) and 28 were S. partitus (bicolor). The average number

of recruits per reef did not differ significantly among treatments for either species

(Fig. 2.4; two-way ANOVA: S. leucostictus, P = 0.560, 9 = 0.48; S. part itus, P =

0.180, 9 = 0.66). Average total length of S. leucostictus recruits did not differ

among treatments (one-way ANOVA: P = 0.328, 0 = 0.90).

Within-reef location with respect to enclosed fishes was noted for all S.

leucostictus and S. partItus recruits collected from the two treatments where adult

damselfish were present (P+D+ and P-D+). On P+D+ reefs, S. leucostictus recruits

were evenly distributed (near piscivores = 12, near damselfish = 13). On P-D+

reefs, more than twice as many S. leucostictus recruits were collected adjacent to

adult S. leucostictus (near S. leucostictus = 17, near S. part itus 8), a difference

that was marginally significant (Binomial Test: P = 0.054). On P+D+ reefs, S.

partitus recruits were evenly distributed (near piscivores = 6, near damselfish 5),

while recruitment to P-D+ reefs was low (near S. leucostictus = 0, near S. partitus

1).
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Figure 2.4: Mechanisms underlying effects of prior-residents on recruitment.
Relationship between the average (+ SE) number of recruits collected per reef over
42 days in each experimental treatment (n 4 reefs each) for the most abundant
species in four families: Ste gastes leucostictus and Stegastes part itus
(Pomacentridae), Acanthurus coeruleus (Acanthuridae), Thalassoma bfasciatum
(Labridae), and Holacanthus ciliaris and Pomacanthus arcuatus (Pomacanthidae).
Treatments consisted of plastic mesh enclosures that contained (+) or did not
contain (-) resident piscivores (P) and adult territorial damselfish (D). There were
no significant differences among treatments, indicating no differential settlement
due to prior-resident cues (see text).

Surgeonfish recruitment Of 53 surgeonfish recruits, 47 were Acanthurus

coeruleus (blue tang). The average number of A. coeruleus recruits per reef did not

differ significantly among treatments (Fig. 2.4; two-way ANOVA: P = 0.525, 0

0.41). Average total length of A. coeruleus recruits did not differ significantly

among treatments (one-way ANOVA: P = 0.576, 0= 0.94). The high mobility of

surgeonfish recruits immediately after settlement prevented comparison of their

within-reef settlement locations.
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Wrasse recruitment Of 164 wrasse recruits, 129 were Thalassoma

bfasciatum (bluehead). The average number of T. bifasciatum recruits per reef did

not differ significantly among treatments, although the statistical power of this test

was low (Fig. 2.4; two-way ANOVA: P = 0.293, 0 = 0.10). Average (SD) total

length of T bfasciatum recruits did not differ significantly among treatments (one-

way ANOVA: P 0.325, 0 = 1.00). The high mobility of wrasse recruits

immediately after settlement prevented comparison of their within-reef settlement

locations.

Angelfish recruitment Of 73 angelfish recruits, 50 were Holacanthus

ciliaris (queen) and 22 were Pomacanthus arcuatus (gray). For each species, the

average number of recruits per reef was independent of both piscivores and adult

damselfish (Fig. 2.4; two-way ANOVA: H. ciliaris, piscivores P 0.170,

damselfish P = 0.293; P. arcuatus, piscivores P = 0.156, damselfish P = 0.418).

For H. ciliaris, recruitment differed significantly among blocks (two-way ANOVA:

blocks P 0.028), and the average (SD) number of recruits per reef in each block

was as follows: block 1 = 2.8 (2.1), block 2 = 3.3 (1.7), block 3 = 5.0 (0.8), and

block 4 = 1.5 (0.6). Average total length ofH ciliaris recruits did not differ

significantly among treatments (one-way ANOVA: P = 0.339, 0 = 0.90).

Within-reef location with respect to enclosed fishes was noted for all H
ciliaris and P. arcuatus recruits collected from the two damselfish-present

treatments (P+D+ and P-D+). Location did not differ significantly for H. ciliaris

on either P+D+ (near piscivores = 3, near damselfish = 3) or P-D+ reefs (near S.

leucostictus = 6, near S. partitus = 4), while P. arcuatus settlement was generally

low (P+D+: near piscivores = 3, near damselfish = 1; P-D+: near S. leucostictus =

0, near S. partitus = 1).
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DISCUSSION

Factorial removal of resident predators and interference competitors clearly

demonstrated that these guilds strongly affected the recruitment of other reef fishes

and thereby dramatically influenced community structure. A subsequent

experiment further suggested that reef fish larvae do not select or reject settlement

sites based on the presence or absence of either piscivores or territorial damselfish.

Thus, recruitment differences were due to differential recruit mortality among

treatments caused directly or indirectly by resident piscivores and territorial

damselfish, and not the result of larvae avoiding settlement to reefs inhabited by

these two guilds. Resident piscivores and territorial damselfish each affected the

survival of newly settled juveniles in a species-specific manner and thereby

significantly altered initial patterns of settlement.

How do resident piscivores and territorial damselfish affect recruitment?

Recruitment of beaugregory damselfish (Stegastes leucostictus) was

significantly higher on reefs where both piscivores and adult territorial damselfish

had been removed (P-D-), and was uniformly low where either group was present

alone (P+D- and P-D+), or where both groups were present (P+D+). Thus, the

presence of either piscivores or adult damselfish resulted in high recruit mortality.

That piscivores consume recruits and thus negatively affect recruitment is not

surprising and has been demonstrated in several other studies (review by Hixon

1991, Carr and Hixon 1995, Hixon and Carr 1997, Planes and Lecaillon 2001,

Webster 2002). Curiously, adult damselfish had the same effect as piscivores on

damselfish recruitment. By what mechanism could adult damselfish affect juvenile

survival? One possibility is that aggressive interactions between adults and

juveniles make juveniles more susceptible to predation by resident piscivores (on
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P+D+ reefs) and/or transient piscivores (on P-D+ reefs) such as schooling jacks

(see Hixon and Can 1997). Adults may chase juveniles away from shelter and

thereby expose them to predation from resident piscivores, or force them to the

edge of the reef where they would be more susceptible to passing transient

piscivores. Another possibility is that adult damselfish directly consume newly

settled juveniles. Although I know of no other studies that have explored this

hypothesis, Randall's (1967) gut content analysis of 41 adult S. leucostictus

revealed that they consume a considerable amount of fish material (7.1% by

volume), but whether this material was scavenged from already-dead fishes or

resulted from direct predation is unknown. Consistent with this hypothesis, I have

observed adults of both S. leucostictus and S. partitus attack and consume

disoriented conspecific and congeneric recruits that had been captured for tagging

or measuring and released. This observation suggests that adults at least recognize

recruits as potential food items and will consume them opportunistically.

Consumption of conspecific and congeneric recruits may have additional benefits

in that it would result in the elimination of future competitors before they became a

serious threat.

In contrast to damselfish, recruitment of surgeonfish (Acanthurus

coeruleus) was highest on reefs where only adult damselfish were present (P-D+)

and lowest on reefs with resident piscivores (P+D+ and P+D-). Why piscivores

have strong negative effects on surgeonfish recruitment seems clear. At settlement,

surgeonfish recruits are slow-swinmiing and approximately three times the length

of damselfish and wrasse recruits, and may therefore be attractive targets to larger

resident piscivores (see Rice et al. 1993, Sogard 1997). How do adult damselfish

enhance surgeonfish recruitment? In the absence of resident piscivores, the

primary source of recruit mortality would most likely be transient piscivores

(Hixon and Can 1997). Because Caribbean Stegastes species will attack transient

piscivore intruders, juvenile surgeonfish may obtain anti-predator benefits from

damselfish aggression, especially if damselfish are not also strongly aggressive
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toward surgeonfish. This scenario appears to be the case in this system, and in

other systems damselfish and surgeonfish actually share territorial defense

(Robertson and Polunin 1981, Roberts 1985).

In contrast to both damselfish and surgeonfish, wrasse recruitment

(Thalassoma bfasciatum) was highest on reefs with resident piscivores (P+D+ and

P+D-). Why would piscivores have a positive effect on T bfasciatum recruitment?

Juvenile T bfasciatum are facultative cleaners that remove ectoparasites from

other fishes (Itzkowitz 1979). Each piscivore treatment included several Nassau

grouper (Epinephelus striatus) that were 20 to 40 cm TL and were the largest fishes

on these reefs. Because parasite load is correlated with host fish size (Arnal et al.

2000), juvenile T bfasciatum would have had access to a greater food supply on

reefs with piscivores, thereby increasing recruit survival. In addition, mortality

from predation is often greatly reduced for cleaners because predators benefit from

their cleaning services (Poulin and Vickery 1995). Carr and Hixon (1995) also

found that resident piscivores did not have a negative effect on survival of newly

settled T. bfasciatum.

Do larvae use piscivores or territorial damselfish as settlement or avoidance cues?

Results from the enclosure experiment do not support the hypothesis that

reef fish larvae use the presence of resident piscivores and territorial damselfish to

select or reject settlement sites. First, unlike the first experiment, when resident

piscivores and territorial damselfish were caged, there was no significant difference

in recruit abundance among treatments for any species. Second, there was no

significant difference in average recruit size among treatments for any species,

indicating that selectivity is unrelated to recruit size. Third, except for one case,

there was no evidence that larvae avoided or selected within-reef settlement sites

based on the location of piscivores or damselfish. The single exception was a
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suggestive pattern for newly settled beaugregory damselfish on reefs with enclosed

adult damselfish (P-D+): more than twice as many recruits were found adjacent to

the half of the enclosure containing adult S. leucostictus relative to the other half

containing adult S. part itus.

Although Sweatman (1988) and Booth (1992) demonstrated that settlers of

other damselfish (Dascyllus spp.) could detect conspecifics through chemical and

visual cues, there is no unequivocal evidence that reef fish larvae can detect

heterospecific residents. Dascyllus are typically found in dense conspecific or

congeneric aggregations on a few species of highly branched corals. Newly settled

juveniles have enhanced survival in the presence of adults, perhaps because adults

are aggressive towards predators or increase group vigilance (Forrester 1990, Booth

1995). When juveniles derive benefits from associating with conspecifics, the

ability to detect adults before settling would clearly be beneficial. However, this

ability would most likely evolve in species that live in dense social groups because

chemical or visual signals would be sufficiently strong due to the high

concentration of individuals. For species that do not live in dense aggregations,

such as the piscivores and damselfish in this study, chemical or visual cues are

probably relatively weak or diffuse, thereby preventing the development of a

reliable means to detect their presence. This is despite the fact that this ability

would seem to be beneficial given the results of this study. It appears that most

larvae simply settle on any suitable reef (Sale et al. 1994).

When does mortality occur during recruitment?

Several observations suggest that recruitment patterns were established

shortly after nocturnal settlement. First, because the first few daylight hours

postsettlement are thought to be a critical mortality period for recruits (Leis 1991,

Schmitt and Holbrook 1999), one would expect to observe fewer newly settled
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fishes in the late morning relative to the early morning. However, there were no

differences in the number of new settlers observed during these two periods. This

result suggests that recruitment patterns were already established before censusing

began at 8:00 am each day. Second, a recent study on bicolor damselfish

(Stegastes partitus) in this system compared daily and weekly recruit censuses to

determine whether estimates of recruitment varied with sampling frequency (M. A.

Hixon, personal communication). Results indicated that daily and weekly censuses

were equivalent, which again suggests that recruitment patterns were established

before each daily census. Finally, another study demonstrated that recruit mortality

within 36 hours of settlement was significantly higher when prior residents,

including predators, were present relative to reefs where all residents had been

removed (Planes and Lecaillon 2001).

If settlement was uniform among reefs and recruitment differences were

established prior to daily censuses, then substantial differential recruit mortality

must have occurred in the first few hours postsettlement among the different

experimental treatments. Such mortality most likely occurred at dawn when low,

changing light levels confer an advantage to visual piscivores (Hobson 1991,

McFarland 1991). Newly settled fish may be especially vulnerable to predation

during this period due to unfamiliarity with their new surroundings and the

consequent difficulty in finding adequate, unoccupied shelter.

Conclusions: is future community structure predictable?

Priority effects occur when early-colonizing individuals affect the

recruitment of later colonists. These effects have been well documented in a

variety of systems, and when they are species-specific and predictable, they

introduce a level of determinism to the dynamics of a community. The present

study documents how resident predators and interference competitors affect the
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survival of recruiting reef fish. Coral reef fish communities are dynamic, open

systems that depend on a spatially and temporally variable supply of planktonic

larvae for new colonists. Because reefs are unlikely to ever be completely denuded

of inhabitants, larvae entering the community must interact with a variety of reef

residents. As these experiments show, interactions between prior residents and

newly settled recruits can influence recruit survival in ways that substantially

modify initial patterns of relative abundance established at the time of larval

settlement. Because these interactions were species-specific, one may be able to

use the current composition of a community to predict its future structure. For

example, based on the results of this study and assuming larvae of all families

settle, one could predict that reefs with both resident piscivores and territorial

damselfish would experience relatively low recruitment of damselfisbes and

surgeonfishes, and high recruitment of wrasses that act as cleaners. Understanding

whether and how other types of residents affect juvenile survival would increase

the predictability of community structure in reef fishes.



