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ABSTRACT 

The ecology of patch reef fishes was studied to quantify the main 

factors that affect the natural variability of the fish community and 

to determine the effects produced on the community by experimental 

removal of predators. Initially, a year-long baseline description was 

completed of the physical, biological and ecological characteristics of 

8 pristine patch reefs at Midway lagoon. For over 3 subsequent years, 

piscivorous predators were spearfished at least monthly, often for days 

at a time, on 4 of the 8 reefs. Fish populations were visually 

censused throughout the experiment. In all seasons and years of the 

project, daily recruitment rate of postlarval fishes to natural patch 

reefs was compared to that measured on standardized, artificial reefs 

of various sizes and degrees of inter-reef isolation. Finally, all 

baseline measurements were replicated and complete collections were 

made of all fishes, to validate the visual census method. 

Visual censusing was found to be of adequate precision and accurCi.cy 

for most resident, non-cryptic species (highest for small patch reefs). 

Fishes could be assigned to size classes underwater by visual estimate 

with high accuracy. Rotenone collections were highly effective in 

quantifying many species commonly missed or underestimated in visual 

censuses. 

Only a few species composed the bulk of all recruits, while most 

species were rare or not seen at all. Variation between species was 

related to life history strategies or behavioral requirements. High 
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temporal variability was found at the following scales: 1) Annually

where variability increased with the magnitude of recruitment, and 

different species recruited heavily in different years, suggesting that 

species specific factors in the plankton are more important than 

general oceanographic conditions; 2) Seasonally- pulsing strongly in 

s~T~er, and occasionally late fall, when favorable environmental 

conditions may maximize growth and survival; and 3) Daily- with 1 or 2 

strong peaks (each only a few days long) over a period of several weeks 

of low, variable recruitment. 

Small-scale spatial variability between replicate attractors 

(standardized artificial reefs) and between attractor types (coral and 

wire) were both high for a few species recruiting abundantly, although 

most recruits are probably substrate generalists. Rigorous visual fish 

censuses can adequately doc~ent moderate- to long-term temporal 

variation in the abundances of recently recruited juveniles on patch 

reefs (i.e., based on similar temporal patterns assessed by daily 

attractors). Daily total recruitment rate increased, although at 

diminishing densities, with (attractor) reef size, and with degree of 

i~ter-reef isolation. Abundances of recently recruited fish censused 

on neighboring, natural patch reefs (much larger than attractors) 

increased with reef size. The effect of isolation on these natural 

reefs was confounded by the stronger effect of reef size. These 

results suggest that if optimum size and spacing of reefs is provided, 

either by proper design of artificial reefs or selection of marine 
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reserves, managers may enhance fish recruitment and ultimately improve 

local fisheries: 

Of the 135 fishes censused on the patch reefs studied, only 6 

species together accounted for 70% of the total number of all fish, 

mainly due to heavy seasonal recruitment pulses. Strong seasonal and 

annual variability in recruitment was responsible for most of the 

temporal variation in fish abundance. The structure of patch reef fish 

communities at Midway was characterized by high unpredictability (e.g., 

great seasonal and/or annual variability in recruitment by common 

species, recruitment limitation for most species, and a high turnover 

rate detected by frequent sampling). Some predictions of the theory of 

island biogeography were also met by these fish communities (e.g., 

species richness correlated strongly with patch reef area, volume and 

relief). and total fish abundance. Some populations also exhibited a 

degree of long-term stability. Species diversity [H'] was similar 

among different size reefs. 

The experimental fishing on piscivores produced a catch composed 

mainly of lizardfish, due largely to immigration following the removal 

of other, competitively superior, highly resident piscivores. 

Scorpionfish and moray eels were also dominant predators. The expected 

decreases in catch-per-unit-effort were not realized, except for a 

quantitatively insignificant family (hawkfish). Conversely, the catch 

of the highly migratory lizardfish actually increased as fishing 

progressed. Changes in the catch composition for other piscivores 
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related mainly to major changes in reef size or to patterns of large, 

inter-year recruitment fluctuations. Census data confirmed the major 

trends indicted by catch results. Sharks and jacks were attracted to 

the experimental reefs by spearfishing; the study was unable to 

determine whether their piscivorous effect was different between reef 

treatments. 

Patch reef fish communities at Midway were relatively resilient to 

long-term, intense fishing pressure on piscivores. However, enhanced 

survival of a large, annual, summer recruitment pulse of a common 

cardinalfish, synchronized with a temporary but significant reduction 

of lizardfish (the most prevalent piscivore) by fishing, suggested that 

an effect of predation on reef fish populations is experimentally 

detectable and considerable. However, temporal and spatial variability 

in recruitment, and reef size differences and changes in size were the 

primary factors responsible for the observed temporal patterns in fish 

abundance. COlnmunity analysis involves numerous confounding effects 

and requires the most careful interpretation for valid conclusions. 
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GENERAL INTRODUCTION 

Is predation by piscivorous fishes an agent of major importance in 

determining or maintaining the structure of coral reef fish 

communities? The question is one of basic ecological interest as well 

as practical management importance. Most ecologists suppose that 

predation produces a significant effect on communities, although little 

conclusive data exist. Much circumstantial and experimental evidence 

exists to suggest that predation is considerable on reef fish. 

However, recent studies attempting to determine if high predation 

shapes community structure have been mostly inadequate due to various 

• 
problems (e.g., small spatial scale, short temporal duration, 

insufficient replication, lack of adequate controls, confounding 

experimental artifacts). The purpose of this dissertation research was 

to determine the effect produced on the fish community by repeated, 

long-term, experimental fishing on piscivorous predators. Because 

upper trophic level predators are often prime target species of reef 

fisheries, results may have value to fishery management planning. 

Interpretation of the results of such an experiment on the 

importance of predation involves several prerequisites. First, an 

environment of previously undisturbed, natural reefs was needed for an 

adequate baseline or control community. Conclusions of such a study 

would be less meaningful if derived from reefs that had been subjected 

to long-term fishing pressure, where natural predator densities were 

already much reduced. Therefore, the study was conducted at Midway, in 
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the leeward Northwestern Hawaiian Islands, one of the few places where 

such pristine patch reefs are accessible. 

Second, a method was needed to assess the fish community that was 

accurate and repeatable. The total-count visual census method met this 

requirement. Chapter 1 of this dissertation discusses the advantages 

and limitations of the method, and validates its accuracy by comparison 

with a destructive total collection method. 

Third, it was necessary to monitor recruitment patterns with fine 

resolution, because recent literature suggests that reef fish 

recruitment is highly variable in the tropics. Recruitment is the 

process by which individuals are added to fish populations, and it 

therefore affects the quantitative structure of fish communities. 

Also, it was expected that the initial or greatest change, due to 

predation mortality, would be detectable in age classes of recently 

recruited juvenile fish. Chapters 2 and 3 of this dissertation discuss 

this natural variability in recruitment along with influencing factors. 

These data provide a valuable reference with which to interpret results 

from the predation experiment. 

Fourth, documentation of the natural structure of the patch reef 

fish community was required, as a baseline or control, for comparison 

with the community on reefs where predators were experimentally removed 

by fishing. Fish on the control reefs were censused throughout the 

study to discern natural temporal and spatial variation in population 
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sizes. Chapter 4 of this dissertation characterizes the ecology of the 

natural patch reef communities in these ways. 

Predators from this area were known to be quantitatively 

significant, and many of the trophic links of the fish community had 

already been elucidated. The observed effects of the experimental 

fishing of predators are considered in Chapter 5 of this dissertation. 

In spite of numerous complications, due primarily to the great natural 

variability of the reef environment, valuable, and occasionally 

surprising results were discovered. 
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CHAPTER 1 

VALIDATION OF THE TOTAL-COUNT VISUAL CENSUS METHOD 

FOR ASSESSING CORAL PATCH REEF FISH COMMUNITIES 

INTRODUCTION 

One of the most fundamental requirements of community studies is 

the ability to accurately assess what species are present along with 

their respective abundances. For reef fish, visual census methods 

are the most popular of the available options, and have been used in a 

host of recent studies. Visual census, originally developed by Brock 

(1954), is ideally suited for fish that occur on coral reefs, since the 

water is often clear, calm and shallow. It is an excellent 

nondestrugtive method for repeated, quantitative estimates of reef fish 

diversity (species richness), population density, size class structure, 

and biomass (Russell et a1. 1978; Brock 1982; Bell et a1. 1985; 

Harmelin-Vivien et aI. 1985; Thresher & Gunn 1986). 

Despite the general value of visual census methods, a diverse 

array of such methods exists, and no single universal standard has been 

recognized (Thresher & Gunn 1986). Strip transects, where all fishes 

within a meter or more along both sides of a long line are sampled 

within a much larger reef area, are the most common visual method in 

use. Counts are expressed as densities and extrapolated to the entire 

reef. Strip transects are most appropriate for species that are 

patchily distributed across large reef complexes or for rapid 

assessment of large areas (Brock 1954; Jones & Chase 1975; Sale & 
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Douglas 1981; Brock 1982; Thresher & Gunn 1986). Methods proposed by 

Jones & Thompson (1978) and Kimmel (1985) count species rapidly in 

time, rather than over a designated area, and suggest reasonably high 

accuracy for sampling noncryptic, diurnally active fishes. 

The total-count method is another major class of visual fish 

census. Essentially all fishes on the reef, including those visible in 

caves and crevices, are systematically and meticulously sought and 

recorded. This method is predominantly used on small, - isolated, 

natural patch reefs, or similar habitat areas (Sale & Douglas 1981). 

The method is ideally suited for patch reefs, since they are numerous 

in tropical nearshore waters, contain diverse and abundant fish 

assemblages (due to a large variety of habitat types), and are often 

thought to function as discrete, isolated communities where most 

residents spend their entire lives (Smith 1973; Sale & Douglas 1981; 

Bell et a1. 1985; Sanderson & Solonsky 1986). 

Visual fish census estimates are frequently characterized by a 

high degree of precision (i.e., the repeatability of multiple 

measurements of a particular real value). However, a number of sources 

of error, which can vary greatly between reefs, can bias their accuracy 

(i.e., how close a measurement approximates its true value), (Sale & 

Douglas 1981; Fowler 1987). These sources include differences between 

reefs, observers, fish taxa, and time of day (Chave & Eckert 1974; 

Jones & Chase 1975; Russell et a1. 1978; Colton & Alevizon 1981; Sale & 

Douglas 1981; Brock 1982; Sale & Sharp 1983; Thresher & Gunn 1986; 

Sanderson & Solonsky 1986). Basing estimates on 2 or more replicate 
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censuses has been shown to significantly improve accuracy in terms of 

number of species and individuals sighted (Sale & Douglas 1981). Some 

observers have combined successive counts in an attempt to reduce 

underestimates (Smith & Tyler 1972; Russell et a1. 1978; Sale 1980b; 

Sale & Douglas 1981). 

The census method can be modified to include size estimates of the 

fish seen. Such information is valuable for distinguishing life 

stages, following growth patterns, and estimating fish biomass (from 

length-weight regressions). Fish sizes are usually estimated by 

grouping individuals into predetermined length classes by comparison to 

an underwater calibrated scale. Grouping is most appropriate for 

abundant species, while rare species with only 1 or 2 fish per length 

class can often be assigned individual sizes. Experienced observers 

are able to accurately estimate size classes for most fish (Brock 

1982; Bell et a1. 1985). 

An alternative method for quantitatively assessing reef fish 

communities is by collection of fishes killed by ichthyocides. 

Rotenone has been the most commonly used fish toxicant for quantifying 

coral reef fish assemblages (Randall 1963a, 1963b; Smith & Tyler 1972; 

Smith 1973; Goldman and Talbot 1976; Russell et a1. '1978; Stone et a1. 

1979; Brock 1982; Bell & Galzin 1984). It is an alkaloid derivative 

from roots of the Derris plant. Its application usually involves 

mixing a powdered form (-5-10% ac~ive rotenone) with seawater. It is a 

fast acting, nonselective respiratory inhibitor, killing through 

paralysis of gill cilia. Many asphyxiated fish come out of holes and 
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rapidly succumb, facilitating collection of fish difficult to detect 

through visual census (Russell et a1. 1978; Brock 1982). A minimum 

lethal concentration of 0.5 ppm has been suggested as effective, while 

up to 2.0 ppm is sometimes used (Lagler 1971). Although a number of 

variations of the method exist, the most comprehensive collections are 

possible from small patch reefs completely surrounded by a fine mesh 

enclosure net (Randall 1963b; Russell et a1. 1978; Brock 1982). 

Rotenone collection is probably the most thorough method to 

quantify all reef fish inhabitants, especially nocturnal, burrowing and 

cryptic species (Russell et a1. 1978; Brock 1982; Thresher & Gunn 

1986). Its major disadvantages are that it is destructive and 

nonrepetitive. Even though it is basically nonselective and can 

approach 100% effectiveness on small patch reefs with enclosure nets, 

it is rare to be able to collect all fishes, even if conditions are 

ideal (Russell et a1. 1978). Physical factors which contribute to 

incomplete collections include batch potency, temperature, currents, 

visibility and concealment offered by bottom features. Fish from 

areas contiguous but outside the designated sampling area can be killed 

and contaminate the collections. Fish that have succumbed may be 

eaten by predators. They can also be lost by floating or drifting 

away, or settle into deep holes in the reef, or be abandoned due to 

collecting time limitations (Smith & Tyler 1972; Russell et a1. 1978). 

A reliable method of assessing population sizes is essential for 

community studies, but rarely is the method used val_jated in the 

particular setting. While they are more comprehensive, destructive 
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methods (e.g., total kills) are inappropriate for studies that require 

replication. It is therefore important that the accuracy of a more 

widely useful, repeatable method of assessment be known. The best way 

to validate the accuracy of visual census counts is by comparison with 

total ichthyocide collections of the fish on the same reef (Smith & 

Tyler 1972; Russell et aI. 1978). For each species, the number of fish 

observed on a census can be either equal to that collected, greater 

than that collected, or less than that collected. Some species may be 

observed but not collected, or collected only (Smith & Tyler 1972). 

Factors that produce differences between visual census counts and 

rotenone counts are similar to those that produce differences between 
• 

census replicates. Characteristics of fish taxa, such as differences 

in activity (residents or wanderers), visibility (exposed or cryptic), 

size and behavior, are major sources of error. Although both methods 

give underestimates, rotenone collections generally yield more species 

and more total individuals than do visual Censuses. 

The purpose of the present study was to quantify the level of 

precision of replication for the total-count visual census method for 

fish communities on coral patch reefs, and the accuracy of the method 

by comparison to complete collections of the fish fauna by rotenone. 

In addition to its value as a general reference, this information will 

be used to assist in the interpretation of results from a set of long-

term experiments on these same patch reefs, upon which the remaining 

chapters of this dissertation are based. 

8 



MATERIALS AND METHODS 

Study Reefs. 

Fish communities were assessed on 8 patch reefs within Welles 

Harbor, in the SW quarter of Midway atoll (28°l2'N, l17 0 22'W), of the 

Northwestern Hawaiian Islands (Fig. 1.1). This part of the lagoon was 

known to have experienced no other human disturbance for decades. (An 

exception was 4 of the reefs [termed R stations] which were subject to 

3 years of experimental fishing on predators [Chapter 5, this 

dissertation].) The study reefs were selected to be roughly similar in 

general attributes (e.g., size, shape, depth, habitat complexity, 

nature of substrate, and apparent fish community structure). Resident 

fish on each isolated patch reef were presumed to have little 

interaction with fish communities from neighboring patch reefs. 

These reefs were composed predominantly of dead, partially eroded 

coral (Porites spp.) with small areas of live coral, mainly Porites 

spp. and Pocillopora spp. Depth at the buse of the reefs averaged 6-10 

m. The sizes of the reefs are summarized in Table 1.1. Two of the 

patch reefs were small, 4 were of moderate size, and 2 were large. 

Stations lC, 2C, and 2R had fairly low vertical relief, while the other 

reefs, with the exception of station 3R, were characterized by high 

relief with numerous deep crevices and caves. All reefs were isolated 

across sand, with neighboring reef patches an average of 100 m aw~y. 

Some scattered rubble occurred around a few of the reefs; station 4R 

was entirely surrounded by a heavy rubble apron 3-5 m wide. 
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Fish Censuses. 

Fish populations were quantified using a total-count method 

modified from Brock (1954) for visual census of the community. This 

census method attempted to record all individuals present on the patch 

reef and was conducted as follows: Each patch reef was divided 

symmetrically into quadrats roughly 5 ill by 5 ill. During the first 

replicate of a set, 1 diver censused the quadrats on 1 side 

sequentially, while another censused the other side similarly. The 2 

divers then switched sides and conducted a second replicate. 

Examination of each quadrat included close range, detailed scrutiny of 

all caves, crevices, and other cover without disturbing the substrate. 

Quadrat counts were checked by an additional total reef count for 

highly mobile and conspicuous species. The total number of visible 

individuals of each species observed in each quadrat was tallied on a 

standardized underwater data form. The total reef counts and size 

class categorization of individuals helped minimize duplicate counting. 

To determine the precision of the visual fish census method, 2 or 

4 census replicates per day were conducted on each of 4 undisturbed 

patch reefs during late July and August 1985. The coefficient of 

variation (CV) (i.e., the standard deviation expressed as a percentage 

of the mean) was calculated for each date, along with the mean CV for 

the 10 replicates across 3 dates for each patch reef (or station), and 

the overall mean CV for each species. 

The following procedure was used on the 8 patch reefs to determine 

the accuracy of the visual fish census method. Initially, a barrier 
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net (100 m by 10 m with 12.7-mm square mesh) was set surrounding each 

patch reef from a pair of small boats. Care was taken so that the 

resident fish community was not disturbed. The bottom of the net was 

heavily weighted on the surrounding sand, the top line of the net was 

kept at the surface by floats, and the area where the net overlapped 

was completely tied to prevent escape. Once in place, the net 

completely encircled the reef and blocked the entire water column, 

maintaining all fish inside. The fish assemblages were then censused 

using the procedure described above. A pair of census replicates was 

conducted on each of the 8 reefs with the barrier net in place, to 

prevent the escape or immigration of fish. Immediately thereafter, all 

fish on the reef were killed with rotenone and collected (as described 

below). 

Size Estimations. 

The census method was further refined to include fish size 

estimations. The standard length (SL) of each fish censused was 

estimated and recorded in a series of size classes: 1-2 cm, 3-4 cm, 5-6 

cm, 7-10 cm, 11-15 cm, and then each consecutively higher 5-cm class. 

This estimate was aided by reference to a calibrated 20-cm rule along 

the top of the underwater data form. Narrower class ranges for smaller 

fish sizes were chosen for several reasons. First, accurately 

discriminating between 2-cm or 3-cm classes was possible for small 

fish, but it was m;.. .. ch more difficult for large individuals. Second, 

recruitment occurs and growth is fastest at small sizes (both important 
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aspects addressed by related studies). Third, most fish on the reef 

are less than 10 cm in standard length. 

The accuracy of these visual estimates of fish sizes was checked 

during periods when fish were censused on other reefs as required for 

the experiments discussed in the other chapters of this dissertation. 

Standard lengths of individual fish on reefs well beyond the study 

area were visually estimated and recorded by the same divers. These 

same individual fish were then collected by spearing and their SL 

measured. How well the estimated length predicted the actual length 

was determined by a regression for each observer. 

Rotenone Collections. 

Following the completion of the census replicates, all fish on 

each patch reef were collected by use of the chemical ichthyocide 

rotenone. In the boat the rotenone powder was thoroughly mixed in 

buckets with seawater and placed in 19-1 plastic containers. The 

sealed containers were then positioned a.round the reef by divers. The 

amount of rotenone used per reef was that necessary to achieve a 

minimum effective target concentration of 1.0 ppm around the reef 

(calculated from the strength and amount of powder used relative to the 

total volume of seawater contained within the barrier net). This 

concentration has been found to be sufficient to achieve an effective 

total kill (J.D. Parrish, pers. comm.). 

7he rotenone was then quickly released by divers, first around the 

base of the reef and in holes, then over the entire reef and water 
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column. This produced a thick brown cloud that hung over the reef for 

10-20 min. When visibility improved, the divers began picking up the 

asphyxiated fish. Surface divers collected floating fish. Divers 

collected fish on the bottom, moving rocks, digging in holes, and 

sifting surface sand, until all individuals that could be found were 

removed. The barrier net, which completely enclosed the reef, remained 

in place throughout the process. 

The specimens were immediately stored on ice. Notes on the 

effectiveness of the entire process were recorded to supplement the 

interpretation of results. Upon returning to shore, the fish were 

measured (standard, fork and total length) and then frozen. 

Comparison of Methods. 

Data from rotenone collections were compared to the census counts, 

conducted just prior to poisoning, to ascertain how accurately fish 

communities on patch reefs can be assessed visually. The 2 methods 

were compared using Wilcoxon rank sum tests of significance, based on 

species, with the fish categorized in several ways, i.e., station 

(considering all species), family, relative visibility and activity. 

The last 2 general categories are based on species habits (Smith 1973; 

Russell et a1. 1978; Sale & Douglas 1981; Brock 1982; Sale & Sharp 

1983; Thresher & Gunn 1986). Species were classified based on their 

visually observed nature on the reef (1) according to their visibility 

as 'exposed' or 'cryptic', and (2) according to their activity pattern, 

as 'resid~nt' on the patch reef or 'wanderer' among many reefs. 
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Regressions were used to compare the 2 methods for species across 

stations. 

Where groups of numerous independent comparisons are considered, 

some tests (e.g., by regression or Wilcoxon rank sum) can be 

significant by chance. Since the size of the group chosen (e.g., taxa, 

cruises, etc.) was subjective, and since many of the tests were highly 

significant, the significance of these tests was not based on the 

experimentwise error rate for the group of comparisons (Miller 1981). 

The percent similarity index (PSI) was an alternative method of 

comparing fish communities quantified by visual census and rotenon~ 

collection. PSI was calculated following Sale and Douglas (1981): 

s 
( 1 - 0.5 L: I Pin - Pjn I ) 100 

n=l 

PSIij is the percent similarity index between the methods i and j; s is 

the number of species considered in the comparison; Pin anti Pjn are the 

fractions which the nth species composes of the total number of fish as 

measured by the ith and jth method, respectively. The PSI ranges from 

0.0% when no species are in common to 100.0% when the relative 

abundances for all species are identical for the 2 methods. The PSI 

was calculated for the station and family categories. 
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RESULTS 

Fish Censuses. 

The precision of visual census replicates was calculated for a set 

of cornmon taxa (mostly species) that were present daily on all study 

reefs. The degree of variability by CV (Table 1.2) ranged from 0%, 

where abundances for a species were identical between replicates, to 

200%, where counts for a species varied greatly. The mean CV for most 

species was less than 40% between replicate censuses, with considerable 

variability between stations. The mean CV for all species and dates 

was similar among stations-- about 45%. 

Size Estimates. 

Nearly all regressions between the estimated and actual measured 

size class, for sets of fish periodically collected by different 

divers, were positive and significant, with slopes near unity, 

relatively low absolute values of intercepts, and high r2 values (Table 

1.3). The only 2 trials that produced non-significant regressions 

occurred during winter, when climatic conditions were frequently 

severe. The results suggest that fish lengths can be accurately 

estimated visually. 

Rotenone Collections. 

Total abundance and species richness for all fishes collected from 

the rotenone stations are listed in Table 1.4. Numbers for Gnatholepis 

anjerensis were considered separately because collections coincided 
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with the peak recruitment pulse of this small species. On some reefs 

their numbers far exceeded those of all other species combined. 

Overall they accounted for more than 40% of all fish collected. Their 

ubiquitous dominance, however, is short lived, generally confined to 

the month of August. I also excluded G. anjerensis from most of the 

main analyses because this sand-dwelling, slender-bodied goby (1-4 cm 

standard length) was essentially the only species that was able to 

escape through the barrier net. Collections were thus unrepresentative 

relative to known natural abundances. Its habitat classification was 

dubious, as it primarily occurred around reefs on sand, occasionally to 

the limits of visibility. Therefore, greater numbers were collected on 

small reefs where the barrier-net enclosed more sand relative to reef 

area. This fact is exemplified by the inverse relationship between the 

abundance of collected G. anjerensis and reef size, in contrast to a 

generally direct relationship between the abundan~e of all other fishes 

and reef size. Numbers of species and families also increased with 

reef size. Species richness on anyone reef at best accounted for only 

half the total species pool among all reefs. 

Effectiveness of Collections. A nwnber of physical and logistical 

factors caused the collections to be less than 100% complete. To 

assist in the clear interpretation of results, details of the rotenone 

collection procedure were noted and are swnmarized here. 

All 8 patch reef stations were censused adequately with the 

exception of station 4C, where a strong current intermittently forced 

the bdrrier net onto the east and south edges of the reef. The vast 
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majority of fish on all stations were killed and collected, with the 

exception of the sand-dwelling goby Gnatholepis anjerensis. Estimates 

of the percent of this species lost were: 10% on station lC; 20% on 

station 2C; 30% on station lR; and 50% on stations 3C, 4C, 2R, 3R and 

4R. In addition, a few individuals of several common species were 

known to be lost from stations 3C, 4C, 2R, 3R and 4R. Losses of 

Gnatholepis anjerensis were mostly attributed to passage of live 

(swimming) and dead (drifting) individuals through the net. 

On station lC an exceptionally large number of Gnacholepis 

anjerensis were collected. Because it was a very small, elongate patch 

reef, the barrier net enclosed sand areas larger than the reef itself 

to both the north and the south. This sampling on the sand adjacent to 

the reef may partial~y account for the great predominance of this goby 

in this collection. 

Overall, the relative effectiveness of collections was considered 

good on stations lC, 2C and lR, average on stations 2R, 3R and 4R, and 

poor on stations 3C and 4C. Fish were lost on stations 3R and 4R 

because of collection time limitations or because they lodged in deep 

crevices of the reef. On station 3R, the additional problems of strong 

current and wind resulted in fish drifting past the barrier net. 

Collection on station 3C was hindered by a strong current which rapidly 

decreased the concentration of rotenone. The pronounced vertical 

relief and many holes at this reef made searching and retrieving of 

dead fish difficult. Fish on station 4C were poorly collected due to 

questionable batch potency, resulting in an incomplete kill, a strong 
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current which forced small fish and floating individuals past the 

barrier net, and insufficient time to thoroughly complete searching and 

collecting of dead fish. 

Comparison of Methods. 

The pair of visual census replicates, conducted within the barrier 

net immediately before the rotenone was dispersed, was compared to 

subsequent collections of these fish communities on each patch reef 

(Table 1.5). The patch reefs on which predators were fished during a 

previous experiment (R = removal stations), are listed separately from 

the natural, pristine reefs (C = control stations). The large 

variation within a species among stations may in part reflect 

differences in size and habitat complexity between the patch reefs. 

Variation in numbers between species reveals that a few species were 

highly abundant, while the majority were rare. This pattern has been 

frequently noted as characteristic of such communities (Sale 1980a). A 

similar comparison, made at the family level, is presented in Table 

1.6. A few families exhibit high numerical abunuances. This is often 

due to the effect of just 1 or 2 dominant species, in most cases due to 

the time of peak recruitment (Schroeder 1985). 

Regressions relating ntmbers collected by rotenone and numbers 

visually censused were considered for fish taxa (mostly species) 

present on 6 or more of the 8 reefs (Table 1.7). Positive and 

significant correlations, with fairly high r2 ';alues, were found for 

common damselfish, parrotfish and a large wrasse. Slope and intercept 

values for the species ranged from good to poor. Insignificant 
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correlations, with lower r2 values, were found for gobies, several 

small scorpionfishes, moray eels, and a common cardinal fish (Apogon 

maculiferus). Most of these species had slope values greatly different 

from unity. 

Comparisons were made at the family level (using Wilcoxon rank sum 

test), within each station, to determine whether certain higher 

taxonomic groups can be more accurately censused than others (Table 

1.8). However, a number of families were represented by a single 

species (a common characteristic of diverse reef communities), which 

precluded their use in this analysis. Families that differed 

significantly were basically those that include the species that 

differed in Table 1.7. Assessments of most families by visual census 

and rotenone collection were broadly similar. 

Assignment of species to the visibility-activity classes was 

subjective, based primarily on extensive personal observations, 

personal communications, and reports in the literature (Gosline & Brock 

1960; Tinker 1978; Schroeder 1980; Brock 1982; Walsh 1984; Randall 

1985). Visibility-activity is usually a characteristic of the family, 

or higher taxonomic level (Table 1.9). There were no significa~t 

differences between abundances estimated by collection and census on 

any patch reef station for exposed-residents (Table 1.10). Conversely, 

6 of the 8 stations differed significantly for cryptic-residents. Due 

to insufficient data for analysis, differences between the censuses and 

collections were not possible at the station level for either group of 

wanderers. However, considering all stations together, the 2 methods 
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of assessment differed significantly for both exposed-wanderers and 

cryptic-wanderers. 

An even more general comparison was made by pooling all species 

within 2 categories -- 'cryptic' and 'exposed' -- based on their usual 

visibility to divers. There were no significant differences for 

exposed fishes between assessment by visual census and rotenone 

collection at any station (Table 1.10). For cryptic fishes, highly 

significant differences were found on all but 1 of the 8 reefs tested. 

When the entire fish community on each patch reef was treated as a 

whole, significant differences between estimates by the 2 methods were 

found for 5 of the 8 reef stations compared (Table 1.10). Apparently 

the species whose estimates by the 2 methods differ significantly carry 

sufficient weight to strongly affect the test at the community level. 

Pooling all species on each station resulted in rather low percent 

similarity index (PSI) values: in the range of 29% to 58%, higher for 

larger patch reefs (Table 1.11). At the family level, similarity was 

considerably higher (Table 1.12). Five families of common reef fishes 

yielded a mean PSI of over 80%. The overall average for all families 

considered on all stations was roughly 70%. Considering only visually 

exposed families, the calculated mean PSI was 82.8%; it was only 54.2% 

for the set of cryptic families. 

The PSI for the set of resident exposed fishes decreased w:th 

increasing reef size. Spearman rank correlation coefficients (r s ) 

relating PSI with reef size for the 8 stations were -0.738 (P <0.05) 
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for area and -0.857 (P <0.01) for volume. The PSI for this group of 

fishes on the 8 stations was 73%. The reefs ranged in area from 8.2 m2 

to 173.0 m2 , and in volume from 3.1 m3 to 307.3 m3 . 
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DISCUSSION 

Validating the method for assessing population sizes is essential 

to community studies. Validation of the total-count visual census 

method, by comparison with complete ichthyocide collections, for patch 

reef fish communities at Midway, was conducted much more thoroughly 

than the few other studies that have attempted this. The relative 

advantages and limitations of the 2 methods are discussed here for 

reefs which varied greatly in size. 

Fish Censuses. 

The precision of the visual census method can be expressed by the 

coefficient of variation. For most purposes, a CV of 10% or less is 

considered to represent good precision, while a CV greater than 20% is 

considered poor (Sale & Sharp 1983; Thresher & Gunn 1986). For coral 

reef fishes, however, Sale & Sharp (1983), obtained a CV of 10% for 

only the commonest species. Species which varied least between census 

replicates at Midway were generally characterized by being visible and 

present in low abundance (e.g., Bodianus bilul1ulatus, Chaetodon 

miliaris, Pervagor spilosoma) , or they had fairly stationary behavior 

(e.g., pascyllus albisella, Stegastes fasciolatus, Apogon maculiferus). 

Cryptic species, such as lizardfishes and moray eels, were censused 

with much lower precision. A portion of the variance for the mean CV 

for a station may be attributed to actual population changes on the 

reef, since the 3 dates ranged over a 4-week period (Table 1.2). (Th2 

set of reefs which were being experimentally fished for a separate 

study of this dissertation were excluded from analysis for this 
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reason.) Recruitment may be partially responsible. However, where 4 

replicate censuses were conducted on the same date, the CV is not 

generally lower than the overali mean CV for the station, suggesting 

that variation between dates was not significantly greater than between 

replicates on a date. The mean CV for a species also varied bet~l7een 

stations; the degree to which a fish's behavior is associated with 

habitat structure, which varied between the 4 patch reefs, might in 

part explain this. A component of random natural variability may also 

be present. 

Size Estimates. 

Divers in this study were able to quickly learn to estimate fish 

lengths visually underwater with high accuracy, as has been reported by 

others (Brock 1982; Bell et a1. 1985). Winter storms may have reduced 

"isibility and the ability to estimate size accurately, but the only 2 

insignificant correlations were probably due to small sample sizes. 

Knowledge of length frequency distributions of reef fish communities 

may be important for studying growth and survival, for tracking newly 

recruited populations through time, for estimating other fishery 

parameters, and for estimating total fish biomass, using length-weight 

regressions (Russell et a1. 1978; Brock 1982; Bell et a1. 1985; 

Thresher & Gunn 1986). 

Rot:·emone Collections. 

Collection using ichthyocides such as rotenone is considered the 

most: comprehensive method to accurately quantify the abundances of 
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essentially all fish species present on a plot of reef (Randall 1963a, 

1963b; Smith 1973; Goldman and Talbot 1976; Russell et a1. 1978; Stone 

et a1. 1979; Sale 1980b; Brock 1982; Bell & Galzin 1984). Some prior 

knowledge of the behavior of the species, especially their habitat 

ranges, can be important in interpreting results of such collections. 

In this study, the ubiquitous dominance of the goby Gnatho1epis 

anjerensis could have seriously biased the conclusions had it not been 

known that such occurrences are highly seasonal and short lived. 

Furthermore, i~s designation as a 'reef resident' may be questioned, as 

it occurred most abundantly on the adjacent sand. Separate 

consideration of such species from the primary resident community may 

provide more meaningful interpretations. For all other species, both 

abundance and species richness increased with reef size, as expected. 

Availability of shelter space and microhabitat variety may be important 

limiting factors. Further, habitat differences between reefs were 

suggested by the fact that anyone reef contained less than half the 

total species pool among all study reefs. 

In spite of our best efforts, factors such as low chemical 

potency, unfavorable currents, floating fish, wind, barrier net mesh 

size limits, reef size and structure, adjacent habitats sampled, and 

collecting time limitations hindered the effectiveness of the 

collections at various times and to varying degrees. (Migration and 

predation were effectively prevented by the barrier net.) 

Nevertheless, rotenone collection is still the most cOlliprehensive and 

least selective method to validate the accuracy of visual fish 

24 



censuses. The highest accuracy is achieved on patch reefs within a 

complete enclosure net (Randall 1963b; Russell et al. 1978; Brock 

1982), as was done in this study. 

Comparison of Methods. 

Many researchers aSSlli~e that visual censuses approach 100% 

accuracy, with the exception of cryptic fishes. However, such success 

is rarely obtained (Sale & Douglas 1981). Assumptions required for 

such accuracy, that are frequently invalid, are (1) that no potentially 

visible fish on the reef are missed, (2) that each fish is fixed at the 

position at which it was first recorded (i.e., they are not counted 

repeatedly as they move around), and (-3) that sightings are independent 

events (Thresher & Gunn 1986). Factors such as differences between 

observers, fish taxa, time of day and reef type can bias the accuracy 

of estimates by visual census. 

The bias for each observer is often consistent and systematic 

(Sale & Sharp 1983; Sanderson & Solonsky 1986). The total count visual 

census method used in the present study minimized bias between 

observers. Large schools may be difficult to quantify accurately, and 

some individuals may be missed while recording previous ones (Russell 

et al. 1978; Brock 1982). Species characteristics such as activity 

patterns (residents or wanderers), visibility (exposed or cryptic), 

body size, and specialized behavior can produce significant differences 

between ~axa (Russell et al. 1978; Sale & Douglas 1981; Brock 1982; 

Sale & Sharp 1983; Thresher & Gunn 1986). Diurnal patterns and 

environmental conditions can produce temporal changes in the visibility 

25 



of fish to census counts (Russell et a1. 1978; Sale & Douglas 1981; 

Colton & Alevizon 1981; Sanderson & Solonsky 1986). Our censuses were 

conducted late enough in the morning and early enough in the afternoon 

to avoid major differences due to diel shifts between diurnal and 

nocturnal fish. Reefs with low vertical relief and open structure can 

be censused more accurately than those having complex habitats with 

deep holes and caves (Chave & Eckert 1974; Jones & Chase 1975; Sale & 

Douglas 1981). 

Replication can significantly improve the accuracy of visual 

census counts. Sale & Douglas (1981) found that 3 replicate censuses 

increased the number of species recorded from 68% to 82% and the number 

of individuals seen from 63% to 75% over a single replicate. In spite 

of the above factors which reduce the accuracy of census, relative 

differences (e.g., between time periods on a reef and between different 

reefs) can be determined w·ith greater reliability. 

Although both lI'ethods give underestimates, rotenone collections 

generally yield more species and more total individuals than do visual 

censuses. For this study assessments of most species by the 2 methods 

were broadly similar. Fishes with much higher abundances by 

collection, but also detected by census, were members of the resident

cryptic families Antennariidae, Bothidae, Muraenidae, Scorpaenidae and 

Synodontidae. Canthigasteridae was the only family detected by both 

methods but more abundant in censuses. Callionymidae, Congridae and 

Ophichthidae were the only families collected that were absent from the 

censuses. These results are generally consistent with other studies 
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(Smith & Tyler 1972; Smith 1973; Brock 1982), where exposed-residents 

correlated highly for the 2 methods, cryptic species were collected in 

much greater abundances than indicated by census, and some highly 

cryptic forms collected were absent from the censuses. Fishes recorded 

more abundantly in census counts are primarily midwater schooling 

forms, other transients, and small fishes susceptible to predation upon 

asphyxiation or otherwise lost to collection (Smith & Tyler 1972). 

However, such sources of error were negligible in this study due to the 

effectiveness of the barrier net which completely surrounded the patch 

reefs. 

Significant differences between estimates by the 2 methods in the 

present study were usually due to cryptic forms. Results of assessment 

at the family level usually paralleled the results for the dominant 

member species, because species evenness within families was low. 

Exposed-residents would be expected to show the least differences 

between the 2 methods; cryptic-residents should differ more, since they 

are least visible to census but directly vulnerable to collection by 

rotenone. Such was the case at Midway. However, on 2 of the 8 reefs, 

no significant differenc~s for cryptic-residents were detected. This 

may be a result of differences in relative abundance between the taxa 

responsible, along with varying degrees of crypticity (e.g., apogonids 

are generally more visible than muraenids, although both are classified 

as cryptic). Station 4C was unique in that the estimates did not 

differ for any of the selected levels of analysis. Problems that 

decreased the effectiveness of collections on this patch reef were 
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acute. Possibly, because of poor collection, the rotenone assessment 

was no more comprehensive than census for estimating all fish present. 