30

CHAPTER 3: PRIORITY EFFECTS IN CORAL REEF FISH
COMMUNITIES: GENERALITIES BETWEEN AUSTRALIA AND THE

BAHAMAS

AB STRACT

Priority effects occur when established community residents influence the

colonization success of individuals entering the community. When priority effects

are strong and taxon-specific, they can determine which taxa successfully enter the

community, and thus provide a means of qualitatively predicting the future

structure of a community based on its current composition. Using 20 spatially

isolated patch reefs at Lizard Island on the Great Barrier Reef, I factorially

manipulated the presence and absence of two guilds of resident fishes, predators

(groupers and dottybacks) and potential competitors (damselfishes), to determine

whether and how they affect the subsequent recruitment, mortality, and species

richness of newly settled fishes. During the 50-day experiment, prior residency by

predators dramatically reduced recruitment of damselfishes, surgeonfishes,

butterflyfishes, and rabbitfishes, increased recruit mortality, and decreased recruit

species richness. In contrast, prior residency by competitors decreased damselfish

and rabbitfish recruitment, but did not affect either recruit mortality or recruit

species richness. Effects of competitors on recruitment were likely due to

aggressive interactions between residents and juveniles that either caused mortality

directly (e.g., via injury or consumption) or indirectly by increasing the

susceptibility of juveniles to predators. Effects of prior residents were strongest

within 48 hours of settlement, resulting in the rapid establishment of recruitment

patterns that persisted to the conclusion of the experiment. The results of the

present study are qualitatively similar to those from a study I conducted in the

Bahamas that also factorially manipulated resident predators and competitors on



31

patch reefs, suggesting that priority effects may be generally important

determinants of coral reef fish community structure.

INTRODUCTION

Predicting the future structure of demographically open communities (e.g.,

most marine communities, as well as plant and insect communities with dispersive

life-history stages) is often difficult because these communities depend on

recruitment from external sources (Connolly and Roughgarden 1999). Due to a

variety of factors, such as variability in reproductive output, larval survival, and

dispersal mechanisms, there is often little relationship between the relative

abundance of colonizing juveniles and current residents, resulting in a seemingly

spatially and temporally unpredictable assemblage of species (reviews by

Knowlton and Jackson 2001, Morgan 2001). However, when established

community residents influence the colonization success of incoming juveniles in

taxon-specific ways, understanding these interactions may permit predictions of

future community structure based on the current composition of the community.

Such priority effects have been documented in a variety of organisms, including

plants (e.g., Burrows 1990, Bertness and Shumway 1993), sessile marine organisms

(e.g., Sousa 1979, Menge and Sutherland 1987), amphibians (e.g., Wilbur and

Alford 1985, Lawler and Morin 1993), and fishes (e.g., Shulman et al. 1983, Steele

1997). When priority effects occur, they introduce a level of determinism, and thus

predictability, to the dynamics of a community.

Coral reef fish communities rely on a spatially and temporally unpredictable

supply of larvae for colonizing juveniles, and are thus classic examples of

demographically open communities (review by Sale 1991). Like most other marine

species, reef fishes produce planktonic larvae that spend days to months developing

in the pelagic environment away from natal reefs (Leis 1991, Victor 1991). Larvae
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typically make a nocturnal transition to reef habitats in a process called settlement,

and the net process of settlement and early postsettlement mortality is called

recruitment. Although some have argued that stochastic larval supply results in

unpredictable assemblages of coral reef fishes (Sale 1980, Sale and Douglas 1984,

Sale et al. 1994), several studies have found evidence for deterministic settlement

and recruitment processes. For example, settling larvae may choose settlement

sites based on the presence or absence of conspecifics or certain types of habitat

(Sweatman 1988, Booth 1992, Elliot et al. 1995, Danilowicz 1996). In addition,

observational studies have documented strong relationships between the presence

and/or abundance of some reef fish species and particular reef zones or coral types,

suggesting that habitat selection may be important at both small and large spatial

scales (reviews by Williams 1991, Booth and Wellington 1998).

Other potentially deterministic processes may operate after settlement and

thus influence recruitment, such as competitive and predatory interactions between

recently settled fish and established residents. There is growing evidence that

recruitment patterns are strongly influenced by such interactions, often shortly after

settlement. For example, predators typically cause decreased recruitment of most

species, presumably because relatively naïve newly settled juveniles are especially

vulnerable to predation (Webster 2002, Hixon and Webster in press, Almany in

review-b), although the presence of large predatory fishes may have positive effects

on recruitment of some cleaner fishes, perhaps because these large fishes are rich

sources of ectoparasites (Almany in review-b). Furthermore, predators appear to

have particularly strong negative effects on recruitment of species that settle at

relatively large sizes (Almany in review-b, Webster and Almany in review). Prior

residency by interference competitors, such as territorial damselfishes, can result in

both positive and negative effects on recruitment. For example, damselfishes have

been shown to either inhibit (Shulman et al. 1983, Sweatman 1983, 1985, Jones

1987, Risk 1998, Almany in review-b) or facilitate (Almany in review-b)

heterospecific recruitment, and either inhibit (Sale 1976, Almany in review-b) or
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facilitate (Sweatman 1983, 1985, Jones 1987, Booth 1992) conspecific recruitment.

When established residents influence subsequent recruitment in a predictable

taxon-specific manner, the recent recruitment history of a community can influence

its future structure by setting the stage for interactions between residents and newly

settled fishes.

Studies of coral reef fishes have typically been conducted in either the

western Pacific, especially the Great Barrier Reef in Australia, or in the western

Atlantic and Caribbean, and comparative studies between the two regions are rare

(review by Thresher 1991). Two dominant hypotheses have emerged regarding the

relative importance of processes structuring fish communities on coral reefs: (1)

stochastic larval supply is the maj or determinant of community structure, and (2)

postsettlement interactions, such as competition and predation, primarily determine

community structure (review by Jones 1991). Thresher (1991) argued that much of

the evidence supporting the first hypothesis comes from western Pacific studies,

while evidence supporting the second hypothesis comes primarily from western

Atlantic studies. This geographic difference has led to speculation that western

Pacific and western Atlantic reef fish communities differ in fundamental ways,

such as the relative importance of pre- and postsettlement processes. Because

researchers in the western Pacific and Atlantic often use different experimental

methodologies, the search for general principles would benefit from conducting

similarly designed studies in both systems (reviews by Hixon 1991, Jones 1991).

I present the results of a field experiment conducted on the Great Barrier

Reef that used the same design as an experiment I previously conducted in the

Bahamas (Almany in review-b). I factorially manipulated the presence and absence

of two guilds of resident fishes that were likely to influence subsequent reef fish

recruitment, mortality, and species richness: predators, consisting of piscivorous

groupers and dottybacks, and potential competitors, consisting of several species of

damselfishes. I subsequently monitored the effects of these treatments over 50

days. I addressed the following questions: (1) does prior residency by predators
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and competitors affect recruitment, mortality, and recruit species richness (2) are

these effects similar between the Great Barrier Reef and the Bahamas, and (3) how

quickly are recruitment patterns established? I found strong evidence that both

predators and competitors negatively influence recruitment, and that predators also

negatively affect recruit mortality and species richness. There was convincing

evidence that recruitment patterns were established rapidly, within the first 48

hours following settlement. Importantly, the results of this study were qualitatively

similar to those documented in the Bahamian study, indicating general patterns

common to different geographical regions.

METHODS

Study site

This study was conducted from November 1999 to January 2000 at Lizard

Island on the northern Great Barrier Reef, Australia (14°40'S, 145°28'E). In 1993,

researchers consolidated live patches of coral (Porites cylindrica) into an array of

54 reefs on the sandy bottom of the southeastern section of the lagoon (Fig. 3.1A;

Hixon and Jones in preparation). On average (SE), each reef was 3.2 m (0.05 m)

long by 0.6 m (0.01 m) wide with a surface area of 2.0 m2 (0.05 m2). Reefs were

separated from neighboring reefs and the main platform reef by 30 meters of sand

(Fig. 3.1 B). Because similar isolation distance has been shown to inhibit the

movement of most small reef fishes (Doherty 1982, Hixon and Beets 1989), the

disappearance of a recruit in this study was attributed to mortality, and each reef

was considered an independent experimental unit.
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Figure 3.1: Study site. (A) Location of experimental patch reefs in the lagoon at
Lizard Island. (B) Spatial arrangement of reefs and the blocking scheme used in
the experiment. Each reef was separated from its closest neighbor and the main
reef by 30 meters of featureless sand.
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Study species

I manipulated the presence and absence of two groups of resident fishes:

piscivores and adult damselfishes. Resident piscivores consisted of two common,

highly piscivorous species: the chocolate hind (Serranidae: Cephalopholis boenak)

and the brown dottyback (Pseudochromidae: Pseudochromisfuscus) (Blaber et al.

1990, Beukers and Jones 1997). All resident piscivores in this study were less than

10 cm TL (total length). Adult damselfishes (Pomacentridae) consisted primarily

of six species: the planktivore Neopomacentrus cyanomos (regal demoiselle), and

the omnivores Pomacentrus amboinensis (Ambon damsel), P. nagasakiensis

(Nagasaki damsel), P. pavo (blue damsel), P. moluccensis (lemon damsel), and

Dascyllus aruanus (humbug dascyllus) (Allen 1991).

Experimental design

To determine whether prior residency by piscivores and adult damselfishes

influenced recruitment, recruit mortality, and recruit species richness, I factorially

manipulated the presence and absence of these two guilds on 20 patch reefs. To

minimize confounding effects of variable juvenile supply, I selected five blocks of

reefs, each block containing four reefs, such that reefs within a block were close to

each other (Fig. 3.1B). Within each block, I randomly assigned reefs to four

treatments: (1) resident piscivores and adult damselfishes both present (P+D+), (2)

resident piscivores present, adult damselfishes removed (P+D-), (3) resident

piscivores removed, adult damselfishes present (P-D+), and (4) resident piscivores

and adult damselfishes both removed (P-D-). On each piscivore-occupied (P+)

reef, I standardized piscivore abundance via removals and additions until each reef

had 4-6 Cephalopholis boenak and 1-2 Pseudochromisfuscus per reef, which was

between the average density observed during an initial census of all reefs (3.0 C.
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boenak and 1.7 P. fuscus) and the maximum (9 C. boenak and 3 P. fuscus). Prior to

manipulations, average (SE) adult damselfish abundance was 118.1 (5.1) fish per

reef (range: 79 to 163). On each damselfish-occupied (D+) reef, I selectively

removed adult damselfishes to achieve a standard abundance of approximately 80

fish with a relative abundance of approximately 35% Neopomacentrus cyanomos,

30% Pomacentrus amboinensis, 15% P. nagasakiensis, 10% P. pavo, 5% P.

moluccensis, and 5% Dascyllus aruanus. All other damselfish species were

removed. Fish manipulations were conducted using clove oil as a fish anesthetic

(Munday and Wilson 1997) , hand nets, and a BINCKE net (Anderson and Can

1998).

After establishing treatment conditions, I removed any recruits from each

reef. Thereafter, I monitored subsequent recruitment by conducting a visual census

of each reef every other day for 50 days. Due to the interval between censuses,

recruitment was defined as the observation of a newly settled fish within 48 hours

of settlement. During each census, I noted any newly settled fishes, which could be

identified by their small size and incomplete pigmentation, previously recruited

fishes, and any disappearances. The location of each newly settled fish was marked

with a small piece of flagging tape, which was removed if the recruit disappeared.

During each census, I counted resident piscivores on each P+ reef, and searched for

and removed any immigrant piscivores on P- reefs and adult damselfishes on D-

reefs. Piscivore and damselfish immigration during the 50-day experiment was low

(16 C. boenak, 3 P. fuscus, and 16 adult damselfish).

During initial reef censuses, there was considerable variation in the

abundance of cardinalfishes (Apogonidae: Apogonfragilis and A. doederleini)

among reefs, with some reefs supporting more than 2000 individuals, while others

were devoid of cardinalfishes. Because C. boenak frequently consumes

cardinalfishes (Blaber Ct al. 1990, Stewart 1998), cardinalfishes represented a

potentially important alternative prey source. Thus, variation in cardinalfish

abundance among P+ reefs could cause between-reef variation in the effect of
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resident piscivores on other species (see Webster and Almany in review). I

therefore removed cardinalfishes from each reef prior to the start of the experiment,

and thereafter once per week, to minimize such confounding effects.