The percent similarity index provided results generally consistent 

with results of the Wilcoxon sign rank test. PSI was rather low on 

each station when all species were considered together. The effect of 

cryptic species may have reduced the PSI when considering the more 

inclusive categories. Similarity was fairly high for exposed families, 

but significantly lower for those of a cryptic nature. Sale & Douglas 

(1981) concluded that PSI values in the range of 84-86% should be 

considered as indicating identical fauna. Values for the visually 

exposed families of this study were around this range. The exposed

resident families Labridae and Mullidae had values unexpectedly below 

the mean for this group. The PSI calculation may be especially 

sensitive to differences for species that are abundant and highly 

mobile, as the cornmon wrasses are. Brock (1982) also found that visual 

censuses underestimated some of the most cornmon species. 

The indication that smaller reefs were censused with greater 

accuracy than larger reefs (i.e., with higher percent similarity 

between resident exposed fishes censused and collected) seems 

reasonable. Larger reefs offer more holes and caves in which fish 

cannot be seen. They force the observer to cover a greater total area, 

and provide more area for wider fish mobility beyond the observer's 

view. However, rotenone collections may have also underestimated 

fish on large reefs more than on small ones (e.g., because of fish 

lost in deep holes, or ineffectiveness of the poison to penetrate deep 
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within the reef). Such differences should be kept in mind when 

interpreting census data from various size reefs, even for those taxa 

most accurately assessed. 
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SUMMARY AND CONCLUSIONS 

1. The present study was unique in having the following 

combination of attributes: 1) high replication (8 reefs); 2) 

collections over a short time period (12 days); 3) moderate size patch 

reefs (70 m2 mean area); 4) a long history of visual census monitoring 

(more than 4 years); 5) use of a complete enclosure net around each 

patch reef; and 6) thorough collections with detailed notes on the 

effectiveness of the procedure. 

2. For patch reefs at l1idway lagoon, common visible species were 

assessed with reasonable precision between census replicates. 

3. Size classes estimated during visual census were highly 

accurate. 

4. Rotenone collection detected significantly more species and 

individuals than did visual census, especially for cryptic forms which 

shelter in the reef or are otherwise obscure. Even though the rotenone 

collection method can also be affected by a number of sources of error, 

it remains perhaps the most comprehensive way to validate the accuracy 

of visual census counts. 

5. Most diurnally exposed fishes on the reef can be accurately 

quantified by the total-count visual census method. Smaller reefs can 

be censused more accurately than larger reefs. Visual census is 

probably the best nondestructive method to quantify coral reef fish 

communities. 
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6. The results of this study are generally consistent with the 

few available from other locations (e.g., Hawaii, Australia) in 

indicating that the visual census method is reasonably precise, while 

the accuracy can vary widely with a host of variables. 
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Table 1.1. Summary of patch reef sizes (area and volume). 

Area Volume 

(m2) (m3) 

Station: 

lC 10.9 6.2 
2C 22.6 10.0 
3C 52.2 66.9 
4C 151.0 149.1 

lR 8.2 3.1 
2R 75.1 66.3 
3R 55.7 51. 7 
4R 173.0 307.3 
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Table 1. 2. Coefficients of variation (%) for census replicates for taxa (mostly 
species) present on all control reefs in July-August 1985. (For 
first and second dates, N = 4 replicates; for third date N = 2.) 

station 

1C 2C 

20Jul 5Aug 23Aug Mean 20Jul 5Aug 19Aug ~~ean 

Taxa: 

Bodianus bilunulatus 27.2 98.5 0.0 41.9 0.0 23.1 0.0 7.7 
w. Chaetodon miliaris 0.0 38.5 20.2 19.6 49.9 39.0 28.3 39.0 
0\ Pervagor spilosoma 120.0 0.0 0.0 40.0 25.5 38.5 20.2 28.1 

Gymnothorax eurostus 66.7 40.0 0.0 35.6 36.9 52.5 28.3 39.2 
Apogon maculiferus 64.5 14.4 0.0 26.3 33.9 51.1 1.5 28.8 
Stegastes fasciolatus 71.7 45.8 0.0 39.1 62.0 43.8 54.4 5,3.4 
Dascyllus albisella 20.2 48.6 18.7 29.2 18.5 6.4 1.6 8.9 
Thalassoma duperrey 27.2 63.4 15.7 35.5 26.9 29.4 28.3 28.2 
Chromis ovalis 39.4 47.0 38.6 41.7 39.5 17.9 26.6 28.0 
Scarid spp 127.7 93.0 21.8 80.8 118.1 61.2 31.7 70.4 
Syndontid spp 200.0 127.7 141. 4 156.4 127.7 200.0 141. 4 156.4 

MEAN (N=l1) 49.6 44.4 



Table 1. 2. (cont. ) 
Station 

3C 4C Overall 

(N=12) 

23Jul 7Aug 21Aug Mean 23Jul 7Aug 12Aug Mean MEAN ±SD 

Taxa: 

w Bodianus bilunu]a~us 16.5 29.5 0.0 15.3 115.5 4(1.8 0.0 52.1 29.3 39.1 ~J 

Chaetodon miliaris 18.3 45.9 15.7 26.6 56.8 41.3 10.9 36.3 30.4 17.4 
Pervagor spilosoma 66.7 38.7 15.7 40.4 38.5 0.0 0.0 12.8 30.3 35.1 
Gymnothorax eurostus 200.0 55.9 0.0 85.3 29.5 75.9 84.9 63.4 55.9 52.6 
Apogon maculiferus 17.8 32.0 5.8 18.5 18.8 33.4 57.1 36.4 27.5 21.6 
Stegastes fasciolatus 24.5 24.0 8.3 18.9 71.9 28.3 4.3 34.8 36.6 25.5 
Dascyllu§ albisella 69.0 12.2 17.7 33.0 18.1 21.5 45.2 28.3 24.8 19.5 
Thalassoma duperrey 49.8 31.5 93.1 58.1 26.1 116.4 2.2 48.2 42.5 33.2 
Chromis ovalis 16.3 13.3 60.6 30.1 7.1 57.9 141.4 68.8 42.1 35.7 
Scarid spp 48.6 41.4 13 .3 34 .4 40.3 24.7 8.2 24.4 52.5 40.0 
syndontid spp 141. 4 117.8 32.6 97.3 119.5 116.0 32.6 89.4 124.8 51.6 

MEAN (N=l1 ) 41.6 45.0 45.2 28.3 



Table l. 3. Relationships between actual fish standard length (SL 
in cm) classes and length classes estimated visually 
underwater. (N = number of fish specimens compared.) 

Linear Regression Parameters 

Observer N Intercept±SE Slope±SE r2 P 

Cruise: 

Jan82 A 5 -0.071±2.230 l. 071±0. 057 0.536 0.106 
B 12 -1.O38±0.491 0.920±0.098 0.897 <0.001 

MJ82 A 27 1.162±0.282 0.698±0.056 0.826 <0.001 
B 32 -0.546±0.413 1.076±0.086 0.840 <0.001 

JA82 A 31 0.160±0.234 0.976±0.047 0.925 <0.001 
B 35 -0.3l9±0.415 l. 013±0. 083 0.820 <0.001 

Nov82 A 18 l. l75±0 . 338 0.714±0.074 0.853 <0.001 
C 13 <0.001±<0.001 1.000±<0.001 1.000 <0.001 

D/J83 A 17 0.198±0.522 0.995±0.118 0.827 <0.001 
D 9 0.368±l.139 0.842±0.253 0.612 0.013 

Mar83 A 9 -0.857±0.819 l.143±0 .181 0.851 <0.001 
D 6 1.059±0.962 0.705±0.228 0.706 0.036 

MJ83 A 13 0.535±0.448 0.83l±0.107 0.845 <0.001 
D 11 -0.815±0.513 1.l85±0.129 . 0.903 <0.001 

JA83 A 19 0.500±0.424 0.833±0.084 0.853 <0.001 
B 22 l. 344±0. 345 0.673±0.060 0.857 <0.001 

Nov83 A 8 -1.375±1.040 l. 250±0. 228 0.883 0.002 
E 9 1.36l±0.8l9 0.7S0±0.160 0.759 0.002 

D/J84 A 4 <0.001±<0.001 l. OOO±<O. ooi 1.000 <0.001 
E 3 -1.000±2.345 1.250±0.433 0.893 0.212 

Mar84 A 10 <0.001±<0.001 1.OOO±<0.Oul 1.000 <0.001 
E 11 0.850±0.360 O. 777±0. 061 0.%8 <0.001 

JJ84 B 15 0.206±0.396 0.956±0.081 0.915 <0.001 
F 12 -0.144±0.528 0.974±0.121 0.886 <0.001 

ON84 B 26 -1.269±0.682 1.288±0.104 0.865 <0.001 
G 22 0.032±0.367 0.901±0.069 0.895 <0.001 

Jan85 E 8 -0.625±0.393 l.100±0. 075 0.973 <0.001 
H 6 0.250±0.564 0.865±0.121 0.927 0.002 

MA85 A 11 0.604±0.502 0.844±0.107 0.873 <0.001 
I 6 <0.001±<0.001 1.000±<0.001 1.000 <0.001 

May85 A 12 0.696±0.783 0.804±0.160 0.717 <0.001 
J 6 l. 070±0. 569 0.684±0.101 0.920 0.003 

JA8S A 9 -0. 611±0. 480 l.125±0 .117 0.930 <0.001 
K 17 0.667±0.540 O. 872±0. 093 0.855 <0.001 
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Table 1.4. Summary of fish collected from rotenone stations. 
(Gnatholepis anjerensis is considered separately and 
excluded from the column 'Number Got Away'; ~Taxonomic 

Diversity' is for species in most cases; each station was 
collected on a different date between 12 and 23 August, 
1985.) 

Station: 

lC 
2C 
3C 
4C 

lR 
2R 
3R 
4R 

TOTAL 

Number 
Collected 

395 
450 

1031 
655 

277 
721 

1229 
1214 

5972 

Number 
Number Collected for Taxonomic 
Got AVlaY G. anjerensis Diversity 

3 

6 
40 

14 
15 

78 

1322 
205 

81 
36 

1190 
304 
530 
385 

4053 

39 

32 
40 
50 
48 

36 
42 
52 
57 

113 

Family 
Diversity 

16 
15 
20 
22 

19 
18 
22 
26 
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Table 1. 5a. Number of fish per taxon (mostly species) collected with rotenone and mean 
number censused (N=2 replicates) within the barrier net immediately prior to 
collection from control stations. (RC = rotenone collected; VC = visually 
censused. ) 

station 

1e 2C 3C 4C 

RC VC RC VC RC VC RC VC 

Taxa: 

Gnatholepis anjerensis 1322 730.5 205 738.0 81 381.0 36 754.5 
Apogon maculiferus 6 6.0 17 46.5 379 73.0 198 350.5 
Foa brachygramma 64 12.0 1 0 115 1.0 129 20.5 

-l"- Gobiid spp 57 0 78 0.5 55 0 4 0 
0 Fusigobius ncophytus 72 0 10 0 13 0.5 0 0 

Scorpaenodes littoralis 3 0 35 11.0 72 0.5 33 2.0 
Dae9Yllus albisella 28 26.5 69 87.0 23 24.0 69 97.0 
Priolepis eugenius 54 0 62 0.5 57 0 41 0 
Dendrochirus barberi 0 0 15 13.0 31 6.5 3 0.5 
Gymnothorax pindae 1 0 2 0 31 0 11 0 
Thalassonla duperrey 5 4.5 6 12.5 28 20.5 5 32.5 
Chromis ovalis 15 11. 0 20 34.5 5 10.5 26 30.5 
Ophichthid spp 24 0 3 0 2 0 0 0 
Sebastapistes ballieui 2 0 0 0 24 0.5 0 0 
Scarid spp 23 39.0 10 24.5 10 32.0 2 69.0 
Synodus ulae 7 0 8 0 19 0 23 0 
stegastns fasciolatus 4 7.0 11 6.5 20 17.0 10 16.5 
Gymnothorax eurostus 3 2.0 6 2.5 19 2.0 9 2.5 
Doryrhamphus meianopleura 3 0.5 7 3.0 18 2.5 2 0 
Ichthyapus vulturis 0 0 16 0 1 0 4 0 
Ariosoma bowersi 0 0 11 0 1 0 15 0 



Table 1. 5a. (cont. ) 

station 

lC 2C 3C 4C 

RC VC RC VC RC VC RC VC 

Taxa: 

Sebastapistes coniorta 0 0 14 4.0 8 0 1 1.0 
Chaetodon miliaris J 3.5 6 12.5 9 9.0 13 26.0 
Gymnothorax steindachneri 1 1.0 4 2.5 7 1.0 6 2.5 
Myripristis spp 0 0 0 0 7 0.5 0 1.5 
Chromis hanui 0 0 1 1.0 6 4.5 0 0 

~ Apogon erythrinus 1 0 2 0 6 0 2 0 
...... Apogonichthys perdix 0 0 0 0 6 0 0 0 

stethojulis balteat~ 0 0 5 4.5 5 6.5 0 2.0 
Cirrhitops fasciatus 0 0 5 4.5 0 0 0 0 
Muraenid sp 0 0 5 0 2 0 2 0 
Scarus dubius 0 0 0 0 4 8.0 5 3.0 
Neoniphon sammara 0 0 0 0 5 2.0 0 0 
Aulostomus chinensis 0 0 0 0 5 3.5 0 0 
Bothus mancus 3 0 1 0 5 0.5 0 0 
Antennarius commersonii 1 0 0 0 5 0 0 0 
Thalassoma ballieui 2 2.0 0 1.0 0 0.5 4 6.0 
Cheilinus bimaculatus 0 0 0 0 3 1.5 4 5.0 
Callionymid spp 2 0 0 0 4 0 0 0 
Paracirrhites forsteri 0 0 3 2.5 0 0 0 0 
Enchelycore pardalis 0 0 3 1.0 2 0 0 0 
Scorpaenopsis diabolus 0 0 3 2.0 3 1.0 1 0 
Bodianus bilunulatus 2 2.0 2 2.0 0 1.0 3 3.0 
Coris flavovittata 0 0 0 0 0 1.0 3 2.5 
Canthigaster iactator 0 0 0 1.5 0 0 3 3.5 



Table 1. 5a. (cont. ) 

station 

lC 2C 3C 4C 

RC VC RC VC RC VC RC VC 

Taxa: 

Taenianotus triacanthus 0 0 2 1.0 0 0 0 0 
Priolepis sp 0 0 2 .0 2 0 0 0 
Pervagor spilosoma 2 2.0 1 3.5 0 4.5 1 1.0 
Conger cinereus 2 0 0 0 1 0 2 0 

.j::--
Myrichthys mEculosus 2 0 0 0 0 0 0 0 

N Anampses cuvier 1 1.0 0 2.0 1 1.5 2 2.5 
Parupeneus multifasciatu2 0 0 0 0 0 0 2 0 
Brotula multibarbata 0 0 0 0 0 0 2 1.0 
Myriprisitis berndti 0 0 0 0 0 0 2 0 
Gymnothorax pictus (} 0 0 0 0 0 2 0 
Macropharyngodon geoffr~y 0 0 0 0 2 4.0 0 0 
Sargocentron diadema 0 0 0 0 2 2.0 0 0 
Priacanthid spp 0 0 0 0 2 2.0 0 0 
Pleuronectid spp 0 0 0 0 2 0 0 0 
Labroides phthirophagu3 0 1.0 1 6.0 1 14.5 1 15.0 
Chaetodon fremblii 0 0 1 0 0 0 1 3.5 
Cymolutes lecluse 0 0.5 1 0 0 0 0 0 
Cirrhitus pinnulatus 0 0 1 1.0 0 0 0 0 
pterois sphex 1 1.0 0 0 0 0 0 0.5 
Chaetodon auriga 1 0 0 0 0 0 0 0 
Ctenochaetus strigosus 0 0 0 0 0 0 1 3.0 
Parupeneus pleurostigma 0 0 0 0 0 0 1 1.0 
Lactoria fornasini 0 0 0 0 0 0 1 1.0 
Arothron hispidus 0 0 0 0 0 0 1 0 



Table 1.5a. (cont. ) 
station 

lC 2C 3C 4C 

ac VC RC VC RC VC RC VC 

Taxa: 

Caracanthus maculatus 0 0 0 0 0 0 1 0 
Epinephelus guernus 0 0 0 0 0 0 1 0.5 
Calotomus carolinus 0 0 0 0 0 0 1 0 
Anarchias catonensis 0 0 0 0 0 0 1 0 
Calotomus japonicus 0 0 0 0 • 0 0 1 0 
Acanthurus triostegus C 0 0 0 1 0 0 0 

.j::- scorpaenopsis cacopsis 0 0 0 0 1 0.5 0 0 w 
Syndontid spp 0 1.0 0 1.0 1 6.5 0 6.5 
Plectroglyphirlodon 

johnstonianus 0 0 0 1.5 0 0 0 0 
Coris venusti! 0 0 0 1.0 0 0 0 0 
Anampses chrysocephalus 0 0 0 0 0 0 0 1.0 
Calotomus zonarcha 0 0 0 0 0 0 0 0.5 
Saurida gracilis 0 0 0 0 0 1.5 0 0 

Total 1717 854.0 655 1036.0 1112 649.0 691 1469.0 

Total without 
Gnatholepis anjerensis 395 123.5 450 298.0 1031 268.0 655 714.5 

Total number of taxa 32 20 40 33 50 37 48 35 



Table 1. 5b. Number of fish per taxon (mostly species) collected with rotenone and mean 
number censused (N=2 replicates) wit.hin the barrier net immediately prior to 
collection from predator removal stations. (RC = rotenone collected; VC = 
visually censused.) 

Station 

1R 2R 3R 4R 

RC VC RC VC RC VC RC VC 

Taxa: 
.p-. 
.p-. Gnatholepis anjerensis 1190 720.0 304 355.0 530 1318.5 385 940.5 

Apogon maculiferus 14 14.0 30 34.0 358 251. 0 256 200.0 
Foa brachygramma 1 0.5 197 12.5 271 56.0 9 0.5 
Dascyllus albisella 28 26.5 43 50.0 35 34.5 140 82.0 
Scorpaenodes littoralis 31 1.5 38 0 86 2.0 136 0.5 
Scarid spp 0 1.0 125 164.0 29 61.0 17 98.0 
Priolepis sp 0 0 0 0 2 0 114 0 
Priolepis eugenius 41 0 35 0 95 1.0 0 0 
Chrom.i~ ovalis 1 1.0 0 0 16 18.5 76 43.5 
Gobiid spp 25 0 69 0 51 0.5 4 2.5 
Sebastapistes ballieui 10 0.5 26 1.0 23 2.0 52 2.5 
Gymnothorax pindae 3 0 1 0 22 0 52 0 
Chaetodon miliaris 3 2.5 5 7.0 20 16.0 47 22.5 
Stegastes fasciolatus 6 6.5 10 9.5 21 24.5 46 43.0 
Dendrochirus barberi 38 2.5 8 0.5 22 0.5 35 11.0 
Fusigobius neophytus 15 0 13 0 25 0 30 0.5 
Thalassoma duperrey 2 2.0 10 7.0 6 13.5 :17 49.5 
Cheilinus bimaculatus 0 0 25 7.5 22 5.0 4 1.0 
Neoniphon sammara 2 1.0 0 0 24 4.5 0 2.5 
Anarchias catonensis 0 0 0 0 0 0 23 0 
Gymnothorax eurostus 2 0 3 0.5 2 1.0 22 1.5 
Ichthvapus vulturis 19 0 18 0 20 0 18 0 



Table 1. 5b. (Cont. ) 
station 

1R 2R 3R 4R 

RC VC RC VC RC VC RC VC 

Taxa: 

Pervagor spilosoma 1 0 4 3.0 3 8.5 14 7.5 
Doryrhamphus melanopleura 6 0 9 1.0 13 1.5 1 1.0 
Sebastapistes coniorta 0 0 1 0 1 0 10 4.5 
Synodus ulae 1 0 10 0 3 0 3 0 
Gymnothorax steindachneri 2 0 2 0 2 1.0 8 0.5 

.p. Scorpaenid spp 0 0.5 0 0 0 0 8 1.5 
V1 Bothus mancus 3 0 0 0 8 0 2 0 

canthigaster jactator 1 1.0 3 2.5 1 4.5 5 4.5 
Chromis hanui 0 0 0 0 5 4.5 1 2.5 
Ophichthid spp 0 0 2 0 5 0 0 0 
Apogonichthys perdix 0 0 5 0 2 0 0 0 
Ariosoma bowersi 2 0 5 0 1 0 4 0 
Enchelycore pardalis 0 0 0 0 1 0 4 0.5 
scorpaenopsis diabolus 0 0 0 0 2 0 4 0 
Antennariid spp 4 0 0 0 0 0 4 0.5 
Muraenid spp 0 0 1 0 4 0 0 0 
Apogon erythrinus 3 0 0 0 4 0 0 0 
Calotomus zonarcha 0 0 4 4.5 0 0.5 0 0 
Labroides phthirophagus 2 4.0 1 1.0 1 8.5 3 22.5 
Ctenochaetus strigosus 0 0 0 0 0 0 3 5.0 
Coris venusta 0 0 0 0 0 3.5 3 1.5 
Anampses cuvier 0 0 0 0 3 4.5 2 5.0 
sargocentron diadema 1 0 0 0 3 1.5 0 1.0 
Priolepis aureoviridis 0 0 1 0 3 0 0 0 
Mvrichthvs maculosus 0 0 3 0 0 0 0 0 



Table 1. 5b. (Cont. ) 
Station 

lR 2R 3R 4R 

RC VC RC VC RC VC RC vc 
-----

Taxa: 

Bodianus bilunulatus 0 0 0 0 0 0.5 2 2.0 
Coris flavovittata 0 0 0 0 0 0 2 2.0 
Thalassoma ballieui 0 0 0 0 0 0 2 3.0 
Parupeneus pleurostigma 1 1.0 0 0 1 1.0 2 2.5 
Chaetodon fremblii 0 0 1 1.0 0 2.0 2 0 

~ Conger cinereus 0 0 1 0 1 0 2 0 
0\ Callionymid spp 2 0 1 0 0 0 2 0 

Myripristis kuntee 0 0 0 0 2 0 1 0 
Ant~nnarius commersonii 0 0 1 0 2 0 0 0 
Stethojulis balteata 0 1.0 2 3.0 0 4.5 0 6.0 
ScarY..la dubius 0 0 2 3.5 1 1.0 1 5.5 
Lactoria fornasini 0 0 2 1.0 1 1.0 0 0 
Bothid spp 2 0 0 0 0 0 0 0 
Myriprisitis berndti 2 0 0 0 0 0 0 0 
Fseudocheilinus octotaenla 1 0 0 0 0 0 1 0.5 
Paracirrhites forsteri 0 0 0 0 0 0 I 0 
Cirripcctes vanderbilti 0 0 0 0 0 0 1 0 
Acanthurus triostegus 0 0 0 0 1 1.0 I 0.5 
Parupeneus multifasciatus 0 0 0 0 0 0 1 1.5 
~rotula multibarbata 0 0 0 0 0 0 1 0 
Gymnothorax undulatus 0 0 0 0 0 0 1 0 
scorpaenopsis cacopsis 0 0 1 0 1 0.5 1 1.0 
Caraca~thus maculatus 0 0 0 0 0 0 1 0.5 
Carangid spp 0 0 0 0 0 0 1 0 
Serranid sgp 0 0 0 0 0 0 1 0 



Table 1.5b. (Cont. ) 
Station 

1R 2R 3R 4R 

RC VC RC VC RC VC RC VC 

Taxa: 

Macropharyngodon geoffr~y 0 0 0 0 1 1.0 0 0.5 
Mulloides vanicolensis 0 0 0 0 1 0 0 0.5 
Amblycirrhitus bimacula 0 0 0 0 1 0 0 0 
Oecapterus macarellus 0 0 0 0 1 0 0 0 
pterois sph~ 0 0 1 0.5 0 0 0 0 

+-- Pegasus papilio 0 0 1 0 0 0 0 0 
--...j 

Scarus perspicillatus 1 1.0 0 0 0 0 0 0 
Myripristis spp 1 1.0 0 0 0 0 0 7.0 
Cirrhitops fasciatus 0 0 0 0 0 0 0 0.5 
Mulloides flavolineatus 0 0 0 0 0 1.0 0 0.5 
Centropyge potteri 0 0 0 0 0 0 0 0.5 
Abudefduf abdominalis 0 0 0 0 0 0 0 54.0 
Plectroglyphldodon---

johnstonial1us 0 0 0 0 0 2.0 0 7.0 
Chaetouon auriga 0 0 0 0 0 0 0 2.5 
Synodontid spp 0 0 0 2.0 0 0 0 0 

TOTAL 1467 789.0 1024 671. 5 1759 1864.0 1~i99 1657.5 

Total without 
Gnatholepis anjerensis 277 69.0 720 316.0 1229 545.5 1214 717.0 

Total number of taxa 36 20 42 23 51 38 51 51 



Table 1.6a. Number of fish per family collected with rotenone and mean number censused 
(N=2 replic~tes) within the barrier net immediately prior to collections 
from control stations. (RC = rotenone collected; VC = visually censused.) 

station 

lC 2C 3C 4C 

RC VC RC VC RC VC RC VC 

Family: 

Gobiidae1 ) 1505 730.5 357 739.0 208 381. 5 81 754.5 

.I>- Apogonidae 71 18.0 20 46.5 506 74.0 329 371. 0 
co scorpaenidae 6 1.0 69 31. 0 139 9.0 38 4.0 

Pomacentridae 47 44.5 101 130.5 54 56.0 105 144.0 
Muraenidae 5 3.0 20 6.0 61 3.0 31 5.0 
Labridae 10 11. 0 15 29.0 40 51.0 22 69.5 
Ophichthidae 26 0 19 0 3 0 4 0 
Scaridae 23 39.0 10 24.5 14 40.0 9 72.5 
synodontidae 7 1.0 8 1.0 20 8.0 23 6.5 
syngnathidae 3 0.5 7 3.0 18 2.5 2 0 
Congridae 2 0 11 0 2 0 17 0 
Chaetodontidae 4 3.5 7 12.5 9 9.0 14 31.5 
Holocentridae 0 0 0 0 14 4.5 2 1.5 
Cirrhitidae 0 0 9 8.0 0 0 0 0 
Antennariidae 1 0 0 0 5 0 0 0 
Aulostomidae 0 0 0 0 5 3.5 0 0 
Bothidae 3 0 1 0 5 0.5 0 0 
Callionymidae 2 0 0 0 4 0 0 0 



Table 1. 6a. (cont. ) 
station 

lC 2C 3C 4C 

RC VC RC VC RC VC RC VC 

Family: 

Canthigasteridae 0 0 0 1.5 0 0 3 3.5 
Mullidae 0 0 0 0 0 0 3 1.0 
Honacanthidae 2 2.0 1 3.5 0 4.5 1 1.0 
Ophidiidae 0 0 0 0 0 0 2 1.0 
Pleuronectidae 0 0 0 0 2 0 0 0 
Priacanthidae 0 0 0 0 2 2.0 0 0 

+:-- Acanthuridae 0 0 0 0 1 0 1 3.0 
\0 Caracanthidae 0 0 0 0 0 0 1 0 

ostraciidae 0 0 0 0 0 .0 1 1.0 
Serranidae 0 0 0 0 0 0 1 0.5 
Tetraodontidae 0 0 0 0 0 0 1 0 

TOTAL 1717 854.0 655 1036.0 1112 649.0 1 691 1471. 0 

1) Including GnatholeJ:;is an;erensis. 



Table 1.6b. Number of fish per family collected with rotenone and mean number censused 
(N=2 replicates) within the barrier net immediately prior to collections 
from predator removal stations. (RC = rotenone collected; VC = visually 
censused. ) 

station 

lR 2R 3R 4R 

RC VC RC VC RC VC . RC VC 

Family: 

VI 
Gobiidael ) 1271 720.0 422 355.0 706 1320.0 533 943.5 

0 Apogonidae 18 14.5 232 46.5 635 307.0 265 200.5 
Pomacentridae 35 34.0 53 59.5 77 84.0 263 232.0 
scorpaenidae 79 5.0 75 2.0 135 5.0 246 21.0 
Scaridae 1 2.0 131 172.0 30 62.5 18 103.5 
Muraenidae 7 0 7 0.5 31 2.0 110 2.5 
Chaetodontidae 3 2.5 6 8.0 20 18.0 49 25.0 
Labridae 5 7.0 38 18.5 33 41.0 46 93.5 
Holocentridae 6 2.0 0 0 29 6.0 1 10.5 
Ophichthidae 19 0 23 0 25 0 18 0 
Monacanthidae 1 0 4 3.0 3 8.5 14 7.5 
Syngnathidae 6 0 9 1.0 13 1.5 1 1.0 
synodontidae 1 0 10 2.0 3 0 3 0 
Bothidae 5 0 0 0 8 0 2 0 
Congridae 2 0 6 0 2 0 6 0 
Canthigasteridae 1 1.0 3 2.5 1 4.5 5 4.5 
Acanthuridae 0 0 0 0 1 1.0 4 5.5 
Antennariidae 4 0 1 0 2 0 4 0.5 





Table 1.7. Relationships between number of fish estimated by rotenone 
collection and by. census, for taxa (mostly species) that 
occurred on at least 6 of the 8 stations. (N = number ~f 
stations on which the taxon occurred.) 

Taxa: 

Apogon maculiferus 
Foa brachygramma 
Fusigobius neophytus 
Scorpaenodes littoralis 
Dascyllus albisella 
Dendrochirus barberi 
Thalassoma duperrey 
Chromis ovalis 
Sebastapistes ballieui 
Scarid spp 
Stegastes fasc.iolatus 
Gymnothorax eurostus 
Doryrhamphus melanopleura 
Sebastapistes coniorta 
Chaetodon miliaris 
Gymnothorax steindachneri 
Stethojulis balteata 
Bothus mancus 
Bodianus bilunulatus 
Canthigaster jactator 
Pervagor spilosoma 
Anampses cuvier 
Labroides phthirophagus 
Gobiid spp 

Linear Regression Parameters 

N Intercept±SE 

8 
8 
7 
8 
8 
7 
8 
7 
6 
8 
8 
8 
7 
6 
8 
8 
7 
6 
6 
6 
8 
6 
8 
8 

46.065±56.886 
-2.829±5.8l0 
0.178±0.16l 
2.966±2.352 

21. 118±13 . 636 
2.118±4.l33 
6. 671±7 . 213 
9.794±4.873 

-0.020±0.412 
32.465±12.778 
2.047±2.l62 
1. 147±0. 491 
0.352±0.565 

-0.127±0.902 
7.081±3.301 
0.663±0.679 
3.218±0.936 
0.005±0.170 
0.700±0.153 
1. 876±0. 903 
2.538±1.187 
1. 045±0. 950 
2.273±4.116 
1. 009±0. 562 
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Slope±SE 

0.482±0.262 
0.160±0.043 

-0.001±0.005 
-0.014±0.035 
0.594±0.208 
0.129±0.165 
0.996±0.489 
O.509±0.150 
0.048±0.015 
1.059±0.273 
O. 892±0 .106 
0.043±0.044 
0.113±0.062 
0.293;1:0.116 
0.400±0.172 
0.100±0.144 
0.415±0.339 
0.021±0.039 
0.700±0.082 
0.480±O.330 
0.373±0.222 
1.136±0.534 
5.432±2.744 

-0. 013±0. 011 

P 

0.361 0.115 
0.699 0.010 
0.015 0.792 
0.027 0.697 
0.576 0.029 
0.110 0.467 
0.409 0.088 
0.679 0.016 
0.724 0.032 
0.715 0.008 
0.922 <0.001 
0.1360.369 
0.360 0.116 
0.615 0.065 
0.473 0.056 
0.074 0.513 
0.232 0.273 
0.068 0.618 
0.948 0.001 
0.346 0.219 
0.319 0.145 
0.531 0.100 
0.395 0.095 
0.193 0.276 



Table 1.8. Differences for families between abundances estimated by census and by 
rotenone collect jon. Wilcoxon renk sum test of significance (N=number of 
species per family; * P < 0.05, ** P < 0.01, *** P < 0.001, ns not 
significant. ) 

station 
Overall 

1C 2C 3C 4C 1R 2R 3R 4R (Stations 
pooled) 

N P N P N P N P N P N P N P N P N P 
Family: 

Acanthuridae 2 ns 5 ns 
VI Antennariidae 6 ** 
w Apogonidae 3 ns 3 ns 4 ns 3 ns 3 ns 3 ns 4 ns 2 ns 25 ns 

Bothidae 2 ns 7 ** 
Ophidiidae 2 ns 
callionymidae 5 ** 
canthigasteridae 6 ** 
Caracanthidae 2 ns 
carangidae 2 ns 
Chaetodontidae 2 ns 2 ns 3 ns 2 ns 2 ns 3 ns 16 ns 
Cirrhitidae 3 ns 2 ns 6 ns 
congridae 2 ns 2 ns 2 ns 2 ns 2 ns 13 *** 
Gobiidae 4 ns 5 ns 5 ns 3 ns 4 ns 5 ** 6 ns 4 ns 36 ns 
Holocentridae 3 ns 2 ns 4 ns 3 ns 4 ns 16 ns 
Labridae 6 ns 8 ns 9 ns 9 ns 4 ns 4 ns 8 ns 11 ns 59 ns 
Monacanthidae 8 ns 
Mullidae 2 ns 3 *** 4 ns 10 ns 
Muraenidae 3 ns 5 * 5 * 6 ns 3 ns 4 * 5 ns 6 ** 37 *** 



Table 1.8. (cont. ) 
station 

Overall 
1C 2C 3C 4C 1R 2R 3R 4R (Stations . 

pooled) 
N P N P N P N P N P N P N P N P N P 

Family: 

Ophichthidae 2 ns 2 ns 2 ns 3 ns :] ns 2 ns 14 *** 
Ostraciidae 3 ns 
Pomacentridae 3 *** 5 ns 4 ns 3 ns 3 ns 2 ns 5 ns 6 ns 31 ns 
Scaridae 2 ns 5 ns 2 *** 3 ns 3 ns 2 ns 19 ns 
Scorpaenidae 3 ns 5 ns 6 * 5 ns 4 * 6 ** 6 * 7 ns 42 *** 
Serranidae 2 ns 

VI Syngnathidae 8 ns 
.l:'- Synudontidae 2 2 ns 3 ns 2 ns 2 ns 14 *** ns 



Table 1.9. Subjective classification of patch reef fish families 
by visibility-activity class. 

Resident 

Exposed 

Acanthuridae 
Aulostomidae 
Canthigasteridae 
Chaetodontidae 
Cirrhitidae 
Labridae 
Monacanthidae 
Mullidae 
Ostraciidae 
Pomacanthidae 
Pomacentridae 
Scaridae 

Cryptic 

Antennariidae 
Apogonidae 
Blenniidae 
Bothidae 
Ophidiidae 
Caracanthidae 
Congridae 
Gobiidae 
Holocentridae 
Mura'2nidae 
Ophichthidae 
Pleuronectidae 
Priacanthidae 
Scorpaenidae 
Serranidae 
Syngnathidae 
Synodontidae 

Wanderer 

Exposed 

Carangidae 
Tetraodontidae 
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Cryptic 

Callionyrnidae 
Pegasidae 



\,)1 
0'\ 

Table 1.10. Differences for ecological groups between estimates of abundance by census 
and by rotenone collection. wilcoxon rank sum test of significance 

V.isibility-
Activity: 

RE 
RC 
WC 
WE 
E 
C 

(* I· < 0.05, ** P < 0.01, *** P < 0.001, ns not significant; N = number of 
species compared per visibility-activity class [RE, RC, WC, WE, E and C, 
where R=resident, E=exposed, c=cryptic, W=wanderer]). 

station 

Ie 2C 3C 4C 1R 

N P N P N P N P N P 

13 ns 21 n~ 19 ns 26 ns 13 ns 
21 ns 25 ** 35 *** 28 ns 25 *** 

13 ns 21 ns 19 ns 27 ns 13 ns. 
22 * 25 ** 36 *** 28 ns 26 *** 

2R 3R 

N P N P 

14 ns 26 ns 
27 * 32 *** 

2 ns 

14 ns 27 ns 
29 ** 32 *** 

Overall 
(Stations 

4R pooled) 

N P N P 

33 ns 165 ns 
34 *** 227 *** 

6 ** 
3 * 

34 ns 168 ns 
35 *** 233 *** 

All species 35 ns 46 ns 55 *** 55 ns 29 *** 43 * 59 *** 69 *** 



Table 1.11. Percent similarity index (PSI) between 
estimates of fish abundance by census 
and by rotenone collection, by station 
and by visibility-activity class 
[R=resident, E=exposed, C=cryptic, 
W=wanderer] . (N= total number of 
species compared per station, or per 
station-species for ecological groups; 
the goby Gnatholepis anjerensis was 
excluded. ) 

PSI N 

Station: 

lC 34.43 34 
2C 47.57 45 
3C 46.21 54 
4C 57.62 54 

lR 29.27 38 
2R 41.02 42 
3R 54.96 58 
4R 56.56 68 

Visibility-Activity: 

RE 73.21 165 
RC 48.36 168 
WC 3.52 28 
WE 54.79 40 

E 58.89 205 
C 47.22 196 
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Table 1.12. Mean percent similarity index (PSI) for common families between estimates of 
abundance by census and by rotenone collection. (N = number of species in a 
family. ) 

station 

1C 2C 3C 4C 1R 2R 3R 4R ALL 

Mean N Mean N Mean N Mean N Mean N "Mean N Mean N Mean N MEAN 

Family: 

Cirrhitidae 97.9 3 97.9 
Chaetodontidae 87.5 1 92.9 1 89.7 3 95.8 2 94.4 1 90.0 3 91.7 

V1 Pomacentridae 92.8 3 92.2 5 90.2 4 96.4 3 97.9 3 97.1 2 94.5 5 72.0 6 91.6 
IJJ 

Acanthuridae 84.1 2 84.1 
Scaridae 91.4 2 26.4 5 75.0 1 99.5 3 98.3 3 99.8 2 81.7 
Apogonidae 75.1 3 92.5 2 76.3 4 65.7 3 81.2 3 39.8 3 74.6 4 96.9 2 75.3 
Gobiidae 93.9 3 57.6 5 39.1 5 72.2 2 96.8 3 86.0 4 75.2 6 72.6 4 74.2 
Labridae 86.4 6 69.1 8 65.6 9 54.6 9 68.6 4 74.8 4 44.9 8 74.5 11 67.3 
Mullidae 66.7 1 50.0 3 80.0 4 65.6 
Holocentridae 61.1 3 50.0 4 85.3 3 50.0 3 61. 6 
Scorpaenidae 58.3 2 77 .4 5 36.3 6 60.5 5 88.1 4 46.7 6 67.8 6 36.2 7 58.9 
Muraenidae 80.0 3 65.0 5 42.6 5 48.4 6 71.4 3 12.9 5 30.9 6 50.2 
Synodontidae 5.0 3 5.0 

All FAf.IILIES 
(N=Families) 82.0 7 80.6 8 56.4 9 64.5 ~ 79.7 7 76.4 8 69.8 10 71.5 11 69.6 



Figure 1.1. Midway atoll (top), and the Hawaiian archipelago (bottom), 
with site of the study indicated. 
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CHAPTER 2 

RECRUITMENT VARIABILITY BY CORAL REEF FISHES 

IN A SUBTROPICAL PACIFIC ATOLL 

INTRODUCTION 

Pelagic Larval Dispersal Phase. 

Recruitment from a pelagic larval stage to a demersal existence is 

a necessary life history event of most fish species to maintain their 

populations. The spawning cycle in reef fishes is often broadly 

protracted over the year, but usually contains a seasonal peak (Munro 

et al. 1973; Walsh 1987). The fertilized eggs and/or larvae of 

virtually all coral reef fishes disperse as plankton into the pelagic 

environment. Larvae develop there for a week to a few months 

(depending upon the species) before settling (i. e., recruiting) to a 

demersal life on inshore reefs (Sale 1980; Williams & Sale 1981; Sale 

1985). 

The timing of the spawning cycle may be related to periods of 

optimum food productivity in the plankton or on the reef, or to the 

lunar cycle (Russell et al. 1977; Johannes 1978; Walsh 1987). Many 

fishes of the geographically isolated Hawaiian Islands have long 

planktonic lar~lal durations. A prominent hydrographic feature proposed 

for the Hawaiian archipelago is the presence of large, semiannual 

current gyres. Such gyres have also been proposed for other regions 

(e.g., the Caribbean, the Great Barrier Reef). It has been suggested 

that spawning by reef fish may be synchronized with these gyres, 
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which entrap larvae during pelagic development, then return them to 

inshore reefs (Sale 1970; Russell et al. 1977; Lobel & Robinson 1986; 

Victor 1986; Walsh 1987; Hourigan & Reese 1987). 

Considerable mixing of larval groups, spawned from widely 

different reefs, occurs in the plankton. Such mixing may help maintain. 

genetic variability in reef fish communities (Victor 1984; Shulman 

1985). The distance and location to which the larvae are dispersed 

depends upon the larval supply, currents (including gyres), swimming 

behavior (including vertical migrations and use of internal waves), 

survivorship, and length of larval life (Munro & Williams 1985; Leis 

1986; Lobel & Robinson 1986; Richards & Lindeman 1987). At sea, the 

patch size of the planktonic larvae can be large; patches up to tens of 

kilometers wide have been reported (Victor 1984; Doherty 1987). In 

some places (e.g., the Caribbean) the larval patch is derived from a 

distant upcurrent source (Munro et al. 1973; Grant & Wyatt 1980). 

Doherty (1987) also found smaller spatial patches on the scale of 

meters. Kobayashi (1987) and Smith et al. (1987) described a second 

near-reef (i.e., within 10 m) ichthyoplankton assemblage distinctly 

different from the wide-ranging oceanic assemblage. 

Variability in Recruitment. 

Recent studies have shown considerable variation in coral reef 

fish recruitment patterns. Major aspects include species variation, 

temporal variation (annually, seasonally, hiweekly and daily), spatial 

variation (small to large scale, within and between reefs), substrate 
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variation (between artificial reefs and natural reefs), as well as 

variation induced by other factors (e.g., environmental conditions, 

natural unpredictable events, etc.). Since recruitment is a major 

process that affects stock size, knowledge of its variability is 

important for assessing the condition or potenti.al of a fishery 

(McFarland 1982; Munro & Williams 1985). The purpose of the present 

study was to document the nature and degree of major aspects of 

recruitment variability by coral reef fishes in a subtropical Pacific 

atoll. 

Species Variation. Extreme variation between species is a common 

phenomenon for coral reef fish recruitment. Most species recruit in 

low numbers, while a few taxa (e.g., gobioids, apogonids, pomacentrids, 

scarids) are often abundant (Williams & Sale 1981; Eckert 1984; Sale 

1985; Walsh 1985). Other species are cryptic and never observed around 

reefs as newly recruited juveniles (Luckhurst & Luckhurst 1977; Munro & 

Williams 1985; Sale 1985). A good year for one species mayor may not 

be a good year for others, even within the same guild (Lassig 1982; 

Williams 1983). Shulman (1985) found recruitment variability to be 

correlated with species-specific social behavior; schooling species 

exhibited aggregative settlement, highly variable at a small spatial 

scale, while nonschooling species showed random, less variable 

settlement. 

Variation between species may be the result of interactions by ne\, 

recruits with established resident fish. Most studies have involved 

pomacentrids and conspecifics recruiting to branching coral heads. 
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Talbot et a1. (1978), Sale et a1. (1980), Sweatman (1985a) and Sweatman 

(1985b) found that recruitment increased with the presence of resident 

adults, while Sale (1976) and Shulman et a1. (1983) found that resident 

territorial damselfishes inhibited recruitment, and Talbot et a1. 

(1978), Doherty (1983) and Walsh (1985) found no significant social 

interactions between residents and recruits. Several studies (Sale 

1978; Shulman et a1. 1983; Shulman 1985) have suggested that the 

priority of arrival can determine successful recruitment through 

interactions between species. 

Temporal Variation. High temporal variation in recruitment rates 

has now been well documented at all natural frequencies, including 

annual variation, seasonal variation, semilunar or biweekly variation, 

and daily variation (Russell et a1. 1977; Williams & Sale 1981; 

McFarland 1982; Murphy 1982; Williams 1983; Victor 1984; Munro & 

Williams 1985; Doherty 1987; Walsh 1987). 

Recruitment between years has been found to vary by more than an 

order of magnitude for many common species (Williams & Sale 1981; 

Williams 1983; Sale et a1. 1984; Munro & Williams 1985). Doherty 

(1987) found that total recruitment to small patch reefs var~ed 25-fold 

~ 

between years. Annual densities can reach 44 recruits per mL per year, 

varying widely between species (Shulman & Ogden 1987). A single large 

pulse may provide the vast majority of the year's recruits. It may be 

sufficient for successful annual recruitment (Williams 1983), or if 

limited, it may determine year-class strength (Munro & Williams 1985). 

Variable water circulation patterns and abnormal weather conditions 
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have been suggested as possible causes of recruit fluctuations between 

years (Lassig 1982). 

Most common species recruit most abundantly during the summer 

season (Talbot et al. 1978; Willialns & Sale 1981; Lassig 1982; Williams 

1983; Sale et al. 1984b; Munro & Williams 1985; Sale 1985; Walsh 1987), 

while some recruit during other times, e.g., late spring and early fall 

for some Caribbean reef fishes (Luckhurst & Luckhurst 1977; McFarland 

et al. 1985) and late winter for some Hawaiian wrasses (Walsh 1987). 

During the peak season, recruitment is usually pulsed rather than 

constant (Williams 1983; Munro & Williams 1985; Sale 1985). These 

peaks have rarely been found to be correlated with the timing of peak 

spawning (Munro & Williams 1985; Walsh 1987; Robertson et al. 1988). 

In the Caribbean, semilunar peaks in settlement were recorded for 

a wrasse and a grunt, with smaller weekly peaks for the-latter 

(McFarland 1982; Victor 1984; McFarland et al. 1985). Such periodicity 

may reflect peaks in the spawning cycle. Daily variability in 

recruitment can be high, as found by Williams & Sale (1981), Victor 

(1983), Williams (1983), Sale (1985) and Doherty (1987), where an 

episode lasting just one or a few days during the peak season can 

produce most of the year class. 

Spatial Variation. On a large spatial scale, recruitment can be 

characterized as highly variable (Munro & Williams 1985). At the Great 

Barrier Reef, Eckert (1984) and Sale et al. (1984a) found that 

recruitment rates between similar reefs across 40-70 km varied by more 

than an order of magnitude for most species. The differences were 
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attributed to unknown factors during the planktonic stage. Conversely,. 

Shulman (1985) found that recruitment by Caribbean fishes on reefs 

separated by 1 km varied no more than that on reefs separated by only 

tens of meters. Also in the Caribbean, Victor (1984) found that 

recruitment for a labrid species occurred simultaneously over an area 

of 1,000 km2 . However, density variations and unrelated cohorts 

existed within this large larval patch, which produced spatial 

differences in recruitment between reefs. 

Recruitment at a small spatial scale (i.e., between replicate or 

similar reefs separated by tens or hundreds of meters) has also been 

found to vary significantly by Talbot et al. (1978), Williams & Sale 

(1981), Doherty (1983), Munro & Williams (1985), Sale (1985), Shulman 

(1985), Walsh (1985), and Doherty (1987). Shulman (1985) found such 

variation to be related to species-specific social behavior, where 

schooling species exhibited the highest variability between reefs. 

Williams & Sale (1981) reported that many common species varied by an 

order of magnitude (highest for species which recruited abundantly) and 

exhibited a preference toward seaward reefs and reefs with strong 

currents. In comparing recruitment variability across multiple spatial 

scales, Doherty (1987) found that relative consistency (i.e, 

predictability) increased with scale, from individual reefs to 

geographic regions (due in part to the cancellation of small-scale 

variation). 

Substrate Variation. Many coral reef fish species have been shown 

to exhibit qualitative preferences for habitat or substrate type at 

66 



settlement (Sale 1969; Luckhurst & Luckhurst 1977; Sale 1977; Williams 

& Sale 1981; Sale et al. 1984b; Shulman 1984; Eckert 1985; Munro & 

Williams 1985; Sweatman 1985b; Walsh 1985). Several studies (Sale 

1969; Munro et al. 1973; Russell et al. 1977; Shulman 1984; Wellington 

1986) have suggested that this preference may be related to 

availability of suitable food patches. Alternately, microhabitat 

preferences may be based upon suitable shelter space (Sale 1969). 

Williams & Sale (1981) and Shulman (1984) found that most species 

preferred branching corals, discriminating between morphologies. Sale 

et al. (1984b) also found variation between species in selecting 

preferred microhabitats. However, the chosen sites differed only 

slightly (i.e., a particular site could be suitable for a range of 

species). 

Small habitat patches may serve as temporary juvenile nursery 

areas for many new postlarval recruits (Sale et al. 1984b). Sale 

(1979) and Robertson (1987) found significant relocatior. to large 

complex reef mosaics, by juveniles and sub-adults emigrating from 

small, isolated patch reefs, resulting in a substantial alteration of 

community composition. 

Two major substrate characteristics of patch reefs are reef size 

and isolation, across sand, from neighboring reefs. How these 2 

factors effect recruitment is consi.dered in detail in Chapter 3 of this 

dissertation. 
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Other Variation. Recruitment may vary with environmental 

conditions such as temperature, water circulation patterns, 

photoperiod, lunar phase, tides, wind and weather (Luckhurst & 

Luckhurst 1977; Lassig 1982; Sale 1985; Walsh 1987). In addition, a 

component of variation may be attributed to unpredictable, random 

natural causes (McFarland 1982; Eckert 1984; Sale et al. 1984a; Doherty 

1983b) . 

Causes of Variation. The interaction of the above factors (i. e. , 

spawning mechanisms affecting larval production, planktonic larval 

dispersal and survival, microhabitat requirements or preferences, 

sp8cies - specific behavioral differences, early predation up.on settling 

recruits, and other interspecific interactions) seems primarily 

responsible for the great variation observed in recruitment patterns 

(Luckhurst & Luckhurst 1977; McFarland 1982; Sale .et al. 1984b; Munro & 

Williams 1985). Unfortunately, the combined effect of all these 

factors on recruitment has yet to be quantified. Frequent, regular 

spawning may be a life history adaptation to the unpredictable and 

highly variable conditions during the larval and new recruit stages. 

In this way the potential for total failure in a given year is 

minimized (Sale 1985; Hourigan & Reese 1987). 

Aspects of recruitment variability by coral reef fish considered 

in this study included: (1) interspecific variation, including 

diversity (i.e., species richness) and taxa which recruited abundantly, 

rarely, or not at all; (2) temporal variation, at the scale of annual, 

seasonal, semilunar and daily; (3) spatial variation, at the scale of a 
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few hundred m; (4) substrate variation between live coral and wire coil 

attractors (small standardized artificial reef units) and natural patch 

reefs; and (5) the value of recruitment rate measured by attractor 

collections as a predictor of resident recruitment on patch reefs. 

Attractors were used in this experiment to obtain an estimate or index 

of simply the recruitment rate, at different times, uncomplicated by 

other processes. Such an estimate was not feasible on the natural 

patch reefs, due to the potential for immediate reduction of recruit 

populations by intense predation. Knowledge of recruitment variability 

in this study environment was necessary to properly interpret results 

from a long-term study of the fish communities and effects of predators 

on patch reefs at Midway lagoon, Northwestern Hawaiian Islands (i.e., 

the subject of other chapters of this dissertation). 
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MATERIALS AND METHODS 

Study Area. 

Field work for this study was conducted within Welles Harbor, in 

the SW section of Midway atoll (28 0 l2'N, l77 0 22'W), of the Northwestern 

Hawaiian Islands (Fig. 1.1; Chapter 1, this dissertation). Midway 

atoll averages 10 km in diameter, with a barrier reef surrounding all 

but the NW quarter. Two small islands occur inside the southern rim. 

The study area was -2 km W of Sand Island and -2 km E of the western 

barrier reef. 

Seasonality. The subtropical Hawaiian Islands have 2 major 

climatic seasons: summer -- May through September -- and winter -

October through April (Blumenstock & Price 1967). Midway, located at 

the northern subtropical limit, exhibits more pronounced seasonal 

extremes than the lower latitude Hawaiian Islands. Annual water 

temperatures in the study area ranged from l7°C in February to 28°C in 

August (Hauck 1975), compared to 23°C to 27°C off the Island of Hawaii 

at 19 0 28'N, l55 0 50'W (Walsh 1984). Therefore, results here are 

discussed in terms of the 4 seasons of the calendar year (i.e., spring, 

summer, fall, winter). Currents in the study area were usually from 

the south, negligible to slight. Large oceanic swells often created 

strong bottom surge during the winter. 

Attractors. 

Experimental Design. Recruitment rate (i.e., settlement) of 

postlarval fishes to standardized attraction objects (attractors) was 
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measured 5 times a year during 5- to 40-day periods. Attractors 

consisted of (1) live coral heads of Pocillopora meandrina and (2) 

coils of coarse wire mesh (Fig. 2.1). Attractors were placed at depths 

of 4 m to 8 m on open sand flats which were widely separated from areas 

of hard bottom. Two sets of 4 attractors were established in May 1982. 

Each set had wire coils 60 m to the Nand E from a central point and 

coral heads 60 m to the Sand W. The 2 sets were 300 m apart, along a 

SE-NW axis. 

Collections. Each attractor was collected daily using scuba and 

carefully placed into a 19-1 plastic bucket with secured lid. Any fish 

that escaped collection were noted by species and size class. On the 

surface the attractor was agitated in the bucket of water, and then 

checked to ensure that all fish were dislodged before returning it to 

the lagoon floor. The entire contents of the bucket were poured 

through a fine mesh aquarium hand net. All fish collected were placed 

in labeled vials with 95% ethanol. In the laboratory field 

identifications were confirmed and length (standard and total) and 

weight measurements taken. 

Natural Patch Reefs. 

Fish resident on 4 natural (undisturbed) patch reefs (Fig. 2.1) in 

the same general area were visually censused at the times that 

recruitEent rates to attractors were measured. Replicate censuses were 

conducted roughly twice a week on each reef. The study patch reefs (or 

stations) ranged in area from 11 m2 to 186 m2 and measured 1 m to 3 m 
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in vertical relief; these figures varied somewhat over the period of 

the study due to sand movement (Table 4.1; Chapter 4, this 

dissertation). Depths and isolation of the reefs were similar to those 

of the recruitment attractors. Although 4 reefs were censused during 

each period, 2 reefs were buried by sand during the winter of 1983-1984 

and had to be replaced. Therefore 6 different reefs were used over the 

full course of the study. 

Censuses. The total-count visual census method (modified from 

Brock 1954) involved a pair of scuba divers sequentially censusing 5-m 

by 5-m quadrats on each side of a line along the axis of the reef. All 

caves and crevices were examined for recently recruited (i.e., 

juvenile) and cryptic fish. This type of census has been found to be 

accurate in quantifying most diurnally exposed fishes on the reef (Sale 

& Douglas 1981; Brock 1982; Chapter 1, this dissertation). The 

standard length (SL) of each observed fish was estimated visually and 

recorded as a size class. To standardize comparisons with recruits 

from attractors, only fish of the juvenile size classes and of the 

same taxa that were also collected from attractors, were considered in 

the main analyses. The maximum juvenile size was subjectively 

predefined for each species from the sizes at which they recruited to 

attractors (Table 2.1). During each cruise period, 2 to 10 replicate 

censuses were conducted on each reef between 0800 and 1700 h. 
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RESULTS 

From May 1982 to August 1985, 4,523 juvenile fish from 60 taxa 

(mostly species) were collected on daily recruitment attractors, during 

periodic sets, within the SW part of the lagoon at Midway atoll (Table 

2.1). Excluded from these results, to maintain standardization, were 

the few fish observed to escape collection or collected when the 

attractor was set longer than one day. During this same period and in 

the same general area, 48,025 recently recruited juvenile fish were 

recorded from replicate visual censuses on 4 isolated, natural patch 

reefs (Table 2.1). 

Species Variation. 

Overall, up to 7 individuals of 5.species recruited to an 

attractor each day (Fig. 2.2). As expected, species diversity and 

abundance increased together, with the latter being more variable over 

the year. 

The relative abundance (i.e., numbers of individuals for each 

taxon, relative to the total) is listed in Table 2.1 independently for 

coral and wire attractors. Only a few species recruited abundantly. 

Eight taxa composed 95% of all individuals collected from coral 

attractors, and 13 taxa composed 94% of those from wire attractors. In 

each year a single species composed 33% to 53% of all recruitment 

measured by attractors Crable 2.2). The most abundant species was 

usually a different one each year. Dominant species considered for 

detailed analyses were the Hawaiian dascyllus (Dascyllus albisella, 
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Pomacentridae), the spotted cardinalfish (Apogon maculiferus, 

Apogonidae), the fantail fi1efish (Pervagor spilosoma, Monacanthidae), 

the Hawaiian 1ionfish (Dendrochirus barberi, Scorpaenidae) and the 

anjer goby (Gnatholepis anjerensis, Gobiidae) (Tinker 1978; Randall 

1985). Also considered were the pooled groups 'all species' and 'rare 

species' (i.e., recruit taxa with individual relative abundance of less 

than 2% each of the total censused or collected). 

Most taxa recruited in very low abundance, and many naturally 

recruiting taxa were not recorded at all from attractor collections. 

Some of these missing species were censused on patch reefs, while 

others were not recorded as recruits by either method. Over 200 

species are known from the study area; about 50 were regularly seen by 

divers. Species cornman on patch reefs, as juveniles and adults, that 

avoided attractors included wrasses (Thalassoma duperrey, T. ballieui, 

Labroides phthirophagus and Bodianus bilunulatlls) , damselfishes 

(Chromis hanui and Plectroglyphldodon johnstonianus) , goatfishes 

(Hulloides vanicolensis and H. flavolineatus) , and a sharp-nosed puffer 

(Canthigaster jactator) , as well as some rarer forms. Species never 

recorded as juveniles, but frequently visible as adults in lo,v 

abundances, were Arothron hispidus, Brotula multibarbata, Zanclus 

cornutus, Cirrhitus pinnulatus, Aulostomus chinens~s, Chaetodon auriga, 

Enchelycore pardalis and Scarus perspicillatus. 

Temporal Variation. 

Recruitment rate by coral reef fishes varied considerably in time 

at scales ranging from annual to daily. The magnitude of this 
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variability is apparent in Figs. 2.2 and 2.3 at the following levels: 

annual (between yearly grid divisions), seasonal (between bars within 

each year), and daily (from the standard error bars). 

Annual. Peak total recruitment (i.e., considering all species 

together) varied between years by nearly 300% to coral attractors, but 

only by about 30% to wire attractors (Fig. 2.2). Different species 

recruited heavily in different years: in 1982 Apogon maculiferus 

accounted for 33% of all recruitment; Dascyllus albisella was most 

abundant (53%) in both 1983 and 1985; and Pervagor spilosoma composed 

48% of the total in 1984 (Table 2.2 and Fig. 2.3). Abundance rankings 

for other common species also changed considerably between years, ,.rith 

the notable exception of the less abundant Dendrochirus barberi, which 

composed from 5% to 9% of the total in all years. Between year 

variability was 6-fold for D. albisella and 8-fold for A. maculiferus. 

P. spilosoma ranged from absent or negligible to highs of more than 2 

recruits per attractor-day during 1 year (Fig. 2.3). 

Seasonal. All spe.cies (pooled) and. heavily recruiting species 

(individually) exhibited a very strong seasonal peak in recruitment 

during the summer months (Figs. 2.2, 2.3, 2.4 and 2.5). An additional 

fall peak was produced for D. albisella and P. spil·_'soma, both in 

October 1984 only. This may reflect a protracted heavy recruitment 

period (from July to October) for D. albisella, while 2 major pulses 

were clearly present for P. spilosoma. The mean size of specimens from 

attractors was larger in fall ,collections than in summer for both 

species (e.g., D. albisella increased from 0.94 cm SL in July and 
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August, to 1.11 cm SL in October; P. spilosoma increased from 5.81 cm 

SL in June and July, to 6.45 cm SL in August, to 6.87 cm SL in October, 

and doubled in weight during these 4 months). Recruitment for taxa 

collected from attractors was negligible or nonexistent during the 

winter months, then started to increase in May and June. 

Semilunar. Any semilunar or biweekly pattern should be detectable 

in reference to the weekly grid on the daily recruitment rate 

histograms (Figs. 2.6 and 2.7). (Only the late summer 1985 cruise 

period was of sufficient length for such consideration.) Only D. 

barberi and G. anjerensis exhibited any possible bimodality, with 

periodicities of roughly 10 days. If a semilunar pattern occurred for 

any species it was not discernible from this experiment. 

Daily. Recruitment rate per day was considered for common species 

and pooled groups during the cruise period of maximum abundance for 

each. Broadly, during the 3- to 6-week periods, recruitment occurred 

continuously at a low level, with occasional days of no recruitment, 

and exhibited 1 or 2 large peak pulses lasting from 2 to 5 days each 

(Figs. 2.6, 2.7 and 2.8). The major period for G. anjerensis was more 

sporadic than for the other common species, with peaks interspersed 

with days of no recruitment (Fig. 2.7). The group of rare species 

recruited earlier in the year than any of the common species, with 

major daily pulses in May (Fig. 2.8). The collection period during 

which D. albisella exhibited maximum abundance may have missed the peak 

pulse, or caught just the end of it, since high recruitment occurred 

during the first few days of collection (Fig. 2.6). Similarly, P. 
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spilosoma was just beginning to peak in early July when the collection 

period ended (Fig. 2.8). 

Small-Scale Spatial Variation. 

Variation between replicate attractors was considerable, as 

indicated by the standard error bars on the daily recruitment rate 

histograms (Figs. 2.6, 2.7 and 2.8). The variation shown in these 

figures includes both a spatial component (between replicate attractors 

80-300 m apart) and a substrate type component (coral versus wire 

attractors, with high variabi.lity in recruitment for species with 

• 
strong substrate preferences). 

Variability between replicate sites was estimated by calculating 

the average coefficient of variation (CV) for each attractor type. The 

-overall CV between replicate attractors averaged 140% for species 

recruiting abundantly. Mean CV values for the common species during 

their period of greatest abundance were as follows: Dascyllus 

albisella -- 89.1% for coral and 105.6% for wire (late summer 1983); 

Apogon maculiferus -- 182.3% for coral and 122.8% for wire (late summer 

1982); Pervagor spilosoma -- 108.2% for coral and 136.8% for wire 

(early summer 1984); Dendrochirus barberi -- 154.1% for coral and 

158.4% for wire (late summer 1985); and Gnacholepis anjerensis --

166.4% for coral and 175.7% for wire (late summer 1985). In anyone 

day, recruitment could range from no fish, on some attractors, to over 

a dozen, or up to 32-fold on replicate attractors (of the same type) 

only 80 m apart. In addition, for the 4 dominant species (D. 
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albisella, A. maculiferus, P. spilosoma and D. barberi) , there was no 

distinguishable trend in recruitment rate between replicate attractors 

based on relative shoreward/seaward proximity or up-current/down

current position (each separated by over 200 m). 

Substrate Variation. 

Attractors. For the entire collection period pooled, the 

attractor types (coral and wire) showed substantial differences in 

recruitment rate for most species with sizable pulses (Table 2.1). The 

most abundant recruit to attractors, Dascyllus albisella, was the only 

species that exhibited a strong preference for coral (by a factor of 4 

over wire attractors). Species that strongly preferred wire over coral 

attractors were Apogon maculiferus (by a factor of nearly 3) and 

Pervagor spilosoma (by a factor of nearly 2). Both Dendrochirus 

barberi and Foa brachygramma also recruited more heavily to wire 

attractors, but the difference was less profound (21% and 28% more, 

respectively). 

Differences between recruitment rate to wire and coral attractors 

are further illustrated for each cruise period in Figs. 2.2 and 2.3. 

The discrepancy between substrate types for some species during periods 

(2-6 weeks) of peak recruitment was even greater (Fig. 2.3). The 

highest variation (up to 14-fold) occurred during the highest 

recruitment pulses. 

In spite of high variation between the attractor types within 

cruise periods, coral and wire attractors revealed long-term temporal 

variations in recruitment. Over the 4-year period, highly significant 
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correlations between recruitment rates measured by these 2 substrate 

types were found for each of the 4 most common recruits (D. albisella, 

A. maculiferus, P. spilosoma and D. barberi) and for a set of common 

species (Table 2.3). 

Natural Patch Reefs. The relative order of abundance, for 

recently recruited juveniles censused on patch reefs, differed 

considerably compared to juveniles collected from attractors (Table 

2.1). (This censused set considered only species that also recruited 

to attractors; i.e., missing are about a dozen species with juveniles 

recorded only on natural patch reefs, several of which were common; see 

"Species Variation" above). Two species stand out. First, Gnatholepis 

anjerensis numerically accounted for half (49.1%) of all censused 

recruits, predominantly from the July-August 1985 cruise. Second, 

Apogon maculiferus composed an additional quarter (25.4%) of all 

juveniles recorded on patch reefs and was more uniformly distributed 

across years. Juveniles of Dascyllus albisel1a (5.4%) and Pervagor 

spilosoma (5.2%) accounted for a tenth of all recruits. Therefore, 4 

dominant species composed over 85% of all recently recruited juveniles 

present on patch reefs, that were also recorded from attractor 

collections. Stegastes fasciolatus and Chromis oV8.1is were common 

recruits on patch reefs but barely detected by attractors. 

Temporal variation in the abundance of recently recruited 

juveniles, censused on each of the 4 natural patch reefs, is plotted in 

Figs. 2.9, 2.10, 2.11 and 2.12 for the 4 species (D. albiseLIa, A. 

maculiferus, P. spilosoma and D. barberi) that recruited most heavily 
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to attractors. The natural reefs increased in size from station lC to 

4C. Recently recruited juveniles tended to reached maximum abundance 

on patch reefs during late summer and/or fall and minimum abundance 

(often zero) in winter and/or spring. 

Comparison of Methods. The data for cenpused juveniles on patch 

reefs revealed much the same high variability in recruitment as 

discussed above for attractors. Clearly apparent are similar annual, 

seasonal, semiweekly (from the error bars) and spatial (between patch 

reef stations) variability (compare Fig. 2.3 to Figs. 2.9, 2.10, 2.11 

and 2.12). Significant correlations (Spearman rank, P < 0.05) for 

recruitment rate were found between attractors (both coral and wire) 

and natural reef censuses, for 3 of the 4 dominant species (A. 

maculiferus, P. spilosoma and D. barberi) and for a set of (pooled) 

common recruits, over a 4 year period (Table 2.3). D. albisella, the 

most abundant recruit to attractors and the third most abundant 

juvenile censused, was the only tested species for which recruitment to 

attractors and natural reefs (by census) did not correlate 

significantly. 

~" .. --' 
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DISCUSSION 

Major aspects of reef fish recruitment were highly variable within 

Midway lagoon. Possible reasons for this variability include: life 

history strategies or behavioral requirements (species variation); 

species specific factors in the plankton (annual variation); selection 

to enhance growth and survival (seasonal variation); and discrimination 

of preferred substrate (substrate variation). Reliably documenting 

recruitment variability by visual census of juveniles on patch reefs 

requires nLmerous considerations. Most of the recruitment variation 

found was consistent with that reported for other studies from 

elsewhere in the tropics. Several interesting differences discovered 

at this subtropical Pacific atoll are considered. 

Species Variation 

In this study only a few species recruited abundantly, while most 

were rare (as reported elsewhere by Williams & Sale 1981; Eckert 1984; 

Sale 1985; Walsh 1985). A number of species were never observed as 

recruits (Luckhurst & Luckhurst 1977; Munro & Williams 1985; Sale 

1985). Inte~estingly, the families reported to recruit heavily in 

distant regions were the same that dominated this study (e.g., 

pomacentrids, apogonids, gobiids). Such species may have life history 

strategies as generalists or opportunists (Sale 1985). Kobayashi 

(1987) found high densities of the larvae of a Hawaiian gobiid and 

apogonid adjacent to reefs, and suggested that the larvae actively swim 

to remain near the reef. Smith et ai. (1987) also found that some 

Caribbean fishes (e.g., gobioids, blennioids, clupeids) spend their 
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entire larval lives very near reefs (e.g., within 10 m) by avoiding 

currents. If such behavior occurs at Midway, larval survival could be 

greatly enhanced, which could produce the large pulses of Gnatholepis 

anjerensis and Apogon maculiferus (as well as Foa brachygramma) 

observed in late summer. At Midway, Dascyllus albisella recruited 

following a very short larval life of 19 to 29 days (Radtke & Schroeder 

1987). Demersal spawning and nesting behavior by D. albisella and 

mouth-brooding of eggs by A. maculiferus were also observed in July

August of each year -- the same period as their peak recruitment pulses 

-- further confirming short larval lives. Abbreviating the time as a 

pelagic larva may be an alternate strategy to increase survival during 

this most critical phase of life, and thereby enhance recruitment to 

the reefs (Thresher 1984). 

The species that were never collected from attractors may have 

required larger reef horne ranges (e.g., active wrasses) or simply 

larger shelter sites (e.g., goatfishes that recruited to natural reefs 

together in great abundances and at a fairly large size). Species 

never observed as newly recruited juveniles may have been highly 

cryptic or nocturnal (e.g., brotulids and muraenids), or taxonomically 

unidentifiable (e.g., scarids). They may have recruited at subadult 

size or recruited to habitats other than the shallow lagoonal patch 

reefs. Alternately, the species observed only rarely as recruits, or 

not at all, may actually recruit in very low numbers. If such is the 

case, many reef fishes at Midway may indeed be recruitment limited, as 

other investigators have recently suggested for other regions (Munro et 
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a1. 1973; Doherty 1981; Doherty 1983a; Victor 1983; Victor 1984; Munro 

& Williams 1985; Sale 1985; Walsh 1987; Wellington 1986; Doherty 1987; 

Shulman & Ogden 1987). 

Temporal Variation 

Annual. Between year variability in recruitment rate was high (3-

to 8-fold) at Midway. However, higher levels (10- to 25-fo1d) have 

been reported from some other regions (e.g., Williams & Sale 1981; 

Williams 1983; Sale et a1. 1984a; Munro & Williams 1985; Doherty 1987). 

In 3 of the 4 years, a different species recruited most heavily. This 

suggests that factors responsible for enhancing recruitment may be more 

species specific, and less tied to the kinds of general physiochemical 

oceanographic conditions that would be expected to be favorable for 

several or all species in a 'good year'. This pattern of changing 

dominant recruit species was also reported by Williams (1983), but it 

is in contrast to the findings of Lassig (1982), in which recruitment 

success was found to be good or poor in a given year for most species 

concurren~ly. 

Taxa with higher recruitment appeared to experience greater 

relative variability in annual recruitment. Dendrochirus barberi was 

the fourth most common recruit collected, but varied by only 4% in 

relative abundance between years, as compared to the most common 

species, Dascy11us a1bise11a (5 times more abundant), which varied by 

over 40%. Likewise, the set of rare species exhibited low annual 

variability. The degree of variability between years for each of the 3 

most dominant species was higher (e.g., 6- to 8-fold) than that for the 
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set of all species (e.g., roughly 2-fold). When species are pooled, 

the high and low recruitment values from various species tend to cancel 

out, producing more uniform recruitment for the group across years 

(Tables 2.1 and 2.2, Figs. 2.2 and 2.4). 

Seasonal. The strong SiliT~er recruitment peaks at this subtropical 

location were consistent with results from studies on coral reef fish 

elsewhere (Talbot et al. 1978; Williams & Sale 1981; Lassig 1982; 

Williams 1983; Sale et al. 1984b; Munro & Williams 1985; Sale 1985; 

Walsh 1987). Highest water temperatures (> 100C above winter) have 

been recorded at Midway in late summer. Recruitment synchronized with 

warm temperatures could enhance growth rates of small, vulnerable 

juveniles. During late summer, a dark green algal carpet covered the 

dead coral rocks and sand floor of the lagoon in many places. Large 

aggregations of planktonic copepods were observed adjacent to some 

patch reefs. Primary productivity and food abundance seemed to be 

highest in this season, which could further enhance juvenile growth. 

Where the algal mat was thick, it provided shelter sites for several 

recruit size fishes (pers. obs.). Concentrated summer rec~uitment may 

be a selective strategy to enhance survival by permitting juveniles to 

grow rapidly out of the size at which they are most vulnerable to 

predators. It is unknown what effect, if any, the semi-annual current 

gyres reported from Hawaii (Sale 1970; Lobel & Robinson 1986) may have 

had on seasonal recruitment pulses here at the NW end of the Hawaiian 

chain. 
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The 2 Midway species (D. albisella and P. spilosoma) that deviated 

from this trend in 1984, with strong fall recruitment, did so in 

addition (rather than replacement) to equally strong summer peaks. 

Therefore, the seasonal variability at Midway differed between years. 

Luckhurst & Luckhurst (1977) and McFarland et al. (1985) also reported 

second recruitment peaks in early fall for some Caribbean species. It 

is unclear whether these fall arrivals at Midway settled directly from 

the plankton or relocated from other benthic habitat (Sale 1979; Sale 

et al. 1984b; Robertson 1987). It seems plausible that as juveniles 

living in high densities on reef patches grow, they may seek alternate 

habitats, and this may have resulted in the apparent high fall 

recruitment rate to attractors. Fish recruiting in late fall were in 

fact larger (both species by 15% in standard length) than those from 

the summer pulses. Alternately, the fall arrivals may indeed be newly 

recruited juveniles, if the spawning period is protracted or the 

duration of planktonic life is highly variable for a cohort. Higher 

fall densities censused on patch reefs for boch these species suggest 

that they recruited in the fall. The relative importance of these two 

possibilities (relocation of juveniles and protracted recruitment 

season) is difficult to discern. 

Daily. Short-term variability was clearly present in this study, 

even though the extremes recorded by some other workers (Williams & 

Sale 1981; Victor 1983; Williams 1983; Sale 1985; Doherty 1987) were 

not observed. During the seasonal peak at Midway, recruitment was 

broadly protracted over several weeks. 
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Unfortunately, for at least 2 species it was apparent that not all 

natural peaks in recruitment were synchronized with our periods of· 

collection. As sampling was not logistically possible every day of the 

year, data for peak daily pulses should be considered a lower limit 

(i.e., higher daily peaks were quite possible outside the early and 

late SlliT~er cruise periods, at times when collections were not made). 

Small-Scale Spatial Variation 

Consistent with results from other regions (Talbot et al. 1978; 

Williams & Sale 1981; Doherty 1983a; Munro & Williams 1985; Sale 1985; 

Shulman 1985; Walsh 1985; Doherty 1987), variation on a small spatial 

scale within the lagoon at Midway appeared high. The small size of the 

attractors may have contributed to this high variability. Since this 

experiment tested spatial variation only at a scale of a few hundred m, 

it is unknown whether more uniform recruitment occurs over wider scales 

(e.g., across the entire atoll or across the Northwestern Hawaiian 

Islands). It is known, however, that the large recruitment pulse of P. 

spilosoma occurred in the summer of 1984 across the Hawaiian chain 

(2,000 km), although settlement peaked somewhat earlier around the main 

southeastern Hawaiian islands and remained abundant well into 1985 (R. 

Brock, B. Carlson, pers. comm.). 

For at least the 2 most dominant recruits (D. albisella and A. 

maculiferus) , the average spatial variation (%CV) to the preferred 

attractor type (coral for the former species and wire for the latter) 

was significantly lower than that to the less attractive substrate. 

(This is opposite to the trend found for annual variability, reported 
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above, which increased with the magnitude of recruitment.) This result 

suggests that some species can discriminate and actively select a 

preferred substrate type, but will also recruit to suboptimal 

substrates. Sale et al. (1984b) also found that species that exhibited 

microhabitat preference also recruited to a range of substrate types. 

Substrate Variation 

Attractors. Only 2 substrate types were tested in this 

experiment: live coral and coiled wire. The wire attractors offered 

shelter space much deeper and darker than the coral branches. Small 

fish could enter and exit the coral spaces more rapidly than the wire. 

It is not surprising that the nocturnal A. maculiferus strongly 

preferred wire as a recruit substrate. Most other species (e.g., 

Dendrochirus barberi, Foa brachygramma) , many of which prefer cryptic 

shelter sites, also recruited more heavily to wire. One significant 

exception was the most abundant recruiting species, D. albisella, which 

strongly preferred coral attractors. (These Pocillopora meandrina 

coral heads were essentially its exclusive juvenile habitat on the 

natural patch reefs.) For a particular substrate type, variation 

tendE:dto-:i.~~~ease with the magnitude of recruitment. 

Even though differences in recruitment between attractor types 

were strong for some common species, temporal variation was of 

sufficiently greater magnitude to overshadow these substrate effects. 

Therefore, similar temporal trends were found for coral and wire 

attractors. 

87 



Natural Patch Reefs. The relative abundances of recruits censused 

on natural patch reefs differed significantly from recruits collected 

from attractors, for several reasons. The attractors were very small 

and monotypic relative to the patch reefs in the area. Species 

preferences for substrate type may have precluded their collection by 

attractors, or the attractors may have simply been too small for 

recruitment by some species. Only a few species composed the bulk of 

all juveniles resident on patch reefs -- a common characteristic of 

reef fish recruitment (Williams & Sale 1981; Eckert 1984; Sale 1985; 

Walsh 1985). The one species (G. anjerensis) that composed half the 

abundance of all censused juveniles (primarily from the last cruise 

period) is of dubious classification as a reef resident (Chapter 1, 

this dissertation). This goby occurs around reefs on sand, sometimes 

at considerable distance from the reef. 