To obtain quantitative measures of habitat complexity to compare with

measures from patch reefs used in the Bahamian study, I randomly selected 8 of the

20 experimental reefs and established two transects on each reef, each transect

extending across the entire reef. Along each transect, I measured: (1) topographic

complexity, defined as the ratio between the length of a fine-link chain allowed to

conform to the coral topography along the transect and the straight-line length of

each transect (Risk 1972), (2) number of potential shelter holes, (3) depth of each

hole, and (4) diameter of each hole (Roberts and Ormond 1987). I combined

measurements from the two transects on each reef to obtain a reef average for

measures (1), (3), and (4), and summed the number of holes on both transects to

obtain a total estimate of potential shelter hole abundance (2).

Data analysis

I limited my analyses to recruits that were conspicuous and could therefore

be reliably and easily censused. These included damselfishes, butterflyfishes

(Chaetodontidae), surgeonfishes (Acanthuridae), and rabbitfishes (Siganidae). For

damselfishes, I analyzed differences among treatments for the three most abundant

species as well as for the entire family. For butterflyfishes, surgeonfishes, and

rabbitfishes, all analyses were conducted at the family level because (1) overall

recruitment was low relative to damselfishes, and (2) surgeonfish and rabbitfish

recruits could not be identified to species. Family-level analyses assume that each

species within the family responded similarly to experimental manipulations.

Within each of the four families, recruits were of similar size and trophic status,

and appeared to use the reef in similar ways. Two exceptions were the
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damselfishes Neopomacentrus cyanomos and Chromis viridis; recruits of these

species remained well above the reef rather than within the coral, as was typical of

all other recruit species. Because these differences in behavior likely have

important demographic consequences (Webster 2002), I analyzed N cyanomos

separately from all other damselfishes and did not include this species in

damselfish family-level comparisons. Recruitment of C. viridis was low (N 3

new settlers) and therefore unlikely to influence family-level comparisons.

I compared differences in recruitment, final recruit abundance at the end of

the experiment (day 50), recruit mortality, and species richness of final recruit

assemblages among treatments with two-way ANOVA (model terms: Blocks,

Piscivores, Damselfishes, and Piscivore-Damselfish interaction) (Sokal and Rohif

1995). When interaction terms were significant (P 0.05), I conducted a linear

contrast of the means for each pairwise treatment comparison (Ramsey and Schafer

1997). When interaction terms were not significant (P 0.10), I removed the

interaction and analyzed the additive model. When ANOVA F-tests were

significant (P 0.05), I estimated effect sizes and calculated 95% confidence

intervals (Zar 1999). When data were transformed (ln) to correct heterogeneous

variance, resulting confidence intervals were asymmetric and I report both the

upper and lower limits of the confidence interval. When ANOVA F-tests were not

significant (P> 0.05), I calculated the statistical power (0) of the test to detect an

actual difference of five fish among treatments (number of observed new settlers

and final recruit abundance) or 5% (recruit mortality). To insure that ANOVA

assumptions were met, I tested for homogeneity of variance using Levene's Test

and examined normal probability plots (Ramsey and Schafer 1997). All statistical

analyses were conducted using SAS Institute statistical software (JMP version 4.0).
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RESULTS

Recruitment

Damselfishes The dominant family of fish recruiting to the experimental

reefs was damselfishes (Pomacentridae). There was a significant interactive effect

of resident piscivores and adult damselfishes on the subsequent recruitment of

damselfishes (Table 3.1; two-way ANOVA: interaction P=0.005). In the absence

of adult damselfishes, piscivores reduced recruitment by an average (± 95% CI) of

42.0 ± 8.2 fish per reef (linear contrast: P<0.0001). In the presence of adult

damselfishes, piscivores reduced recruitment by 23.6 ± 8.2 fish per reef (linear

contrast: P<0.000 1). In the absence of piscivores, adult damselfishes reduced

recruitment by 19.8 ± 8.2 fish per reef (linear contrast: P=0.0002), while in the

presence of piscivores, adult damselfishes had no effect on recruitment (linear

contrast: P=0.715). Of the 598 recruits, more than 70% were from two species:

Pomacentrus amboinensis (254 recruits) and Pomacentrus nagasakiensis (173

recruits). There was a significant interactive effect of resident piscivores and adult

damselfishes on recruitment of P. amboinensis (Table 3.1; two-way ANOVA:

interaction P=0.020). On reefs where adult damselfishes had been removed,

piscivores reduced recruitment by 16.0 ± 3.9 fish per reef (linear contrast:

P<0.000 1). Where adult damselfishes were present, piscivores reduced recruitment

by 9.2 ± 3.9 fish per reef (linear contrast: P=0.0003). On piscivore removal reefs,

adult damselfishes reduced recruitment by 5.2 ± 3.9 recruits per reef (linear

contrast: P=0.014), and where piscivores were present, adult damselfishes had no

effect on recruitment (linear contrast: P=0.391). For P. nagasakiensis, recruitment

was significantly influenced by both piscivores and adult damselfishes (Table 3.1;

two-way ANOVA: piscivores P<0.0001; damselfishes P=0.008). Piscivores

reduced recruitment by 10.9 ± 3.0 fish per reef, while adult damselfishes reduced

recruitment by 4.3 ± 3.0 fish per reef. For Neopomacentrus cyanomos, there was
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no effect of either piscivores or adult damselfishes on recruitment (Table 3.1; two-

way ANOVA: piscivores P=0.115; damselfishes P0.279; 0 1.00).

Butterflyfishes, Surgeonfishes, and Rabbitfishes For butterflyfishes

(Chaetodontidae) and surgeonfishes (Acanthuridae), recruitment was strongly

influenced by piscivores, but independent of adult damselfishes (Table 3.1;

Butterflyfishes: two-way ANOVA: piscivores P<0.0001; damselfishes P0.449.

Surgeonfishes: two-way ANOVA: piscivores P=0.0002; damselfishes P0.863).

Piscivores reduced butterflyfish recruitment by 8.0 fish per reef (95% CI: 6.0 to

10.7), and surgeonfish recruitment by an average (± 95% CI) of 5.8 ± 2.5 fish per

reef. For rabbitfishes (Siganidae), there was a marginally significant interactive

effect of piscivores and damselfishes on recruitment (two-way ANOVA:

interaction P=0.040). No recruits were observed on treatments where piscivores

were present (Table 3.1; P+D+ and P+D-). In the absence of resident piscivores,

adult damselfishes reduced recruitment by an average (± 95% CI) of 3.4 ± 2.3 fish

per reef (linear contrast: P=0.007).

Final recruit abundance

Damselfishes There was a significant interactive effect of resident

piscivores and adult damselfishes on the final abundance of damselfish recruits

(Fig. 3.2A; two-way ANOVA: interaction P=0.0039). Where adult damselfishes

had been removed, piscivores reduced final abundance by an average (± 95% CI) of

37.0 ± 6.2 fish per reef (linear contrast: P<0.0001), and where adult damselfishes

were present, piscivores reduced final abundance by 22.6 ± 6.2 fish per reef (linear

contrast: P<0.0001). Where piscivores had been removed, adult damselfishes

reduced final abundance by 14.2 ± 6.2 fish per reef (linear contrast: P=0.0003), and
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Table 3.1: Recruitment during the 50-day experiment. Total number of new
recruits observed on each. A new recruit was defined as a newly settled fish
observed within 48 hours of settlement. Within a family, species are listed from
most abundant to least abundant.

Family
Species

Number of new recruits per treatment' (SE)
P+D+ P+D- P-D+ P-D-

Damselfishes (Pomacentridae) 63 (1.9) 73 (2.9) 180 (1.5) 282 (2.9)

Pomacentrus amboinensis 36 (1.5) 28 (1.8) 82 (1.0) 108 (0.5)

Pomacentrus nagasakiensis 9 (0.6) 23 (1.4) 56 (1.8) 85 (1.1)

Hemiglyphidodonpiagiometopon 9 (1.1) 11(0.7) 21(0.5) 42 (3.0)

Dischistodusperspicillatus 1 (0.2) 5 (0.3) 5 (0.3) 27 (1.2)

Pomacentruspavo 7 (0.9) 1 (0.2) 6 (0.4) 9 (0.9)

Pomacentrus moluccensis 0 2 (0.2) 2 (0.2) 2 (0.4)

Amblypomacentrus breviceps 0 0 0 5 (0.4)

Pomacentrus wardi 1 (0.2) 1 (0.2) 1 (0.2) 1 (0.2)

Dascyllus aruanus 0 0 3 (0.4) 0

Dischistodusprosopotaenia 0 0 1 (0.2) 2 (0.2)

Chromis viridis 0 2 (0.2) 0 1 (0.2)

Amblyglyphidodon curacao 0 0 2 (0.4) 0

Dascyllus trimaculatus 0 0 1 (0.2) 0

Neopomacentrus cyanomos2 49 (5.4) 20 (2.4) 66 (5.9) 51(4.0)

Butterflyfishes (Chaetodontidae) 1 (0.2) 1 (0.2) 38 (1.0) 47 (0.9)

Chaetodon ephippium 1 (0.2) 1 (0.2) 24 (0.6) 33 (0.5)

Chaetodon auriga 0 0 7 (0.2) 10 (0.8)

Chaetodon lunula 0 0 3 (0.4) 1 (0.2)

Heniochus acuminatus 0 0 2 (0.4) 1 (0.2)

Chaetodon melannotus 0 0 1 (0.2) 1 (0.2)

Chaetodon ulietensis 0 0 1 (0.2) 1 (0.2)

Surgeonfishes (Acanthuridae)
Acanthurus spp. 8 (1.6) 3 (0.2) 33 (1.4) 36 (1.0)

Rabbitfishes (Siganidae)
Siganus spp. 0 0 11(0.9) 28 (1.1)

1 Treatments consisted of the presence (+) or absence (-) of resident piscivores (P)
and adult damselfishes (D). There were five reefs in each treatment.

2 This species was treated separately from all other damselfishes due to differences
in ecology and behavior (see text).
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Figure 3.2: Differential effects of prior residents on the abundance of
damselfish (Pomacentridae) recruits. Relationship between cumulative
recruitment (larval settlement minus mortality) and experimental treatments (n 4

reefs each) for (A) all damselfish species combined (excluding Neopomacentrus
cyanomos) and the three most abundant species (B) Pomacentrus amboinensis, (C)
P. nagasakiensis, and (D) Neopomacentrus cyanomos. Treatments consisted of
factorial combinations of the presence (+) and absence (-) of both resident
piscivores (P) and adult damselfishes (D). Error bars are ± SE. Note that Y-axis
scale varies among plots.

where piscivores were present, adult damselfishes had no effect on final abundance

(linear contrast: P=O.945). Similarly, there was a significant interactive effect of

resident piscivores and adult damselfishes on the final abundance of P.

amboinensis recruits (Fig. 3.2B; two-way ANOVA: interaction PO.O1 1). In the

absence of adult damselfishes, piscivores reduced final abundance by 9.6 fish per
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reef (95% CI: 7.0 to 13.3; linear contrast: P<O.0001), and where adult damselfishes

were present, piscivores reduced final abundance by 5.1 fish per reef (95% CI: 3.7

to 7.1; linear contrast: P<0.0001). Where piscivores had been removed, adult

damselfishes reduced final abundance by 1.4 recruits per reef (95% CI: 1.0 to 2.0;

linear contrast: P=0 .035), and where piscivores were present, adult damselfishes

weakly increased final abundance (linear contrast: P=0.088). Final abundance of

P. nagasakiensis recruits was strongly influenced by resident piscivores, but

independent of adult damselfishes (Fig. 3 .2C; two-way ANOVA: piscivores

P<O.0001; damselfish P=0.109). Piscivores reduced final abundance by 10.1 ± 3.1

recruits per reef. For Neopomacentrus cyanomos, final abundance was independent

of both resident piscivores and adult damselfishes (Fig. 3.2D; two-wayANOVA:

piscivores P=0.331; damselfishes P0.433; 0 = 0.85).

Butterflyfishes, Surgeonfishes, and Rabbitfishes Final abundance was

strongly influenced by resident piscivores, but independent of adult damselfishes

for butterflyfishes (Fig. 3.3A; two-way ANOVA: piscivores P<0.0001;

damselfishes P=0.122), surgeonfishes (Fig. 3.3B; two-way ANOVA: piscivores

P=0.0004; damselfishes P=0.440), and rabbitfishes (Fig. 3.3C; two-wayANOVA:

piscivores P =0.007; damselfishes P=0. 173). Piscivores reduced final abundance of

butterflyfish by an average (± 95% CI) of 5.7 ± 1.2 recruits per reef, surgeonfish by

4.1 ± 1.9 recruits per reef, and rabbitfish by 2.2 ± 1.5 recruits per reef.
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Figure 3.3: Differential effects of prior residents on butterflyfish
(Chaetodontidae), surgeonfish (Acanthuridae), and rabbitfish (Siganidae)
recruitment. Relationship between cumulative recruitment (larval settlement
minus mortality) and experimental treatments (n = 4 reefs each) for (A) all
butterflyfish species combined, (B) all surgeonfish species combined, and (C) all
rabbitfish species combined. Treatments consisted of factorial combinations of the

presence (+) and absence (-) of both resident piscivores (P) and adult damselfishes
(D). Error bars are ± SE. Note that Y-axis scale varies among plots, and that
recruitment was often zero on P+D+ and P+D- treatments.
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Recruit mortality

Damselfishes Recruit mortality was strongly influenced by resident

piscivores, but independent of adult damselfishes (Fig. 3 .4A; two-way ANOVA:

piscivores P<O.000 1; damselfishes P=O.968). Piscivores increased recruit mortality
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Figure 3.4: Effects of prior resident adult damselfish on mortality of
damselfish recruits. Relationship between average recruit mortality and
experimental treatments (n = 4 reefs each) for (A) all damselfish species combined
(excluding Neopomacentrus cyanomos), and the three most abundant species, (B)

Pomacentrus amboinensis, (C) P. nagasakiensis, and (D) Neopomacentrus
cyanomos. Treatments consisted of the presence (P+) or absence (P-) of resident
piscivores, and the presence or absence of adult damselfishes. Error bars are ± SE.
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by an average (± 95% CI) of 46.1% ± 8.0%. Similarly, recruit mortality for the two

most abundant species was strongly influenced by resident piscivores, but

independent of adult damselfishes (P. amboinensis: Fig. 3.4B; two-way ANOVA:

piscivores P<0.0001; damselfishes P=0.215. P. nagasakiensis: Fig. 3.4C; two-way

ANOVA: piscivores P=0.002; damselfishes P0.641). For P. amboinensis recruits,

piscivores increased mortality by an average (± 95% CI) of 49.1% ± 18.6%, while

for P. nagasakiensis recruits, piscivores increased mortality by 3 8.9% ± 2 1.4%.

For Neopomacentrus cyanomos, recruit mortality was independent of both resident

piscivores and adult damselfishes (Fig. 3.4D; two-way ANOVA: piscivores

P=0.950; damselfisbes P0.806; 0 = 0.09).

Butterflyfishes, Surgeonfishes, and Rabbitfishes Recruitment of these

three families was low where resident piscivores were present (P+D+ and P+D-),

which prevented comparing recruit mortality among the four treatments. However,

comparisons of recruit mortality on the remaining two treatments (P-D+ and P-D-)

indicated that adult damselfishes did not influence recruit mortality (t-test:

butterflyfish P=0. 103; surgeonfish P=0.497; rabbitfish P0.399).

Species richness of final recruit assemblages and measurements of habitat
complexity

Recruit Species Richness At the conclusion of the experiment (day 50),

average recruit species richness was strongly influenced by resident piscivores, but

independent of adult damselfishes (two-way ANOVA: piscivores P<0.000 1;

damselfishes P=0.872). Piscivores reduced average (± 95% CI) richness by 6.9 ±

1.3 species per reef. Average (SE) final recruit species richness on each treatment

was as follows: P+D+ = 3.4 (0.7); P+D- = 3.4 (0.4); P-D+ = 10.4 (0.5); P-D- = 10.2

(1.1). Of the 14 damselfish species that recruited during the experiment, only the

five most abundant were present on piscivore-occupied reefs (Neopomacentrus

cyanomos, Pomacentrus amboinensis, P. nagasakiensis, Hemiglyphidodon
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piscivores had been removed, six relatively rare damselfish species were present

(Pomacentrus moluccensis, P. wardi, Dascyllus aruanus, D. trimaculatus,

Dischistodusprosopotaenia, and Amblyglyphidodon curacao) in addition to the

five most abundant species. Butterflyfish and rabbitfish recruits were completely

absent from piscivore-occupied reefs. Three butterflyfish species recruited to reefs

where piscivores had been removed (Chaetodon ephippium, C. auriga, and C.

lunula).

Habitat Complexity Average (SE) topographic complexity on eight

randomly selected reefs was 2.0 (0.05), and there were an average of 65.5 (3.5)

potential shelter holes per reef. Holes had an average diameter of 1.8 cm (0.08) and

an average depth of 6.3 cm (0.4).

DISCUSSION

Priority effects on recruitment: comparison with Bahamian reefs

The results of the present study are qualitatively similar to those obtained

from a comparable 44-day experiment on similarly-sized patch reefs in the

Bahamas (Almany in review-b). Both experiments factorially manipulated the

presence and absence of resident piscivores and adult damselfishes. Bahamian

resident piscivores consisted of two species of small grouper (Serranidae:

Cephalopholis cruentata, and C. fulva), one species of large grouper (Epinephelus

striatus), and two moray eels (Gymnothorax moringa and G. vicinus). Adult

damselfishes consisted of two highly territorial species (Pomacentridae: Stegastes

leucostictus and S. part itus). Thus, the suites of predators and damselfishes

manipulated were quite different between the Great Barrier Reef and the Bahamas.

In the Bahamian study, resident piscivores had strong negative effects on the



recruitment and final recruit abundance of damselfishes and surgeonfishes, and

positive effects on the final abundance of wrasse (Labridae) recruits. Adult

damselfishes had strong negative effects on the final abundance of damselfishes

that were indistinguishable from the negative effects of resident piscivores, and

positive effects on the final abundance of surgeonfish recruits.

In the Australian study, resident piscivores and adult damselfishes had

similar effects on both the recruitment and final abundance of all families except

rabbitfishes. For all damselfishes except Neopomacentrus cyanomos, resident

piscivores had strong negative effects on recruitment and final abundance, while

adult damselfishes had weaker negative effects. Piscivores had strong negative

effects on butterflyfish, surgeonfish, and rabbitfish recruitment and final

abundance. In contrast, adult damselfishes had negative effects on rabbitfish

recruitment, but did not influence the final abundance of rabbitfish recruits, or the

recruitment and final abundance of butterflyfishes and surgeonfishes.

By what mechanism(s) do piscivores and adult damselfishes influence

recruitment? The two most likely mechanisms in both the Bahamian study and the

Australian study were (1) differential settlement among treatments and/or (2)

differential recruit mortality among treatments. In the first scenario, settling larvae

simply avoided reefs with resident piscivores and/or adult damselfishes. The

underlying assumption is that larvae somehow detected residents prior to settling,

perhaps through chemical, visual, or auditory cues, and then selected reefs based on

the presence or absence of piscivores and/or damselfishes. Although Sweatman

(1988) and Booth (1992) demonstrated that some newly settled damselfishes

(Dascyllus spp.) select settlement sites by detecting conspecifics through chemical

and visual cues, there is little evidence that larvae can detect heterospecific

residents. Almany (in review-b) demonstrated that settling damselfish, surgeonfish,

and wrasse in the Bahamas do not select among reefs based on the presence or

absence of either resident piscivores or adult territorial damselfishes. If settling

larvae are generally not able to detect heterospecific residents prior to settling, then
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differential settlement is unlikely to explain recruitment patterns in either the

Bahamian or present study.

The most likely cause of differences in recruitment among treatments was

differential postsettlement mortality. Because the effects of resident piscivores and

adult damselfishes on both recruitment and final recruit abundance were generally

similar in the Australian study, differences among treatments were largely

established within 48 hours of settlement. Similarly, in the Bahamian study there

was strong evidence that recruitment patterns were established even more rapidly

after settlement, within 24 hours, by high differential recruit mortality. These

results suggest that pattern-forming processes occurred rapidly, and that there was

high differential recruit mortality immediately after settlement. Consistent with

this hypothesis, several recent studies have demonstrated that settling larvae and

newly settled juveniles are subject to high mortality 24 to 48 hours after settlement

(Planes and Lecaillon 2001, Webster 2002, Webster and Almany in review).

Newly settled fishes may be especially vulnerable to predation immediately after

settlement due to an unfamiliarity with their new surroundings and consequent

difficulty in finding adequate shelter. Moreover, predation on new settlers is likely

highest during dawn following settlement, when low, changing light levels favor

piscivorous fishes that hunt by sight (Hobson 1991, McFarland 1991).

The negative effects of piscivores on recruitment and recruit mortality in

both the Australian study and the Bahamian study were almost certainly due to

piscivores directly consuming recruits. On Australian reefs, recruit mortality was

significantly higher for all species where resident piscivores were present, with the

exception of Neopomacentrus cyanomos. Piscivores in both studies had strong

negative effects on species that settle at relatively large sizes, such as surgeonfish,

rabbitfish, and butterflyfish, perhaps because piscivores disproportionately targeted

these larger recruits (see Rice et al. 1993, Sogard 1997). In contrast, in the

Bahamian study piscivores had a significant positive effect on recruitment of

wrasse. Most Bahamian wrasse recruits were Thalassoma bfasciatum (bluehead),
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and juveniles of this species are facultative cleaners that remove ectoparasites from

other fishes (Itzkowitz 1979). It is likely that juvenile T bfasciatum had higher

survival in the presence of large Bahamian piscivores (Epinephelus striatus) due to

a greater access to ectoparasites (see also Can and Hixon 1995).

Importantly, because mortality estimates on both Australian and Bahamian

reefs were based on following the fates of recruits, they underestimated actual

mortality because they did not account for any mortality that occurred during the

hours between settlement and censusing by divers. Since piscivores increased

recruit mortality in both studies, they likely had similar, if not greater, negative

effects on mortality between settlement and censusing (Hixon and Can 1997,

Schmitt and Holbrook 1999, Planes and Lecaillon 2001, Webster 2002). Even in

the absence of resident piscivores, recruit mortality was always greater than zero in

both studies, which indicates that recruits were subject to predation from transient

predators or cryptic resident predators. Common transient predators in both studies

included jacks (Carangidae), which frequently move among reefs, and lizardfishes

(Synodontidae), which were common in the sand surrounding reefs. Such transient

predators represent a significant source of recruit mortality (Sweatman 1984, Hixon

and Can 1997).

High habitat complexity may ameliorate negative effects of predators on

prey (e.g., Murdoch and Oaten 1975, Hixon and Menge 1991). In an additional

Bahamian study, I manipulated habitat complexity to determine whether increased

complexity mediated the aforementioned negative effects of resident piscivores and

territorial damselfishes on recruits (Almany in review-a). I found no evidence for

any effect of increased habitat complexity. Using the same methods to quantify

complexity as in the present study, high complexity Bahamian reefs had an average

of 4 holes per 1 m of reef surface, 22 potential shelter holes, and holes had an

average entrance diameter of 2.8 cm (Almany in review-a). In contrast, Australian

reefs had an average of 10.0 holes per 1 m, 65 potential shelter holes, and holes had

an average entrance diameter of 1.8 cm. Thus, Australian reefs provided a greater
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abundance of shelter and were structurally more complex than their Bahamian

counterparts. Because predator foraging efficiency is often negatively influenced

by increased habitat complexity (e.g., Greenberg et al. 1995, Beukers and Jones

1997), I expected to find that recruitment on Australian reefs was relatively less

affected by resident piscivores than on Bahamian reefs. However, results clearly

demonstrate that resident piscivores had strong negative effects on recruitment and

recruit mortality. I hypothesize that the resident piscivores manipulated in both the

Bahamian and Australian study are relatively unaffected by structural complexity

because they are primarily ambush predators, which are often not adversely

affected by increased habitat complexity (James and Heck 1994, Flynn and Ritz

1999).

How did adult damselfishes influence damselfish recruitment and final

recruit abundance? On both Australian and Bahamian reefs, effects of adult

damselfish occurred early, within 48 hours of settlement. If adult damselfishes are

aggressive towards recruits, such aggression could cause direct mortality or make

recruits more susceptible to predation from resident and/or transient piscivores,

especially if aggression excludes recruits from shelter (see also Can et al. in press).

Additionally, the relatively small size of newly settled damselfisbes may have

allowed adults of omnivorous species to prey on new settlers shortly after

settlement when they are most vulnerable. In the Bahamian study, there was

correlative evidence that adult damselfishes opportunistically consumed recruits;

on several occasions I observed adults attack and consume disoriented recruits that

had been captured for tagging or measuring and released. However, on Australian

reefs, the negative effect of adult damselfishes on rabbitfish recruitment was most

likely due to damselfish aggression and not damselfish predation because of the

large size of newly settled rabbitfishes. After a few days on the reef, recruits were

larger, more mobile, and had presumably found shelter, which could explain the

absence of effects of adult damselfish on subsequent recruit mortality.
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An important difference between the Australian study and the Bahamian

study is that the negative effects of Bahamian damselfishes was identical to that of

Bahamian piscivores, whereas on Australian reefs, negative effects of adult

damselfishes were weaker than those of resident piscivores. Bahamian

damselfishes likely had greater negative effects than their Australian counterparts,

despite the fact that adult damselfishes were approximately 10 times more abundant

in the present study, because Bahamian damselfishes were more aggressive and

territorial (Williams 1980, Robertson 1996). Aggression by Bahamian

damselfishes was more likely to have resulted in recruit mortality, either directly or

indirectly, than the weaker aggression by Australian damselfishes. However,

increased damselfish aggression may indirectly benefit some species. For example,

Bahamian damselfishes had significant positive effects on the abundance of

surgeonfish recruits in the absence of resident piscivores. Where resident

piscivores had been removed, transient piscivores were the most likely source of

recruit mortality. I frequently observed aggressive interactions between Bahamian

damselfishes and jacks, and surgeonfish recruits may have benefited if foraging by

transient piscivores was inhibited by damselfish aggression. There were no

positive effects of adult damselfishes on other species in the present study, perhaps

because of the weaker aggression by Australian damselfishes.