As suggested by Sale (1979), Sale et a1. (1984b) and Robertson 

(1987), evidence was found at Midway that patch reefs may serve as 

temporary nursery sites for recently recruited juveniles. The golden

banded goatfish Ululloides vanico1ensis) recruited in large groups (up 

to several thousand) to a single patch reef, remained for a few months 

while they grew, then dispersed en masse. The priacanthid species and 

Apogon maculiferus, that recruited in large pulses, may have similarly 

relocated to other habitats. Their abundances were observed to 

suddenly decrease greatly after some time on the reefs. 

The rapid increase during summer and fall in abundance of the 4 

dominant juveniles censused on patch reefs primarily reflects 
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recruitment events, and to a lesser degree immigration (usually by 

juveniles who recently recruited elsewhere). Possible causes for the 

rapid decrease during winter and spring include natural mortality 

(primarily predation), growth out of the juvenile size classes, and 

emigration from the patch reefs. 

Comparison of Methods. If recruitment variation detected by 

census on natural patch reefs is comparable to that revealed by 

attractor collections, then the former, more expedient, comprehensive 

and nondisruptive method, may be asswned a reliable estimate for 

studies on recruitment variability and growth of reef fish populations. 

Natural mortality rates of new recruits have been reported to be as 

high as 25-50% within the first few days after settlement (Sale et ai. 

1984b; Doherty & Sale 1985). An important difference between the two 

methods of assessing recruitment was time scale and accumulation. 

Attractors provided a relative measure of total (i.e., "absolute") 

daily recruitment rate (assumed to be essentially predator free, 

because they were well isolated and collected every 24 h). Since 

collected recruits wel~e removed from the system, counts were not 

cumulative. Reef censuses recorded the cumulative abundances of 

recently recruited and surviving juveniles. There were other obvious 

differences, e.g .. substrate size, type and complexity. 

In spite of differences between methodologies and experimental 

substrates, long-term temporal changes in abundances of recruits from 

attractor collections were consistent with changes in newly recruited 

juveniles resident on patch reefs. The only species that showed an 
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exception to this trend, D. albisella, exhibited less variability 

within and between reef censuses than within and between attractor 

collections. This may be due to similar numbers of live Pocillopora 

meandrina coral heads (the almost exclusive natural habitat of 

juveniles of this fish) on the patch reefs that varied greatly in size. 

Possibly the number of these coral heads are the main determinant of 

population size of newly recruited D. albisella juveniles. 

For future studies of reef fish communities at Midway lagoon, it 

appears that sufficiently replicated visual census counts of resident 

juveniles can accurately doc~~ent temporal.fluctuations in recruitment 

at scales of months and years. This may be generally true for similar 

patch reef fish communities elsewhere. More intensive methodology, 

such as daily collections from attractors, is required to resolve finer 

temporal scales or to obtain a time series of recruitment rate 

estimates essentially free of predation effects. 
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SUMMARY AND CONCLUSIONS 

1. A large fraction of all recruitment by post1arva1 fishes to 

reef patches within Midway atoll was composed of only a handful of 

species. Most species were rare or not observed at all as recently 

recruited juveniles. It is probable that many reef fish populations 

here are recruitment limited. 

2. Species that recruited heavily may have life history 

strategies that enhance survival by abbreviating the vulnerable 

planktonic stage (e.g., demersal spawning and egg tending by 

pomacentrids, mouth-brooding by apogonids) or behaviorally maintaining 

the developing larvae near the reef (e.g., gobiids and apogonids). 

3. Annual variability was high (3- to 8-fold), increasing with 

the magnitude of recruitment, with different species recruiting heavily 

in different years. Species specific factors may be more important in 

determining relative abundances of recruits in a year than are general 

or.eanographic factors; this contrasts with the findings of a few other 

studies, but not all. 

4. Recruitment pulsed strongly during the summer season, with 

occasional second peaks in fall. This may be a selective strategy 

whereby juveniles are most abundant when environmental conditions 

(e.g., temperature, primary productivity, shelter in dense algal mats) 

maximize their potential grow~h and survival. Midway was characterized 

by a less protracted seasonal pulse, which often occurred later in the 

year, than reported from other regions. 
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5. During the peak season (usually several weeks in duration), 

daily recruitment for common species was mostly low and variable, with 

1 or 2 strong peaks, each lasting only a few days. This daily 

variability was less extreme than that reported from elsewhere (e.g., 

the Caribbean and the Great Barrier Reef). 

6. Small-scale spatial variability in recruitment rate within the 

lagoon at Midway was high. The few species that demonstrated strong 

substrate preferences exhibited less spatial variability to the 

substrate type of choice, although they also recruited to less 

preferred habitats. This suggests that most postlarval fish are 

substrate generalists at recruitment. 

7. In spite of differences between recruitment rates measured by 

coral and wire attractors, both substrate types measured long-term 

temporal variability similarly. 

8. Reef size, substrate type and complexity may have accounted 

for differences between juvenile abundances censused on natural patch 

reefs and juveniles collected daily from attractors, while both methods 

measured long-term temporal variability similarly. 

9. Careful visual fish census of natural patch reefs, with 

sufficient replication i.n time, can accurately resolve moderate- to 

long-term temporal fluctuations in recruitment by postlarval juveniles. 

10. Major aspects of reef fish recruitment were highly variable 

at this subtropical atoll, as has been reported by numerous studies 

from around the tropics. 
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Table 2.1. Relative percent abundance for recruit taxa (mostly 
species) collected from attractors (N = 2,623 individuals 
from 4 coral heads; N = 1,900 individuals from 4 wire 
coils), compared to the same set of taxa visually censused 
on natural patch reefs (N = 48,025 from 4 reefs), during 
the 17 cruises from May 1982 to August 1985. Size 
(standard length in cm, SL) for attractors is the mean 
length of all collected individuals; for censused fish it 
is the maximum estimated recruit length. 

Taxa: 

Dascyllus albisella 
Apogon ,maculiferus 
Pervagor spilosoma 
Dendrochirus barberi 
Foa brachygramma 
Priacanthid spp 
Sebastapistes ballieui 
Gnatholepis anjerensis 
Sebastapistes coniorta . 
Chaetodon miliaris 
Te1eostei spp 
Priolepis eugenius 
Gobiid spp 
Labrid spp 
Abudefduf abdominalis 
Heteropriacanthus 

cruentatus 
Scorpaenid spp 
Cymolutes lecluse 
Eviota epiphanes 
Parupeneus pleurostigma 
Doryrhamphus melanopleura 
Gheilinus bimaculatus 
Priacanthus meeki 
Kelloggella oligolepis 
Acanthul'uS triostegus 
Stegastes fasciolatus 
Chaetodontid spp 
Pomacentrid spp 
Parupeneus porphyreus 

Size 

cm 

0.91 
1.16 
6.13 
2.48 
1. 83 
6.64 
3.10 
2.20 
3.50 
2.77 
1. 64 
0.89 
1.10 
1.48 
l.44 

5.81 
3.04 
2.06 
0.99 
4.84 
2.22 
1. 80 
5.48 
0.92 
2.27 
1. 53 
2.74 
1.47 
4.23 

COLLECTED 

Coral 

% 

57.76 
8.89 
9.49 
6.79 
5.91 
0.27 
2.13 
1. 60 
2.52 
0.27 
0.95 
0.57 
0.50 
0.34 
0.11 

0.15 
0.19 
0.19 
0.19 
0.08 

0.15 
0.04 
0.15 
0.08 
0.04 
0.04 
0.04 
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Wire 

% 

14.00 
25.21 
16.74 

8.63 
8.21 
5.53 
3.32 
3.68 
2.05 
2.47 
1. 32 
1.47 
0.68 

,0.84 
1.00 

0.79 
0.42 
0.32 
0.26 
0.37 
0.32 
0.11 
0.21 

0.11 
0.11 
0.11 
0.11 
0.16 

CENSUSED 

Size 

cm 

4.5 
4.5 
6.5 
4.5 
£L 5 

10.5 
4.5 
4.5 
4.5 
4.5 
4.5 
2.5 
2.5 
4.5 
4.5 

10.5 
4.5 
6.5 
2.5 
6.5 
4.5 
4.5 

10.5 
2.5 
4.5 
4.5 
4.5 
4.5 
6.5 

Reef 

% 

5.41 
25.42 
5.22 
0.58 
0.79 
0.27 
0.04 

49.13 
1. 55 
1.09 
0.05 
0.02 
0.15 
0.01 
0.08 

0.18 
0.01 
o 
o 
o 
0.12 
0.12 
o 
o 
0.01 
2.28 
o 
o 
0.05 



Table 2.1. (Cont.) 

COLLECTED CENSUSED 

Size Coral Wire Size Reef 

ern % % ern % 

Taxa: 

Chaetodon fremblii 4.30 0.16 4.5 0.09 
Gymnothorax eurostus 0.11 20.5 0.17 
Arothron hispidus 1. 25 0.11 6.5 0 
Bothid spp 4.55 0.11 4.5 0.01 
Synodontid spp 1. 25 O.OS 4.5 0.02 
Muraenid spp S.60 0.11 20.5 0 
Chromis ovalis 1. 30 0.04 0.05 4.5 4.70 
Stethojulis baiteata 2.15 0.04 0.05 4.5 0.03 
Pterois sphex 4.00 0.04 0.05 4.5 0.03 
Fusigobius neophytus 2.10 0.04 0.05 2.5 0.01 
Antennarius commersonii 1.49 0.04 0.05 4.5 a 
Paracirrhites arcatus 6.30 0.05 4.5 0 
Cirripectes vanderbiiti 4.94 0.04 2.5 0.01 
Calotomus sp 5.90 0.05 4.5 0.01 
Aluterus scriptus 4.00 0.04 6.5 0 
Lactoria fornasini 1.10 0.04 4.5 ~.01 

Gymnothorax steindachneri 0.04 20.5 0.04 
Myripristis sp 2.36 0.05 6.5 0.17 
Scorpaenodes Iittoralis 3.30 0.04 4.5 0.45 
Car acanthus maculatus 2.49 0.04 2.5 0.03 
Tetraodontid spp 1.40 0.05 6.5 a 
Antennariid spp 5.00 0.05 4.5 0 
Tripterygion atriceps 2.00 0.05 2.5 a 
Gymnothorax pindae 2.20 0.04 20.5 0.01 
Apogon erythrinus 1.40 0.05 4.5 0 
Zonogobius farcimen 1. 50 0.05 2.5 a 
Priolepis Iimbatosquamis 1.10 0.05 2.5 a 
Apogonichthys perdix 3.16 0.05 4.5 a 
Anampses sp 0.67 0.05 4.5 0.02 
Priolepis spp 1. 69 0.04 2.5 0.01 
Calotomus carolinus 1. SO 0.05 4.5 0 

TOTAL 100.00 100.00 100.00 
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Table 2.2. Percent frequency (relative to total in each year) for 
recruits collected annually from attractors from May 1982 
to August 1985. Common taxa (i.e., those occurring in 
greater than 1% abundance) are listed individually and all 
others are pooled. 

Year 

1982 1983 1984 1985 

% % % % 

Taxa: 

Dascyllus albisella 10.81 52.92 27.21 52.51 
Apogon maculiferus 33.34 4.72 6.49 18.71 
Pervagor spilosoma 1.43 0.25 47.85 1. 62 
Dendrochirus barberi 9.37 5.09. 7.67 7.82 
Foa brachygramma 12.63 8.20 2.83 6.31 
Priacanthid spp 7.03 6.34 0.09 0.32 
Sebastapistes ballieui 1. 69 7.83 1. 37 1. 51 
Gnatholepis anjerensis 1.43 0.99 1. 37 4.20 
Sebastapistes coniorta 3.91 4.60 1. 74 1. 02 
Chaetodon miliaris 4.95 1.12 0.18 0.27 
Teleostei spp 0.3 2.98 0.46 0.97 
All others (pooled) 13 .02 4.97 2.74 4.74 

Total N (100%) 768 805 1095 1855 
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Table 2.3. Spearman rank correlation coefficients comparing 
recruitment rate to wire and coral attractors and to 
recruits censused on natural patch reefs for 4 common 
species and for a set of common recruits (9 taxa, each 
greater than 1% relative abundance, 90.7% of all recruits 
to attractors). (N = 15 cruise periods from May 1982 to 
August 1985; * P < 0.05, ** P < 0.01, *** P < 0.001, ns -
not significant; Gnatholepis anjerensis and Teleostei spp. 
are excluded.) 

Taxa: 

Dascyllus albisella 
Apogon maculiferus 
Pervagor spilosoma 
Dendrochirus barberi 
Common recruits 

Coral-Wire 

0.851 *** 
0.943 *** 
0.914 *** 
0.813 *** 
0.807 *** 

METHODS COMPARED 

Coral-Census 

0.442 ns 
0.838 *** 
0.565 * 
0.736 ** 
0.636 * 
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Wire-Census 

0.475 ns 
0.889 *** 
0.586 * 
0.703 ** 
0.739 -k* 



• 

Figure 2.1. Experimental reef substrates used within the lagoon at 
Midway atoll. (Top) Live coral head (Pocillopora 
meandrina) recruitment attractor (average 0.18 m high by 
0.23 m in diameter). (Middle) Wire coil recruitment 
attractor (made of coiled coarse wire of 2.5-cm square 
mesh, l4-gauge, vinyl coated, 0.3 m wide by 3 m long 
[when uncoiled], and 0.2 m in diameter when coiled). 
(Bottom) Natural patch reef (avera.ge size 59 m2 in 
projected surface area with 2 m of vertical relief) . 
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Figure 2.2. Temporal variability in recruitment rate for all species 
(excluding Gnatholepis anjerensis) and rare species, with 
total species diversity (i.e., richness). Mean (±SE) is 
number of recruits collected per attractor-day during a 
cruise period (N = 18 to 160 attractor-days). Diversity 
is mean (±SE) number of species collected per attractor
day. Open bars represent coral attractors; shaded bars 
represent wire attractors; * designates periods of effort 
yielding no collections. 
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Figure 2.3. Temporal variability in recruitment rate for 5 heavily 
recruiting species. Mean (±SE) is number of recruits 
collected per attractor-day during a cruise period (N 18 
to 160 attractor-days). Open bars represent coral 
attractors; shaded bars represent wire attractors; * 
designates periods of effort yielding no collections. 
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Figure 2.4. Annual recruitment pattern for all species combined and 
rare species combined. Mean (±SE) is daily recruitment 
rate (N = 16 to 519 attractor-days per month, pooled 
across 4 years; no collections were made during February 
and September). 

• 
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Figure 2.5. Annual recruitment pattern for 5 heavily recruiting 
species. Mean (±SE) is daily recruitment rate (N = 16 to 
519 attractor-days per month, pooled across 4 years; no 
collections were made during February and September). 
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Figure 2.6. Daily recruitment rate variability during the period of 
peak abundance for all species combined and for the 
dominant recruiting species. Mean (±SE) is nwnber of 
recruits collected per attractor-day (N = 8 coral and wire 
attractors); * indicates the beginning and end of the 
collection period and days of effort yielding no 
collections. 
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Figure 2.7. Daily recruitment rate variability in the period of peak 
abundance for 3 of the species recruiting most heavily 
during late summer. Mean (±SE) is number of recruits 
collected per attractor-day (N = 8 coral and wire 
attractors); * indicaces the beginning and end of the 
collection period with collections made on all intervening 
days. 
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Figure 2.8. Daily recruitment rate variability in the period of peak 
abundance for rare species combined and for a dominant 
species recruiting most heavily during early summer. Mean 
(±SE) is number of recruits collected per attractor-day (N 
= 8 coral and wire attractors); * indicates the beginning 
and end of the collection period with collections made on 
all intervening days. 
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Figure 2.9. Temporal variability in abundance of newly recruited 
Dascyllus albisella juveniles on 4 undisturbed patch 
reefs. Mean (±SE) is the mean number per census (N = 2 to 
12 replicates) during a cruise period. (The original 
stations 3C and 4C were lost during the winter of 1983-
1984 and replaced with different reefs.) 
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Figure 2.10. Temporal variability in abundance of newly recruited 
Apogon maculiferus juveniles on 4 undisturbed patch reefs. 
Mean (±SE) is the mean number per census (N = 2 to 12 
replicates) during a cruise period. (The original 
stations 3C and 4C were lost during the winter of 1983-
1984 and replaced with different reefs.) 
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Figure 2.11. Temporal variability in abundance of newly recruited 
Pervagor spilosoma juveniles on 4 undisturbed patch reefs. 
Mean (±SE) is the mean number per census (N = 2 to 
12 replicates) during a cruise period. (The original 
stations 3C and 4C were lost during the winter of 1983-
1984 and replaced with different reefs.) 
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Figure 2.12. Temporal variability in abundance of newly recruited 
Dendrochirus barberi juveniles on 4 undisturbed patch 
reefs. ~lean (±SE) is the mean number per census (N = 2 to 
12 replicates) during a cruise period. (The original 
stations 3C and 4C were lost during the winter of 1983-
1984 and replaced with different reefs.) 
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CHAPTER 3 

EFFECTS OF PATCH REEF SIZE AND ISOLATION 

ON CORAL REEF FISH RECRUITMENT 

INTRODUCTION 

Virtually all coral reef fish have a pelagic larval stage, 

ranging from a few weeks to over a month, before they recruit to a 

demersal life on the reef. The process of recruitment (i.e., 

settlement) is highly variable in many ways. This variability has been 

well documented by numerous recent studies in the following major 

categories: interspecific variation, temporal variation (daily, 

biweekly, seasonally and annually), spatial variation (at a range of 

scales, within and between reefs), substrate variation (on both 

artificial and natural reefs), variation with environmental conditions, 

and unexplained natural variation (Chapter 2, this dissertation). A 

host of physical and biological factors, actiIlg from spawning through 

settlement, undoubtedly contribute to this variability. Recruitment is 

one of the major processes that affects stock size; therefore, it is 

important to understand, and ideally, to predict the effects of the 

maj or factors on recruitmer~t variability. Effective management of reef 

fisheries is dependent upon such predictions (McFarland 1982; Murphy 

1982; Sale 1982; Munro & Williams 1985; Richards & Lindeman 1987). 

Most reefs are patchy in spatial distribution. Patch reefs differ 

in size and degree of isolation, across sand, from neighboring reefs. 

Large reefs usually harbor larger and more diverse fish communities 
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than do small reefs (Brock et a1. 1979; Gladfelter et a1. 1980; 

Anderson et a1. 1981). This may result from a combination of 

recruitment and community dynamic processes. An important question, 

however, is whether the process of recruitment itself is directly 

affected by reef size. At least one study has indicated that large 

reefs collect more recruits than small ones (Shulman 1985). A related 

question is whether the density of recently recruited fish varies 

with reef size. Also, as postlarval fish settle to reefs from the 

water column, does the degree of isolation between reef patches 

influence recruitment rates? Previous studies have shown conflicting 

results. Shulman (1985) and walsh (1985) found that recruitment 

increased with isolation, Molles (1978) found that it decreased, and 

Bohnsack (1979) reported both trends, but scale is an uncontrolled 

variable when comparing these studies. 

The present study experimentally assessed how the reef 

characteristics of size and isolation affect recruitment variation by 

comparison of recruitment rates to small artificial reef units and 

natural patch reefs of Midway lagoon, Northwestern Hawaiian Islands. 
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MATERIALS AND METHODS 

Study Site. Field work for the experiment was conducted within 

Welles Harbor, in the SW section of Midway atoll (28°l2'N, l77°22'W), 

of the Northwestern Hawaiian Islands (Fig. 1.1; Chapter 1, this 

dissertation). The atoll averages 10 km in diameter and lacks a 

shallow barrier reef along the northwest. Welles Harbor occupies the 

southwest quarter of the lagoon, west of Sand Island along the southern 

rim. The natural and artificial study reefs were approximately 2 km 

west of Sand Island and 2 km east of the western barrier reef. This 

area consists of a sandy bottom 3 m to 10 m deep with scattered patch 

• 
reefs of various sizes and isolation. Occasionally, a slight current 

flows northward through the area. 

Artificial Reefs. Experiments were conducted during the peak 

recruitment season--late summer (July-August) in 1984 and 1985 

(Schroeder 1185; Chapter 2, this dissertation). Coils of coarse wire 

mesh (attractors) served as the units for all artificial reefs (Fig. 

3.1). All attractors were placed at depths of 3 m to 6 m on sand flats 

free of coarse rubble or hard bottom. 

Experimental Treatments. Individual attractors, separated from 

each other and from natural reefs by at least 100 m, served as controls 

(N = 2 in 1984; N = 4 in 1985) for the treatments of grouped and 

dispersed at tractors (Fig. 3.2). The design to test the effect of reef 

size on recruitment rates compared the controls to a group of 6 

contiguous attractors simulating a large reef (N = 1). The design to 

test the effects of reef isolation on recruitment rate compared the 
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controls to a group of 6 (near) attractors spaced 10 m from each other 

in a pentagonal arrangement around a central attractor (N = 6). Both 

groups were isolated from natural reefs and control attractors by at 

least 100 m. 

Collecting. Recruitment rates were measured by daily collections 

of postlarval fishes associated with attractors. Collections were made 

by a diver who carefully placed the attractor into a 19-1iter plastic 

bucket and secured a lid. Rarely, a few fish escaped and were noted by 

species and size class. The bucket was carried to the surface, and on 

the boat the attractor was agitated and then removed, leaving all fish 

in the bucket. The attractor was then returned to its site on the 

lagoon floor. The contents of the bucket were emptied through a fine 

mesh aquarium net and the fish placed in labeled vials of 95% ethanol. 

In the laboratory, field identifications were confirmed- and length 

(standard and total) and weight of each specimen recorded. 

A trial consisted of a consecutive 4- to la-day collection set 

across all treatments. The mean (+SE) number of recruits per 

attractor-day was calculated by pooling recruits collected on all 

attractors, within each treatment, across days within each trial. 

Between trials, the relative position of the treatment design cluster 

with the controls was reversed. In 1984, the treatment was reef size 

for the first 2 trials (N = 5, 6 days) and reef isolatfon for the last 

2 trials (N = 4, 4 days). In 1985 both treatment designs were 

collected simultaneously for 40 consecutive days (4 trials, N = 10 days 
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each). The relative position of the 2 treatment design clusters was 

switched halfway through the total collection period. 

Density Effects. Further effects of physical attributes of reefs 

on recruitment rates were revealed by considering the treatment designs 

in different ways. Rather than considering the 6 near attractors 

(isolated by 10 m) as independent unit reefs, this design-cluster was 

also treated as a single large reef of scattered substrate (N = 1). 

Likewise, the large reef (of 6 contiguous attractors) was also treated 

as 6 independent reefs (zero isolation) (N = 6). A final analysis of 

the attractor data tested how recruitment rates to a set of 6 

attractors, considered as a singl€ reef, differed depending upon 

whether the attractors were contiguous (a solid reef; N = 1) or 

isolated by 10 m (a scattered reef; N = 1). 

Natural Reefs. Recruitment patterns from the above experiments 

were compared with patterns from newly recruited fishes resident on 5 

natural patch reefs (of various s~zes and degrees of isolation) in the 

study area. (Four of these reefs were also used in experiments 

reported in the other chapters of this dissertation.) The patch reefs 

were all roughly similar in substrate type, predominately dead, 

slightly eroded coral (Porites spp.), and ranged from 1 m to 4 m in 

vertical relief. The sizes of these reefs (projected surface area), as 

estimated from detailed bath~netric grid maps made by divers, ranged 

from 8 m2 to 150 m2 . 

An index of inter-reef isolation was obtained by measuring the 

distance to the nearest neighboring reefs in 8 directions (1 within 
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each octant around the reef). The average of these 8 measurements was 

given equal weight with the single measurement to the nearest 

neighboring patch reef; these 2 numbers were averaged to form the 

index. This arbitrary index of patch reef isolation was highly 

weighted in favor of the closest reef, which seemed most realistic 

ecologically. The values of the index for these reefs ranged from 70 m 

to 132 m. 

Censusing. Fishes of recruiting size classes were visually 

censused by divers on the natural patch reefs simultaneously with the 

collections from attractors. The census method (Chapter 1, this 

dissertation) included close scrutiny of caves and crevices to provide 

the most complete and unbiased estimate of resident recruits possible. 

Roughly 2 censuses per week were made on each natural patch reef (N = 4 

replicates in 1984; N = 8 replicates in 1985). 

To standardize comparisons, data from natural patch reefs were 

analyzed for the 10 taxa collected in ~ 1% relative abundance (common 

recruits) from attractors (Table 3.1). This eliminated recruits of d 

few taxa. which were commonly censused on natural reefs, but never 

collected on attractors (Chapter 2, this dissertati;-n."). This data set 

was further limited to recruiting size classes (~ 4 cm in standard 

length, in most cases). 

131 



RESULTS 

Between-year comparisons of abundance and taxonomic composition 

were analyzed by pooling postlarval fish of all species that were 

collected from attractors. During the late summers of both 1984 and 

1985, 10 taxa recruited in ~l% relative frequency; 8 taxa were the same 

in both years (Table 3.1). These common taxa composed the vast 

majority of all recruits collected in each year. The relative rate of 

recruitment (recruits per attractor-day) in 1985 was approximately 

twice that of 1984. The collections also differed greatly in. ranked 

abundances for several taxa between years. 

Attractor Collections. For recruitment rates measured.by 

attractors, significant differences (by t-test) were detected between 

the controls and the experimental treatments of reef isolation and reef 

size for a number of the trials (Figs. 3.3 and 3.~). In 1984, if the 2 

trials within each treatment are considered a single trial, the only 

significant difference in recruitment from the controls was for all 

(combined) species for large reef size (increased, P < 0.01). The same 

result is apparent (P < 0.05) for each consecutive trial considered 

independently (Fig. 3.3). The effect of decreased inter-reef isolation 

reduced recruitment rate in 1984, but not significantly. When the 

dominant species, Pervagor spilosoma (54.9%), is removed and all other 

species combined are considered, neither treatment significantly 

affected recruitment rate. 

In 1985, if the total 40-day period is considered 1 trial, 

recruitment decreased significantly (P < 0.001) with near-reef 
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isolation and increased significantly (P < 0.001) with large reef size 

for all species and for all other species, with the year's dominant 

recruit, Gnatholepis anjerensis, removed. If the results are 

considered as sequential la-day trials, decreasing the inter-reef 

isolation from 100 m to 10 m significantly reduced recruitment rate for 

the first 2 of the 4 consecutive trials for all species and for all 

species without Gnatholepis anjerensis (Fig. 3.4). Enlarging reef size 

by a factor of 6 increased recruitment rate significantly for the first 

3 of the 4 consecutive trials for all species and for the first 2 of 

the 4 trials with the dominant species excluded. 

Two additional trends can be noted for both years. First, a 6-

fold increase in reef size increased recruitment approximately 3-fo1d. 

Second, the total level of recruitment diminished through the last 3 

trials (i.e., toward the end of August). At the diminished levels, few 

trials remained significantly different from the controls. 

Density Effects. By considering the 6 near attractors (isolated 

by 10 m) as a single large reef, recruitment rate increased very 

significantly over controls for all (combined) species in both years, 

with and without the effect of the dominant recruit (Table 3.2, A). 

Treating the large reef (of 6 contiguous attractors) as 6 independent 

reefs revealed a significantly lower rate of recruitment to each 

attractor than to control attractors for both years and both recruit 

groups tested (Table 3.2, B). By comparing a set of 6 attractors, 

considered as a single reef, between being isolated by 10 m (a 

scattered reef) or being contiguous (a solid reef), no significant 
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differences in recruitment rates were detected for either species group 

in 1985 (Table 3.2, C). (Data from 1984 could not be considered, since 

the 2 treatment designs were not run simultaneously.) 

Natural Reef Censuses. The mean nunilier of common recruits 

censused per patch reef ranged from 75 to 287 individuals in 1984 

(average CV = 18.9%) and from 350 to 1,196 individuals in 1985 (average 

CV = 58.6%) (Figs. 3.5 and 3.6). 

In 1984 a crude pattern of recruit abundances increasing with reef 

size was found; in 1985 the trend was less well defined (Fig. 3.5). If 

the dominant recruit, Pervagor spilosoma, was excluded in 1984, the 

trend remained similar. By excluding Gnatholepis anjerensis in 1985, 

the pattern for common recruits to increase in abundance with reef size 

was clearer. Spearman rank correlation coefficients between recruit 

abundances and reef size were found to be significant for common 

species in both years, with and without the influence of the dominant 

species, and for Pervagor spilosoma in 1984; Gnatholepis anjerensis 

abundance, however, did not correlate significantly with reef sizt' 

(Table 3.3). 

Any relationship between the isolation index and recruit 

abundances was less well defined for the natural reefs (Fig. 3.6). A 

significant correlation was found only for common recruits, excluding 

the dominant species, in 1985 (Table 3.3). 
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DISCUSSION 

Attractor Collections. Most recruits collected from attractors 

were from only a few of the taxa of the many occurring locally. 

Preferences for other habitat types probably account for the absence of 

certain species (e.g., Thalassoma duperrey) , but recruitment to the 

natural reefs was also very low for most species. This pattern of 

strong numerical dominance of recruitment by a few species has been 

noted elsewhere (Sale 1985; Chapter 2, this dissertation; Walsh 1984, 

1985, 1987). 

For several species, considerable changes in abundance rankings 

occurred between the years. The fantail filefish, Pervagor 

spilosoma, composed over half of all recruits in 1984, and was 5 times 

as abundant as any other taxon. The following year this species 

accounted for < 1% of all recruits. The anjer goby, Gnatholepis 

anjerensis, increased from 2.8% of all recruits in 1984 to 32.9% in 

1985. Interyear variability in recruit abundances of certain species 

has been docwnented recently by Williams (1983), Sale (1985), Schroeder 

(1985) and Walsh (1984, 1985, 1987). 

The attractor experiments clearly demonstrated that daily 

recruitment rate increases markedly with reef size (Figs. 3.3 and 3.4). 

This pattern has also been noted for Caribbean reef fish (Shulman 

1985). If visual cues are important for inducing a postlarval fish to 

settle, a large reef might be detectable from a greater distance and 

thus attract more fish than would a small reef. Even if no detection 

from a distance occurs, more fish may passively encounter a large reef 
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due to its greater size. Alternative possibilities might include a 

minimum habitat size requirement for some species, or a density

saturation effect on small reefs, occurring in less than 24 hr, during 

peak recruitment pulses. 

The attractor experiments also indicated that recruitment rate 

increases with inter-reef isolation, although the trend is less 

consistent than with reef size (Figs. 3.3 and 3.4). This result is in 

agreement with some findings of Bohnsack (1979), Shulman (1985) and 

Walsh (1985). Again, if visual cues are important, this pattern could 

result by initial nonselective settlement followed by active selection 

of suitable habitat (Sweatman 1985). Such a selection based on visual 

cues could occur within the limits of visibility -- commonly 20 m to 30 

m around coral reefs from this study area. For example, a group of 100 

juveniles could all recruit to a single reef isolated by 100 m, or .this 

same group might recruit 20 individuals to each of 5 reefs isolated by 

only 10 m and all visib18 at once. 

Density Effects. The fact that a 6-fold increase in attractor 

habitat size increased recruitment by only 3-fold suggests that recruit 

densities diminish with increasing reef size. If so, highest 

recruitment rate per unit area might be expected to a small isolated 

patch reef. On the natural patch reefs, recruit densities ~iminished 

with increasing reef size after a minimum size of approximately 10 m2 

(Fig. 3.5). Even lower densities of recruits have been found on 

natural reef patches much larger than the natural reefs of the present 

study (pers. obs.). 
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The large reef (of 6 contiguous attractors) significantly 

increased recruitment rate over controls (Figs. 3.3 and 3.4). However, 

treating this large reef as 6 independent units significantly decreased 

recruitment rate compared to controls on a per attractor basis (i.e., 

it significantly reduced recruit densities with increased reef 

aggregation (Table 3.2). Alternately, expanding this same area (6 

attractors) about a 10 m radius (representing a reef of scattered 

substrate) very significantly increased recruitment over controls, but 

did not differ from the solid large reef of the same total reef area. 

Possibly, since the attractors comprising the scattered reef were very 

near to each other (all within 10 m) potential recruits may have seen 

and responded to the 2 designs similarly. At moderate degrees of 

isolation (i.e., beyond the range of visibility), recruit densities may 

diminish with increasing habitat size. The census data from the 

natural patch reefs (all with indices of isolation ~ 70 m) are 

generally consistent with this trend. 

Natural Reef Censuses. Temporal variability in recruitment rate 

as measured on small artificial substrates has been shown to be a 

reliable predictor of recruitment patterns on natural patch reefs 

(Schroeder 1985; Chapter 2, this dissertation; Walsh 1985). Can 

patterns observed from attractors also predict how recruitment varies 

with size and isolation of natural patch reefs? 

As Shulman (1985) found for Caribbean reef fish, recruits in 

this study were also found to be more abundant on large patch reefs. 
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The trend may have been somewhat obscured in 1985 by the extremely high 

recruitment of Gnatholepis anjerensis (Table 3.1). This ubiquitous 

goby frequents sand around the fringes of the reef (Chapter 1, this 

dissertation). Its numbers may be less dependent on reef structure or 

area, thus the less distinct relationship between reef size and recruit 

abundance. The relationship is more distinct when considered without 

the influence of this species (Fig. 3.5). 

The relation between recruit abundances and isolation of the 

natural patch reefs was not consistent (Fig. 3.6). The strong effect 

of reef size may have overshadowed the effect of inter-reef isolation 

on recruitment. The finding that only cornmon recruits (without the 

influence of the dominant goby in 1985) correlated significantly with 

reef isolation, might suggest that dominant recruits behave differently 

than those recruiting in low numbers. Alternatively, species-specific 

behavioral differences regarding the experimental treatments may exist. 

Causative factors suggested for the occurrence of more recruits on well 

isolated reefs include preferential recruitment (Walsh 1985), lower 

predation risk (Shulman 1985) and less interference by neighboring reef 

fish (Bohnsack 1979). 

Comparing results between these 2 different methods requires 

several assumptions (Chapter 2, this dissertation). Artificial 

attractors measured recruitment rate by collection, which removed all 

recruits daily. This method assumed that during a day's time, 

migration, predation, and facilitation or inhibition by prior recruits 

were negligible. Walsh (1985) found no consistently significant 
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relationship between juveniles and adults, either intraspecifically or 

interspecifically, for the 5 most abundant species on small artificial 

reefs, near a large natural reef, in Hawaii. On my natural patch 

reefs, recruitment was measured by semiweekly censuses of juveniles, 

without collection. This procedure estimated the surviving resident 

recruit population that had accumulated up to that point in the season. 

Potential density limiting factors such as predation and space 

limitation may be important here. Even though quantitative comparisons 

between these 2 methods may not be possible, considering comparative 

trends may prove valuable. 

Studying the effect of reef size and isolation on recruitment by 

comparing natural patch reefs involves other complications. In this 

study there was no correlation between reef size and reef isolation 

(i.e., they varied randomly and independently). Ideally a factorial 

design would be used, however, a suitable set of natural reefs was not 

available. A strong size effect may obscure any patterns due to 

isolation. Bohnsack (1979) found that numbers and species of fish on 

small patch reefs increased significantly with isolation, but the 

effect was less pronounced on large reefs. 

It is not clear what measure of isolation is most appropriate 

within a group of natu~al patch reefs. Possible alternatives to my 

index include the nearest inter-reef distance only, a simple average of 

all inter-reef distances, and the distance to the nearest reef in the 

direction into the prevailing current. The latter method might be 

favored if it is assumed that all recruits arrive from their pelagic 
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stage by passive drift with the prevailing current (i.e., from the 

south). 

Other factors which might influence variability of recruitment 

include: variability in parental fecundity; variability in planktonic 

mortality (e.g., due to starvation, predation and advection); proximity 

to shore; characteristics of the particular species recruiting (e.g., 

different responses by rare recruits and dominant species); and 

ecological characteristics of the reef and its resident community 

(e.g., differences in scales of microcirculation, habitat complexity, 

biotic composition and community interactions). 

Two spatial factors which potentially influence recruitment rates 

were examined in this study. The results suggest that during the peak 

seasonal pulse at Midway lagoon, recruitment rates increase with size 

and isolation of reef patches on experimental substrates, and with size 

(at least on natural substrates). The effect of reef size appears to 

be more significant than the effect of isolation. Even though the 

abundance of recruits increased with reef size, it did so at diminished 

densities; thus small reefs harbored more recruits per unit area. 

Therefore, the highest total recruitment by coral reef fish might be 

expected to occur at nearshore areas consisting of numerous small and 

moderately isolated patch reefs (assuming a fixed reef and lagoon 

area). Such a patch reef configuration could enhance survival of 

postlarval fish cohorts throug~ the vulnerable stage of recruitment, 

assuming that population limiting factors (e.g., predation, 

competition) are no greater in such a configuration than on larger or 
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less isolated patch reefs. Such information is needed by fishery 

managers for selecting designs for artificial reef structures and for 

designating nearshore sites (based on natural patch reef 

configurations) which are most favorable for special protection to 

potentially enhance recruitment and improve local fisheries. 

Future studies on the effects of patch reef size and isolation on 

fish recruitment should: 1) consider the effects on all species 

individually; 2) monitor recruitment to an experimental design of 

standardized artificial reefs and natural reefs in a progression of 

sizes (across magnitudes), holding isolation constant, and in a 

progression of isolation distances, holding size constant; and 3) 

include comparisons between geographic regions. 
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SUMMARY AND CONCLUSIONS 

1. During peak seasonal pulses at Midway lagoon, recruitment 

rates increased with size and isolation of small artificial reef 

patches, and with size of natural patch reefs. The significance of 

these effects may hold only within certain upper and lower limits of 

reef size and isolation. 

2. The effect of isolation by natural patch reefs on recruitment 

was not clearly determined from this experiment. 

3. Increasing reef size appears to have a much stronger effect on 

enhancing recruitment levels than does increasing reef isolation. 

4. Although larger patch reefs can harbor more total recruits, 

smaller patch reefs harbor significantly higher densities. 

5. Maximum recruitlnent potential might be expected in a given 

area with numerous small and moderately isolated reefs, assuming a 

fixed total reef area. Such reef distributions may improve local 

fisheries if overall recruitment survival is consequently enhanced. 

This result may be of value to fishery managers evaluating artificial 

reef designs or selecting alternate nearshore sites as marine reserves. 
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Table 3.1. Relative percent frequency of occurrence for common 
(~1%) recruits collected. (In 1984, 9 taxa = 97.1% of 
the total, N 138 specimens; in 1985, 9 taxa = 92.4% of 
the total; N = 1,149 individuals). 

1984 

Taxa 

Pervagor spilosoma 
Dascyllus albisella 
Apogonid spp. 
Foa brachygran~a 
Dendrochirus barberi 
Sebastapistes ballieui 
Gnatholepis anJerensis 
Priolepis eugenius 
Teleost spp. 