On Australian reefs, recruitment and mortality of the damselfish

Neopomacentrus cyanomos was independent of both resident piscivores and adult

damselfishes. While recruits of all other species and families were closely

associated with the coral substrate, N cyanomos recruits remained well above the

reef where they fed on passing plankton with other planktivorous damselfishes and

cardinalfishes. These differences in behavior likely caused N cyanomos recruits to

be relatively unaffected by reef-associated residents and more influenced by

transients, such as jacks, which often feed on planktivorous fishes above reefs

(Hixon and Can 1997, Webster 2002).
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Species richness of final recruit assemblages on Australian reefs was

negatively influenced by resident piscivores but independent of adult damselfishes.

Butterflyfish and rabbitfish recruits were completely absent from piscivore-

occupied reefs, suggesting that successful recruitment of these families may depend

on the availability of piscivore-free patches. Similarly, Bahamian resident

piscivores negatively influenced the species richness of recruit assemblages. In

both studies, it appeared that resident piscivores prevented establishment of rare

species, most likely through non-selective predation, or perhaps by

disproportionately consuming rare species (Van Valen 1974, Hixon 1986).

Are priority effects common in coral reef fish communities?

Factorial removal of resident piscivores and adult damselfishes

demonstrated that prior residency by these fishes strongly influenced the

recruitment of other species on Bahamian and Australian reefs. Because priority

effects were strong and taxon-specific, these effects likely influenced the

subsequent structure of both fish communities and may therefore provide a means

of predicting future community structure based on current community composition.

The qualitative similarity between the results of both studies suggests that priority

effects may be widespread and of general importance in coral reef fish communities

(see also Shulman et al. 1983). This conclusion seems especially warranted given

that the studies were conducted in systems that represent opposite ends of the

global spectrum of coral reef ecosystems. In general, western Atlantic coral reefs

are orders of magnitude less diverse than Indo-Pacific reefs (Thresher 1991).

Within the western Atlantic, Bahamian reefs are less diverse than most other sites,

perhaps because the Bahamas are primarily subtropical and highly seasonal

(Bohlke and Chaplin 1993). In contrast, the northern Great Barrier Reef is tropical,
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relatively non-seasonal, and highly diverse. Despite these substantial differences,

similar priority effects influenced the reef fish communities at both sites.
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CHAPTER 4: DIFFERENTIAL RESPONSES OF JUVENILE AND ADULT
CORAL REEF FISHES TO HABITAT COMPLEXITY AND PRIOR

RESIDENCY BY PREDATORS AND COMPETITORS

ABSTRACT

Greater habitat complexity is often associated with greater abundance of

organisms. More complex habitats may ameliorate negative interactions

(competition and predation) between individuals, thereby allowing more

individuals to occupy a given area. Using 16 spatially isolated reefs in the

Bahamas, I conducted two experiments that examined how juvenile (recruit) and

adult reef fishes respond to differences in habitat complexity, and whether negative

effects of resident predators and interference competitors are modified by habitat

complexity. In the first experiment, manipulating the relative abundance of low

and high complexity corals on each reef created two levels of habitat complexity.

One month later, both new recruits and adult fishes were more abundant on high

complexity reefs. In a second 60-day experiment, habitat complexity treatments

were cross-factored with the presence or absence of two guilds of resident fishes:

predators (groupers and moray eels) and interference competitors (territorial

damselfishes). Resident predators and competitors had strong negative effects on

the abundance of recruits regardless of habitat complexity, but had no effect on

adult abundance. Increased habitat complexity had a weak positive effect on

recruit abundance and a strong positive effect on the abundance of adult fishes.

Various lines of evidence suggest that the differential response of recruits and

adults to differences in habitat complexity and prior residents is related to the

differential effects of habitat complexity on the primary predators of recruits and

adults. Newly settled recruits, which are typically strongly reef-associated, are

likely to be most influenced by smaller resident predators, while larger adult fishes
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that forage beyond the reef and use reefs primarily for shelter are likely most

influenced by larger transient predators, such as barracudas. Increased structural

complexity appeared to inhibit foraging by larger transient predators that actively

chase their prey, but not smaller resident predators, which primarily use ambush

tactics to capture prey. These results underscore the importance of habitat

complexity in coral reef fish communities, which is of growing concern given the

accelerated loss of structurally complex corals worldwide.

INTRODUCTION

Structural complexity is a major determinant of the local abundance of

organisms in that relatively highly complex habitats typically support more

individuals (Bell et al. 1991). One mechanism proposed to explain this general

pattern is that complex habitats ameliorate negative biotic interactions, especially

predation and competition (Holt 1987, Hixon and Menge 1991, O'Conner 1991).

Structurally complex habitats can reduce predation by both providing more prey

refuges and reducing encounter rates between predators and prey (Murdoch and

Oaten 1975, Sih 1987). Numerous studies have demonstrated that complex habitats

reduce predation risk in a wide range of taxa, including insects (Pierce 1988), fishes

(Lindholm et al. 1999), amphibians (Babbitt and Tanner 1998), birds (Schneider

1984), and mammals (Dickman 1992). Prey often increase their use of structurally

complex habitats as refugia in the presence of predators (Holbrook and Schmitt

1988, Sih et al. 1992, Candolin and Voigt 1998), and predators tend to be less

efficient foragers in complex habitats (Greenberg et al. 1995, Tatrai and Herzig

1995, Beukers and Jones 1997). Importantly, the influence of habitat complexity

on predation may depend on a predator's foraging tactics. For example, predators

that actively pursue prey are often less efficient in high complexity habitats, while
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sit-and-wait predators may be unaffected by increased habitat complexity (James

and Heck 1994, Flynn and Ritz 1999).

Structurally complex habitats may also ameliorate competition between

individuals and species because they provide a greater spectrum of discrete

resources (e.g., food and shelter) and microhabitats, and thus allow for enhanced

niche partitioning (MacArthur and Levins 1964). Although this mechanism has

typically been proposed to explain the general pattern of higher species diversity in

complex habitats (e.g., Kohn 1967, Pianka 1967, Luckhurst and Luckhurst 1978),

an implicit prediction is that the overall abundance of organisms pooled across

species will also be greater in high complexity habitats.

Coral reefs are structurally heterogeneous environments, which consist of

many different microhabitats that vary in their complexity depending on coral

architecture (Jones and Syms 1998). Several studies of coral reef fishes have

suggested that habitat complexity is a major determinant of abundance. For

example, abundance is often positively associated with high habitat complexity

(Luckhurst and Luckhurst 1978, Hixon and Beets 1993, Grigg 1994, McCormick

1994; but see Robertson and Sheldon 1979, Booth and Beretta 1994), increases as

the number of potential shelter sites increases (e.g., Shulman 1984, Roberts and

Ormond 1987, Friedlander and Parrish 1998), and the availability of suitably-sized

shelter can influence both the abundance and size distribution of fishes (Hixon and

Beets 1989, review by Williams 1991). Furthermore, reef fish are known to

compete for shelter (Shulman 1985a, Buchheim and Hixon 1992) although shelter

may not always limit abundance (Robertson and Sheldon 1979). These patterns

illustrate the potential importance of habitat complexity in coral reef fish

communities, although most studies have not identified the causative mechanisms

responsible for these relationships (Shulman 1 985b, Caley and St. John 1996, Ault

and Johnson 1998a).

Relationships between habitat complexity and abundance could arise from

several processes, such as habitat selection by settling larvae, postsettlement
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immigration and emigration, and differential mortality. For example, many studies

have reported positive relationships between recruit abundance and the availability

of particular microhabitats, inferring that settling larvae actively choose specific

microhabitats as settlement sites (e.g., Booth and Beretta 1994, Tolimieri 1995,

Caselle and Warner 1996). However, correlations between recruit abundance and

habitat type could also arise from differential mortality, and unequivocal

demonstrations that such patterns are caused by larvae actively selecting settlement

sites is rare (but see Elliot et al. 1995, Danilowicz 1996). Patterns of abundance

may also be established and modified by the postsettlement movement of both

juvenile fish (e.g., Frederick 1997, Lewis 1997) and adults (e.g., Zeller 1997,

Chapman and Kramer 2000). For example, many species of reef fish undergo

ontogenetic shifts in habitat (e.g., Lirman 1994, Dablgren and Eggleston 2000) and

frequently change home range locations (e.g., Bartels 1984, van Rooij et al. 1996).

Additionally, differential postsettlement mortality can generate and modify

relationships between abundance and habitat complexity (Jones 1988). For

example, Beukers and Jones (1997) found that a highly complex coral reduced the

feeding efficiency of small predatory fishes preying on damselfish recruits,

resulting in higher recruit abundance on that coral.

Independent of habitat complexity, patterns of abundance can be influenced

by postsettlement predation and competition. For example, the presence of reef-

associated (resident) predators typically results in lower recruit abundance of most

species, presumably because newly settled fishes are especially vulnerable to

predation (Shulman et al. 1983, Can and Hixon 1995, Hixon and Can 1997,

Webster 2002, Almany in review-b). Resident predators may also influence the

abundance of adult fishes (review by Hixon 1991). Furthermore, predation by

widely ranging non-resident (transient) predators, such as jacks, snappers, and

barracudas, can negatively affect recruit abundance (Hixon and Can 1997). Prior

residency by interference competitors, such as territorial damselfishes, can result in

both positive and negative effects on recruit abundance. For example, damselfishes



have been shown to either depress (Shulman et al. 1983, Sweatman 1983, 1985,

Jones 1987, Risk 1998, Almany in review-b) or enhance (Almany in review-b)

heterospecific recruit abundance, and either depress (Sale 1976, Almany in review-

b) or enhance (Sweatman 1983, 1985, Jones 1987, Booth 1992) conspecific recruit

abundance. Additionally, the presence of territorial damselfishes can negatively

affect the adult abundance of other species (Robertson 1996).

Although these examples demonstrate that predation and competition can

influence abundance, we know relatively little about whether and how these

processes are influenced by habitat complexity. Here I report the results from two

related field experiments that tested how, first, habitat complexity, and second, the

interaction between habitat complexity and prior residency by predators and

interference competitors influenced the abundance of both recruit and adult fishes

on isolated patch reefs in the Bahamas. Specifically, I addressed the following

questions: (1) does altering habitat complexity influence recruit and adult

abundance, and (2) do effects of resident predators and interference competitors

change with differences in habitat complexity?

METHODS

Study site

This study was conducted near the Caribbean Marine Research Center at

Lee Stocking Island, Bahamas. Lee Stocking Island is part of the Exuma

archipelago, which separates the deep waters (>2000 m) of Exuma Sound to the

east from the shallow (<5 m) Great Bahama Bank to the west (Fig. 4.1A).

Experiments were performed on a unique matrix of live-coral patch reefs that were



61

inflowing
Block 3 tidal current
a H

1 '

__c-!I
I

IBI SI S

S D S S

DJiDk2iaLei
Block 4

D S D S

a . a = Live-coral reef

a . a = Artificial reef

Figure 4.1: Study site. (A) Position of translocated patch reef matrix with respect
to nearby islands. (B) Spatial arrangement of reefs and the blocking scheme used
in experiment 2, cross-factoring habitat complexity with the presence and absence
of resident piscivores and territorial damselfishes. Unused artificial reefs were
constructed of concrete blocks. Each reef is separated from its closest neighbor by
200 meters of sand and seagrass.

translocated to a featureless sandy seagrass bed on the leeward side of Norman's

Pond Cay between 1991 and 1994 (Carr and Hixon 1995, Hixon and Can 1997).

The matrix included 32 reefs in five rows. Water depth varied between 2 and 5

meters. Each reef was separated from its nearest neighbor by 200 m, and the

closest naturally occurring reef was >1 km from the edge of the matrix (Fig. 4.IB).

Prior to manipulation, each reef consisted of 9 to 13 coral heads ( = 10.8, SD =
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1.5) of primarily three species: Montastrea annularis, Porites asteroides, and

Siderastrea siderea. The average (SD) reef footprint was 6.6 m2 (1.0 m2) and

height was 0.5 m (0.07 m). A tagging study demonstrated that resident fishes

seldom moved between reefs in the matrix, although transient predators, such as

jacks (Caranx spp.), snappers (Lutj anus spp.), and barracudas (Sphyraena

barracuda) did so (M. A. Hixon, personal communication). Therefore, the

disappearance of any newly settled recruit was attributed to mortality, and each reef

was considered an independent experimental unit.

Study species

I manipulated the presence and absence of two guilds of resident fishes:

predators and interference competitors. Resident predators were identified using

two criteria: (1) a diet of 10% fishes by volume (Randall 1967) and (2) a strong

tendency to retreat to the reef (as opposed to fleeing the reef) when approached by

a diver. Resident predators consisted of seven species of piscivorous fishes: four

diurnally active groupers (Serranidae: Cephalopholis cruentata [graysby], C. fulva

[coney], Epinephelus striatus [Nassau grouper], and Serranus tigrinus [harlequin

bass]), one nocturnally active grouper (Serranidae: Rypticus subbfrenatus [spotted

soapfish]), and two nocturnally active moray eels (Muraenidae: Gymnothorax

moringa [spotted moray] and G. vicinus [purplemouth moray]). Interference

competitors consisted of two species of territorial damselfish (Pomacentridae):

Stegastes leucostictus (beaugregory), and S. partitus (bicolor). Adults of both

species are aggressive towards nearly all other fishes (Robertson 1996). Ste gastes

leucostictus is omnivorous, consuming algae, detritus, polychaetes, and fish

material, whereas S. partitus is primarily planktivorous (Randall 1967, Emery

1973).



63

Experimental design

Experiment 1 To test for effects of habitat complexity on recruit and adult

abundance (for both experiment 1 and 2, "adults" were defined as individuals that

had settled during the prior year or previously), I conducted experiments on 16 of

the 32 translocated patch reefs during the 1999 summer settlement season. I

selected the 16 reefs that had the most similar fish communities prior to any

manipulation based on Cluster Analysis (Bray-Curtis Distance and Group

Average). I then increased habitat complexity on eight randomly selected reefs and

decreased habitat complexity on the remaining eight reefs. On reefs assigned to the

"high complexity" treatment, I removed half of the existing coral heads and

replaced them with an equal volume of Agaricia tenufo1ia, a highly branched

foliaceous coral. On reefs assigned to the "low complexity" treatment, I removed

half of the existing coral heads and replaced them with an equal volume of

relatively low complexity massive coral of three different species: M annularis, S.

siderea, and Porites porites. After habitat manipulations, I estimated each reefs

volume assuming a cylindrical shape. To obtain quantitative measures of habitat

complexity, I established two perpendicular transects across each reef. Along each

transect, I measured: (1) topographic complexity, defined as the ratio between the

length of a fine-link chain allowed to conform to the coral topography along the

transect and the straight-line length of the transect (Risk 1972), (2) depth of each

potential shelter hole, (3) diameter of each hole, and (4) number of holes (cf.

Roberts and Ormond 1987). I averaged data collected from the two transects on

each reef to obtain a reef average for complexity measures (1-3), and the total

number of potential shelter holes on each reef was estimated by summing hole

counts from the two transects on that reef. After habitat manipulations, I conducted

a complete census of each reef and removed any existing recruits. Thirty-two days

later, I conducted another complete census of each reef.



Experiment 2 To test for the combined effects of (1) habitat complexity

and (2) prior residency by predators and interference competitors on recruit and

adult abundance, I cross-factored the previously established habitat complexity

treatments (high or low) with the presence or absence of piscivores and territorial

damselfishes (both guilds present or both guilds absent). The goal of this second

experiment was to determine whether habitat complexity modifies the effects of

predators and interference competitors. I selected four blocks of reefs, each block

containing four reefs (two high complexity and two low complexity), using two

criteria: (1) reefs within each block had similar communities of fishes before the

experiment began, thereby minimizing potential confounding effects of variable

species composition, and (2) reefs within each block were close to each other to

minimize possible confounding effects of patchy larval supply (Fig. 4.1B). To

meet the first criterion, I manipulated the fish communities on each of the 16 reefs

via selective removals such that the relative and total abundance of each species

was similar among reefs. Within each block, high and low complexity reefs were

randomly assigned to one of two resident fish treatments, creating a total of four

treatments (n 4 reefs each): (1) piscivores and damselfishes present, low habitat

complexity; (2) piscivores and damselfishes absent, low habitat complexity; (3)

piscivores and damselfishes present, high habitat complexity; and (4) piscivores

and damselfishes absent, high habitat complexity. All fish manipulations were

conducted using the fish anesthetic quinaldine, hand nets, and a BINCKE net

(Anderson and Carr 1998). Piscivore and damselfish densities varied between

blocks (3 to 6 piscivores and 2 to 4 damselfishes per reef), but were similar within

blocks, and reflected the natural range of densities in the matrix prior to

manipulations. After removing any existing recruits from each reef, I monitored

subsequent cumulative recruitment by conducting a visual census of each reef

every three days for 60 days. "New settlers", recruits observed for the first time,

were identified by their incomplete pigmentation and small size. Mortality rates for

each treatment over the 60-day period were calculated in two ways: (1) number of



Disappearances (D) divided by the number of Observed New Settlers (ONS), and

(2) by assuming that the average number of new settlers observed on the two

treatments where predators and competitors had been removed, the Estimated

Number of Settlers (ENS), also settled to the two treatments where predators and

competitors were present. I estimated mortality on the two treatments where

residents were present as [(ENS-ONS + D) / ENS]. At the conclusion of the

experiment, two divers conducted a complete, independent census of each reef and

estimated the total length (TL) of each fish. Length estimates were averaged

between the two independent censuses. To determine the long-term effects of

habitat manipulations, I conducted another complete census of each reef one year

after the start of this experiment.

To determine whether potential shelter holes on low and high complexity

reefs were likely to provide refuges from predation and/or interference competition,

I compared the distribution of body depths of all resident predators and interference

competitors with the distribution of hole diameters on both low and high

complexity reefs. I converted total length estimates to body depths using the ratio

between these two measures obtained from five specimens of each resident

piscivore and damselfish species. Similarly, for those fish families whose adult

abundance differed in response to habitat complexity treatments, I converted the

total length estimate for each adult to body depth and compared body depth

distribution with hole diameter distribution on both low and high complexity reefs.

Data analysis

In the first experiment, I compared differences in recruit abundance, adult

abundance, reef volume, topographic complexity, number of potential shelter holes,

hole depth, hole diameter, and changes in adult abundance of each fish family on

high and low complexity reefs using two-sample t-tests. In the second experiment,



I compared changes in adult abundance of each fish family on low and high

complexity reefs with two-sample t-tests, and differences in recruit abundance,

adult abundance (excluding manipulated residents), and recruit mortality among the

four treatments with two-way ANOVA (model terms: Blocks, Complexity, Prior

Residents, and Complexity x Prior Residents interaction) (Sokal and Rohif 1995).

When interaction terms were significant (P 0.05), I calculated effect sizes and

95% confidence intervals, and conducted linear contrasts of the means for each

possible comparison. When interaction terms were not significant (P-value? 0.20),

I removed the interaction term, refit the additive model, and calculated effect sizes

and 95% confidence intervals (Zar 1999). All interaction terms had P-values that

were either 0.05 or? 0.20. I compared recruit abundance on the last day of each

experiment because final recruit abundance is logically the best predictor of future

community structure. Additionally, in the second experiment, recruitment patterns

both continued to diverge at the conclusion of the experiment and were consistent

with the trajectories observed throughout. In most cases, I limited analyses to

family-level comparisons since most species in each family utilize resources

similarly in this system and major guilds occur at the family level (e.g., Randall

1967, Gladfelter and Johnson 1983, Mcafee and Morgan 1996, Tilghman et al.

2001). To insure that ANOVA assumptions were met, I tested for homogeneity of

variance using Levene's Test and examined normal probability plots (Ramsey and

Schafer 1997). I compared differences in recruit abundance and adult abundance

on low and high complexity reefs after one year using two-sample t-tests. All

statistical analyses were performed using SAS Institute statistical software (SAS

version 8.0 and JMP version 4.1).
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RESULTS

Effects of habitat complexity alone

Recruit Abundance Thirty-two days after habitat manipulations, total

abundance of new recruits was significantly greater on high complexity reefs (t-

test: P = 0.032; mean [SE]: low complexity = 4.3 [1.8], high complexity 12.1

[2.7]). High complexity reefs had a greater abundance of damselfish recruits (mean

[SE]: low complexity = 1.9 [1.31, high complexity = 3.5 [0.8]) and wrasse recruits

(Labridae; mean [SE]: low complexity 1.3 [0.8], high complexity = 4.5 [2.3]).

After one year, there was no difference in the number of recruits present on low and

high complexity reefs (t-test: P 0.736; mean [SE]: low complexity = 11.0 [2.5]

recruits, high complexity = 12.5 [3.6] recruits).
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Figure 4.2: Relationships between habitat complexity and abundance of adult
fishes. Habitat complexity treatments consisted of high and low complexity reefs
(n = 8 reefs each). (A) Change in abundance during experiment 1 (32 days). (B)
Change in abundance during experiment 2 (60 days). Between the end of
experiment 1 and beginning of experiment 2, relative and total abundance of adult
fishes was standardized among reefs via selective removals. (C) Change in
abundance approximately one year after the end of experiment 2. Error bars are ± I
SE. Note that the scale of both axes varies between plots.



Adult Abundance Immediately after habitat manipulations, total

abundance of adult fish did not differ between low and high complexity reefs (Fig.

4.2; t-test: P 0.5 10; mean [SE]: low complexity = 52.8 [8.6], high complexity

59.8 [5.7]). Thirty-two days after habitat manipulations, abundance had increased

on high complexity reefs and decreased on low complexity reefs, such that the

difference between them was significant (Fig. 4.2; t-test: P 0.040; mean [SE]:

low complexity = 42.1 [6.9], high complexity 64.4 [7.0]). Changes in abundance

on high and low complexity reefs were significantly different for three families:

grunts (Haemulidae; t-test: P = 0.004; mean [SE]: low complexity = 3.3 [1.4], 27%

decrease; high complexity = 4.0 [1.5], 24% increase), surgeonfishes (Acanthuridae;

t-test: P = 0.011; mean [SE]: low complexity = 1.8 [0.8], 41% decrease; high

complexity = 1.1 [0.5], 21% increase), and parrotfishes (Scaridae; t-test: P = 0.017;

mean [SE]: low complexity 1.6 [0.8], 54% decrease; high complexity 1.0 [0.5],

29% increase). Approximately one year later, adult fish remained significantly

more abundant on high complexity reefs (Fig. 4.2; t-test: P = 0.004; mean [SE]:

low complexity = 22.8 [4.7], high complexity = 45.6 [4.7]).

Effects of both habitat complexity and prior residents

In the following sections, (L) = low habitat complexity, (H) = high habitat

complexity, (-) that piscivores and damselfishes had been removed, and (+) that

piscivores and damselfishes were present, such that the four experimental

treatments were L, L+, H, and H+.

Recruit Abundance I observed a total of 268 new settlers of 17 species

during the 60-day experiment. Final recruit abundance was significantly influenced

by habitat complexity, strongly influenced by prior residents (two-way ANOVA:

complexity P = 0.016, prior residents P <0.0001), and there was no evidence for an

interactive effect of the two factors (two-way ANOVA: interaction P 0.437).



Independent of habitat complexity, removing prior residents increased final recruit

abundance (± 95%CI) by 11.0 ± 3.3 recruits per reef, primarily due to higher

damselfish recruit abundance in the absence of prior residents (mean [SE]: without

prior residents = 13.6 [1.11 recruits; with prior residents = 2.8 [0.7] recruits).

Independent of prior residents, high complexity reefs had 4.3 ± 3.3 more recruits

per reef than low complexity reefs, also due to higher damselfish recruit abundance

on high complexity reefs (mean [SE]: high complexity = 9.9 [2.3] recruits; low

complexity 6.5 [2.11 recruits). The average (SE) number of recruits per reef on

each treatment at the end of the experiment was as follows: L 13.3 (1.1), L+ =

3.5 (1.5), H= 18.8 (2.1), and H+=6.5 (1.6).
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Figure 4.3: Effects of habitat complexity and prior residency by piscivores and
adult damselfishes on recruitment of the beaugregory dams elfish, Stegastes
leucostictus. Relationship between cumulative recruitment (larval settlement
minus mortality) and experimental treatments (n = 4 reefs each). Treatments
consisted of two levels of habitat complexity (low and high) cross-factored with the
presence (+) or absence (-) of resident piscivores and adult territorial damselfish.
Error bars are ± 1 SE.

Of the 268 new settlers, 174 were Ste gastes leucostictus, the beaugregory

damselfish, by far the most abundant species. Final recruit abundance was
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marginally affected by habitat complexity, strongly affected by prior residents (Fig.

4.3; two-way ANOVA: complexity P = 0.053, prior residents P < 0.0001), and

there was no evidence for an interactive effect between the two factors (two-way

ANOVA: interaction P = 0.822). Independent of habitat complexity, removing

prior residents increased recruit abundance (± 95%CI) by 10.0 ± 2.3 recruits per

reef. Independent of prior residents, high habitat complexity increased recruit

abundance by 2.3 ± 2.3 recruits per reef. The total number of new settlers observed

on each treatment during the 60-day experiment was: L = 77 recruits, L+ 22

recruits, H = 62 recruits, and H+ 22 recruits.

There was a significant interactive effect of prior residents and habitat

complexity on the mortality of beaugregory recruits (Fig. 4.4A; two-way ANOVA:

interaction P = 0.02 8). In the presence of prior residents, high habitat complexity

reduced recruit mortality (± 95%CI) by 63% ± 25% (linear contrast, P = 0.0003).