% 

54.9 
9.9 
9.2 
5.6 
5.6 
4.9 
2.8 
2.1 
2.1 

YEAR 

1985 

Taxa 

Gnatholepis anJerensis 
Foa brachygramma 
Apogonid spp. 
Dendrochirus barberi 
Sebastapistes ballieui 
Dascyllus albisella 
Teleost spp. 
Heteropriacanthus cruentatus 
Priolepis eugenius 
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32.9 
14.8 
11.2 
10.7 

9.5 
8.3 
2.2 
1.8 
1.0 



Table 3.2. Comparison of mean daily recruitment rates between 
treatments (attractor configurations) for density effects. 
All collection dates for a treatment are considered as the 
trial. Means for control attractors are in parentheses. 
t-test significant differences are indicated (* P < 0.05, 
** P < 0.01, *** P < 0.001, ns -- not significant). 

Treatment 

A. Six near attractors 
considered as 1 
reef (N = 8 in 1984; 
n = 40 in 1985) vs. 
controls (N = 16 in 
1984; n = 160 in 1985) 

B. Six contiguous attractors 
considered as 6 
independent reefs 
(N = 66 in 1984; N = 240 
in 1985) VS. controls 
(N = 22 in 1984; N = 160 
in 1985) 

C. Six near attractors 
considered as a single 
scattered reef (upper 
number; N = 40) vs. 6 
contiguous attractors 
considered as a solid 
reef [lower number; 
N = 40] 

All recruits 

1984 

4.50 
(l.13) 

0.73 
(l. 82) 

1985 

*** 
9.68 

(2.69) 

** 
l. 76 

(2.69) 

ns 
9.68 

[10.58] 

146 

All recruits less 
dominant species 

1984 

*** 
2.88 

(0.05) 

* 
0.21 

(0.82) 

1985 

"k** 
7.10 

(2.03) 

*** 
0.93 

(2.07) 

ns 
7.10 

[5.60] 



Table 3.3. Spearman rank correlation coefficients comparing abundances 
of recruits in visual censuses with size and isolation of 
natural patch reefs. Effect of the dominant recruiting 
species in each year is considered. (* P < 0.05, ** P < 
0.01, *** P < 0.001, ns -- not significant). (N = total 
number of census replicates on 5 reefs.) 

Taxa Tested Reef Size Reef Isolation 

1984 
(N = 20) 

Common recruits 0.656 ** 0.411 ns 
Pervagor spilosoma 0.556 * 0.427 ns 
Common recruits without 0.817 *** 0.350 ns 

P. spilosoma • 

1985 
(N = 40) 

Common recruits 0.468 ** 0.215 ns 
Gnatholepis anjerensis 0.305 ns 0.179 ns 
Common recruits without 0.919 *** 0.352 * 

G. anjerensis 
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Figure 3.1. Recruitment attractor -- the artificial reef unit -- on 
the lagoon floor at Midway atoll. The attractor is made 
of coiled coarse wire (2.5-cm square mesh, 14 gauge, vinyl 
coated, 0.3 m wide by 3 m long [when uncoiled], and 0.2 m 
in diameter when coiled). 
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Figure 3.2. Experimental treatment design using attractors. Large 
reef (top left) and near reefs (bottom right) with control 
reefs. 
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Figure 3.3. Mean (+SE) recruitment rates to attractors in 1984. 
Values for control attractors are compared to the 
experimental treatments of near reef isolation and large 
reef size. Each bar represents a trial consisting of a 
daily collection sequence for all recruits: the treatment 
was size for the first 2 trials (N = 5, 6 days) and 
isolation for the second 2 trials (N = 4, 4 days). The 
shaded bars represent mean numbers for all species without 
the dominant recruit of the year, Pervagor spilosoma. t
test significant differences from the controls are 
indicated (* P < 0.05). 
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• 

Figure 3.4. Mean (+SE) recruitment rates to attractors in 1985. 
Values for control attractors are compared to the 
experimental treatments of near reef isolation and large 
reef size. The clustered bars represent trials, each 
consisting of a consecutive 10-day collection sequence for 
all recruits, simultaneous for both treatments. The 
shaded bars represent mean numbers for all species without 
the dominant recruit of the year, Gnatholepis anjerensis. 
t-test significant differences from the controls are 
indicated (* P < 0.05, ** P < 0.01, *** P < 0.001) . 

154 



-29.7 

1985 

CONTROL NEAR LARGE 

155 



Figure 3.5. Mean (±SE) numbers of common recruits censused as a 
function of reef size on 5 natural patch reefs. (In 1984 
N = 4 census replicates per reef; open circles represent 
numbers excluding the dominant recruit, Pervagor 
spilosoma.) (In 1985 N = 8 census replicates on each of 
the 5 reefs; open circles represent numbers excluding the 
dominant recruit, Gnatholepis anjerensis.) 
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Figure 3.6. Mean (±SE) numbers of common recruits censused as a 
function of reef isolation index on 5 natural patch 
reefs. (In 1984 N = 4 census replicates per reef; open 
circles represent numbers excluding the dominant 
recruit, Pervagor spilosoma.) (In 1985 N = 8 census 
replicates on each of the 5 reefs; open circles 
represent numbers excluding the dominant recruit, 
Gnatholepis anjerensis.) 
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CHAPTER 4 

THE ECOLOGY OF PATCH REEF FISH COMMUNITIES 

IN A SUBTROPICAL PACIFIC ATOLL 

INTRODUCTION 

Coral reef communities are among the most diverse and ecologically 

complex systems known. The structure of reef fish communities is 

usually defined in terms of the diversity and relative abundances of 

species characteristic of a habitat type. Commonly, only a few species 

compose over half the abundance of all fish on the reef, while scores 

• 
of others are present in low numbers. Most species are small «20 cln 

SL) and are site-attached or have limited home ranges. All trophic 

guilds are represented, although most species are generalists, 

exhibiting wide diet overlap (Hobson 1974; Sale 1980a; Parrish, et al., 

1985). Coral reefs are also highly productive ecosystems. Potential 

yields from coral reef fisheries have been reported to reach 10 to 20 

mt/km2 annually (Munro 1984; Marshall 1985; Munro & ~illiams ~985), 

which represents a considerable food resource for many developing 

countries. The present study describes the structure of fish 

communities and the related ecoJ.ogical characteristics of pristine 

patch reefs within Midway lagoon, a subtropical mid-Pacific atoll. 

Life History Effects. 

The life of a coral reef fish includes several stages (Sale 

1980a), with direct and indirect effects on community structure. 

Typically, spawning occurs in the vicinity of the reef and is 
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characterized by frequent repetition throughout a protracted season of 

the year, a diverse array of behavioral patterns, and extremely high 

fecundity (Johannes 1978; Thresher 1984). The eggs are predominantly 

fertilized externally, and for many species they are dispersed directly 

into the pelagic environment as plankton. For other species (e.g., 

nest tenders, mouth brooders), the eggs are briefly demersal before 

hatching, whereupon larvae disperse into the pelagic realm. Only 3 or 

4 species are known to lack a planktonic developmental stage (Sale 

1988). During the highly vulnerable planktonic period, which lasts 

from a few days to a few months, planktonic mortality is often over 99% 

and unpredictable (Doherty 1981; Munro & Williams 1985; Richards & 

Lindeman 1987). While at sea reef fish larvae not only drift passively 

with the prevailing currents but can swim and migrate vertically to 

assist dispersal. The extensive mixing of these planktonic larval 

groups serves to maintain the genetic diversity of reef fish 

populations comp~ising communities (Victor 1984; Shulman 1985). 

Recruitment is the transition stage from planktonic larval life to 

demersal existence on a coral reef. This is when post1arva1 juveniles 

begin their residence on an individual reef where they often remain for 

life. (See Chapters 2 and 3 of this dissertation for extensive 

treatments of recruitment.) Once on the reef, the highest predation 

occurs within the first few days or weeks, while growth out of the 

juvenile size is rapid (Lag1er 1971; Luckhurst & Luckhurst 1977; Lassig 

1982; Doherty & Sale 1985). Mortality rates beyond this critical 

juvenile stage are thought to be low for most reef fish, which 
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commonly live several years or longer (Lagler 1971; Ingles & Pauly 

1984; Buesa 1987). 

Community Variability and Influences. 

High temporal variability is characteristic of the structure of 

many patch reef fish co~munities (Sale 1980a; Sale & Douglas 1984). 

This is primarily due to variability in recruitment, which is high and 

random (i.e., apparently without pattern) for most species (Sale 1988). 

Spatial variability can also be high. At small spatial scales (e.g., 

hundreds of meters or less) this may again reflect recruitment 

variations between similar reefs (Talbot et a1. 1978; Williams & Sale 

1981; Doherty 1983; Shulman 1985; Walsh 1985; Doherty 1987), resulting 

in similar species compositions which differ mainly in relative 

abundances (Sale & Douglas 1984). At large spatial scales (e.g., tens 

of kilometers or more), variation in fish assemblages may also be due 

to recruitment fluctuations (Eckert 1984; Sale et a1. 1984; Munro & 

Williams 1985), or to major differences in habitat types or biotopes 

(e.g., seagrass beds, reef flats, lagoonal patch reefs, reef crests, 

seaward reef slopes) where differences in species presence are most 

profound (Hiatt & Strasburg 1960; Chave & Eckert 1974; Sale 1980a; 

Williams 1982; Sale & Douglas 1984; Hourigan & Reese 1987). 

Abiotic and biotic factors of the reef environment can affect the 

distribution patterns of fish assemblages (Hobson 1980; Sale 1980a). 

These include reef structural attributes (e.g., reef size, substrate 

complexity, patch isolation and depth), environmental variables (e.g., 

water temperature, suspended sediment, current and sand movement), and 
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direct or indirect effects of other biota (e.g., algae, corals, other 

invertebrates, and nonte1eost vertebrates) (Luckhurst & Luckhurst 1978; 

Bohnsack 1979; Carpenter et al. 1981; Sale & Douglas 1984; Walsh 1985; 

Green et al. 1987; Roberts & Ormond 1987; Clarke 1988). In addition, 

intraspecific and interspecific behavioral interactions between the 

fish themselves, such as predation and competition, can influence the 

abundance of these populations (Sale 1980a). 

Characteristics of Hawaiian Fish Communities. 

Reef fish communities from the geographically isolated Hawaiian 

Islands are characterized by low species richness, high endemism (over 

30% of the inshore species, many of which are abundant), and the 

expos~re to large semiannual current gyres, which may help retain 

planktonic larvae (Gosline & Brock 1960; Lobel & Robinson 1986; 

Hourigan & Reese 1987). The Hawaiian fish fauna is primarily derived 

from the tropical Indo-West Pacific, while the northwestern end of t~e 

archipelago includes species with affinities to southern Japan. In 

contrast to the high islands of the southeastern end, the Northwestern 

Hawaiian Islands are further characterized by 1) high latitude coral 

atolls, 2) a mild temperate to subtropical climate, where inshore water 

temperatures can reach below 180 C in late winter, 3) species which are 

common on shallow reefs and attain large sizes, which occur only rarely 

or in deep water to the southeast, and 4) inshore shallow reefs that 

are essentially free of fishing pressure (Gosline & Brock 1960; Mauck 

1975; Hobson 1980, 1983). 
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Characteristics of Patch Reefs. 

Patch reefs are natural habitat structures composed of coral and 

rock substrate that are isolated across bare sand from other reefs. 

Patch reefs are usually small to moderate in size (i.e., < 100 m 

across), but numerous in many shallow nearshore environments. They are 

ideal for ecological studies because they support relatively isolated 

communities, with diverse and abundant fauna, and they are of 

manageable size for assessment with replication (Nolan 1975; Sale 

1980a, 1984; Clarke 1988). Assumptions commonly made by those studying 

small patch reef fish communities are that they are closed systems 

(following larval recruitment) and that the patterns revealed are 

representative of those on much larger reefs (Smith & Tyler; Jones & 

Cha3e 1975). However, the validity of these assumptions is often 

questionable (Clarke 1988; Robertson 1988). The degree of isolation 

between patch reefs can affect migration rates by fish which are not 

strongly resident or site attached. Some species utilize small patch 

reefs only as a juvenile nursery habitat and then relocate to other, 

more extensive habitats (e.g., large contiguous reefs). The size of a 

reef has been found to be the most useful structural attribute for 

predicting the structure of the fish assemblage (Helfman 1978; Sale & 

Douglas 1984; Clarke 1988); in general, abundance and species richness 

increase with patch size. 

As part of the ecological description of these patch reef 

communities, the present study also considers temporal variability in 

fish community structure and relationships of fish abundance with major 
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physical characteristics of the reefs. This broad ecological 

description serves as a baseline for fish communities of the 

northwestern end of the Hawaiian archipelago. It also serves as a 

baseline, or control, to assist in the interpretation of results from 

an experimental fishing study conducted on similar reefs in the same 

area (see Chapter 5, this dissertation). 
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MATERIALS AND METHODS 

Study Area. 

Field work took place within Welles Harbor, in the SW quarter of 

Midway atoll (28 0 l2'N, l77 0 24'W), of the Northwestern Hawaiian Islands 

(Fig. 1.1; Chapter 1, this dissertation). The lagoon, which averages 

10 km in diameter, is surrounded by a barrier reef, except along the NW 

side. The patch reefs studied were among many scattered within this 

section (-2 km W of Sand Island and -2 km E of the western barrier 

reef) of the shallow (5-10 m), sand-bottom lagoon. Midway, located at 

the northern limit of the subtropics, experiences more pronounced 

seasonal extremes than the lower latitude (19 0 N to 22 0 N) high Hawaiian 

Islands, some 2,000 km to the SW. Water temperatures measured 

throughout the year on the study reefs ranged from l7 0 C in February to 

28°C in August. Currents were usually from the south, negligible to 

slight. Large oceanic swells from the NW often created strong bottom 

surge during the winter. Underwater ho~izontal visibility was usually 

10-20 m, except during rare storms which dispersed sand and debris into 

the water column, greatly reducing visibility. 

Natural Patch Reefs. 

Fish communities and ecological characteristics of 4 natural 

(undisturbed) patch reefs (i.e., stations) in the study area were 

monitored regularly from May 1981, to August 1985. This section of the 

lagoon had experienced no known disturbance or fishery, either 

commercial or recreational, for many years. These reefs and their 
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associated communities were generally representative of a common 

biotype in the inshore northwestern archipelago (J.D. Parrish, pers. 

comm.). The most similar patch reefs possible were selected from those 

available that met certain minimum requirements (e.g., size, relief, 

depth, isolation, nature of the substrate, and apparent structure of 

the fish assemblage). All patch reefs were well isolated across sand, 

usually beyond the visibility range of other patches of hard substrate. 

Physical Characteristics. Major physical attributes of each patch 

reef were measured at the beginning of the study (the baseline) and 

repeated during the final sampling period for 2 reasons. First, 

significant differences in reef size and structure among the 4 

replicate reefs could influence the composition of the fish community 

in a major way (Helfman 1978; Sale & Douglas 1984; Clarke 1988). 

Second, if significant temporal changes in the reef substrate occurred, 

it would be necessary to separate this component of variability from 

other ecological effects. The patch reefs were selected based on 

manageable size and depth and on similarity ill predetermined 

characteristics, from those available within the limits of the local 

study area. Detailed bathymetric maps were sketched by divers with the 

aid of numerous (capillary gauge) depth measurements of the reef's 

vertical profile in reference to a standardized, horizontal rope grid 

of l-m by 2-m cells set over each station. From these maps the 

projected surface area and the total volume were estimated for each 

reef. Area was derived by summing the projected surface area of 

exposed hard substrate of all cells; volume was derived by multiplying 

the projected area increment, between each 2 adjacent depth contours, 
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by the height of the increment above the sand, at the base of the reef, 

and summing the products. 

Reef substrate complexity was estimated by a series of vertical 

relief measurements. The average vertical relief was determined for 

each station following the method of Luckhurst & Luckhurst (1978). 

Briefly, this relief was the mean of a series of vertical distances 

measured from the reef surface to a horizontal line touching the 

highest point of the reef along the line. These vertical measurements 

were taken every 0.5 m horizontally along a set of equally spaced 

parallel lines over the reef. 

Ecological Characteristics. Quantitative estimates of common 

species of resident reef biota (e.g., algae, corals, noncryptic 

invertebrates) were noted at each station. These taxa were visually 

assessed, using the standardized 1-m by 2-m grid, during the same 

periods (initial and final) that the physical characteristics were 

measured. Recorded were the estimated percent cover of substrate 

surface area by each major algal and coral taxon within a grid cell, 

and the number of discrete, nonsessi1e invertebrates counted per cell. 

The mean of values from all grid cells in a reef was used to represent 

the reef. These descriptions served to further characterize the patch 

reefs. 

Mean daily frequencies for sightings of large, highly transient 

fishes and other vertebrates were recorded from May 1981, to August 

1985. Taxa considered were carcharhinids (sharks), carangids (jacks), 
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Rajiformes (rays), Honachus schauinslandi (Hawaiian monk seal) and 

Chelonia mydas (green sea turtle). The mean daily frequency for sharks 

and jacks was calculated based on all diurnal periods per cruise during 

which research activities were conducted on the set of natural study 

reefs. (Observation time in the water was roughly the same for most 

days.) Daily records of the other large vertebrate taxa were made 

during any time of the day in or on the water of the Welles Harbor 

study area. These records complement the ecological description of the 

patch reef communities. 

Fish Communities. 

The structure of the fish communities on the study reefs was 

described using 2 complementary methods. Replicate total-count visual 

censuses were conducted throughout the study to assess abundances and 

temporal variability of the resident fish populations. This method is 

reasonably accurate for quantifying most diurnally exposed fish on the 

reef (Sale & Douglas 1981; Brock 1982; Chapter 1, this dissertation). 

At the completion of the final sampling period, complete ichthyocide 

collections were made of all fishes to determine the abundances of 

those taxa known to be less reliably estimated by visual census, such 

as cryptic or nocturnal forms. (See Chapter 1 of this dissertation, 

for a detailed description of both methods and a discussion of their 

relative merits and limitations.) By using both methods, a more 

accurate picture of the entire community was possible. 

Censuses. Fish censuses were conducted during 20 cruises to 

Midway (roughly 5 cruises per year, from May 1981, to August 1985). 
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Each cruise provided a 2- to 6-week sampling period. The total-count 

visual census method (modified from Brock 1954) was used to quantify 

fish populations on each patch reef. A pair of divers sequentially 

censused 5-m by 5-m quadrats on each side of a line along the reef 

axis, then switched sides and conducted a second replicate. All caves 

and crevices were examined carefully for small and cryptic fishes. The 

standard length (SL) of each fish observed was estimated visually and 

recorded as a size class. During each sampling period or cruise, 2 to 

10 replicate censuses were conducted on each reef between 0800 and 1700 

h. Changes in numbers for common species censused, over the study, 

were quantified using Spearman rank correlation coefficients (rs ) based 

on the experimentwise error rate for the group of rs among stations 

(Miller 1981). 

Complete Collections. All fishes on each study reef were 

quantitatively collected, in August 1985, using rotenone, a chemical 

ichthyocide. A fine-mesh barrier net completely blocked the water 

column around each reef and prevented the escape of all but the 

smallest fish. Collections were meticulous so as to assure a complete 

description of the total fish ~()IIllIlunity. 

Characteristic Behavior. Notes on characteristic or unique 

behavior of common fish species were recorded during periodic 

observations. This information may provide insight into functional 

relationships of the fish community not evident through censuses and 

collections. 
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Physical Correlations. 

Spearman rank correlation coefficients were used to compare major 

physical characteristics of the patch ~eefs with the fish community. 

The reef characteristics used were substrate area, volume and vertical 

relief (measured as described above). Parameters of the fish community 

used in this comparison were 2 measures of diversity (species richness 

and H'), the abundance of all (pooled) species, and the abundance of 

several common (numerically abundant) species, all from visual census 

data. (For the group of common species,· the significance of the 

correlations was based on the experimentwise error rate [Miller 1981].) 
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RESULTS 

Natural Patch Reefs. 

Physical Characteristics. Bathymetric maps of the study reefs 

were sketched as in Fig. 4.1. The best selections of patch reefs from 

the pool of suitable ones ranged in area from 12 m2 to 186 m2 (mean 

58.8 m2 ) and in volume from 4 m3 to 155 m3 (mean 52.2 m3 ) (Table 4.1), 

with 1 m to 3 m of maximum vertical relief. Temporal changes in reef 

size (e.g., area) were extreme. Shifting bottom sand caused by severe 

winter storms increased one reef in area (by a third), while another 

reef decreased in area (by half) from 1981 to 1985. In less than 2 

months, the water depth to the sand bottom in places within the lagoon 

changed from 10 m to 5 m, irrespective of patch reef presence. At 

times of most active sand movement, long steep 'walls' characterized 

the sand bottom between shallow and deep areas. The movement of the 

sand bottom within the lagoon was somewhat analogous to that of wind

driven terrestrial sand dunes. During the winter of 1983-1984, storms 

were of such magnitude and frequency that 2 study reefs (stations 3Cl 

and 4Cl) were buried completely by sand movement and had to be replaced 

(with stations 3C and 4C, respectively). Therefore, 6 different reefs 

were used over the entire study, while 4 reefs were monitored during 

each sampling period. 

The patch reefs were reasonably well isolated from neighboring 

reefs across sand. The average distance to surrounding reef patches 

was a~out 100 m (Chapter 3, this dissertation), except for the 2 

stations that were buried, which were only 15 m apart. 

172 



The patch reefs were all roughly similar in substrate type, 

predominantly dead eroded coral (mainly Porites lobata and P. 

compressa) , which retained much of the original colony morphology. 

Substrate complexity ranged from 34 cm to 92 cm in mean vertical relief 

for the reefs (Table 4.2). These means varied through the duration of 

the study, again due to shifting sand; some stations became more 

complex while others became less so. 

Ecological Characteristics. The mean percent of total algal cover 

(all taxa pooled) on the patch reefs was 76.7 ±55.5 (SD), during the 

• 
initial summer (baseline) assessment, and 32.1 ±35.7 (SD), during the 

final sampling period (August 1985). Common taxa which collectively 

composed over 90% of this cover were (in order of decreasing abundance) 

Phaeophyta spp., Centoceras clavulatum, Ralfsia pangoensis, Spyridia 

filamentosa, Dictyota sp., Lobophora variegata, Hydrolithon relrboldii, 

Rhodophyta sp. and Lyngbya majuscula. 

The mean percent of total live coral cover (all species pooled) 

was low: 7.2 ±8.l (SD), initially, and 6.9 ±6.6 (SD), during the final 

assessment. Only a few species were recorded, because the substrate of 

these small patch reefs was predominantly dead coral rock. These 

species were (with overall mean percent) Pocillopora meandrina (3.2%), 

P. damicornis (1.6%), Porites lobata (1.4%), Cyphastrea ocellina (0.9%) 

and Leptastrea purpurea (0.1%). 

Density estimates (as mean number of individuals censused per 

square meter) for all (pooled) visible, nonsessile invertebrate taxa 
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varied from 18.4 ±13.7 (SD) initially, to 30.4 ±24.3 (SD) at the final 

assessment. Common groups were echinoids, ophiuroids, prosobranch and 

nudibranchs gastropods, and alpheid and rhynchocinetid shrimp. The 

following taxa (in decreasing order of abundance) comprised over 90% of 

these numbers: Echinometra mathaei, Rhynchocinetes sp., Diadema 

paucispinum, Ophiocoma pica, Echinostrephus aciculatus and 

Plakobranchus ocellatus. Sea urchins (E. mathaei and D. paucispinum) 

accounted for half of all these invertebrates counted. 

The frequencies of sightings on the natural study reefs by sharks 

and jacks were low (mean 0.06 and 0.07 per day, respectively; 308 

observation dates). The sharks seen were predominantly the small (mean 

SL 1.3 m) gray reef shark (Carcharhinus amblyrhynchos), while the large 

(mean SL 2.5 m) tiger shark (Galeocerdo cuvier) was occasionally seen 

around the reefs during May-July, in synchrony with peak fledging by 

juvenile Laysan albatross (Diomedea immutabilis), a prey item. The 

most common jacks (mean SL 0.5 m) were Carangoides orthogrammus, Caranx 

melampygus, Caranx ignobilis and Seriola dumerili. The other large 

vertebrate taxa that visited the Welles Harbor study area were also 

rare; sightings of only 24 rays, 11 seals and 10 turtles were recorded 

throughout the total observation period (456 dates). The degree to 

which diver presence may have influenced the frequency of sightings of 

large transient animals is unknown. 
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Fish Communities. 

Censuses. A total of 90,103 individuals from 135 taxa (mostly 

species, excluding Gnatholepis anjerensis) were visually censused on 

the 4 natural patch reefs during the study. (Many of these individuals 

were undoubtedly the same fish, repeatedly recorded in replicate 

censuses, as suggested by length-frequency distributions and individual 

markings.) The percent abundance of each taxon relative to the total 

(Abundance %), the percent of all censuses in which it occurred 

(Occurrence %), and an estimate of the size range observed, are listed 

in Table 4.3 for each taxon. The goby Gnatholepis anjerensis 

(Gobiidae) was considered separately, as it occurred almost entirely 

during late summer as a recruit and in great numbers (34,541 total 

additional individuals counted). Its classification as a reef fish is 

also dubious because it occurred predominately on sand at !1idway. 

Only a few species accounted for the majority of the total fish 

abundance on the reef, while most taxa occurred in low numbers. Three 

species, Pervagor spilosoma (Monacanthidae), Apogon maculiferus 

(Apogonidae) and Dascyllus albisella (Pomacentridae), which each 

composed 15% of the total (Table 4.3), were characterized by major 

recruitment pulses. They dominated the juvenile census counts and had 

the highest recruitment rates of all fish, as measured by collections 

from attractors (Chapter 2, this dissertation). Three other species, 

Thalassoma duperrey (Labridae), Stegastes fasciolatus (Pomacentridae) 

and Chromis ovalis (Pomacentridae), which each composed an additional 

8%, also recruited in considerable n~~bers to the patch reefs. 
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Therefore, 70% of all fish censused were of 6 species. (These 6 common 

species are considered in detail gelow.) 

Temporal change in the mean abundance of all (pooled) fish on a 

reef was high (Fig. 4.2). Species richness, as measured by the mean 

number of species of all censuses on a reef in a cruise period, also 

exhibited strong variation over the 4 years (Fig. 4.3). Temporal 

variability followed an apparently synchronous pattern among the 4 

study reefs for both abundance and species richness. The pattern for 

abundance appeared to be in phase with the pattern for richness. 

During the 4 years, the average minimum (i.e., exclusive of major 

recruitment pulses) abundance and species richness ranged from about 50 

fish from 15 species, on the smallest patch reef (station le, 11 m2), 

to about 200 fish from 50 species, on the largest reef (station 4C, 186 

m2) (Figs. 4.2 and 4.3). Total numbers of fish were much higher (by 

factors of 2 to 4) in late summer and/or fall. Species richness was 

also highest during this late swnmer/fall season, bu~ the amount of 

relative change was less. 

The Shannon-Weaver species diversity index (H') (Shannon & Weayer 

1949) also varied in time (average range-- 0.5 to 2.8), with apparent 

temporal synchrony among reefs (Fig 4.4). However, the pattern was 

often the inverse of that for either species richness or abundance 

alone. Overall, H' was similar for all 4 stations, averaging slightly 

above 2.0. 

Temporal trends in the abundance of the 6 common species on the 4 

patch reefs are plotted in Figs. 4.s-l~.10. From May 1981, to August 
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1985, most species varied with a pattern similar to that of abundance 

for all (pooled) species (Fig. 4.2) (i.e., late summer and/or fall 

increases in numbers, reflecting measured cumulative recruitment, 

followed by winter and/or spring declines, which must have been due to 

mortality and emigration). Fluctuations were most violent, and most 

synchronous between reefs, for species with heavy recruitment pulses. 

The first corr~on species, the fantail filefish, Pervagor 

spilosoma, was commonly absent from patch reefs, or only a few occurred 

on a reef. However, this was the most abundant species censused 

(excluding G. anjerensis) (Table 4.3), due entirely to an enormous 

recruitment pulse (greater by 2 orders of magnitude than any other 

period) on all stations during the late summer and fall of 1984 (Fig. 

2.6; Chapter 2, this dissertation). Many recruited at or near the 

adult size. During late 1984 several hundred adults were present on 

the reefs as the large recruits grew out of the juvenile stage. By the 

following summer, numbers of both juveniles and adults had returned to 

normal low levels. 

The spotted cardinalfish, Apogon maculiferus, was censused in 

nearly the same total abundance as was P. spilosoma (Table 4.3), but 

produced a strong peak (up to several hundred individuals) during each 

summer on all stations (Fig. 4.6). This pattern also reflected heavy 

seasonal recruitment pulses (Chapter 2, this dissertation). On the 4 

reefs, average numbers of A .. maculiferus ad:!l ts ranged from 0 to 35 per 

reef, higher on larger reefs with many deep, dark holes. 
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The Hawaiian dascyllus, Dascyllus albisella, was censused in 

nearly the same total abundance as the 2 preceding species (Table 4.3). 

Its temporal pattern also reflected some summer recruitment pulses, but 

mean abundances were more stable on each reef over the 4 years (Fig. 

4.7), possibly due to adults being more numerous, relative to 

juveniles, than in the preceding 2 species. On the 4 reefs average 

numbers ranged from about 20 to 60 fish per reef. Of these, an average 

of 15 to 35 were adults. 

On 3 patch reefs, mean numbers of the saddle wrasse, Thalassoma 

duperrey, ranged from about 20 to 60; the fourth (smallest) station 

(lC) had less than 5 individuals during most sampling .periods (Fig. 

4.8). Considering all reefs, average numbers of adults ranged from 0 

to 12 per reef. Small juveniles were common throughout the year, but 

somewhat more abundant in winter and early spring censuses. 

The Pacific gregory, Stegastes fasciolatus, exhibited a somewhat 

mor~ stable temporal pattern than the above species. Some small 

increases occurred during the summer-fall months which may have been 

due to recruitment; slightly more juveniles were common during this 

period (Fig. 4.9). Overall, an average of 5 to 30 fish (4 to 24 of 

which were adults) occurred on each station, with the higher abundances 

on larger reefs. 

Temporal variability for the oval chromis, Chromis ovalis, was 

high (Fig. 4.10). Average abundances ranged from several on a reef to 

more than 50. Of these, 0 to 25 were adults, with no clear relation to 

reef size. These adults also contributed to the variability by their 
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occasional movements between reefs. Strong seasonal variability in 

recruitment was characterized by summer peaks, during which time 

juveniles were common, followed by winter declines. Annual variability 

in recruitment and overall population size was considerable for this 

species. The largest reefs exhibited long-term (about 2-year) 

directional trends (abundances decreased on stations 3Cl and 4Cl and 

increased on stations 3C and 4C). 

The significance of long-term temporal patterns in abundance is 

considered for these 6 common species in Table 4.4. Over the 4 years, 

mean abundances neither increased nor decreased substantially (i.e., rs 

was low and not significant) for A. maculiferus on all reefs and for D. 

albisella on all reefs except station 4C; directional trends were 

detected on at least some stations for the other 4 species. The 

significant increase in abundance of D. albisella on station 4C was due 

to the large recruitment pulse in the swrtmer of 1985, which did not 

occur in 1984 (the only 2 years this reef was censused) (Chapter 2, 

this dissertation). 

Significant decreases in abundance occurred on stations 2C, 3Cl 

and/or 4Cl for T. duperrey, S. fasciolatus and C. o'.-alis. These reefs 

were greatly reduced in size, or totally buried, by sand accumulation 

halfway through the study (Table 4.1). This suggests that population 

size is dependent on reef size for these species. 

P. spilosoma increased significantly on stations lC aLJ 2C, due to 

the 1984 inundation of recruits. Had the original large stations (3Cl 
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and 4Cl) not been lost just prior to this event, all stations probably 

would have revealed increasing trends. Abundances of T. duperrey were 

stable in time on 4 of the 6 reefs. Significant decreasing trends in 

the abundance of S. fasciolatus occurred on 4 stations. Lower 

recruitment in 1985 than in 1984 may be partially responsible for the 

trend on stations 3C and 4C. Numbers of C. ovalis did not change 

significantly over the study on the smallest and largest reefs. The 

significant increase on station 3C may have been due to stronger 

recruitment in 1985 than in 1984, together with the fact that this reef 

was only censused in these 2 years . 

• 
Complete Collections. At the end of the final sampling period, 

the collections using ichthyocide yielded 2,531 fish from 76 taxa 

(mostly species) from the 4 natural patch reefs combined. The 

abundance of each taxon as a percent of the total is listed in Table 

4.5 for each station alone and for the total (stations pooled). Again, 

the goby G. anjerensis, which yielded 1,644 specimens, was considered 

separately because its major abunda~ce occurred off the patch reefs. 

Problems with the method for this species were acute, resulting in 

unrepresentative numbers (Chapter 1, this dissertation). 

The majority of total reef fish abundance was again accounted for 

by only a small number of species: 70% of all fish collected were of 8 

taxa. Of these, three (A. maculiferus, D. albisella and C. ovalis) 

were among the six most abundant species censused. Of the other 

species most abundant in censuses, two (S. fasciolatus and T. duperrey) 

followed closely in abundance in the collections (11th and 12th by 
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rank, respectively), while the other (P. spilosoma) was very rare in 

collections (only 0.16% of the total). P. spilosoma was the most 

abundant species censused, due to the 1984 inundation of recruits, but 

it was rare in the rotenone collections, which were made after the 

strong cohorts were gone. 

Species which were common in collections but rare in censuses 

included an apogonid (Foa brachygramma) , several gobies (Priolepis 

eugenius, Fusigobius neophytus and unidentified gobiid species), and a 

small cryptic scorpaenid (Scorpaenodes littoralis). 

Taxa from collections also exhibited considerable differences in 

numerical abundance between stations. Variations in percent relative 

abundance of an order of magnitude or greater were recorded for 6 of 

the 8 most common taxa which accounted for 70% of the total fish 

abundance. Both species richness and total fish abundance increased 

''lith reef size/complexity. 

Characteristic Behavior. Insights into the ecology of resident 

fishes were gaintd from standard field observations of the initial year 

and subsequent incidental observations. Summaries of some of the most 

interesting behavior patterns observed at Midway follow for the 6 most 

common fis~ species censused. (Additional notes on common behavior of 

various Hawaiian reef fishes, including some of these species, can be 

found in several sources, e.g., Gosline & Brock [1960], Hobson [1974], 

Tinker [1978], MacDonald [1981], Randall [1985].) 
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The 1984 inundation of P. spilosoma recruits provided an 

opportunity to observe its behavior during the first year of life; the 

following behavioral observations relate to this period. The young 

were relatively large (5 to 6 cm SL) when they first settled on the 

reefs. Recruits were abundant on all reefs by late summer, 1984. 

Large groups hovered above the reef or over the adjacent sand, and 

rapidly took refuge in reef crevices when threatened. They were easy 

prey, and predation upon them by known piscivores (e.g., synodontids, 

large labrids) was observed. Some small juveniles were seen sheltering 

within the spines of the sea urchin Diadema paucispinum. Possible 

mating was observed in March of the following year by pairs hovering 

several meters above the reef. This filefish is a diurnal omnivore on 

algae, detritus and small invertebrates. 

Adult A. maculiferus were visible sheltering in holes and crevices 

of the reefs, individually or in small groups. (Work at night was not 

possible to document activity of this nocturnal zooplanktivore.) 

Spawning behavior was not observed directly, although mouth-brooding 

adults (males), with cheeks full of eggs, were observed from March 

through July. During summers, small (1- to 4-cm SL at settlement) 

newly recruited individuals were observed between the long spines of 

sea urchins (D. paucispinum) , often in high densities. Large groups of 

juveniles were also common under ledges and in small caves. 

D. albisella were common on all stations, characteristically 

hovering a few meters above and beyond the reef, spaced evenly in the 

water column. These planktivores usually favored the upcurrent (south) 
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side of the patch reefs, venturing further away in clearer water. 

Spawning and nesting behavior was observed frequently from March to 

August, during which time they were actively aggressive, not hesitating 

to attack even large fish or research divers that came near. Spawning 

behavior included swimming normally toward the surface, then rapidly 

descending with a quivering body motion, swimming on their .~ 

s~ues, 

picking at each other's bodies, and rubbing together their flanks and 

caudal peduncles. Such behavior has been commonly noted elsewhere 

(Thresher 1984). Branches of the coral Pocillopora meandrina were the 

preferred habitat of juveniles (1 to 4 cm SL at settlement). At least 

once, a small juvenile D. albisella was observed 'cleaning' an adult 

butterflyfish (Chaetodon miliaris). 

T. duperrey adults occurred individually or in loosely associated 

groups while actively swimming all about the reef. They fed within the 

boundaries of the reef patches and on rubble and algal clumps several 

meters from the reef, taking benthic crustaceans and other 

invertebrates, occasionally following the foraging activities of other 

species (e.g., mullids, labrids, scarids) opportunistically. Limited 

migration occurred between nearby patches of reef. Spawning behavior 

was observed from March to August. On these occasions, they were 

sometimes seen hovering high in the water column. A pair would rapidly 

swim straight up several meters, the large male circling the female, 

then both would dart down to the substrate. Juveniles (1 to 6 cm SL at 

settlement) were observed during all sampling periods in close 

association with the substrate. New recruits also sheltered in the 

long spines of sea urchins (D. paucispinum) and in the branches of 
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corals (P. meandrina). A few of the brown-striped, white and green 

juveniles were observed above these corals mimicing the swimming 

behavior of the cleaner wrasse, Labroides phthirophagus. 

The territorial herbivore S. fasciolatus resided near the 

substrate, with individuals spaced evenly over the reef. It was 

observed browsing algae on dead coral rock and picking plankton from 

the water column. It defended territories of several square meters in 

size against all conspecific and heterospecific intruders, including 

large fish (e.g., 35-cm SL scarids) and herbivorous schools (e.g., 

kyphosids), with variable success. Spawning was observed in summer by 

small groups of adults together high in the water column. Newly 

recruited individuals were shy and highly substrate attached, and 

frequently retreated into crevices. Larger juveniles were observed 

moving about the substrate rogether with juveniles of several labrid 

species. 

Adult C. ovalis exhibited a diverse range of behavioral patterns. 

Often they were seen hovering in loosely associated groups several 

meters above or beyond the reef, feedjng on midw8.ter plankton. (This 

behavior was much like that of D. albisella, with whom they were 

interspersed.) At other times, small groups, pairs or individuals 

would swim in and out of holes of the reef. Occasional migrations 

between nearby patch reefs were noted. Spawning occurred from February 

into the summer. During spawning bouts many individuals (males?) 

assumed a dusky banded pattern and aggressively nipped at conspecifics 

(females?) while swimming quickly and repeatedly up and down in the 
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water column. Recruits (1 to 4 cm SL at settlement) occurred in tight 

groups of up to 50 individuals close to the substrate. Small juveniles 

were also found hiding among the spines of urchins (D. paucispinum). 

Physical Correlations. 