In the absence of prior residents, high habitat complexity reduced recruit mortality

by 22% ± 25% (linear contrast, P = 0.077). The presence of prior residents

increased recruit mortality by 14% ± 25% on high complexity reefs (linear contrast,

P = 0.224), and by 55% ± 25% on low complexity reefs (linear contrast, P =

0.0007). However, when mortality estimates were re-calculated based on the

assumption that approximately 70 new settlers recruited to each treatment, there

was no interactive effect of habitat complexity and prior residents on recruit

mortality (Fig. 4.4B; parallel lines indicate no interaction).

Adult Abundance Abundance of adults did not differ significantly among

the four treatments at the beginning of the experiment and after selective removals

(Fig. 4.2; two-way ANOVA: P = 0.825). After 60 days, abundance was strongly

affected by habitat complexity, independent of prior residents (Fig. 4.2; two-way

ANOVA: complexity P = 0.0009, prior residents P = 0.183), and there was no

evidence for an interactive effect of the two factors (two-way ANOVA: interaction

P = 0.464). Abundance was greater on high complexity reefs by an average (±

95%CI) of 30.6 ± 14.6 fishes per reef. Changes in abundance on high and low



complexity reefs were significantly different for three families: squirrelfishes

(Holocentridae; t-test: P = 0.011; mean [SE]: low complexity = 0.1 [1.2], 6%

decrease; high complexity = 6.6 [1.9], 280% increase), parrotfishes (t-test: P =
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Figure 4.4: Effects of habitat complexity and prior residency by piscivores and
adult damselfishes on mortality of beaugregory damselfish (Stegastes
leucostictus) recruits. Treatments consisted of two levels of habitat complexity
(low and high) cross-factored with the presence (+) or absence (-) of resident
piscivores and adult territorial damselfish. (A) Average mortality of observed new
settlers, calculated as (# of disappearances) / (# of observed new settlers). (B)
Corrected recruit mortality, where mortality estimates were adjusted by assuming
that the average number of settlers observed where prior residents had been
removed ( 70 fish) also settled to the two treatments where they were present, and
that the difference between settler counts in the presence and absence of prior
residents was caused by early postsettlement mortality. Error bars are ± 1 SE.
Note that Y-axis scale varies between plots.
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0.044; mean [SE]: low complexity = 5.3 [1.0], 220% increase; high complexity =

13.4 [3.2], 430% increase), and goatfishes (Mullidae; t-test: P 0.013; mean [SE]:

low complexity = 0.6 [0.71, 71% increase; high complexity 4.9 [1.21, 975%

increase). Body depth distributions of all adult squirrelfish, parrotfish, and goatfish

indicated that individuals tended to be larger on low complexity reefs, and that the

body depth distribution of these fishes more closely matched hole diameter

distribution on high complexity reefs than on low complexity reefs (Fig. 4.5A, B).
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Figure 4.5: Comparison of frequency distributions of hole diameter and body
depths of all adult squirrelfishes, parrotfishes, and goatfishes on low and high
complexity reefs. These three families were significantly more abundant on high
complexity reefs at the end of experiment 2. (A) Low complexity reefs: frequency
distribution of hole diameter (n 39 holes) and body depths of all adult
squirrelfishes, parrotfishes, and goatfishes (n = 100). (B) High complexity reefs:
frequency distribution of hole diameter (n = 173 holes) and body depths of all adult
squirrelfishes, parrotfishes, and goatfishes (n = 269). Note that Y-axis scale varies
between plots.

Habitat complexity and fish body depth

There was no evidence that reef volume differed between low and high

complexity reefs (t-test: P = 0.370; mean [SE]: low complexity = 2.6m3 [0.1], high

complexity = 2.8m3 [0.11). In contrast, each of the four measures of habitat
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complexity differed significantly between habitat complexity treatments. On

average (SE), topographic complexity was greater on high complexity reefs (t-test:

P <0.0001; low complexity = 1.50 [0.021, high complexity = 1.95 [0.05]), potential

shelter holes were more abundant on high complexity reefs (t-test: P < 0.0001; low

complexity = 4.9 [1.01, high complexity = 21.6 [1.3]), deeper on low complexity

reefs (t-test: P < 0.012; low complexity 12.2 cm [0.8], high complexity = 9.3 cm

[0.6]), and had larger diameters on low complexity reefs (Fig. 4.6A; t-test: P <

0.0006; low complexity = 6.5 cm [0.8], high complexity 2.8 cm [0.1]). Body

depth distributions of small resident piscivores (Cephalopholis cruentata, C. fulva,

Serranus tigrinus, and Rypticus subb(frenatus) and damselfishes indicate that these

fishes had access to most holes on both low and high complexity reefs (Fig. 4.6B,

D), while larger Nassau grouper were excluded from most holes on both low and

high complexity reefs (Fig. 4.6C).
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Figure 4.6: Frequency distributions of hole diameter and body depths of
resident piscivores and adult territorial damselfishes. (A) Hole diameter
distribution on high complexity reefs (n = 173 holes) and low complexity reefs (n =
39 holes) (t-test: P < 0.0006). (B) Body depth distribution of all small resident
piscivores (four Cephalopholis cruentata [graysby], four C. fulva [coney], two
Serranus tigrinus [harlequin bass], and 14 Rypticus subbfrenatus [spotted
soapfish]). (C) Body depth distribution of all large resident piscivores (nine
Epinephelus striatus [Nassau grouper]). (D) Body depth distribution of all resident
adult territorial damselfishes (21 Ste gastes leucostictus [beaugregory] and four S.
partitus [bicolor]).
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DISCUSSION

These experiments revealed a fundamental difference between recruits and

adults in their response to differences in habitat complexity and prior residency by

predators and interference competitors. Cross-factoring habitat complexity

treatments with the presence and absence of resident piscivores and territorial

damselfishes demonstrated that these residents reduced recruit abundance

independent of habitat complexity, but did not influence adult abundance. In

contrast, the abundance of adult fishes was consistently greater on high complexity

reefs in both experiments. Additionally, high habitat complexity appeared to

significantly reduce the mortality of beaugregory damselfish recruits in the

presence of prior residents. These results suggest that both habitat complexity and

prior residents influence the abundance of reef fishes, and that the influence of each

factor on fish abundance depends on fish size.

Effects of habitat complexity and prior residents on recruits

In the first experiment, recruit abundance was significantly greater on high

complexity reefs after one month. In the second experiment, recruit abundance was

positively influenced by high habitat complexity, negatively influenced by the

presence of predators and competitors, and prior-resident effects did not differ

between habitat complexity treatments. Why were the negative effects of resident

predators and competitors similar on both low and high complexity reefs? Based

on comparisons of their body depths with hole diameter distributions, small

resident piscivores and adult territorial damselfishes were not excluded from most

holes on either high or low complexity reefs, suggesting that recruits were not able

to use most holes as refugia from either predation or interference competition by

residents. If true, why did high habitat complexity have a weak positive effect on
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recruit abundance? Newly recruited fishes are not only subject to predation from

resident predators, but also larger transient predators, such as widely ranging jacks.

If increased habitat complexity decreases predation on recruits by one or both

groups of predators, recruit abundance would be greater on high complexity reefs.

Since small resident predators were not excluded from most potential shelter holes,

it is unlikely that increased habitat complexity inhibited their foraging. However,

larger transient predators were probably excluded from many potential shelter

holes, thereby allowing recruits to use holes as reftigia from predation by transient

predators. If transient piscivores were less efficient foragers on high complexity

reefs, this could explain the greater recruit abundance on high complexity reefs.

Consistent with the hypothesis that mortality from transient predators was lower on

high complexity reefs, beaugregory damselfish recruit mortality was 40% on low

complexity reefs and 17% on high complexity reefs where resident predators and

competitors had been removed. These results suggest that predation on recruits by

transient predators was lower on high complexity reefs.

The presence of resident predators and competitors had a strong negative

effect on the abundance of beaugregory damselfish recruits, and there was a weak,

positive effect of high habitat complexity. Mortality of beaugregory recruits

appeared to be influenced by an interaction between habitat complexity and prior

residents high habitat complexity significantly reduced recruit mortality in the

presence of resident predators and competitors, but not in their absence, while the

presence of predators and competitors significantly increased recruit mortality on

low complexity reefs, but not high complexity reefs. These results suggest that

increased habitat complexity mediated the negative effect of prior residents on

recruit mortality. This conclusion is not supported by the pattern of similarly low

recruit abundance on both high and low complexity reefs with predators and

competitors at the end of the experiment, and the conclusion that resident effects

are lessened by increased habitat complexity should be viewed with skepticism for

several additional reasons. First, newly settled beaugregories were nearly three
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times more abundant on reefs where prior residents had been removed relative to

where they were present. This disparity could arise because (1) settling larvae

avoided reefs where prior residents were present, or (2) mortality rates of new

settlers differed substantially among treatments prior to censusing. The first

mechanism is unlikely because a previous study in this system demonstrated that

beaugregory settlers do not select or reject settlement sites based on the presence or

absence of either resident piscivores or territorial damselfishes (Almany in review-

b). It is therefore more likely that settlement was relatively even among treatments

at the spatial scale of this experiment, and that differences in new settler counts

were caused by high, differential postsettlement mortality among treatments before

censuses. Several recent studies support the conclusion that early postsettlement

mortality can quickly obscure patterns of settlement (Hixon and Carr 1997, Planes

and Lecaillon 2001, Webster 2002, Almany in review-b). If settlement was even

among treatments and high differential mortality among treatments generated the

observed differences in new settler counts, then the estimated effect of prior

residents on recruit mortality for high complexity reefs with prior residents was

underestimated by approximately 50%, and the interactive effect between prior

residents and habitat complexity becomes non-significant. Therefore, based on

corrected mortality estimates, increased habitat complexity did not mediate the

negative effect of prior residents on beaugregory recruit mortality.

In a recent study, I demonstrated that prior residency by adult territorial

damselfishes reduced the abundance of damselfish recruits, both in the presence

and absence of resident piscivores (Almany in review-b). How do adult territorial

damselfishes affect damselfish recruits? In the presence of resident piscivores,

aggression by adult damselfishes may make recruits more susceptible to predation

by residents by excluding recruits from shelter (see also Carr et al. in press). In the

presence or absence of resident piscivores, damselfish aggression may force

recruits off or to the edge of reefs, thereby exposing recruits to transient predators

(Sweatman and St. John 1990). Additionally, large omnivorous damselfishes, such
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as the adult Ste gastes leucostictus manipulated in this study, may directly affect

recruit abundance by occasionally consuming newly settled recruits (Randall 1967,

Almany in review-b).

Effects of habitat complexity and prior residents on adults

In the first experiment, the overall abundance of adult fishes was greater on

high complexity reefs after one month. Specifically, the abundance of adults of

three families grunts, surgeonfishes, and parrotfishes declined on low

complexity reefs and increased on high complexity reefs. Caribbean species from

these families feed in the sand on infaunal invertebrates (grunts) or graze on algae

and seagrass (parrotfishes and surgeonfishes) surrounding reefs (Randall 1965,

1967, Parrish and Zimmerman 1977, Baelde 1990, Tilghman et al. 2001). Thus,

these fishes are not strongly reef-associated, and primarily utilize reefs for shelter

from predation (Parrish and Zimmerman 1977). Because parrotfishes, grunts, and

surgeonfishes have relatively large home ranges and frequently move between reef

shelter sites and feeding areas (Randall 1965, Baelde 1990, Mcafee and Morgan

1996), it is likely that changes in their abundance were, in part, due to emigration

from low complexity reefs and immigration to high complexity reefs. Additionally,

differential mortality of adults between low and high complexity reefs, perhaps due

to differences in shelter availability and therefore predation risk, may have

influenced patterns of adult abundance.

In the second experiment, habitat complexity treatments were cross-factored

with the presence and absence of resident predators and competitors. Overall

abundance of adult fishes was again greater on high complexity reefs, and there

was no evidence for an effect of resident predators and competitors on adult

abundance. Specifically, adults from three families squirrelfishes, parrotfishes,

and goatfishes were significantly more abundant on high complexity reefs.
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Species from these families are again only loosely associated with reefs:

squirrelfishes shelter on reefs by day, and leave reefs at night to feed on benthic

crustaceans in sand and seagrass beds (Gladfelter and Johnson 1983), parrotfishes

graze on algae and seagrass surrounding reefs, and goatfishes forage widely for

infaunal invertebrates in sand and seagrass beds (Itzkowitz 1977, Parrish and

Zimmerman 1977). Thus, the greater abundance of parrotfishes, squirrelfishes, and

goatfishes on high complexity reefs could be due to immigration to these reefs, and

differences in abundance between low and high complexity reefs may also have

been influenced by differential adult mortality among treatments. A census one

year later revealed that the overall abundance of adult fishes remained greater on

high complexity reefs.