Fish abundances by visual census were compared with the reef 

substrate characteristics of area, volume and vertical relief. All 

correlations among these 3 physical variables (independent of fish 

abundances) were highly significant (Table 4.6). Correlations between 

total fish abundance (all taxa pooled) and the 3 substrate variables 

• 
were highly significant; the strongest was with reef area. 

Correlations for species richness on a patch reef with the 3 substrate 

characteristics were also highly significant, but weaker than those for 

total abundance. Low (mostly insignificant) correlations were found 

between species diversity (H') and the main physical substrate 

attributes. 

Correlations between cornmon species, considered individually, and 

each of the 3 substrate characteristics varied considerably in 

strength, but were all highly significant (Table 4.6). Stronger 

correlations were found for the abundances of T. duperrey and S. 

fasciolatus with patch reef area, volume and relief. Population 

densities of P. spilosoma, D. albisella and C. ovalis were each less 

strongly correlated with these 3 substrate factors. For A. maculiferus 

the strongest correlation was found with reef volume, while the 

relationships with reef area and relief were successively weaker. The 
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seasonally abundant goby, G. anjerensis, showed low correlations with 

the reef substrate characteristics. 
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DISCUSSION 

Two major characteristics of these patch reef fish communities 

differentiated this study from similar studies conducted elsewhere. 

First, these reefs are geographically unique: they are located in a 

mid-Pacific, high latitude atoll, where seasonal climatic changes can 

be severe. Second, the study reefs were natural or 'pristine' in the 

sense that they have not been fished for many years, and previous 

visits by humans have been casual and infrequent. This study described 

the natural ecology and variability of these patch reefs and 

investigated how fish abundances correlate with the main physical 

aspects of the reefs. The data also address major theories of 

community structure. 

Most taxa of non-teleost reef biota (e.g., algae, corals, other 

nopcryptic invertebrates) varied considerably (among reefs and over the 

course of the study); however, it was not obvious that any of these 

differences produced major differences in the fish communities. These 

results should have value as a baseline for this area as well as for 

comparison with patch reef communities from other geographic regions. 

Fish Communities. 

The low faunal diversity which is characteristic of Hawaiian reefs 

(Gosline & Brock 1960; Hourigan & Reese 1987), combined with heavy 

recruitment strategies by a few species (e.g., Sale 1985; Walsh 1985), 

probably accentuates the numerical dominance by several species of the 

community at Midway. The community based on rotenone collections 
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(Table 4.5), where species richness was higher, showed a more even 

distribution of relative abundances among common species. The large 

difference between the 2 methods of population assessment for some 

species (e.g., P. spilosoma) could have easily biased their importance 

in the reef fish community, if only one method had been used. Such 

occurrences underscore the importance of long-term studies with 

frequent replication to reliably interpret fish community dynamics. 

In &tudies from other geographic regions, a few species have 

usually composed the bulk of the fish community. Sale & Douglas (1984) 

found that apogonids, pomacentrids and gobioids dominated small patch 

reefs of the Great Barrier reef. Walsh (1983) found that 3 species of 

acanthurids predominated in census counts along the Kona coast of the 

large island of Hawaii. Of the 7 most abundant species he recorded, 

only 2 (T. duperrey and S. fasciolatus) were among the 6 most abundant 

species censused here at the opposite end of the Hawaiian archipelago. 

Bohnsack's (1979) findings from inshore patch reefs of the 

Caribbean region differed greatly from those at Midway; abundant taxa 

censused were serranids, lutjanids, haemulids, pomacanthids and 

gobiids. The first 3 of these families are essentially absent from the 

nearshore, shallow-water, Hawaiian native fauna, as a zoogeographical 

consequence of pelagic dispersal. 

The high synchronous temporal variation in reef fish abundances 

and species richness and diversity found at Midway is common for patch 

reef fish communities (Sale 1980a; Sale & Douglas 1984). The tendency 
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toward an inverse temporal pattern between species diversity and 

species richness or abundance from Midway census data occurred because 

species diversity and abundance maxima were the results of large 

recruitment pulses by few species, which tended to reduce evenness and 

produce lower species diversity values. The overall average values of 

species diversity from the reefs of my study were very similar to those 

found by Molles (1978) on similar size patch reefs in the Gulf of 

California. They were higher than those found by Walsh (1983) on the 

fringing reef along the Kona coast of Hawaii, and lower than those 

found by Jones & Chase (1975) on large, lagoonal patch reefs of Guam. 

Over half the major recruitment pulses by the common species 

persisted as strong year classes in the subsequent year. 

(Distinguishing year classes in later years was difficult.) Juvenile 

population pulses which did not persist into the following year may 

have saturated the available suitable space on their particular small 

patch reef, limiting the size of the pulse and the potential for 

survival, and returned to normal (pre-recruitment) levels due to a 

combination of mortality and emigration. The timing and magnitude of 

inter-year fluctuations in recruitment also influenced the long-term 

trends (increases or decreases) in abundance. The occurrence of high 

seasonal and annual variability by reef fishes, due to large 

recruitment pulses, emphasizes the need for size-class categorization 

of visual census counts, in order to distinguish age groups. 

Relation to Theories of Community Structure. The reproductive 

life history of most fish has a large, inherent, stochastic element 
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due to high and variable fecundity and a pelagic egg-larval stage. 

This often leads to- high variability and unpredictability in 

communities. Some workers have stressed that this element can also be 

a strong factor affecting reef fish communities and that large temporal 

changes in reef communities are observed (Russell et al. 1974; Sale & 

Dybdahl 1975, 1978; Sale 1977, 1979, 1980b; Talbot et al. 1978; 

Williams 1980; Clarke 1988; Sale 1988). At Midway, such 

unpredictability was found in terms of the great seasonal and/or annual 

variability in recruitment that characterized 4 common species (P. 

spi1osoma, A. macu1iferus, D. a1bise11a and C. ova1is). Also, recently 

recruited juveniles of most species were rare and random (i.e., 

apparently without pattern), or not observed at all, suggesting that 

the local availability of recruits may place limits on community 

structure. Such limitation has also been suggested in other studies 

(Munro & Williams 1985; Richards & Lindeman 1987). The patch reefs of 

this study were larger than many that have been used in intensive 

studies of highly variable communities, yet they revealed a large 

stochastic element. This result suggests that the variability is not 

simply an extremely microscale phenomenon that becomes averaged out 

over somewhat larger scale. 

Some other workers have been struck by the relative stability of 

reef fish communities as compared to fish communities elsewhere, and 

have wondered about the mechanisms that maintain such stability (Smith 

& Tyler 1972, 1975; Mo11es 1978; Brock et a1. 1979; Gladfelter et a1. 

1980; Anderson et a1. 1981~ Ogden & Ebersole 1981). The Midway data 

(after correcting the fish census data for major recruitment pulses and 
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changes in reef size) also exhibited a considerable degree of long-term 

stability for some populations (e.g., T. duperrey and S. fasciolatus). 

If large short-term variations are ignored, the long-term pattern of A. 

maculiferus and D. albisella populations is also rather stable. 

The theory of island biogeography (MacArthur & Wilson 1967) has 

been proposed as a basis for understanding how the structure of fish 

communities is maintained on isolated patch reefs. The theory holds 

that diversity is maintained by an equilibrium balance between rates of 

immigration (e.g., recruitment or migration by adults) and extinction 

(e.g., predation or emigration). Predictions of the theory include: 1) 

the number of species increases with habitat area; 2) irnmigration and 

number of species decreases with habitat isolation; and 3) turnover 

rates increase with decreasing habitat area and decreasing isolation. 

Nolan (1975), Bohnsack (1979, 1983), Bohnsack & Talbot (1980) and 

Clarke (1988) found that species richness of reef fish co~~unities 

increased with rates of dispersal and with habitat area, and documente'd 

a. dynamic equilibrium between immigration and extinction rates. 

Similarly, on the Midway patch reefs of this study, total abundance and 

species richness of fish increased with reef size, particularly 

abundances of T. duperrey and S. fasciolatus. In agreement with the 

theory, Bohnsack (1979) and Molles (1978) found lower recruitment on 

~ore isolated reefs, but Bohnsack also found an interference effect 

('Within a limiter:! distance) such that recruitment increased with reef 

isolation. This latter trend was found at Midway and is discussed in 

detail in Chapter 3 of this dissertation. High species turnover rates 
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have been reported for small, isolated patch reefs (e.g., Bohnsack & 

Talbot 1980; Walsh 1985). On the Midway patch reefs, a large 

stochastic component may be conspicuous because of frequent sampling of 

the fish communities, in contrast to most studies that have reported 

higher temporal stability in community structure based on less frequent 

sampling. A much higher turnover rate (i.e., rate of local extinction 

and recolonization by the same or different species) is detected as a 

consequence of frequent sampling (Bohnsack 1979, 1983). 

The magnitude of sand movement and its significance for patch reef 

size and presence were unknown previous to the study. This movement 

wa.s probably due to the combined effects of tides, other currents and 

winter storms. Major changes in reef size should be considered in 

interpreting any long-term trends in abundance of patch reef fishes. 

Phys,ical Correlations. 

As suggested abo"e, the structure of fish assemblages appears to 

be dependent upon major physical characteristics of the reef substrate. 

The long-term minimum values for both total abundance and species 

richness were lowest on the smallest patch reefs and highest on the 

largest reefs, based on results of both visual censuses and total 

collections. Correlations between the quantitative variables (e.g., 

abundance and species richness) of the visually censused fish community 

and the quantitative variables of the reef subs~rate (e.g., area, 

volume and vertical relief) bear out this trend. The 2 species (T. 

duperrey and S. fasciolatus) which had the strongest correlations 
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between fish abundance and the 3 substrate variables were also 

characterized by low temporal variability in numbers and had a low but 

steady recruitment rate over a protracted season. Quantitative 

resource requirements (e.g., food or shelter) may contribute to higher 

abundances of these 2 demersal feeders on larger reefs. In agreement 

with these findings, species richness and abundance of fish were found 

to increase with reef size by Helfman (1978), Luckhurst & Luckhurst 

(1978), Mo11es (1978), Bohnsack (1979), Carpenter et a1. (1981), Sale & 

Douglas (1984), and Clarke (1988). Sale & Douglas (1984) found reef 

size to be the main physical characteristic to predict the structure of 

the fish assemblage. 

The 3 species (P. spi1osoma, D. a1bise11a and C. ova1is) whose 

abundances correlated less strongly with the substrate factors were all 

characterized by heavy recruitment, with high temporal variability, to 

the patch reefs (Chapter 2, this dissertation). D. a1bise11a and C. 

ova1is, which are primarily midwater p1anktivores (Hobson 1974; Parrish 

et a1. 1984), may not depend heavily on substrate for food. However it 

is probably important for shelter. 

Mo1les (1978) found species diversity to be positively correlated 

with vertical relief of natural patch reefs in the Gulf of California. 

In contrast, Sale & Douglas (1984) and Roberts & Ormond (1987) found no 

significant correlation between fish assemblages (based on abundance or 

species richness) and topographic complexity of patch reefs at the 

Great Barrier Reef and the Red Sea, respectively. Vertical relief 

(i. e., complexity) of the MidvlaY patch reefs correlated strongly with 
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species richness and abundance, but not with species diversity. The 

lack of correlation between species diversity and the ~ubstrate 

variables may be due to the fact that H' incorporates both abundance 

and species richness. This suggests similarity in the structure of 

patch reef fish communities among different size reefs, irrespective of 

varying quantitative levels of fish. 
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SUMMARY AND CONCLUSIONS 

1. Two major characteristics distinguished this study on patch 

reef fish communities, conducted at Midway lagoon, Northwestern 

Hawaiian Islands, from similar studies elsewhere: 1) its geographic 

location as a high latitude atoll, where water temperature varies over 

100 C seasonally, and 2) the pristine (unfished) condition of the patch 

reefs studied. 

2. Major topographic changes to the lagoon floor can occur in a 

period of weeks as a result of movement of the sand bottom during 

severe winter weather. Some patch reefs were buried under meters. of 

sand, while other re~emerged over the course of the study. The s'ize of 

many fish populations was found to be dependent upon reef size. 

Knowledge of such changes is important for interpreting long-term 

trends in the abundance of patch reef fishes and benthic biota. 

3. A sample of typical patch reefs in the Welles Harbor section 

of Midway lagoon had the following general characteristics: 59 m2 in 

average area; 52 m3 in average volume; less than a meter of mean 

vertical relief; located at depths of 6-10 m; composed primarily of 

Porites spp. corals, less than 10% of which ~vas live; half covered with 

algae; containing an average of 18-30 visible, nonsessile invertebrates 

(e.g., echinoids, ophiuroids, gastropods, and shrimp) per square meter, 

half of which were sea urchins. 

4. Most of the fish on patch reefs at Midway were composed of a 

few species. Six common species, Pervagor spilosoma, Apogon 
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maculiferus, Dascyllus albisella, Thalassoma duperrey, Stegastes 

fasciolatus and Chromis ovalis, accounted for 70% of all fish visually 

censused over 4 years. Results from ichthyocide collections were 

similar for most species, with some cryptic species much better 

represented. 

5. High temporal variability characterized the abundance and 

species richness of fish. The study reefs varied synchronously in 

time, with summer/fall increases primarily reflecting the cumulative 

sum of observed strong seasonal recruitment pulses by common species, 

followed by winter/spring declines that must have resulted from 

subsequent mortality and/or emigration. A few major species (e.g., 

Pervagor spilosoma, Apogon maculiferus) exhibited marked annual 

variation in population size, due to recruitment variability. 

6. Over half the major recruitment pulses by the common species 

persisted as strong year classes in the subsequent year. Juvenile 

population pulses which did not persist the following year may have 

saturated the available suitable space on their particular small patch 

reef, and returned to normal (pre-recruitment) levels due to a 

combination of mortality and emigration. Long-term increases or 

decreases in abundance by the common species were sometimes associated 

with major changes in reef size. Otherwise, they were largely due to 

the timing and magnitude of individual inter-annual fluctuations in 

recruitment. 
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7. Frequent replication of sampling over a considerable period is 

important to reliably interpret fish community dynamics. A species 

(e.g., Pervagor spilosoma at Midway) can become numerically dominant 

due to a single, large, short-lived recruitment pulse. 

8. Size-class resolution is important for quantitative assessment 

of reef fish communities due to large, highly seasonal recruitment 

pulses characteristic of numerically abundant species (e.g., Apogon 

maculiferus) . 

9. In relation to theories of community structure, fish 

communities on moderate-size "patch reefs at Midway showed rather high 

short-term unpredictability. This was expressed by great seasonal 

and/or annual variability in recruitment of common species, recruitment 

limitation for most species, and a high turnover rate detected by 

frequent sampling. The data could also be viewed to indicate a degree 

of long-term stability in community structure. Species richness 

increased with the size of the Midway patch reefs, consistent with the 

theory of island biogeography. 

10. Abundance and species richness for all fish combined and 

abundance for some common species strongly correlated with the physical 

reef substrate variables of area, vollliile and vertical relief; the 

strongest correlation was with area. The strongest individual species 

correlations with the 3 physical factors were found for the abundance 

of 2 demersal species (Thalassoma duperrey and Stegastes fasc.Lolatus) 

that were characterized by relatively low temporal variability. 
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11. Species diversity (H') did not correlate strongly with the 

substrate variables and averaged just above 2.0 for all stations. This 

suggests similarity in the structure of patch reef fish communities 

among different size reefs. 

• 
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Table 4.1. Summary of sizes (area and volume) of patch reefs 
at the beginning and end of the study. (Values for 
"Final" and "Change" for stations 3Cl and 4Cl are 
missing, as these reefs were buried by sand halfway 
through the study and replaced with stations 3C and 
4C. ) 

Period 

Initial Final Change 

Area Volume Area Volume Area Volume 

(m2) (m3) (m2) (m3) (%) (%) 

Station: 

lC 12.2 4.4 10.9 6.2 -10.1 39.11 

2C 50.0 56.7 22.6 10.0 -54.9 -82.4 

3Cl 17.5 8.4 

3C 39.0 24.0 52.2 66.9 34.0 178.8 

4Cl 46.5 45.1 

4C 185.6 154.9 l5l. 0 146.1 -18.6 -5.7 

l)The inconsistent directions of change for area and volume may be 
a consequence of the small sample size compounded by the low 
precision of estimating volume from area maps, and by different 
observers. 
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Table 4.2. Summary statistics of patch reef vertical relief 
measurements (cm) as an estimate of substrate complexity. 
(SD = standard deviation; CV = coefficient of variation; 
N = total number of measurements per reef; values for 
"Final" for stations 3Cl and 4Cl are missing, as these 
reefs were buried by sand halfway through the study and 
replaced with stations 3C and 4C.) 

Period 

Initial Final 

Mean ±SD CV N Mean ±SD CV N 

Station: 

lC 34.1 19.2 56.3 61 38.4 15.8 4l.0 71 

2C 60.9 44.0· 72.2 109 37.1 19.9 53.4 59 

3Cl 39.9 24.6 6l. 8 39 

3C 67.7 46.3 68.5 48 92.3 54.9 59.4 67 

4Cl 76.3 5l. 7 67.8 120 

4C 72.8 4l. 9 57.6 183 62.4 43.1 69.0 174 
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Table 4.3. Composition of the fish community as indicated by visual 
census, showing percent relative abundance (of N = 90,103 
total individuals) and percent frequency of occurrence 
(in N = 20 total cruises), based on pooled data from 4 
natural patch reefs from May 1981, to August 1985. 
(Gnatholepis anjerensis is considered separately.) 

Abundance Occurrence Size Range (cm SL) 
% % (Minimum-Maximum) 

Taxa 

Pervagor spilosoma 15.47 60 3-15 
Apogon maculiferus 14.64 100 1-15 
Dascyllus albisella 14.52 100 1-10 
Thalassoma duperrey 8.14 100 1-25 
Stegastes fasciolatus 8.05 100 1-10 
Chromis ovalis 7.64 100 1-15 
Scarid spp. 3.04 95 1-15 
Apogonid spp. 2.78 40 1-20 
Chaetodon miliaris 2.23 100 1-20 
Labroides phthirophagus l.96 100 1-10 
Spratelloides delicatulus l. 78 5 3-4 
Stethojulis balteata l. 50 100 1-30 
Sebastapistes coniorta l.42 95 1-20 
Thalassoma ballieui 0.96 100 1-40 
Canthigaster jactator 0.92 100 1-15 
Syndontid spp. 0.83 100 1-35 
Gymnothorax eurostus 0.81 100 7-100 
Chromis hanui 0.81 100 1-10 
Scorpaenodes littoralis 0.75 95 1-15 
Mulloides flavolineatus 0.71 35 7-25 
Cirrhitops fasciatus 0.64 100 1-15 
Plectroglyphidodon 

johnstonianus 0.60 95 1-15 
Paracirrhites forsteri 0.59 100 1-20 
Dendrochirus barberi 0.59 90 1-25 
Mulloides vanicolensis 0.56 35 5-15 
Foa brachygramma 0.56 80 1-15 
Chaetodon fremblii 0.54 100 1-15 
Gymnothorax steindachneri 0.45 100 7-100 
Bodianus bilunulatus 0.39 100 1-45 
Macropharyngodon geoff roy 0.37 90 1-20 
Priacanthid spp. 0.36 50 5-25 
Neoniphon sa~~ara 0.33 100 1-25 
Anampses cuvier 0.31 100 1-40 
Coris flavovittata 0.29 85 1-50 
Ctenochaetus strigosus 0.29 80 1-20 
Myripristis sp. 0.23 90 3-15 
Cheilinus bimaculatus 0.18 55 1-15 
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Table 4.3. (cont.) 

Abundance Occurrence Size Range (cm SL) 
% % (Minimum-Maximum) 

Taxa 

Pseudocheilinus octotaenia 0.18 55 1-15 
Sebastapistes ballieui 0.17 80 1-10 
Parupeneus multifasciatus 0.16 95 3-30 
Brotula multibarbata 0.15 100 11-40 
Coris venusta 0.15 60 1-25 
Scarus dubius 0.15 20 1-25 
Abudefduf abdominalis 0.15 75 1-15 
Scorpaenopsis diabolus 0.l3 95 3-25 
Sargocentron diadema 0.l3 80 3-15 
Cirrhitus pinnulatus 0.12 70 7-30 
Pterois sphex 0.12 80 1-15 
Scorpaenid spp. 0.11 30 1-15 
Priacanthus cruentatus 0.11 15 7-15 
Parupeneus pleurostigma 0.11 65 5-30 
Arothron hispidus 0.10 90 7-30 
Synodus ulae 0.10 15 3-25 
Hyripristis kuntee 0.10 15 3-10 
Anampses chrysocephalus 0.10 50 1-15 
Doryrhamphus melanopleura 0.09 45 1-10 
Gobiid spp. 0.08 20 1-4 
Scarus perspicillatus 0.07 55 7-55 
Calotomus sp. 0.07 45 1-20 
Enchelycore pardalis 0.07 60 21-100 
Ta.enianotus triacanthus 0.06 40 3-10 
Parupeneus porphyreus 0.05 35 3-25 
Aulostomus chinensis 0.05 20 11-30 
Chaetodon auriga 0.05 45 5-20 
Zebrasoma flavescens 0.05 30 1-10 
Zanclus cornutus 0.05 40 3-20 
Naso unicornis 0.05 55 1-60 
Kyphosus sp. 0.05 45 5-40 
La.c tor iaJQrnas ini 0.03 35 1-10 
Caracanthus maculatus 0.03 30 1-6 
Acanthurus triostegus 0.03 25 3-15 
Gymnothorax undulatus 0.03 55 36-150 
Labrid spp. 0.03 30 1-6 
Hyrichthys maculosus 0.03 50 21-100 
Te1eostei spp. 0.02 15 1-6 
Cheilinus unifasciatus 0.02 25 1-25 
Paracirrhites arcatus 0.02 20 3-20 
Chaetodon multicinctus 0.02 10 1-25 
Cirripectes vanderbilti 0.02 30 1-15 
Cymolutes lecluse 0.02 20 7-25 
Cirripectes sp. 0.02 20 1-15 
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Table 4.3. (cant.) 

Abundance Occurrence Size Range (em SL) 
% % (Minimum-Maximum) 

Taxa 

Muraenid spp. 0.02 10 16-65 
Cymolutes sp. 0.02 10 11-15 
Priacanthus meeki 0.02 10 7-20 
Antennariid spp. 0.02 55 1-15 
Saurida gracilis 0.01 5 7-20 
Scarus sordidus 0.01 5 1-30 
Priolepis eugenius 0.01 10 1-6 
Carangoides orthogrammus 0.01 25 21-50 
Conger cinereus 0.01 25 26-200 
Anampses sp. 0.01 5 1-10 
Fistularia commers-onii <0.01 15 5-100 
Scorpaenopsis cacopsis <0.01 20 1-15 
Bothus mancus <0.01 20 3-25 
Calotomus zonarcha <0.01 15 3-20 
Epinephelus quernus <0.01 5 5-10 
Ostracion meleagris <0.01 15 3-10 
Sargocentron sp. <0.01 20 3-15 
Naso lituratus <0.01 10 3-50 
Fusigobius neophytus <0.01 10 1-6 
Apogon kalloptertls <0.01 15 3-10 
Amblycirrhittls bimacula <0.01 15 3-10 
Diodon holacanthus <0.01 15 11-30 
Bothid spp. <0.01 15 3-15 
Gomphostls varius <0.01 5 1-10 
Gym~othorax hepaticus <0.01 10 16-60 
Ophichthus polyophthalmus <0.01 10 36-100 
Sargocentron xantherythrum <0.01 5 3-10 
Acanthurus leucopareius <0.01 5 3-10 
Acanthurus achilles <0.01 5 11-15 
Caranx ignobolis <0.01 5 66-105 
Parupeneus bifasciatus <0.01 5 7-25 
Chaetodon ornatissimus <0.01 5 3-10 
Forcipiger flavissimus <0.01 5 5-6 
Diodon hvstrix <0.01 5 1-25 
Carcharhinus amblyrhynchos <0.01 5 86-150 
Pomacentrid spp. <0.01 5 1-2 
Antennarius coccineus <0.01 5 5-10 
Priolepis sp. <0.01 5 1-6 
Gymnothorax pictus <0.01 5 41-45 
Caranx sexfasciatus <0.01 5 26-30 
Caranx melampygus <0.01 5 3-50 
Centropyge potteri <0.01 5 3-15 
Pseudocaranx dentex <0.01 5 31-45 
Seriola dUQerili <0.01 5 5-100 
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Table 4.3. (cont. ) 

Taxa 

Gymnothorax flavimarginatus 
Blenniid spp. 
Gymnothorax meleagris 
Gymnothorax pindae 
Novaculichthys taeniourus 
Pseudocheilinus sp. 
Chromis verater 
Plectroglyphydodon 

imparipennis 
Asterropteryx semipunctatus 
Arothron meleagris 

TOTAL l35 taxa 

Abundance Occurrence 
% % 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

<0.01 
<0.01 
<0.01 

5 
5 
5 
5 
5 
5 
5 

5 
5 
5 

TOTAL 90,103 individuals 100.00 

Gnatholepis anjerensis 
(Total separate no. of 
individuals = 34,541) 

100.00 20 
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Size Range (cm SL) 
(Minimum-Maximum) 

31-100 
1-4 
7-10 

16-20 
1-6 
3-4 
5-6 

1-2 
1-6 

11-15 

1-6 



N 
f-' 
f-' 

Tilble 4.4. Spearman rank correlation coefficients (rs ) relating abundance of common 
species visually censused with time.' (N = 36 to 106 census replicates per 
station from May 1981 to August 1985; P = bottom number of each pair; 
significance level designation represents the experimentwise error rate for 
the group of rs across the 6 stations: * P < 0.0085, ** P < 0.0017, *** P < 
0.0002, ns-not significant.) 

stations 

1C 2C 3C1 3C 4C1 4C 

Species 

Pervagor spilosoma 0.642 0.453 0.066 -0.093 -0.303 -0.200 
0.001*** 0.001*** 0.6248n5 0.5690ns 0.0187ns 0.2417ns 

Apogon maculifc·rus -0.031 -0.189 -0.042 0.098 -0.243 0.384 
0.7588ns 0.0529ns 0.7563ns 0.5476ns 0.0612n5 0.0209ns 

• 
Oascyllus albi5ella -0.243 0.176 0.019 0.366 -0.150 0.612 

0.0148ns 0.0734n5 0.8872ns 0.0200ns 0.2537ns 0.0001*** 

Thala5soma duperrey 0.005 -0.547 -0.611 0.166 -0.316 -0.099 
0.9571ns 0.0001*** 0.0001*** 0.3046n5 0.0139n5 0.5649n5 

Stegastes fasciolatus -0.252 -0.687 -0.604 -0.429 0.303 -0.862 
0.0115ns 0.0001*** 0.0001*** 0.0057* 0.0185ns 0.0001*** 

Chromis ~yalis 0.:>06 0.313 -0.847 0.555 -0.837 0.336 
0.0395n5 0.0012** 0.0001*** 0.0002*** 0.0001*** 0.8458ns 



Table 4.5 Percent of fishes of each taxon collected from 
rotenone stations in August 1985. (Columns are 
independent; Gnatholepis anjerensis is considered 
separately. ) 

Taxa 

Apogon maculiferus 
Foa brachygramma 
Priolepis eugenius 
Dascyllus albisella 
Scorpaenodes littoralis 
Eviota epiphanes 
Fusigobius neophytus 
Chromis ovalis 
Synodus ulae 
Scarus sp 
Ichthyapus vulturis 
Dendrochirus barbcri 
Gymnothorax eurostus 
Stegastes fasciolatus 
Thalassoma duperrey 
GY~1othorax pindae 
Apogon sp 
Doryrhamphus melanopleura 
Chaetod0n miliaris 
Ariosoma bowersi 
Sebastapistes ballieui 
Limnichthys donaldsoni 
Sebastapistes coniorta 
Gymnothorax steindachneri 
Tripterygion atriceps 
Apogon coccineus 
Chromis hanui 
Scorpaenopsi.s diabolus 
Bodianus bilunulatus 
Cheilinus bimaculatus 
Thalassoma ballieui 
Enchelycore pardalis 
Zonogobius farcimen 
Antennarius coccineus 
Stethojulis balteata 
Cirrhitops fasciatus 
Neoniphon sammara 

lC 

% 

1.46 
15.29 
13.83 

6.80 
0.73 
6.31 

17.72 
3.64 
1. 70 
5.83 
5.83 

0.97 
0.97 
1. 21 

0.73 
0.73 

0.49 
5.58 

0.24 
0.97 
0.24 

0.49 

0.49 

3.88 
0.24 

STATION 

2C 

% 

3.30 
0.66 

13.63 
14.95 

7.69 
13.85 
4.62 
4 .. 40 
1. 76 
2.20 
4.18 
3.30 
2.20 
2.42 
1. 32 
0.44 

1. 76 
1. 32 
2.42 

0.22 
3.08 
0.88 
1. 32 

0.22 
0.66 
0.1+4 

0.66 
1. 98 

0.22 
1.10 
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3C 

% 

36.79 
11.25 

5.58 
2.35 
7.05 
4.50 
1. 27 
0.49 
1. 86 
0.98 
0.29 
3.03 
1. 96 
1. 96 
2.74 
2.74 

1. 76 
0.88 
0.10 
2.35 
0.20 
0.78 
0.59 
0.20 
0.59 
0.59 
0.29 

0.29 

0.20 
0.20 
0.49 
0.49 

0.49 

4C 

% 

29.89 
18.30 

5.73 
10.34 
4.61 
0.56 
0.14 
3.63 
3.49 
0.98 
0.56 
0.42 
1. 82 
1. 54 
0.84 
1. 54 
4.47 
0.28 
1. 82 
2.09 

0.14 
0.84 

0.42 

0.14 
0.42 
0.56 
0.56 
0.14 

TOTAL 

% 

23.45 
11.98 

8.33 
7.45 
5.49 
5.34 
4.15 
2.53 
2.26 
1.96 
1.92 
1. 88 
1. 80 
1.77 
1. 73 
1. 57 
1. 23 
1.19 
1.19 
1.04 
1. 00 
1. 00 
0.88 
0.65 
0.46 
0.38 
0.27 
0.27 
0.27 
0.27 
0.23 
0.23 
0.23 
0.23 
0.23 
0.19 
0.19 



Table 4.5. (cont.) 

Taxa 

Bothus mancus 
Hyripristis kuntee 
Aulostomus chinensis 
Scarus dubius 
Callionymidae 
Bathus sp 
Conger cinereus 
Pervagor spilosoma 
Anampses cuvier 
Labroides phthirophagus 
Coris flavovittata 
Paracirrhites forsteri 
Myripristis berndti 
Uropterygius fuscoguttatus 
Apogon taeniopterus 
Canthigaster jactator 
Taenianotlls triacanthlls 
Myrichthys maculosus 
Callionymus decoratlls 
Brotula multibarbata 
Parupeneus multifasciatus 
Muraenidae 
Enchelynassa can ina 
Sargocentron diadema 
Myripristis sp 

1C 

% 

0.73 
0.49 
0.49 
0.24 

0.49 
0.49 

Scorpaenopsis cacopsis 
Heteropriacanthus cruentatus 
Macropharyngodon geoffrey 
P leurol1.ectidae 
Unid fish 
Chaetodon fremblii 
Cirrhitus pinnulatus 
Moringua macrochir 
Cymolutes lecluse 
Pterois Sph8X 0.24 
Cha e todon aur ig a 0 . 24 
Bathygobius fuscus 0.24 
Caracanthus maculatus 
Epinephelus quernus 
Parupeneus pleurostigma 
Calotomus sp 
Ctenochaetus strigosus 

STATION 

2C 

% 

0.22 

0.22 

0.22 

0.66 

0.44 

0.22 
0.22 
0.22 
0.22 
0.22 
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3C 

% 

0.49 
0.39 
0.39 
0.39 
0.39 

0.10 

0.10 
0.10 

0.10 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.10 

4C 

% 

0.14 
0.14 
0.28 
0.14 
0.42 

0.28 
0.14 
0.14 
0.42 

0.28 
0.28 

0.14 

0.14 
0.14 
0.14 
0.14 
0.14 

TOTAL 

% 

0.19 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 



Table 4.5. (cont.) 
STATION 

1e 2e 3e 4e TOTAL 

% % % % % 

Taxa 

Lactoria fornasini 0.14 0.04 
Arothron hispidis 0.14 0.04 
Saurida gracilis 0.10 0.04 
Acanthurus triostegus 0.10 0.04 

TOTAL SAMPLE 

No. of taxa 34 40 55 47 83 

No. of individuals (100%) 412 455 1,022 716 2,605 

Gnatholepis anjerensis 
(Separate no. of 1,322 205 81 36 1,644 
individuals, 100%) 
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Table 4.6. Spearman rank correlation coefficients rs relating the 
abundance and diversity of cornmon species visually 
censused with substrate physical characteristics1 of the 
respective patch reefs. (N = 142 to 193 total census 
replicates on 10 reefs; P = bottom nL~ber of each pair; * P 
< 0.05, ** P < 0.01, *** P < 0.001, ns- not significant; 
for the 7 species the significance level designation 
represents the experimentwise error rate for the group of 
rs: * P < 0.0073, ** P < 0.0014, *** P < 0.0001.) 

Fish Parameter: 

DIVERSITY 

Species Richness 

Species Diversity 
(N = 32 to 36) 

ABUNDANCE 

All species2 

Most abundant species: 

Pervagor spilosoma 

Apogon maculiferus 

Dascyllus albisella 

Thalassoma duperrey 

Stegastes fasciolatus 

Chromis ovalis 

Gnatholepis anjerensis 

Reef Substrate Characteristic 

Area 

0.577 
0.0001*** 
0.300 
0.0750ns 

0.758 
0.0001*** 

0.449 
0.0001*** 
0.490 
0.0001*** 
0.483 
0.0001*** 
0.664 
0.0001*** 
0.596 
0.0001*** 
0.304 
O.OOOl*·a 
0.256 
0.0007** 

Volume 

0.566 
0.0001*** 
0.120 
0.2731ns 

0.731 
0.0001*** 

0.419 
0.0001*** 
0.542 
0.0001*** 
0.390 
0.0001*** 
0.646 
0.0001*** 
0.548 
0.0001*** 
0.240 
0.0035* 
0.201 
0.Oll9ns 

Vertical Relief 

0.538 
0.0001*** 
0.369 
0.0168* 

0.677 
0.0001*** 

0.365 
0.0001*** 
0.397 
0.0001*** 
0.342 
0.0001*** 
0.684 
0.0001*** 
0.627 
0.0001*** 
0.245 
0.0018* 
0.091 
0.2374ns 

l)Pairwise correlations between substrate physical characteristics 
considered independent of fish abundance a~e: 0.976*** for Area
Volume (N = 16); 0.814**-x for Area-Relief (N = 18); and 0.814*?hC for 
Volume-Relief (N = 16). 

2)A1l taxa pooled, excluding Gnatholepis anjerensis. 
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Figure 4.1. Sample bathymetric map of a patch reef (station 3C). 
(Scale: each cell is 1 m by 2 m; depth in feet.). 
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• 

Figure 4.2. Temporal variability in the abundance of all species 
(pooled) on 4 natural patch reefs. Number is the mean 
(±SE) of all counts made on a reef during a cruise period 
(N = 2 to 12 replicates). (Gnatholepis anjerensis was 
excluded.) (The original stations 3C and 4C were lost 
during the winter of 1983-1984 and replaced with different 
reefs.) . 
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Figure 4.3. Temporal variability in the diversity (i.e., species 
richness) of all species on 4 natural patch reefs. 
Number is the mean (±SE) of all counts made on a reef 
during a cruise period (N = 2 to 12 replicates). (The 
original stations 3C and 4C were lost during the winter of 
1983-1984 and replaced with different reefs.). 
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Figure 4.4. Temporal variability in H' diversity considering all 
species on 4 natural patch reefs. H' value is the mean 
(±SE) of all H' values calculated on a reef during a 
cruise period (N = 2 to 12 replicates) based on censuses. 
(The original stations 3C and 4C were lost during the 
winter of 1983-1984 and replaced with different reefs.). 

222 



3~----~--------~--------~------~r---~ 

2 
4C 

H' Diversity 

2 

3C 
.,-... 
w • (/) 

-tl 
Z 
<! 

0 w 
2 

......." 

W 

3 2 

~ 
I 

1 

2 

O~~~~~~~'~~~~~~~~~I~~~~.~~. 

MJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJA 
1981 1982 1983 1984 1985 

CRUISE MID-DATE 

223 



Figure 4.5. Temporal variability in the abundance of Pervagor 
spilosoma on 4 natural patch reefs. Nlliliber is the mean 
(±SE) of all counts made on a reef during a cruise period 
(N = 2 to 12 replicates). (The original stations 3C and 
4C were lost during the winter of 1983-1984 and replaced 
with different reefs.). 
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Figure 4.6. Temporal variability in the abundance of Apogon 
maculiferus on 4 natural patch reefs. Number is the mean 
(±SE) of all counts made on a reef during a cruise period 
(N = 2 to 12 replicates). (The original stations 3C and 
4C were lost during the winter of 1983-1984 and replaced 
with different reefs.). 
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Figure 4.7. Temporal variability in the abundance of Dascyllus 
albisella on 4 natural patch reefs. N~~ber is the mean 
(±SE) of all counts made on a reef during a cruise period 
(N = 2 to 12 replicates). (The original stations 3C and 
4C were lost during the winter of 1983-1984 and replaced 
with different reefs.). 
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Figure 4.8. Temporal variability in the abundance of Thalassoma 
duperrey on 4 natural patch reefs. Number is the mean 
(±SE) of all counts made on a reef ro~ring a cruise period 
(N = 2 to 12 replicates). (The original stations 3C and 
4C were lost during the winter of 1983-1984 and replaced 
with different reefs.). 
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Figure 4.9. Temporal variability in the abundance of Stegastes 
fasciolatus on 4 natural patch reefs. Number is the mean 
(±SE) of all counts made on a reef during a cruise period 
(N = 2 to 12 replicates). (The original stations 3C and 
4C were lost during the winter of 1983-1984 and replaced 
with different reefs.). 
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Figure 4.10. Temporal variability in the abundance of Chromis ovalis on 
4 natural patch reefs. Number is the mean (±SE) of all 
counts made on a reef during a cruise period (N = 2 to 12 
replicates). (The original stations 3C and 4C were lost 
during the winter of 1983-1984 and replaced with different 
reefs.). 
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CHAPTER 5 

EFFECTS OF EXPERIMENTALLY FISHING PREDATORS ON CORAL 

PATCH REEF FISH COMMUNITIES 

INTRODUCTION 

Predation by piscivorous fish has generally been assumed to be 

an agent of major importance in determining or maintaining the 

structure of coral reef fish communities. However, few conclusive data 

exist (Sale 1980; Doherty & Sale 1985; Parrish et a1. 1986). 