Why was there no effect of resident predators and competitors on the

abundance of adult fishes, and why was adult abundance consistently greater on

high complexity reefs? It seems likely that the loosely reef-associated adult

parrotfishes, surgeonfishes, squirrelfishes, goatfishes, and grunts are relatively

immune to predation from small ambush predators, such as most of the resident

piscivores manipulated in this study, due to their comparatively large size (Munday

and Jones 1998). The largest resident piscivore in this study, the Nassau grouper,

was large enough to consume adult fishes, but comparisons of Nassau grouper body

depth and hole diameter distributions on both habitat complexity treatments suggest

that the majority of potential shelter holes provided effective refuges from

predation by Nassau grouper. The primary source of mortality for less reef-

associated fishes is likely to be larger transient piscivores, such as barracudas

(Sphyraenidae), which frequently move among reefs in the experimental matrix

(Hixon and Can 1997). High habitat complexity may decrease predation by larger

transient piscivores by providing more prey refuges and interfering with a

predatofs ability to chase prey. Consistent with the hypothesis that high

complexity reefs provided a greater abundance of suitable shelter for adult fishes,

the body depth distribution of all adult squirrelfish, parrotfish, and goatfish, which
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were significantly more abundant on high complexity reefs, closely matched hole

diameter distribution on high complexity reefs. In addition, adults from these three

families were larger on low complexity reefs where potential shelter holes were

significantly larger. The number and size of potential shelter holes present on a

reef may influence both the abundance and size distribution of reef fishes,

presumably because fishes select shelter sites that closely match their size, thereby

minimizing predation risk (Shulman 1984, Hixon and Beets 1989, 1993).

Additionally, because transient piscivores actively chase their prey, rather than

ambush, increased habitat complexity may have interfered with their ability to

chase and capture prey. Taken together, these results suggest that increased habitat

complexity reduced predation on adults by transient predators, resulting in a greater

abundance of adult fishes on high complexity reefs.

Conclusions: ontogenetic shifts in predation risk

These experiments highlight the differential responses of recruits and adults

to habitat complexity and prior residency by piscivores and territorial damselfishes.

Results indicate that the abundance of recruits was primarily determined by

predation and/or competition from reef-associatedresidents, and that the negative

effect of residents was equally strong on both low and high complexity reefs. In

contrast, the abundance of adult fishes was primarily determined by habitat

complexity and was independent of the presence and absence of resident predators

and competitors. I hypothesize that the small reef-associated piscivores

manipulated in this study, which are primarily ambush predators, are the most

important source of mortality for recruits that are strongly reef-associated, although

less reef-associated recruits are often most influenced by transient predators (see

Hixon and Can 1997, Webster 2002). Resident predators and competitors appear

to have been unaffected by high habitat complexity, resulting in lower recruit
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abundance where they were present. In contrast, the most important predators of

larger and more mobile adult fishes are likely to be transient piscivores, which

actively chase their prey and are typically larger than resident piscivores. High

habitat complexity appears to have decreased predation on adults by transient

predators, resulting in a higher abundance of adult fish on high complexity reefs.

The demonstration that habitat complexity can strongly influence the

abundance of fish on coral reefs raises concerns given that many of the current

threats to coral reefs strongly affect high complexity corals. High complexity coral

species are more susceptible to damage caused by coral bleaching, siltation,

pollution, and storm damage (review by Brown 1997). By causing a decline in

overall reef complexity through the disproportionate destruction of complex corals,

these disturbances are likely to have important consequences for coral reef fish

communities and the human populations that depend on them (Jones and Syms

1998).
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CHAPTER 5: GENERAL CONCLUSIONS

The combined results of these experiments clearly demonstrate that early

postsettlement interactions between recruits and resident fishes play an important

role in structuring coral reef fish communities. The primary conclusions derived

from my research are: (1) interactions between newly settled recruits and resident

predators and competitors strongly influenced recruit abundance, mortality, and

species richness, (2) effects of prior residents on recruits were similar on both

Bahamian and Australian patch reefs, suggesting that such effects are widespread,

(3) there was no evidence that settling larvae choose settlement sites based on the

presence or absence of resident predators and competitors, (4) effects of prior

residents on recruits were not modified by changes in habitat complexity, (5)

abundance of adult fishes was strongly influenced by habitat complexity, but not by

the presence or absence of resident predators and competitors, and (6) the effects of

resident predators and competitors on recruits was strongest within 48 hours after

settlement, resulting in the rapid establishment of recruitment patterns.

In the experiments reported in Chapter 2, I found that prior residency by

piscivores and adult territorial damselfishes strongly influenced recruit abundance,

and did so in a species-specific manner. Piscivores inhibited recruitment of a

damselfish and a surgeonfish, and enhanced recruitment of a wrasse, while prior

residency by damselfishes inhibited recruitment of the damselfish and wrasse, and

enhanced recruitment of the surgeonfish. The negative effect of piscivores on

recruitment was almost certainly due to piscivores consuming newly settled

recruits, which appear to be most vulnerable to predation shortly after settlement.

The positive effect of piscivores on recruitment of the wrasse Thallasoma

bifasciatum could be due to the fact that juveniles of this species are facultative

cleaners, which might have experienced increased survival in the presence of

predators due to a greater access to ectoparasites. Territorial damselfishes may
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have had indirect negative effects on recruitment of other damselfishes and wrasse

by chasing juveniles away from shelter and thereby exposing them to predation

from resident piscivores, and/or by forcing them to the edge of the reef where they

were susceptible to passing transient piscivores. Additionally, territorial

damselfishes may directly influence recruitment by opportunistically consuming

newly settled recruits. The positive effect of territorial damselfishes on surgeonfish

recruitment could have been caused by damselfish aggression towards transient

predators if such aggression inhibited predation by transient predators on

surgeonfish recruits. In a second experiment, I found no evidence that settling

larvae selected among settlement sites, either within or between reefs, based on the

presence or absence of predators and competitors. This finding suggests that the

effects of prior residents were the result of direct interactions between recruits and

residents. The ability of larvae to detect residents prior to settling, perhaps through

chemical or visual cues, would most likely evolve in species that live in dense

social groups and derive benefits from settling to aggregations. High-density

groups are a likely prerequisite because only under such conditions would chemical

or visual cues be sufficiently strong to allow detection. For species that do not live

in dense aggregations, such as the piscivores and territorial damselfishes in this

study, chemical and visual cues are probably relatively weak or diffuse, thereby

preventing the development of a reliable means to detect their presence. This is

despite the fact that this ability would seem to be beneficial to recruits given that

the effects of residents on recruits are often strongly negative. It appears that most

larvae simply settle on any suitable reef.

In the study reported in Chapter 3, I found that prior residency by piscivores

and damselfishes on Australian reefs resulted in negative effects on the recruitment

of other fishes that were similar to the effects of prior residency by resident

piscivores and damselfishes on Bahamian reefs. However, Australian piscivores

had strong negative effects on recruitment of all species except the damselfish

Neopomacentrus cyanomos, while adult Australian damselfishes only had negative
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effects on recruitment of other damselfishes, except for Neopomacentrus

cyanomos. The negative effect of Australian damselfishes was weaker than the

negative effects of Bahamian damselfishes. Bahamian damselfishes likely had

greater negative effects than their Australian counterparts, despite the fact that adult

damselfishes were approximately 10 times more abundant on Australian reefs,

because Bahamian damselfishes are more aggressive and territorial. Once again,

the negative effects of adult damselfishes could have been due to adults chasing

juveniles away from shelter or to the edge of reefs, thereby exposing them to

predation by either resident or transient piscivores, and adults may have

occasionally consumed newly settled recruits. Piscivores and damselfishes did not

affect recruitment of the damselfish Neopomacentrus cyanomos, perhaps because

this species settles and remains above the reef where it is not likely to be strongly

affected by reef-associated resident predators and competitors, but rather more

influenced by transient predators.

In the experiments reported in Chapter 4, I cross-factored the presence and

absence of resident predators and competitors with two levels of reef habitat

complexity, low and high. I found that recruit abundance was negatively affected

by the presence of predators and competitors, and that resident effects did not differ

between low and high complexity reefs. In contrast, high habitat complexity had a

strong positive effect on the abundance of adult fishes, and resident predators and

competitors did not influence adult fish abundance. I hypothesize that the different

responses of recruit and adult fishes to differences in habitat complexity and prior

residency by predators and competitors is due to the differential effects of habitat

complexity on reef-associated predators and non reef-associated transient predators.

Recruits are relatively small and highly sedentary, and thus their primary predators

are probably small, reef-associated piscivores, such as most of the resident

predators manipulated in this study. Because the resident predators in this study

are primarily ambush predators, they are not likely to be negatively affected by

increased habitat complexity, which would explain why resident effects did not
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differ between low and high complexity reefs. In contrast, larger and more mobile

adult fishes are unlikely to be strongly affected by smaller resident predators due to

their relatively large size, but are most likely influenced by larger transient

predators such as barracudas. Because transient predators actively pursue rather

than ambush their prey, they are often less effective predators in high complexity

environments, which would explain why adults were consistently more abundant

on high complexity reefs, and why adult abundance was unaffected by resident

predators and competitors.

In each of these studies, recruitment patterns were established rapidly after

larval settlement: in Chapter 2 within 24 hours, in Chapter 3 within 48 hours, and in

Chapter 4 within 72 hours. In each case, this represents the earliest census taken.

In other words, it did not matter whether I censused reefs every 1, 2, or 3 days,

settlement always appeared to be heavily modified by the time I arrived. Therefore,

in each experiment, the effects of resident predators and competitors on newly

settled recruits were strongest shortly after recruits had made the transition from the

planktonic to benthic habitat. Based on the results of Chapter 1, these negative

effects occur sometime between nocturnal settlement and the following morning.

Newly settled fishes may be especially vulnerable to predation and interference

competition immediately after settlement due to an unfamiliarity with their new

surroundings and consequent difficulty in finding adequate shelter. Moreover,

predation on new settlers is likely highest during dawn following settlement, when

low, changing light levels favor piscivorous fishes that hunt by sight (Hobson 1991,

McFarland 1991).

One criticism of studies on patch reefs is that results are difficult to

extrapolate to larger continuous reefs. However, coral reefs are inherently patchy

environments due to spatial variability in habitat structure, small-scale water

movement, and coral distribution. In addition, individual patches are likely to be

colonized by different species simply due to variations in larval supply and species-

specific habitat preferences. The order in which species arrive to each patch will
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influence the future dynamics of that patch because, as these studies show,

residents and recruits interact with one another in a variety of ways that can

influence recruit survival. For example, well-defined damselfish territories can

occupy more than 50% of the total area of shallow-water continuous reefs

(Sammarco and Williams 1982, Klumpp et al. 1987). Thus, the reef consists of

patches of relatively favorable and unfavorable recruit habitat depending on how

each species interacts with damselfishes. Similarly, many resident piscivores

occupy spatially explicit home ranges, such as adult and subadult graysby, which

forage in home ranges of 20 to 30 m2 on continuous reefs (Sullivan and Sluka

1996). As a result, the reef is a patchwork of high and low predation risk areas

based on the location of piscivore home ranges. Because many other fish species

occupy home ranges, coral reefs are essentially a conglomeration of patches, each

with its own occupants, and recruits are forced to interact with residents wherever

they settle. Even in spatially continuous environments, this can lead to the

development of dynamic patchiness (Levin 1974). Therefore, inasmuch as

continuous reefs represent a mosaic of different patches, studies conducted on patch

reefs may be useful in understanding the dynamics of fish communities on

continuous reefs.

The combined results of these studies illustrate the importance of early

postsettlement interactions in coral reef fish communities. Because resident-recruit

interactions were often taxon-specific, these studies provide a qualitative means of

predicting the future structure of coral reef fish communities based on their current

composition. The results of my research do not support many views that are

prevalent in studies of coral reef fishes, such as (1) coral reef fish communities are

entirely stochastic and unpredictable assemblages (e.g., Sale 1980, Sale and

Douglas 1984, Sale et al. 1994), (2) larval supply is generally insufficient to allow

populations to achieve sizes at which postsettlement interactions are important

(e.g., Doherty 1981, Victor 1983), (3) there is little postsettlement modification of

larval settlement patterns (e.g., Doherty 1981, Victor 1983), and (4) recruitment
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surveys can be used as indicators of larval supply and settlement (e.g., Williams et

al. 1994). Rather, the results of my research suggest that (1) interactions between

newly settled recruits and residents can introduce a level of determinism to the

dynamics of coral reef fish communities, (2) larval supply is often sufficient to

allow for postsettlement interactions to be important, (3) postsettlement interactions

can strongly modify initial patterns of settlement, and (4) rapid modification of

settlement patterns via strong resident-recruit interactions often prevents using

recruitment surveys to estimate larval supply and settlement. Furthermore,

demonstrating that habitat complexity plays an important role in determining the

abundance and distribution of reef fishes should sound a warning given that many

of the current threats to coral reefs disproportionately damage high complexity

coral species. It is my sincere hope that my research has contributed to a greater

understanding of coral reef fish communities, and that we can use our growing

knowledge to save these fragile systems before they disappear.
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