Circumstantial evidence for this presumption includes 1) the relatively 

large numbers of piscivores in many communities (Norris & Parrish in 

press); 2) the adaptations of many species to reduce predatory losses 

(Luckhurst & Luckhurst 1977; Russell et a1. 1977; Sale 1977; Johannes 

1978; Lobel & Robinson 1986); 3) the observed high turnover rates of 

individuals (Talbot et a1. 1978; Bohnsack 1983; Walsh 1985); and 4) 

differences between communities subject to widely different fishing 

pressure on piscivores (Bohnsack 1982; Stimson et a1. 1982; Koslow et 

a1. 1988). 

Experimental evidence also suggests that predation is an important 

factor in shaping reef fish communi~ies. Differences in fish 

assemblages for caged reefs, where the abundance of piscivores has been 

experimentally manipulated, as compared with controls have been found 

by Nolan (1975), Lassig (1982) and Doherty & Sale (1985). However, 

problems associated with most of these studies have included the lack 

or inadequacy of replication or controls, small scale and/or short 
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duration, and caging artifacts confounding the interpretation of 

results. The main problem in Lassig's study was that the simultaneous 

exclusion of roving herbivores resulted in an abnormally high algal 

biomass on the caged treatments which confounded the interpretation. 

Nolan had problems with heavy fouling of the cage mesh, which 

unnaturally enhanced nutrient input to the reef. Other cage-induced 

sources of variation that are not or cannot be adequately controlled 

include increased attractiveness to potential recruits, increased 

shading of the reef, decreased water flow, and behavioral changes by 

the fish. While attempting to control for known problems with caging 

studies, Doherty and Sale were plagued by additional problems such as 

cage controls (e.g., cages with partial mesh enclosure) acting as a 

different treatment effect (e.g., prey shelter), habitat discrimination 

by adult fish (e.g., for or against caged reefs), and the high 

replication required (e.g., > 10 per trial) at a small scale, due to 

the great variability in prey densities. Lassig (1982) concluded that 

caging is inappropriate for long-term studies of the effects of 

predation on reef fish communities. Further, Doherty & Sale (1985) 

concluded that caging is a frustrating approach even for small-scale 

studies conducted for a short duration, due to the many artifacts and 

logistical difficulties. 

The effect on the reef fish community of reducing the abundance of 

top predators has yet to be adequately resolved (Munro & Williams 1985; 

Parrish et al. 1986). The results are of basic ecological interest for 
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understanding how fish communities differ, qualitatively and 

quantitatively, between reefs naturally subject to widely varying 

predation intensities. Furthermore, because upper trophic level 

predators are often prime target species of reef fisheries, such 

information is also of practical management importance (e.g., for 

understanding how patterns of response by fish communities may vary 

under disparate fishing pressure). It was the purpose of this study to 

determine the response patterns of fish assemblages to repeated, long

term experimental fishing of piscivorous predators on (previously 

undisturbed) patch reefs, as compared to the structure of fish 

assemblages on similar pristine control reefs. Such an experiment 

should reveal the importance of predation ~s a factor in controlling 

the structure of reef fish communities. (The preceding chapters of 

this dissertation provide the necessary background on methodology, 

recruitment variation and natural reef fish community structure, to 

properly interpret results of such an experiment.) 

Piscivorous fishes are numerous and trophically important in many 

coral reef fish communities. 'Absolute piscivory' (i. e., piscivore 

numbers and biomass weighted by the percent of fish in the diet) was 

found to be high on lagoonal patch reefs in the Northwestern Hawaiian 

Islands (the region of the present experiment): 8% of the total fish 

community by numbers of individuals and 20% by total fish biomass 

(Norris & Parrish in press). At the opposite end of the Hawaiian 

archipelago, piscivores comprised 15% of the fish biomass of a patch 

reef community in Kaneohe Bay (Brock et al. 1979). Piscivores also 

constituted large fractions of the fish community biomass from Tanzania 

238 



(11%, Talbot 1965) and the Great Barrier Reef (54%, Goldman & Talbot 

1976). 

In order to derive results of greatest ecological value, an 

experiment to test the effects of predation on reef fish community 

structure should be co.nducted in an envirolunent of previously unaltered 

natural communities. Any attempt to experimentally examine such 

effects where predators have already been reduced substantially (by 

fishing) may not produce a detectable response, since a control 

situation with natural (high) levels of predators would not be 

available. Even if an effect were detectable, it would be unclear how 

closely such results would relate to natural pristine communities. 

Unfortunately, most logistically accessible coral reefs 

circumtropically have experienced substantial fishing pressure (Munro 

1984) or have otherwise been altered unnaturally (e.g., siltation, 

pollution, physical destruction; Welles 1984, 1985; Salvat 1987). The 

present experiment was performed in the geographically isolated 

Northwestern Hawaiian Islands, where remote but accessible pristine. 

reef environments can still be found. 
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MATERIALS AND METHODS 

Study Area. 

Field work took place within Welles Harbor, "in the SW quarter of 

Midway atoll (28 0 l2'N, l77 0 24'W), of the Northwestern Hawaiian Islands 

(Fig. 1.1; Chapter 1, this dissertation). The lagoon, which averages 

10 km in diameter, is surrounded by a barrier reef, except along the NW 

side. The patch reefs studied were among many scattered within the SW 

section (-2 km W of Sand Island and -2 km E of the western barrier 

reef) of the shallow (5-10 m), sand-bottom lagoon. This section of the 

lagoon had experienced no known disturbance or fishery, either 

commercial or recreational, for decades. Water. temperatures measured 

throughout the year on the study reefs of this subtropical atoll ranged 

from l70 C in February to 28 0 C in August. Currents were usually from 

the south, negligible to slight. Lar~e oceanic swells from the NW 

often created strong bottom surge during the winter. Underwater 

horizontal visibility was usually 10-20 In, except during rare storms 

which dispersed sand and debris into the water column, greatly rtducing 

visibility. 

Control and Experimental Reefs. The design for the experiment 

included 8 patch reefs, 4 of which were controls. These study reefs 

(stations) were selected to be similar in terms of certain minimum 

requirements (e.g., size, relief, depth, sufficient isolation, nature 

of the substrate, and apparent structure of the fish assemblage). 

Prior to the study, all reefs were natural (i.e., previously 

undisturbed by man). During the first year (from May 1981, to May 
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1982), all reefs remained undisturbed, and the fish were visually 

censused in all seasons as a baseline. The treatment effect consisted 

of removing piscivorous predators from the 4 experimental (or removal) 

reefs from June 1982, to August 1985. These reefs were sufficiently 

isolated to permit the assumption that fishing on them did not affect 

natural abundances of piscivores on the control reefs in the same 

general area. Fishes on all 8 reefs were visually censused regularly 

during the experiment, from June 1982, to August 1985. Detailed 

bathymetric maps were made of each reef at the beginning of the study 

(the baseline) and repeated during the final sampling period. From 

these maps the projected surface area and the total. volume of exposed 

hard substrate were estimated. Although 4 control reefs were censused 

during each sampling period, 2 reefs were buried by sand during the 

winter of 1983-1984 and replaced with similar ones. Therefore 6 

different reefs were used as controls over the full course of the 

study. 

The experimental patch reefs ranged in area from 8 m2 to 173 m2 

(mean 69.6 m2) and in volume from 3 m3 to 307 m3 (mean 71.3 m3) (Table 

5.1). These reefs varied in size over the course of the study (1 

decreased, while the other 3 increased), due to sand movement. (For 

control reefs, the sizes and changes in size, between the initial and 

final measurements, are listed in Table 4.1; Chapter 4, this 

dissertation.) 
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Experimental Fishing on Predators. 

Resident piscivorous fishes were removed by fishing with pole 

spears. All 4 reefs were fished at least monthly, and bidaily within 

each of the roughly 5 cruises per year, with rare exceptions. (A 

cruise was a 2- to 6-week sampling period.) During each collection 

period, fish were speared for about 30 min (about 1 man-h of effort) by 

a pair of scuba divers. A measure of fishing effort was recorded for 

all collections along with catch data. Data taken for each collection 

included species richness, numerical abundance, biomass and catch-per

unit-effort (CPUE). Changes in these variables, over the 3 years of 

fishing, were quantified for major groupings of taxa using Spearman 

rank correlation coefficients (rs )' The significance of these 

correlations was based on the experimentwise error rate for designated 

groups of rs (Miller 1981). 

Piscivores seen on the reefs but not collected were also 

recorded. The set of piscivorous species was determined from extensive 

diet analysis of most of the common reef fish species from similar 

reefs in the Northwestern Hawaiian Islands (J.D. Parrish, pers. comm.; 

Parrish et al. 1985) and from other nearshore Hawaiian locations 

(Hobson 1974). 

Fish Communities. 

Censuses. The total-count visual census method (modified from 

Brock i954) was used to assess abundances and temporal variability of 

resident piscivorous and non-piscivorous fish populations for the 
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control and experimental patch reefs. A pair of divers sequentially 

censused 5-m by 5-m quadrats on each side of a line along the reef 

axis, then switched sides and conducted a second replicate. All caves 

and crevices were examined carefully for small and cryptic fishes. 

This method is reasonably accurate for quantifying most diurnally 

exposed fish on the reef (Sale & Douglas 1981; Brock 1982; Chapter 1, 

this dissertation). The standard length (SL) of each fish observed was 

estimated visually and recorded as a size class. Results for species 

with heavy recruitment pulses were considered separately for juveniles 

(as determined from the size at recruitment to daily attractors; 

Chapter 2, this dissertation) and adults. Censuses were conducted 

during the 20 cruises (roughly 5 per year) from May 1981, to August 

1985. During each cruise, 2 to 10 replicate censuses were conducted on 

each reef between 0800 and 1700 h. Changes in numbers for major 

groupings of piscivorous taxa and for adults of common non-piscivorous 

species censused, over the study, were quantified using Spearman rank 

correlation coefficients (rs ). The significance of these correlations 

was also based on the experimentwise error rate for designated groups 

of rs (Miller 1981). 

Sightings. The large and highly transient piscivorous fishes, 

carcharhinids (sharks) and carangids (jacks), were recorded as the mean 

daily frequency, in each cruise period, of sightings from May 1981, to 

August 1985. Records were taken on each diurnal period during which 

research activities were conducted on the set of study reefs within 

each treatment (control and removal). The mean was derived from the 
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number of sightings per cruise and the total number of observation days 

in the cruise. (Observation time in the water was roughly the same for 

most days.) 
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RESULTS 

The quantitative importance of piscivores in the entire community 

of patch reef fishes can be estimated from the results of the preceding 

chapter (Chapter 4, this dissertation). Piscivores were abundant (21%, 

of all individuals collected with rotenone on the 4 control stations 

were from piscivorous taxa). Of this piscivorous component, 47% were 

(mostly small) scorpaenids, 22% were muraenids, 11% were synodontids 

(mainly Synodus ulae) , 4% were piscivorous labrids, and 2% were 

cirrhitids (calculated from Table 4.5). Visual census of these same 

natural (control) reefs, over the course of the study, indicated that 

9% of all fish were piscivorous. (This lower figure reflects the 

cryptic nature of many piscivorous taxa.) Of this visual piscivorous 

component, 37% were scorpa~nids, 17% were piscivorous labrids, 16% were 

muraenids, 15% were cirrhitids, and 11% were synodontids (calculated 

from Table 4.3). 

The Fished Piscivore Community. 

Spearfishing effort on the 4 predator removal reefs, from June 

1982, to August 1985, produced a total of 2,504 piscivorous fish (136.9 

kg biomass) from 12 families and 43 taxa (mostly species) (Tables 5.2 

and 5.3, respectively). The percent of each taxon relative to the 

total speared from each reef is listed for abundance (% N) and biomass 

(% Kg). The total numbers and biomass of fished piscivores increased 

with reef size (Table 5.2). Synodontids (predominantly Synodus ulae) 

accounted for 47% by numbers (42% by biomass) of the total catch. 
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Scorpaenids were 38% by numbers (15% by biomass) and muraenids were 6% 

by numbers (18% by biomass), relative to the total of all piscivores 

collected. 

The species richness of the catch did not show a consistent, 

overall change through the duration of the experiment. Spearman rank 

correlation coefficients (rs ) relating the mean number of piscivore 

species with the collection date, over the 3 years of fishing, were low 

or insignificant for all stations (Table 5.4). Temporal variability in 

species richness was considerable; values were usually highest in 

summer or fall (Fig. 5.1). fu~ong the 4 reefs, the collections (per 

man-h of spearing effort) averaged over the whole experimental period 

consisted of 3 to 8 piscivores from 2 to 3 species (Table 5.4 and 5.5). 

The number of piscivores in a collection was used as an index of 

piscivore population size at the time of the collection. Migration was 

assumed to be negligible. Spearman rs relating number of piscivores 

collected with the collection date, over the 3 years of fishing, for 

the major groupings of taxa were diverse (Table 5.5). Some significant 

positive correlations were found for all (pooled) piscivores, all 

(pooled) synodontids and Synodus ulae. All these increases in catch 

over time can be attributed primarily to S. ulae, as this species 

accounted for over 80% of all synodontids, which in turn accounted for 

nearly half of all p::scivores caught. This temporal variability is 

illustrated for synodontids in Fig. 5.2. The nwnber caught for all 

other non-synodontid piscivores (pooled), while exhibiting considerable 

temporal variability (Fig. 5.3), did not show a consistent, overall 

increase or decrease with time over the full 3-year period (Table 5.5). 
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The predominance of S. ulae produced similar temporal increases in 

measured catch of various piscivore groupings, based on Spearman rs 

relating the collection date with biomass (Table 5.6) and with CPUE 

(Table 5.7 and Fig. 5.4). All (pooled) non-synodontid piscivores 

produced positive, significant, but rather low rs values for station 2R 

based on biomass (Table 5.6) and CPUE (Table 5.7). The temporal 

variability in CPUE for all non-synodontid piscivores is illustrated in 

Fig. 5.5. 

The Censused Piscivore Community. 

The piscivorous fish community on natural (control) patch reefs, . 

as defined by visual census counts during the years of experimental 

fishing, yielded the same predominant taxa, and with similar 

quantitative importance rankings (Table S.B-A), as those found by 

census over the whole study (Table 4.3; Chapter 4, this dissertation), 

and as those found from ichthyocide collections at the termination of 

the study (Table 4.5; Chapter 4, this dissertation). Scorpaenids 

predomlnated on both control and removal reefs by census; the majority 

were small (~ 6 cm estimated SL) species (e.g., Sebastapistes coniorta, 

Scorpaenodes littoralis, Dendrochirus barberi and Sebastapistes 

ballieui) (Table 5.9). Synodontids accounted for 13% of the 

piscivorous community censused across all B reefs (Table 5.B-A). 

Comparisons between the percent (relative to the total of all 

individuals) of each dominant piscivorous family on control and removal 

reefs, from the initial (baseline) year to the final (fished) year, are 
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listed in Table s.8-B. However, caution is required in interpreting 

this table because 2 of the control reefs were different, larger reefs 

in the final year, than the original 2 reefs that were buried by sand. 

With this in mind, the only major difference (i.e., reduction during 

fishing) was for Cirrhitidae. During the final year, the numerical 

abundance of this family on the fished set of reefs was 93% lower than 

that on the control set of reefs, as compared to only 24% less, between 

treatments, during the baseline year. During all (pooled) years of 

fishing, the censused percent for each main cirrhitid species on the 

predator removal set of reefs was only a fraction of that on the 

control set: 3.3% 'for Cirrhitops fasciatus, 6.7% for Paracirrhites 

forsteri and 6.9% for Cirrhitu5 pinnulatus (Table 5.9). No clear 

reduction in populations accompanying experimental fishing was apparent 

for any other dominant piscivorous family. 

The relatively low value (1.3%) for total Synodus ulae (Table 5.9) 

occurred because most 1izardfish were assigned to the more inclusive 

taxon of 'Synodontid spp.'; precise species identi~ication was often 

difficult during census for this cryptic family, but the majority 

probably were S. ulae (Chapter 1, this dissertation). The very high 

number (18.6%) of Seriola dumerili on the removal treatment was due to 

a very large but short-lived recruitment pulse to a single station 

(pers. obs.). 

Spearman rs values, rel~ting the number of resident piscivores 

censused with sampling period, during the years of experimental 

fishing, varied widely on the control and removal reefs (Table 5.10). 
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The significant negative correlations for several groupings of taxa on 

station 3Cl corresponded to the burial of this reef by sand halfway 

through the study. This is consistent with the earlier result that 

correlations between fish abundance and reef size were highly 

significant (Table 4.6; Chapter 4, this dissertation). Significant 

correlations for a few groupings of taxa on other stations corresponded 

to major changes in the sizes of these reefs, again due to sand 

movement: station 3C increased in size, as did the abundances of 

piscivores, non-synodontid piscivores and scorpaenids; station lR 

decreased in size, with no major corresponding change in any groupings 

• 
of taxa; and station 2R increased in size, as did the abundances of 

muraenids and labrids (Table 5.10). 

Station 2C had an exceptionally high density of piscivores (nearly 

1 per m2), largely made up of small scorpaenids, while fewer but much 

larger muraenids were also quite noticeable. Further, an apparently 

unexplainable trend "laS found 0:1 this staticn for muraenids, ~vhich 

increased in numbers as the reef decreased in size. Significant 

positive correlations were found on stations 4C and 4R for the pooled 

piscivores and pooled scorpaenids, and on station 4R for pooled non-

synodontid piscivores and pooled synodontids. Significant positive 

correlations were also found for synodontids on station 3R and labrids 

on station lC. On station lC scorpaenids decreased significantly over 

the course of the study. 

Considering only the baseline year and first year of fishing (May 

1981, to March 1983), the abundance of synodontids was significantly 
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reduced on 2 of the 4 fished reefs, compared to a significant decrease 

only on the control reef (2C) which was greatly reduced in size (Table 

5.10). Subsequently, higher abundances of synodontids were censused on 

the removal reefs, as fishing progressed in time, compared to highly 

random variability (i.e., apparently without pattern) on the control 

reefs (Fig. 5.6). On the largest stations (3R and 4R) the increase 

over the last 2 years was significant (Table 5.10). 

Daily sighting records of visits by transient piscivores revealed 

dramatic differences between the control and removal sets of reefs. 

During the fished period, carangids were seen on the predator removal 

reefs 3 times more frequently than on the natural control reefs. 

Carcharhinids (predominately Carcharhinus amblyrhynchos) were sighted 

10 times more frequently on the experimentally fished reefs than on 

controls (Fig. 5.7). 

The Censused Entire Reef Fish Community. 

The abundance and species richness of all fish censused on the 

removal reefs (Fig. 5.8 and 5.9, respectively) exhibited a number of 

similarities to the abundance and richness censused on control reefs 

(Fig. 4.3 and 4.4, respectively; Chapter 4, this dissertation): 1) 

considerable temporal variability, characterized by a synchronous 

pattern among stations with peaks occurring during late summer and/or 

fall; 2) lack of any long-term increase or decrease in mean numbers; 

and 3) similar mean numbers of species (20-70) on respective similar 

size reefs. The strong peaks that characterized all 8 study reefs in 
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late summer of 1982 and late summer/fall of 1984 were due to heavy 

recruitment pulses by Apogon maculiferus and Pervagor spilosoma, 

respectively. The temporal pattern and magnitude for mean fish 

abundance (of all species pooled) on the largest removal reef (station 

4R) differed considerably from the other 7 reefs (Fig. 5.8). Heavy 

recruitment pulses of up to several thousand individuals of Hulloides 

vanicolensis and/or M. flavolineatus (2 very similar congeners) were 

censused on this station in early 1982, fall of 1982 through spring of 

1983, and late summer and fall of 1984. The only other station to 

~ich these goatfishes recruited en masse (several hundred individuals) 

was station 3R in the fall of both 1982 and 1984. Nearly a thousand 

juwenile Seriola dumerili (Carangidae) were also censused on station 4R 

in the spring of 1983. 

Spearman r s ' relating the censused abundance of adults for 6 

<C(flJmamon Don-piscivorous species with time were compared for control and 

r~val reefs (Table 5.11). (Patterns of long-term temporal 

wariabili~y for adults and juveniles of these species on both control 

~ removal reefs are illustrated in Figs. 5.10-5.15.) No consistent 

diffference between removal and control reefs was obvious in the 

lbemporal variation in numbers of Thalassoma duperrey adults (Fig 5.10); 

sii..g:o.ificant decreases in time were found on reefs within both treatment 

gr<Dups (Table 5.11). Peaks in juvenile abundance (due to recruitment) 

<often preceded peaks in adult numbers (Fig. 5.10). Significant 

megptive correlations (i.e., decreases in time) were also found for 

£rfefgastes fasciolatus adults on 2 removal reefs and on 3 control reefs 

(Taf!!lle 5.11). On most reefs, adults increased in the secoEd year, then 
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gradually decreased (Fig. 5.11). Long-term temporal variation by S. 

fasciolatus juveniles appeared basically random (Fig. 5.11). 

Significant positive correlations (i.e., increases in time) were 

found for Chromis ovalis adults on 2 removal reefs and on 1 control 

reef; significant negative correlations were found on the 2 control 

reefs that were buried by sand (Table 5.11). The plots for adults 

appear consistent with this result; juveniles appeared more abundant in. 

the last two years (Fig. 5.12). Significant increases were also found 

for adult Dascyllus albisella on 2 removal reefs, and on all but 2 of 

the control reefs (Table 5.11). The temporal pattern of abundance 

variation supports this result (Fig. 5.13). Juvenile D. albisella 

displayed a more random pattern on all reefs (Fig. 5.13). 

Significant positive correlations were found for Pervagor 

spilosoma adults on all removal and (full-term) control reefs, due to 

the 1984 inundation of recruits (Table 5.ll). The patterns exhibited 

by juveniles and adults were essentially similar, with the exception of 

higher numbers of juveniles (relative to adults) on removal reefs than 

on control reefs (Fig. 5.14). 

On 3 of the 4 fished reefs, Apogon maculiferu·; adults increased 

significantly in abundance during the experiment, in contrast to no 

change on the control reefs, except for a significant decrease on 

station 2C, which was greatly reduced in size (Table 5.11). Following 

the great abundance of juveniles (from the large recruitment pulse of 

late summer 1982), numbers of A. maculiferus adults clearly increased 

and remained high on stations 3R and 4R (Fig. 5.15). 
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DISCUSSION 

Is predation by piscivorous fish an agent of major importance in 

maintaining the structure of coral reef fish communities? Jhe present 

study, conducted at Midway lagoon where piscivorous predators were 

known to be abundant and heavy consumers (Norris & Parrish in press), 

experimentally tested this ecologically important question more 

rigorously than previous attempts. Even though the results discussed 

here are inconclusive (because of numerous complications, due primarily 

to the great natural variability of the reef environment), valuable and 

occasionally surprising insights were obtained. 

The Fished Piscivore Community. 

Spearfishing effort, which was applied uniformly to all 

piscivorous taxa, yielded a catch composition th~t differed greatly 

from their natural abundances in the reef fish community. This 

suggests that certain predators (e.g., lizardfish, which dominated the 

collections) exhibit behavioral characteristics which render them more 

susceptible to capture and assessment by certain methods. Also 

characterizing the catch were many small scorpionfish (Scorpaenidae) 

and fewer, but quantitatively important by biomass, moray eels 

(Huraenidae). Notably absent from the piscivorous catch were the 

snappers (Lutjanidae) and groupers (Serranidae) that are common reef 

predators circumtropica11y (Schroeder 1980; Parrish 1987). Indigenous 

piscivorous species of these families are few and not populous in the 

shallow waters of the Hawaiian archipelago, and they were seldom seen 
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during the study. Several species have been introduced and 3 have 

become established in other nearshore locations of the Hawaiian Islands 

(Oda & Parrish 1982; Maciolek 1985; Randall 1987). 

Decreases in catch (by number of species and individuals, and by 

weight) were expected, as the experiment progressed, to document the 

reduction of predators. A lower diversity of target species in the 

catch from heavily fished reefs, compared to lightly fished or unfished 

reefs, has been reported from other tropical regions (Bohnsack 1982; 

Munro & Williams 1985; Russ 1985; Koslow et a1. 1988). In spite of 

high temporal variability, the species richness of all piscivores 

removed from the reefs in this study did not decrease, but varied 

randomly, over the 39 months of fishing! A common observation with 

fisheries is a decrease in catch per unit effort over time as fishing 

pressure continues. This is often taken to indicate a decrease in the 

size of the fished population. Such a result was not found for the 

main piscivorous groupings of taxa fished at Midway. In fact, groups 

composed largely or entirely of lizardfish (predominantly S)rnodus u1ae) 

revealed an increase in catch (by several appropriate measures) in 

response to continued fishing pressure! 

A significant temporal increase in the catch of non-synodontid 

piscivores was found on station 2R, a reef which nearly quadrupled in 

volume over the study. Learned behayior may been a factor that reduced 

the catchability of certain piscivores following frequent pursuit by 

spearfishermen. For example, we observed that Scorpaenodes 1ittora1is 

(Scorpaenidae) and Cirrhitops fasciatus (Cirrhitidae) became 
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for only 2% (numerically) of the natural piscivorous community. 

Cirrhitids at Midway possess a particular combination of 

characteristics (e.g., low natural abundance, low recruitment, highly 

resident and sedentary behavior, and large size) that apparently 

permitted their populations to be reduced and maintained at low levels 

under the repeated experimental perturbation. In spite of over 3 years 

of continual fishing on piscivores, significant decreases in numbers or 

biomass could not be documented for any other major predator group. At 

least on small patch reefs, these piscivores must be considered highly 

resilient to fishing pressure. Factors responsible for this could 

include protracted recruitment seasons (e.g., scorpaenids), high 

immigration rates (e.g., synodontids and piscivorous labrids), the 

cryptic nature of many piscivores (e.g., muraenids and scorpaenids), 

and their naturally high abundances. 

When the data from all stations (within each treatment) are pooled 

(as in Table 5.B-B), the results indicated that synodontids on both 

control and predator removal reefs nearly doubled in numerical percent 

(relative to all piscivores) in the final year compared to the initial 

(baseline) year. However, the two largest control stations (3C and L,C) 

were different (much larger) reefs i~ the final year, due to the 

replacement of the original reefs from the initial year, which were 

buried by shifting sand during winter storms. No significant 

increasing trenc. was apparent on any of the 6 control reefs alone 

(Fig. 5.6 and Table 5.10); the abundance of synodontids varied with no 

detectable patterm. However, on the removal reefs an increase in 
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abundance of synodontids was apparent, and was significant on 2 reefs; 

reasons for this are suggested below (Fig. 5.6 and Table 5.10). 

Further attempts to determine whether the fishing experiment had 

successfully maintained low levels of piscivores relative to natural 

levels were made by considering the census data for each station. 

Results were also unconvincing (Table 5.10). On many of the reefs, 

differences in piscivore numbers between fished reefs and controls were 

confounded with the strong effect of changes in reef size on fish 

abundance (Table 4.6; Chapter 4, this dissertation). This suggests 

that some physical factors have stronger influence than heavy continual 

fishing mortality in controlling the sizes of certain reef fish 

populations. Similarly, Munro & Williams (1985) concluded that natural 

environmental gradients along the Great Barrier Reef have more profoun~ 

effects on fish community structure than do major variations in 

predator densities caused by fishing. For several groupings of taxa on 

some reefs, random, long-term natural variability, combined with the 

lower accuracy in census of cryptic predators, may have contributed to 

the otherwise unexplainable significant positive or negative 

correlations between fish numbers and time. Reasons for the uniquely 

high piscivore density (especially for scorpaenids and muraenids) on 

station 2C are unknown. Possibly the great isolation of this patch 

reef, especially in the direction of the prevailing current, may 

enhance the abundance of arriving recruits of prey species so as to 

support a high piscivorous biomass (Chapter -3, this dissertation). By 

chance, the set of reefs which were selected as controls had twice the 
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abundance of piscivores present on removal reefs, even during the 

baseline year (Table 5.B-B). 

In consideration of the above confounding factors, the most 

consistent pattern discernible from these complex responses was for 

synodontids. They significantly increased on reefs subjected to 

repeated, long-term fishing pressure, in contrast to controls (Table 

5.10 and Fig. 5.6). Further support for this result can be derived by 

comparing the ·total number of synodontids removed by 39 months of 

fishing from a set of 4 patch reefs (Table 5.2), to the natural 

abundance of synodontids resident on a very similar set of 4 control 

patch reefs at a point in time (Table 4.5; Chapter 4, this 

dissertation). On the fished reefs, the removed synodontid population 

replaced itself over 20 times during the 39 continual months of fishing 

p-ressure (i. e., a complete replacement in less than 2 months)! This 

contrasts with results of the same calculation for all other (non

synodontid) piscivores, which replaced themselves only 5 times (i. e., 8 

months for a complete replacement). Replacement (or turnover rate) of 

adult synodontids may be even greater, relative to other piscivores, 

than these figures suggest; non-synodontids include a considerable 

component of recruitment (mainly by small scorpaenids), which was much 

lower for synodontids. A very high immigration rate was primarily 

responsible for the rapid replacement of synodontids. The experimental 

design did not permit a determination of the upper limit of synodontid 

immigration rate obtainable under intense fishing pressure. 

(Presumably, if all reefs of the entire lagoon had been subject to 
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heavy fishing pressure on piscivores, rather than only 4 experimental 

patch reefs, decreases in catch-per-unit-effort over time might have 

been achieved.) 

The opposite of the expected relationship between catch and effort 

for synodontids (i.e., higher catches following long-term, frequent 

fishing pressure) may possibly be explained as follows: On natural 

(unfished) reefs, other resident piscivores (e.g., cirrhitids) 

competitively kept 1izardfish off the reef, forcing them to remain on 

the sand/rubble periphery (pers. obs.). Lizardfish were observed 

migrating between patch reefs much more freely than most other demersal 

piscivores, and they frequently buried themselves in the sand. It 

~eems plausible that a position on the reef is favorable for 

concealment and feeding by a piscivore. When all piscivores were 

fished from a reef in this experiment, the more migratory 1izardfish 

rapidly filled the newly opened, optimal territory on the main reef, in 

contrast to the other piscivores, which were highly resident. As newly 

arrived 1izardfish were repeatedly removed by spear=ishing, space "las 

reopened for additional 1izardfish to move from the reef borders and 

occupy the main reef. Similar feeding and migratory behaviors have 

been observed in the Western Pacific (Hiatt & Strasburg 1960), the 

Caribbean (Piastro 1973), the island of Hawaii (Hobson 1974), and the 

Great Barrier Reef (Sweatman 1984), and they appear to be 

characteristic of the family. Piastro (1973) found that a locally 

common Synodus species had a large home range but did not defend 

territories. Sweatman (1984) similarly observed that harassment by 

other reef fishes (including cirrhitids and other piscivores) confined 
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lizardfish to areas of low prey density. At the rate which we could 

exert fishing pressure on piscivores, we apparently could not 

noticeably reduce the supply of available lizardfish. 

Data from collections overestimated the numerical abundance of 

synodontids (i.e., half of all piscivores) on the experimental reefs, 

largely because of their high replacement rate by immigration. 

However, the"census data suggest that the experiment did achieve a 

significant reduction in synodontids during the first year of fishing, 

in contrast to higher levels during the baseline year and the last 2 

years of fishing (Table 5.10). This was in contrast to simple random 

variability on control reefs. The numbers of synodontids caught ~n the 

fished reefs increased with time (Table 5.5 and Fig. 5.2). 

The design of the experiment did not include attempts to reduce or 

quantify piscivory by large, highly transient fishes. Early trials 

with huge predator exclusion cages around the patch reefs proved 

unfeasible due to destructive winter storms. Other investigators have 

also encountered serious problems with cage experiments (Nolan 1975; 

Lassig 1982; Doherty & Sale 1985). The most valuable studies on the 

effects of predation on reef fish should simply use replicated removals 

and controls (as in the present experiment), without disturbing the 

reef envirorunent in any other way (Connell 1974; Choat 1982; Doherty & 

Sale 1985). 

If the level of transient piscivory was sufficiently low and 

similar among all study reefs of both treatments, it produced little 
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effect on the experimental results. The higher occurrence of sharks 

and jacks on the set of predator removal reefs, in contrast to the set 

of control reefs (Fig. 5.7), is probably an artifact of estimating the 

frequency of visits by these large transient piscivores by sightings 

while spearfishing, rather than their average presence on the reefs in 

the absence of scuba divers. Obviously, the activity of spearing fish 

(with associated blood and distress signals produced by wounded fish) 

attracted these large transient piscivores to the experimental reefs 

(pers. obs.). (I would guess that on days when we did not dive on the 

study reefs, the number of visits by transient piscivores to control 

and removal reefs was similar.) The grey reef shark Carcharhinus 

amblyrhynchos was by far the most common carcharinid at Midway. At 

Enewetak, Marshall Islands, this species was found to have a large home 

range, visiting the same reefs daily within the lagoon (McKibben & 

Nelson 1986). It is highly aroused by sounds and odors of freshly 

speared fish (Nelson et al. 1986). 

The Censused Entire Reef Fish Co~~unity. 

Even though it was not possible to demonstrate the desired direct 

effect of reduced predator populations by 39 months of persistent 

fishing effort on piscivores, possible indirect effects of the 

experiment on the numerical abundance of common potential prey fish 

were considered. The same 6 common species (Pervagor spilosoma 

[Monacanthidae], Apogon maculiferus [Apogonidae], Dascyllus albisella 

[Pomacentridae], Thalassoma duperrey [Labridae], Stegastes fasciolatus 

[Pomacentridae], Chromis ovalis [Pomacentridae]) that dominated the 
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entire community of fish on control reefs (mainly due to heavy 

recruitment pulses, Chapters 2 and 4, this dissertation), were 

considered the most likely candidates to exhibit any detectable 

variation in numbers in response to fishing piscivores. Natural 

mortality (predominantly predation) is a major process which affects 

recruitment variation; juvenile mortality is greatest on young fish 

during their first few weeks or months of life on the reef (Lagler 

1971; Luckhurst & Luckhurst 1977; Lassig 1982; Doherty & Sale 1985). 

No major or consistent differences in.the fish community were 

detectable between the control and removal sets of reefs of this study, 

with a few exceptions which were due mainly to factors other than the 

experimental treatment (Table 5.11 and Figs. 5.10-5.15). This is 

consistent with the apparent ineffectiveness of fishing to reduce 

predator populations in any significant way. Temporal and spatial 

variability in recruitment, and reef size differences and changes in 

size were the factors most likely responsible for the observed temporal 

patterns in fish abundance. From caging experiments, Lassig (1982) 

suggested that long-term reductions in predator populations have little 

effect on coral reef fish cOlnmunity structure, even though his study 

was plagued with numerous confounding effects, and he did not exclude 

small predators of juvenile fish. 

The vast majority of prey identified from piscivorous fish from 

Northwestern Hawaiian Island patch reefs were apogonids, mullids, 

holocentrids and 1abrids (by numbers and biomass), and gobiids, 

pomacentrids and scorpaenids (by numbers) (Norris 1985; Norris & 

262 



Parrish in press). Sweatman (1984) found similar taxa to be common in 

lizardfish diets on the Great Barrier Reef. Most of these dominant 

prey taxa are characterized by annually variable, heavy, summer 

recruitment pulses at Midway (Chapter 2, this dissertation). 

Therefore, it seems likely that an effect would have been detectable on 

these potential prey fish if reduced levels of predators had actually 

been achieved. Two of the families that were found to have a large 

piscivorous impact on the prey community were synodontids and muraenids 

(Parrish et a1. 1986), which were also dominant piscivores in the 

present study. From field observations on the Great Barrier Reef, 

Sweatman (1984) concluded that synodontids may consume a considerable 

portion of the prey fish community. Piastro (1973) also found 

synodontids to be significant piscivores on reefs around Puerto Rico. 

Three of the six cormnon potential prey species deserve special 

comment. Evidence suggesting that predation may be important in 

controlling reef fish populations was found for at least one species, 

Apogon macu1iferus. The numbers of lizardfish, the most common 

piscivor.e, were significantly reduced on the removal reefs during the 

first year of fishing (June 1982, to March 1983), in contrast to the 

baseline year and to the final 2 years of fishing (Fig. 5.6). It was 

at this time (late summer 1982) that the greatest recruitment pulse of 

Apogon macu1iferus occurred. The subsequent significant increase in 

adult numbers on 3 removal reefs, in contrast to controls, suggests 

er~anced survival in response to reduced predation (Table 5.11 and Fig. 

5.15). Although synodontid numbers subsequently increased again 

significantly in the final years, the fortuitous timing of the 
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reduction in predators during 1982-1983 may have allowed this largest 

recruiting cohort to escape heavy predation during the most vulnerable 

life stage and persist as a strong adult year class. The largest two 

experimental reefs may have offered sufficient shelter in terms of 

habitat complexity (qualitatively or quantitatively) to facilitate this 

enhanced juvenile survival. The short life of the significant increase 

in A. maculiferus on the smallest experimental reef may have been due 

to emigration of growing juveniles requiring more shelter space. 

The gradual, steady increase in Dascyllus albisella numbers on the 

removal reefs (Fig 5.13) suggests a response to the experimental 

treatment similar to that of A. maculiferus on the 3 control reefs. 

However, the irlterpretation is less clear than above, because the adult 

population also increased simultaneously on most control stations, 

following the baseline, and remained at the higher levels. 

Progressive, long-term changes in population size are a known natural 

phenomenon of fish stocks. The progressively dacreasing numbe~s of 

adult Stegastes fasciolatus seen on many reefs may be another 8xample 

of this. 

The huge recruitment pulse by Pervagor spilosoma in the last half 

of 1984 makes this species a prime candidate to respond differently 

between the reef treatments (Fig. 5.14). The synchronous, or shortly 

delayed, high peaks in adult numbers were most likely due to the fact 

that many P. spilosoma recruited at or near the adult size class, or 

rapidly grew into it (J.E. Norris, pers. comm.). The higher numbers of 

juveniles on the removal reefs suggest greater survival (albeit short-
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term) than on the control reefs. (It is unknown to what degree this 

result was influenced by random spatial variation in recruitment or by 

reef size differences.) The fact that numbers (for ?oth juveniles and 

adults) returned to their normal low levels by a year later on all 

reefs (Fig. 5.14), further suggests that synodontids, which were again 

high during 1984 and 1985, have a major piscivorous impact on reef fish 

communities. 

Certain species which recruited en masse (e.g., Mulloides spp., 

Seriola dumerili) appear to have a minimum requirement as postlarvae 

for a fairly large reef size ~.g., station 4R), which then serves as 

only a temporary juvenile habitat (Robertson 1988). Studies of 

predator gut contents in the Northwestern Hawaiian Islands show that 

Mulloides spp. (Mullidae) are heavily preyed upon by common reef 

piscivores (Norris & Parrish in press), and attacks on these goatfish 

by lizardfish, only slightly larger than their prey, were observed at 

Midway (pers. obs.). If piscivore populations had in fact been 

substantially decreased, and without detailed noces on recruitment 

variations, such increases in fish abundance could have erroneously 

been interpreted as 'ecological release from predation' . 

In conclusion, experience from this study strongly supports the 

conclusion by Bender et al. (1984) that experiments in community 

ecology must include as much descriptive natural history and common 

sense as possible to reduce error in interpreting results. 
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SUMMARY AND CONCLUSIONS 

1. Piscivorous predation on patch reefs at Midway lagoon was among the 

highest known from coral reef fish communities (Norris & Parrish in 

press). Synodontids, scorpaenids and muraenids were dominant 

predators. 

2. Synodontids comprised nearly half of all piscivores fished, due 

largely to immigration following the removal of other, competitively 

superior, more highly resident piscivores. 

3. The expected decrease in piscivore abundance on reefs subject to 

continual experimental fishing was realized only for cirrhitids, which 

were numerically insignificant in the community of piscivores. The 

catch of highly migratory synodontids actually increased as fishing 

progressed. Changes in the catch composition for other piscivores 

related mainly to major changes in reef size. 

4. Census data from control and predator removal reefs confirmed th&t 

piscivores were not significantly reduced over the 39 months of 

spearfishing pressure. Following a significant decrease during the 

first year of fishing, synodontids then increased in abundance on 

fished reefs over the remainder of the experiment. Reef fish 

communities at Midway (both piscivores and, indirectly, non-piscivores) 

appear to be resilient to long-term fishing pressure on piscivorous 

predators. 
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5. The spearfishing activity attracted sharks and jacks to the fished 

reefs; it is unclear whether piscivory by these large transients 

differed greatly between the reef treatments. 

6. At least in one species, Apogon maculiferus, some evidence was 

found to suggest that predation may be important in controlling reef 

fish populations. 

7. Temporal and spatial variability in recruitment, and reef size 

differences and changes in size were the primary factors responsible 

for the observed temporal patterns in fish abundance. 

8. Experiments on the effects of predation on reef fish communities 

may be confounded by a host of complex, interacting variables. It is 

important to supplement such studies with detailed notes of pertinent 

physical, biological and ecological variables, since these factors have 

the potential to mask more subtle experimental results. 
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Table 5.1. Summary of sizes (area and volume) of the 
experimental patch reefs at the beginning and end 
of the study. 

Period 

Initial Final Change 

Area Volume Area Volume Area Volume 

(m2) (m3) (m2) (m3) (%) (%) 

Station: 

1R 14.8 7.3 8.2 3.1 -44.6 -57.9 

2R 25.0 13.7 75.1 6.3 200.6 385.7 

3R 51.1 49.8 55.7 51. 7 9.0 3.7 

4R 154.1 173.0 307.3 12.3 
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Table 5.2. Set of predator families removed showing percent relative numerical abundance 
(%N of total N = 2,504 specimens) and percent relative biomass (%Kg of 136.90 
Kg total) from the 4 reefs from June 1982, to August 1985. (Columns are 
independent.) 

--------------------.-------------------------~--------------------------------------

Family 

Synodontidae 
Scorpaenidae 
Muraenidae 
Bothidae 
Aulostomidae 
Labridae 
Antennariidae 
Congridde 
Cirrhitidae 
Fistulariidae 
Ophidiidae 
Carangidae 

TOTAL N & Kg (100%) 

1R 

% N 

51. 63 
33.99 

5.88 
5.56 

0.33 
0.33 
0.65 
1. 63 

% Kg 

38:.07 
9.77 

33.34 
3.87 

1.17 
0.23 
8.32 
5.22 

306 17.73 

station 

2R 

% N 

46.13 
35.36 
8.29 
4.14 

3.04 
0.28 
1. 66 
0.28 
0.55 
0.28 

% Kg 

39.03 
11.62 
16.40 

2.29 

18.85 
0.06 
8093 
0.04 
0.83 
1. 95 

362 19.92 

3R 

% N 

42.42 
41. 92 

6.77 
1.82 
1.92 
0.71 
2.12 
0.30 
1. 31 
0.51 
0.20 

% Kg 

46.73 
12.95 
21. 65 
1. 71 
0.47 
6.26 
1. 47 
3.28 
1. 48 
1.42 
2.55 

990 43.90 

4R 

% N 

49.65 
36.41 

5.44 

3.31 
1.42 
1.06 
0.47 
1. 54 
0.24 
0.35 
0.12 

% Kg 

40.01 
19.34 
10.74 

0.80 
13.30 

0.63 
8.95 
1. 81 
1.41 
2.96 
0.04 

846 53.35 

TOTAL 

% N 

46.53 
38.14 
6.43 
2.00 
1. 88 
1. 24 
1. 28 
0.60 
1. 28 
0.36 
0.24 
0.04 

% Kg 

41. 77 
14.93 
17.99 

1. 38 
0.48 

10.28 
0.77 
7.05 
1. 89 
'1.15 
2.30 
0.02 

2,504 136.90 
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Table 5.3. Set of predator taxa (mostly species) removed showing percent relative 
numerical abundance (%N of total N = 2,504 specimens) and percent relative 
bioIll3SS (%Kg of 136.90 Kg total) from the 4 reefs from June 1982, to August 
1985. (Columns are independent.) 

Taxa 

Qy!l.odus ulae 
Dendrochirus barberi 
sebastapistes~liIeui 
Scorpaenodes littoralis 
syndontid spp 
Gymnothorax steinqachneri 
Scoroaenopsis diabol~s 
Secastapistes coniorta 
Bothus mancus 
Aulostomus chinensis 
Thalassoma ballieui 
scorpaenid spp 
Saurida gracilis 
Gymnothorax eurostus 
Bothus Q£ntherinus 
scorDaenopsis cacopsis 
Paracirrhites forsteri 
Antennarius commersonii 
Conger cinereus 
Cirrhitus pinnulatus 
Bothid spp 
Taenianotus triacanthus 

1R 

% N % Kg 

44.44 34.71 
13.07 0.91 

6.86 0<65 
3.59 0.30 
5.56 1. 73 
2.61 6.03 
2.61 6.31 
3.59 0.42 
3.27 2.71 

0.33 
2.61 
1. 63 
1. 63 
1. 31 
0.33 
0.65 

0.65 
0.98 
0.98 
0.98 

1.17 
1. 06 
1. 62 
2.98 
0.36 
0.05 
0.20 

8.32 
5.02 
0.80 
0.03 

% N 

40.06 
8.56 

12.43 
6.35 
5.25 
6.35 
2.76 
2.21 
1.66 

2.76 
1.10 
0.83 
1. 38 
1. 93 
1.10 

1. 38 

0.55 

station 

2R 

% Kg 

36.75 
0.60 
2.72 
0.75 
1. 87 

12.94 
6.23 
0.17 
0.49 

14.35 
0.45 
0.42 
1.02 
1. 37 
0.58 

8.93 

0.44 

% N 

35.66 
15.25 
10.91 
9.80 
5.35 
3.74 
2.12 
2.83 
1.41 
1.92 
0.61 
0.10 
1. 41 
2.22 
0.30 
0.61 
0.71 
1. 41 
0.30 

0.10 
0.30 

3R 

% Kg 

43.05 
1. 38 
2.97 
1. 28 
2.20 

11. 62 
6.33 
0.28 
1.46 
0.47 
4.22 
0.05 
1. 47 
3.41 
0.17 
0.63 
1. 28 
0.84 
3.28 

0.09 
0.02 

4R 

% N 

38.18 
7.21 

12.06 
5.20 
8.63 
3.19 
4.37 
3.78 

2.96 
0.47 
1.06 
2.60 
1. 65 

1. 77 
1.42 
0.71 
0.47 
0.12 

% Kg 

34.63 
0.61 
1. 75 
0.80 
2.50 
6.63 

12.99 
0.44 

0.77 
0.85 
0.36 
2.76 
1. 81 

2.26 
1. 48 
0.41 
8.95 
0.33 

TOTAL 

% N 

38.22 
11. 30 
11.02 

6.99 
6.47 
3.79 
3.04 
3.15 
1. 20 
1. 76 
0.84 
0.88 
1. 76 
1. 84 
0.56 
1. 04 
0.84 
0.80 
0.56 
0.16 
0.24 
0.24 

% Kg 

37.65 
0.90 
2.14 
0.88 
2.21 
9.07 
9.01 
0.35 
0.89 
0.46 
3.94 
0'.36 
1.86 
2.36 
0.03 
1. 21 
1.03 
0.43 
7.05 
0.78 
0.19 
0.01 



N 
-.J 
VI 

Table 5.3. (cont.) 

Taxa 

pterois sphe)!; 
Bodianus bilulJulatlls 
Antennariid spp 
Muraenid spp 
cirrhit:.QJ2§ fasciatus 
Fistularia commersonii 
Brotula multioarbata 
Aulostomid spp 
Gymn·)thorax undulatus 
Gymnothorax hepaLicus 
Enchelycore ptlrdalis 
Gymnothorax meleagris 
Fistularia sp 
Ariosoma bowersi 
Cheilinus unifasciatus 
.caranx cheilio 
Gymnothorax 

flavimarginatus 
~nodus variegatus 
Synodu~ £inotatus 
Gymnothorax pindae 

TO'l'AL N & Kg (100%) 

lR 

% N % Kg 

0.33 0.04 

0.33 0.23 
0.65 2.34 

0.33 11.19 
O.:i3 10.11 
0.3J 0.69 

306 17.73 

station 

% N 

0.83 
0.28 
0.28 

0.28 
0.28 
0.28 

0.28 
0.28 
0.28 
0.28 

2R 

% Kg 

0.11 
4.50 
0.06 

0.04 
0.05 
1. 95 

2.05 
0.39 
0.79 

362 19.92 

% N 

0.10 
0.71 
0.51 
0.61 
0.51 
0.20 

0.10 

0.10 

3R 

% Kg 

2.04 
0.63 
2.54 
0.20 
1.42 
2.55 

3.88 

0.18 

0.10 0.03 

990 43.90 

4R 

% N 

0.95 
0.83 
0.35 
0.24 

0.12 
0.35 
0.35 
0.12 
0.12 

0.12 

0.12 
0.12 

% Ksr 

o. 12~ 
12.41 

0.22 
0.75 

0.831 
2.96 
0.03 
0.67 
0.4S 

0.59 

O.OJ 
0.04 

0.12 0.44-
0.12 O.Ol 
0.12 0.11 

TOTAL 

% N 

0.48 
0.36 
0.48 
0.36 
0.28 
0.28 
0.24 
0.12 
0.12 
0.08 
0.08 
0.08 
0.08 
0.04 
0.04 
0.04 

0.04 
0.04 
0.04 
0.04 

% Kg 

0.07 
6.33 
0.33 
1.42 
0.07 
0.80 
2.30 
0.01. 
2.95 
1.49 
0.39 
0.01 
0.35 

0.01 
0.02 

0.18 
0.01 
0.04 
0.01 

846 55.35 2,504 136.90 



Table 5.4. Spearman rank correlation coefficients (rs ) relating mean 
piscivore species richness collected per day for a cruise 
over the 3 years of fishing. (Mean±SD is the mean number 
of species collected per day; N is the number of collection 
days during the 17 main cruises from June 1982, to August 
1985; usually 1 man-hour of effort per day, average of 7 
days of spearfishing on each station per cruise; 
significance level designation represents the 
experimentwise error rate for the bracketed group of rs: 
for a group of 4, * P < 0.0127; ns - not significant.) 

Station Me an±SD N rs P 

1R 1. 51±1.04 106 0.251 0.0096 * 

2R 1. 82±1. 26 117 0.251 0.0063 * 

3R 3 . 42±1. 77 122 0.090 0.3269 ns 

4R 2. 93±1. 54 125 -0.009 0.9177 ns 
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Table 5.5. Spearman rank correlation coefficients (rs ) relating the 
number of piscivores collected per day for a cruise, over 
the 3 years of fishing, across all cruises (with N ~ 4 
dates), considering various groupings of taxa. 
(Significance level designation represents the 
experimentwise error rate for the bracketed group of rs: 
for a group of 4, * P < 0.0127, ** P < 0.0025, *** P < 
0.0003; for a group of 8, * P < 0.0064, ** P < 0.0013, *** 
P < 0.0001; for a group of 12, * P < 0.0043, ** P < 0.0008, 
*** P < 0.0001; ns - not significant.) 

Taxa 

All (pooled) 
piscivores 

All (pooled) 
synodontids 

All (pooled) 
non-synodontid 
piscivores 

All (pooled) 
muraenids 

All (poolec.) 
scorpaenids 

All (pooled) 
labrid 
predators 

Synodus ulae 

Station 

r 1R 
2R 
3R 
4R 

lR 
2R 
5R 
4R 

lR 
2R 
3R 
4R 

lR 
2R 
3R 
4R 

1R 
,. 2R 

3R 
, 4R 

l lR 
2R 
3R 
4R 

llR 
2R 
3R 
4R 

Mean±SD 

3.14±2.18 
2.95±2.17 
7.70±5.18 
6.05±4.40 

l. 47±l. 26 
l. 28±l.47 
2.88±2.83 
2.81±3.51 

l.67±1.78 
l. 66±l.42 
4. B1±3. 77 
3.25±2.47 

0.09±0.29 
O.16±O.41 
0.48±0.70 
O.29±0.64 

1. 30±l. 60 
l.16±1. 28 
3.57±3.60 
2.47±2.47 

0.1l±0.35 
0.06±0.35 
0.05±0.23 

l. 36±1. 29 
l. 20±l. 46 
2. 73±2. 73 
2.45±3.43 
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N 

64 
74 
86 
93 

64 
74 
86 
93 

64 
74 
86 
93 

64 
74 
86 
93 

64 
74 
86 
93 

64 
74 
86 
93 

64 
74 
86 
93 

0.281 
0.431 
0.361 
0.188 

0.162 
0.501 
0.525 
0.334 

0.252 
0.126 
0.090 

-0.128 

-0.075 
0.042 

-0.009 
-0.125 

0.272 
-0.001 
0.861 

-0.261 

0.190 
-0.179 
-0.034 

0.189 
0.486 
0.465 
0.316 

P 

0.0244 ns 
0.0001 *** 
0.0006 ** 
0.0711 ns 

0.2021 ns 
0.0001 *** 
O. 0001 **~~ 

0.0009 *** 

0.0447 ns 
0.2852 ns 
0.4108 ns 
0.2221 ns 

0.5535 ns 
0.7220 ns 
0.9626 ns 
0.2326 ns 

0.0299 ns 
0.9907 ns 
0.4304 ns 
0.0117 ns 

"no fish" 
0.1055 res 
0.0999 ns 
0.7482 ns 

0.1349 ns 
0.0001 *** 
O. 0001 **~~ 

0.0020 ** 



Table 5.6. Spearman rank correlation coefficients (rs ) relating 
piscivore biomass collected per day for a cruise during the 
17 main cruises from June 1982, to August 1985, considering 
various groupings of taxa. (Significance level designation 
represents the experimentwise error rate for the bracketed 
group of rs: for a group of 4, * P < 0.0127, ** P < 0.0025, 
*** P < 0.0003; for a group of 8, * P < '0.0064, ** P < 
0.0013, *** P < 0.0001; for a group of 12, * P < 0.0043, ** 
P < 0.0008, *** P < 0.0001; ns - not significant.) 

Taxa 

All (pooled) 
piscivores 

All (pooled) 
synodontids 

All (pooled) 
non-synodontid 
piscivores 

All (pooled) 
muraenids 

All (pooled) 
scorpaenids 

All (pooled) 
labrid 
predators 

Synodus ulae 

Station 

lR 
2R 
3R L 4R 

lR 
2R 
3R 
4R 

lR 
2R 
3R 
4R 

r lR 
2R 
3R 
4~ 

lR 
2R 
3R 
4R 

1R 
2R 
3R 
4R 

r lR 
2R 
3R 

i L,R 

Mean±SD 

0.12±0.26 
0.15±0.22 
0.32±0.36 
0.39±0.49 

0.05±0.07 
O.06±0.10 
0.14±0.18 
0.16±0.23 

0.27±0.19 
0.02±0.06 
O. 07±0. 21 
O.04±0.09 

0.03±O.18 
0.02±O.06 
0.07±O.21 
0.04±0.09 

0.01±0.03 
O.17±0.05 
0.04±0.07 
0.08±0.15 

0.31±0.14 
0.02±0.16 
0.04+0.20 

0.OS±0.07 
o .06±0.1l 
0.14±0.18 
0.14±0.24 
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N 

106 
117 
122 
125 

106 
1V 
122 
125 

115 
ll7 
122 
125 

115 
117 
122 
125 

115 
117 
122 
125 

115 
117 
122 
125 

106 
117 
122 
125 

0.204 
0.410 
0.180 
0.131 

0.191 
0.431 
0.280 
0.284 

-0.013 
0.156 
0.035 
0.005 

-0.013 
0.156 
0.035 
0.005 

0.137 
0.084 

-0.008 
-0.238 

0.139 
-0.099 
0.085 

0.222 
0.437 
0.241 
0.298 

P 

0.0365 ns 
0.0001 *** 
0.0466 ns 
0.1464 ns 

0.0494 ns 
0.0001 *** 
0.0018 * 
0.0013 ** 

0.0206 ns 
0.0027 * 
0.3550 ns 
0.7896 ns 

0.8870 ns 
0.0922 ns 
0.7002 ns 
0.9557 ns 

0.1456 ns 
0.3696 ns 
0.9298 ns 
0.0076 ns 

"no fish" 
0.1354 ns 
0.2780 ns 
0.3470 ns 

0.0222 ns 
0.0001 *** 
0.0074 * 
0.0007 ** 



Table 5.7. Spearman rank correlation coefficients (rs ) relating catch
per-unit-effort (CPUE; kg/h) of piscivores collected per 
day for a cruise during the 17 main cruises from June 1982, 
to August 1985, considering various groupings of taxa. 
(Significance level designation represen~s the 
experimentwise error rate for the bracketed group of rs: 
for a group of 4, * P < 0.0127, ** P < 0.0025, *** P < 
0.0003; for a group of 8, * P < 0.0064, ** P < 0.0013, *** 
P < 0.0001; for a group of 12, * P < 0.0043, ** P < 0.0008, 
*** P < 0.0001; ns - not significant.) 

Taxa 

All (pooled) 
piscivores 

All (pooled) 
synodontids 

All (pooled) 
non-synodontid 
piscivores 

All (pooled) 
muraenids 

All (pooled) 
scorpaenids 

All (pooled) 
1abrid 
predators 

Synodus ulae 

Station 

[ 
lR 
2R 
3R 
4R 

lR 
2R 
3R 
4R 

1R 
2R 
3R 
4R 

1R 
2R 
3R 
4R 

lR 
2R 
3R 
4R 

lR 
2R 
3R 
4R 

[ 
1R 
2R 
3R 
4R 

Mean±SD 

O.12±0.26 
0.ls±0.2s 
0.32±0.3s 
0.37±0.49 

0.OS±0.07 
0.66±0.16 
O.ls±O.lB 
0.ls±0.23 

0.07±0.2s 
0.09±0.18 
0.lB±0.31 
0.24±0.s7 

0.02±0.19 
O.02±0.06 
0.07±0.21 
O.03±O.09 

O.Ol±O.Os 
0.02±0.OS 
0.04±0.07 
o . 11±0. 54 

0.32±0.14 
0.02±O.16 
0.OS±0.22 

0.OS±0.07 
O.06±0.16 
O.14±0.lB 
0.14±0.23 
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N 

104 
117 
124 
130 

104 
117 
124 
130 

113 
117 
124 
130 

113 
117 
124 
130 

113 
117 
124 
l30 

113 
117 
124 
130 

104 
117 
124 
130 

0.204 
0.410 
0.203 
0.234 

0.163 
0.433 
0.294 
0.322 

0.208 
0.266 
0.101 
0.096 

-0.019 
0.154 
0.034 
0.019 

0.127 
0.078 
0.006 

-0.185 

0.135 
-0.099 
0.086 

0.194 
0.440 
0.257 
0.298 

P 

0.0370 ns 
0.0001 *** 
0.0239 ns 
0.0073 * 

0.0980 ns 
0.0001 *** 
0.0009 ** 
0.0002 ** 

0.0272 ns 
0.0038 * 
0.2630 ns 
0.2769 ns 

0.8410 ns 
0.0967 ns 
0.7084 ns 
0.8284 ns 

0.lB03 ns 
0.4010 ns 
0.9489 ns 
0.034B ns 

"no fish" 
0.1465 ns 
0.2747 ns 
0.3302 ns 

0.04BO ns 
0.0001 *** 
0.0040 * 
0.0006 ** 



t.J 
(X) 

0 

Table 5.8. Percent of fish from resident piscivorous families censused on the study reefs 
during A) the years of experimental fishing on predator removal reefs (June 
1982, to August 1985); and B) the initial baseline (prefished) year (May 1981, 
to Hay 198:!) ctncl. thH fin;.}l (fished) year (October 1984, to August 1985) of the 
study. (Two of the control reefs were·different, larger reefs, in the final 
year, since the original ones were buried by sand.) 

A. 

Reef Treatment 

COlltrol Removal TOTAL 
% % % 

Family 

scorpaenidae 27.30 15.36 42.67 
Muraenidde 11.74 2.30 14.04 
Labr~,dae 11. 29 3.19 14.48 
Cirrhitidae 11. 26 0.65 11.91 
synodontidae 8.16 4.55 12.81 
Ophidiidae 1. 3~ 0.06 1.45 
Aulostomidae 0.53 0.61 1.14 
Antennariidae 0.18 0.16 0.34 
Bothidae 0.13 0.23 0.35 
Congridae 0.13 0.08 0.20 
Fistulariidae 0.10 0.41 0.51 
Serranidae 0.10 0.10 

TOTAL % 72.30 27.70 100.00 
TOTAL N 5,783 2,216 7,999 

B. 

Initial 

Reef Treatment 

Control 
% 

25.99 
9.36 

10.19 
10.59 

6.07 
.0.86 
0.22 
0.09 

'0.06 

63.42 
2,060 

Removal 
% 

18.29 
2.49 
3.08 
8.07 
3.69 
0.43 
0.18 
0.25 
0.06 

0.03 

36.58 
1,188 

Year 

Final 

Reef Treatment 

Control 
% 

22.64 
14.13 
10.11 

7.40 
11. 65 

0.97 
1.15 
0.06 
0.09 
0.21 
0.18 
0.24 

68.84 
2,280 

Removal 
% 

17.15 
2.95 
3.11 
0.54 
5.98 

0.27 
0.06 
0.33 
0.09 
0.63 

31.16 
1,032 



Table 5.9. Numerical percent of piscivorous fish taxa (mostly species) 
censused on the study reefs during the years of 
experimental fishing on predator removal reefs (June 1982, 
to August 1985). 

Taxa 

Sebastapistes coniorta 
Thalassoma ballieui 
Scorpaenodes littoralis 
Syndontid spp 
Gymnothorax eurostus 
Cirrhitops fasciatus 
Dendrochirus barberi 
Paracirrhites forsteri 
Gymnothorax steindachneri 
Bodianus bilunulatus 
Brotula multibarbata 
Scorpaenopsis diabolus 
Synodus ulae 
Sebastapistes ballieui 
Pterois sphex 
Cirrllitus pinnulatus 
Enchelycore pardalis 
Taenianotus triacC'2.nthus 
Aulostomus chinensis 
Gymnothorax undulatus 
Cheilimls unifasciatus 
Paracirrhites arcatus 
Saurida gracilis 
Antennariid spp 
Conger cineretls 
Au1ostomid spp 
Epinephelus quernus 
Carangoides orthogr8.11J1ilUS 
Scorpaenopsis cacopsis 
Bothus mancus 
Fistularia commersonii 
Amblycirrhitus bimacula 
Bothid spp 
Scorpaenid spp 
Fistularia sp 
Caranx ignobolis 

Reef Treatment . 

Control 
% 

8.79 
6.07 
'J.85 
5.52 
5.35 
4.26 
4.08 
3.88 
3.19 
2.84 
1.11 
0.94 
0.90 
0.86 
0.74 
0.73 
0.59 
0.58 
0.32 
0.24 
0.16 
0.13 
0.13 
0.12 
0.10 
0.10 
0.08 
0.07 
0.06 
0.06 
0.05 
0.05 
0.04 
0.03 
0.03 
0.02 

Removal 
% 

2.61 
1. 25 
3.24 
3.15 
1.01 
0.14 
4.31 
0.26 
0.68 
1. 22 
0.05 
0.37 
0.41 
1. 33 
0.09 
0.05 
0.10 
0.08 
0.12 
0.04 
0.10 
0.03 
0.17 
0.11 
0.06 
0.37 

0.04 
0.10 
0.14 
0.25 
0.04 
0.04 
0.21 
0.08 
0.01 
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TOTAL 
% 

11.40 
7.31 
9.09 
8.68 
6.37 
4.40 
8.39 
4.14 
3.88 
4.06 
1.17 
1. 32 
1. 32 
2.19 
0.83 
0.78 
0.69 
0.66 
0.44 
0.28 
0.26 
0.16 
0.30 
0.23 
0.16 
0.47 
0.08 
0.11 
0.16 
0.20 
0.30 
0.09 
0.08 
0.24 
0.11 
0.03 



Table 5.9. (cont. ) 

Reef Treatment 

Control Removal TOTAL 
% % % 

Taxa 

Carcharhinus amblyrhnchos 0.02 0.05 0.07 
Gymnothorax hepaticus 0.02 0.02 
Antennarius commersonii 0.02 0.02 0.04 
Gymnothorax pictus 0.02 0.02 
Caranx sexfasciatus 0.02 0.02 
Caranx melampygus 0.01 '0.77 0.78 
Pseudocaranx dentex 0.01 0.03 0.04 
Seriola dumerili 0.01 18.58 18.59 
Gymnothorax pindae 0.01 0.01 0.02 
Carangid spp 0.01 0.01 

TOTAL % 58.25 41.75 100.00 

TOTAL N 5,799 4,157 9,956 

282 



Table 5.10. Spearman rank correlation coefficients (rs ) relating the 
number of resident piscivores censused per replicate (N = 

total number of census replicates) with the cruise period, 
for various groupings of taxa from June 1982, to August 
1985. (Significance level designation represents the 
experimentwise error rate for the bracketed group of rs: 
for a group of 4, * P < 0.0127, ** P < 0.0025, *** P < 
0.0003; for a group of 6, * P < 0.0085, ** P < 0.0017, *** 
P < 0.0002; ns - not significant.) 1) Considers only the 
baseline year and first year of fishing (May, 1981, 
through March, 1983). 

Taxa 

All (pooled) 
Piscivores 

Station Mean±SD 

lC 6.2l±2.62 
2C 25.ll±9.l9 
3Cl 6.9l±4.06 
3C l6.85±8.98 
4Cl 19.55±4.93 
4C 25.50~7.90 

l-lR 
2R 
3R 
4R 

2.64±2.69 
3.53±2.8l 

1l.97±7.03 
l6.52±9.21 

All (pooled)lC 
Non-synodcntid 2C 

5.l8±2.27 
23.85±8.92 

piscivores 3Cl 

All (pooled) 
Synodontids 

3C 
4Cl 
4C 

r 1R 
i 2R 

L' 3R 
4R 

lC 
2C 
3Cl 
3C 
4C1 
4C 

[ ;~ 3R 
4R 

6.50±3.65 
11.95±8.36 
l8.37±4.70 
19.47±5.62 

l. 84±2. 52 
2.47±2.65 

10.24±6.83 
l4.62±8.40 

l. 03±l. 30 
l. 26±l.48 
0.41±O.66 
4.90±2.84 
1. 18±1.16 
6.03±4.8l 

O. 80±l. 05 
l. 06±1. 40 
l. 74±2 .19 
l. 90±2. 28 
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N 

78 
80 
34 
40 
38 
36 

76 
79 
76 
50 

78 
80 
34 
40 
~~ 8 
36 

76 
79 
76 
50 

78 
80 
34 
40 
38 
36 

76 
79 
76 
50 

-0.096 
0.042 

-0.772 
0.523 

-0.358 
0.513 

0.263 
0.271 
0.009 
0.659 

-0.202 
0.009 

-0.756 
0.541 

-0.283 
0.372 

0.163 
0.071 

-0.101 
0.602 

0.217 
0.086 

-0.557 
0.196 

-0.325 
0.361 

0.166 
0.177 
0.374 
0.534 

P 

0.4042 ns 
0.7080 ns 
0.0001 *** 
0.0005 ** 
0.0274 ns 
0.0014 ** 

0.0218 ns 
0.0158 ns 
0.9378 ns 
0.0001 *** 

0.0756 ns 
0.9401 ns 
0.0001 *** 
0.0003 ** 
0.0851 ns 
0.0255 ns 

0.1595 ns 
0.5327 ns 
0.3843 ns 
0.0001 *** 

0.0563 ns 
0.4~60 ns 
0.0006 ** 
0.2256 ns 
0.0466 ns 
0.0306 ns 

0.1515 ns 
0.1187 ns 
0.0009 ** 
0.0001 *** 



Table 5.10. (cont.) 

Taxa Station Mean±SD N rs P 

l)All (pooled) 
[ lC 

l.1l±l.04 44 -0.156 0.3106 ns 
Synodontids 2C 2. 2l±l. 97 48 . -0.648 0.0001 *** 

3Cl l. 25±2. 04 44 -0.297 0.0505 ns 
4C1 2.07±2.50 42 -0.029 0.8550 ns 

[ lR 
O. 78±l. 25 46 -0.326 0.0272 ns 

2R l.42±l. 66 36 -0.551 0.0005 ** 
3R 0.64±0.90 36 -0.230 0.1780 ns 
4R 2.29±3.22 17 -0.856 0.0001 *** 

All (pooled) 1C l. 91±l.1l 78 0.141 0.2197 ns 
Muraenids 2C 4.45±2.81 80 0.701 0.0001 *** 

3C1 l. 56±0. 99 34 -0.439 0.0095 ns 
3C 2. 68±l. 73 40 -0.354 0.0250 ns 
4C1 l. 74±l. 50 38 0.089 0.5956 liS 

4C 5.78±2.60 36 0.061 0.7243 ns 

r 1R 0.14±0.35 76 0.029 0.8032 ns 

l 2R 
0.22±0.44 79 0.301 0.0070 * 

3R 0.93±0.96 76 0.058 0.6179 ns 
4R l. 70±l. 78 50 0.358 0.0108 ns 

All (pooled) 1C l. 56±l. 66 78 -0.686 0.0001 *** 
Scorpaenids 2C 17.81±7.71 80 -0.249 0.0260 ns 

3Cl 2 . 18±l. 87 34 -0.507 0.0022 * 
3C 5.65±6.63 40 0.544 0.0003 ** 
4C1 4.16±2.75 38 -0.372 0.0216 ns 
4C 4.97±3.08 36 0.381 0.0218 ns 

[ lR 
l.47±2.24 76 0.111 0.3403 ns 

2R l. 65:t2. 25 79 -0.104 0.3624 ns 
3R 7.61±6.60 76 -0.051 0.6616 ns 
4R 8.18±6.42 50 0.539 0.0001 *** 
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Table 5.10. (cont.) 

Taxa Station Mean±SD N rs P 

All (pooled) lC l. 24±l. 50 78 0.335 0.0027 * 
Labrid 2C l. 54±0. 91 80 . 0.208 0.0642 ns 
predators 3Cl 2. 32±l. 59 34 -0.558 0.0006 ** 

3C l. 85±l. 69 40 0.336 0.0338 * 
4Cl 7.61±1.78 38 0.193 0.2454 ns 
4C 6.69±3.50 36 0.244 0.1520 ns 

[ lR 
0.05±0.28 76 0.239 0.0379 ns 

2R 0.48±0.89 79 0.381 0.0005 ** 
3R 0.76±0.76 76 -0.068 0.5582 ns 
4R 3.10±2.l9 50 0.355 0.0114 ns 
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Table 5.11. Spearman rank correlation coefficients (rs ) relating the 
numerical abundance for adults of common species visually 
censused with time. (N = 58 to 102 census replicates per 
station from May 1981, to August 1985; P = bottom number 
of each pair; significance level designation represents 
the experimentwise error rate for the bracketed group of 
rs: for a group of 4, * P < 0:0127, ** P < 0.0025; *** P < 
0.0003; for a group of 6, * P < 0.0085, ** P < 0.0017, *** 
P < 0.0002; ns - not significant.) 

SPECIES 

Pervagor Apogon 
spilosoma maculiferus 

Dascyllus 
albisella 

Stegastes 
fasciolatus 

Chromis 
ovalis 

Thalassoma 
duperrey 

STATION 

1C 0.704 0.077 -0.081 -0.233 
0.0197ns 

0.525 -0.203 
0.0001*** 0.4477ns 0.4235ns 0.0001*** 0.0430ns 

2C 0.342 -0.722 0.196 -0.533 0.251 -0.596 

3C 

0.0004** 

'no fish' 

0.064 
0.6929ns 

4C1 -0.182 
0.1645ns 

4C L-0.116 
0.5000ns 

1R 0.517 
0.0001*** 

2R 0.1)90 
0.0001*** 

3R 0.655 
0.0001*** 

4R 0.743 
0.0001*** 

0.0001*** 0.0461ns 0.0001*** 0.0101ns O. 0001*"~* 

'no fish' 

-0 ./.j.0.~ 
O.0097ns 

-0.102 
0.4393ns 

-0.074 
0.6664ns 

0.421 
0.0010** 

0.559 
0.0002*** 

-0.367 
0.0046* 

0.061 
0.70S8ns 

-0.705 
0.0001*** 

0.135 
0.4071ns 

-0.477 
0.0002*** 

-0.059 
O.7196ns 

0.703 0.477 -0.379 -0.106 
0.0001*** 0.0001*** 0.0028* 0.4184ns 

0.460 -0.818 -0.342 -0.250 
0.0048* 0.0001*** 0.0414ns 0.1417ns 

0.467 0.245 0.516 -0.169 0.084 
0.0001*** 0.0129ns 0.0001*** 0.0905ns 0.4010ns 

0.009 0.712 0.150 0.105 0.433 
0.9289ns 0.0001*** 0.1465ns 0.3133ns 0.0001*** 

0.343 0.853 -0.386 0.422 -0.669 
0.0008** 

0.346 
0.0078* 

0.0001*** 

0.215 
0.1050ns 
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0.0001*** 0.0001*** 0.0001*** 

-0.654 0.691 -0.478 
0.0001*** 0.0001*** 0.0002*** 



Figure 5.1. Temporal variability in the species richness of all 
piscivores experimentally fished from 4 patch reefs. 
Number is mean (±SE) number of species collected per day 
for a cruise period (N = 2 to 17 replicate fishing periods 
[usually 1 man-hour of effort per day]). 

287 



6 

5 

4 

.;) 

2 

1 

0 

6 3R 
.-... w 5 t./) 

-H 
Z 4 « 
w 3 ~ ........, 
a::: 2 
w 
O'.l 1 :::E 
:J 

0 z 
2R 

2 

o~------+---------~----------~----~ 

2 

o~~~~~~~~~~~~~~~~~~~ 

JJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJ 
1982 1983 1984 1985 

CRUISE MID-DATE 

288 



Figure 5.2. Temporal variability in the number collected of all 
(pooled) synodontids fished from 4 experimental patch 
reefs. Number is mean (±SE) number of fish collected per 
day for a cruise period (N = 2 to 17 replicate fishing 
periods [usually 1 man-hour of effort per day]). 
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Figure 5.3. Temporal variability in the number collected of all 
(pooled) non-synodontid piscivores fished from 4 
experimental patch reefs. Number is mean (±SE) number of 
fish collected per day for a cruise period (N = 2 to 17 
replicate fishing periods [usually 1 man-hour of effort 
per day]). 

• 

291 



2.5 

2 

1.5 

0.5 

4R 
Non-Synodo tid Piscivores 

04-------~~------_4----------~----~ 

2 

1.5 

1 

0.5 

04-------+----------4----------~----~ 

1.5 2R 

1 

0.5 

o~.------~--------~~----------~----~ 

21 lR 

1'~1~ 
0.5 

O~~~~~~~~~~~~!~~~-. ~~~~ 

JJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJ 
1982 1983 1984 1985 

CRUISE MID-DATE 

292 



Figure 5.4. Temporal variability in catch-per-unit-effort for all 
(pooled) synodontids fished froln 4 experimental patch 
reefs. Catch-per-effort is mean (±SE) kilograms of fish 
collected in a man-hour of spearfishing effort per day for 
a cruise period (N = 2 to 17 replicate fishing periods 
[usually 1 man-hour of effort per day]). 
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Figure 5.5. Temporal variability in catch-per-unit-effort for all 
(pooled) non-synodontid piscivores fished from 4 
experimental patch reefs. Catch-per-effort is mean (±SE) 
kilograms of fish collected in a man-hour of spearfishing 
effort per day for a cruise period (N = 2 to 17 replicate 
fishing periods [usually 1 man-hour of effort per day]). 
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Figure 5.6. Temporal variability in the abundance of all synodontids 
(pooled) on 4 natural patch reefs (C = Control) and on 4 
experimental patch reefs (R = Removal). Number is mean 
(±SE) number of fish censused on a replicate for a cruise 
period (N = 2 to 12 replicates). (The original stations 
3C and 4C were lost during the winter of 1983-1984 and 
replaced with different reefs.) 
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Figure 5.7. Sightings of transient sharks and jacks on the study 
reefs. (The 4 control and 4 removal stations are pooled 
within each respective treatment; daily frequency is the 
total number sighted on a day averaged for a cruise 
period; number of replicate days varied per cruise.) 
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Figure 5.8. Temporal variability in the abundance of all species 
(pooled) on 4 natural patch reefs (C = Control) and on 4 
experimental patch reefs (R = Removal). Number is mean 
(±SE) number of fish censused on a replicate for a cruise 
period (N = 2 to 12 replicates). (Gnatholepis anjerensis 
was excluded.) 
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Figure 5.9. Temporal variability in the diversity (i.e., richness) of 
all species (pooled) on 4 experimental patch reefs. 
Number is mea.n (±SE) number of species censused on a 
replicate for a cruise period (N = 2 to 12 replicates). 
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Figure 5.10. Temporal variability in the mean number of Thalassoma 
duparrey censused on a replicate for a cruise period on 4 
natural patch reefs (C = Control) and on 4 experimental 
patch reefs (R = Removal). (Adults = solid lines; 
juveniles = dashed lines; N = 2 to 12 replicates per 
cruise period). (The original stations 3C and 4C were 
lost during the winter of 1983-1984 and replaced with 
different reefs.) 
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Figure 5.11. Temporal variability in the mean number of Stegastes 
fasciolatus censused on a replicate for a cruise period 
on 4 natural patch reefs (C = Control) and on 4 
experimental patch reefs (R = Removal). (Adults = solid 
lines; juveniles = dashed lines; N = 2 to 12 replicates 
per cruise period). (The original stations 3C and 4C 
were lost during the winter of 1983-1984 and replaced 
with different reefs.) 
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Figure 5.12. Temporal variability in the mean number of Chromis ovalis 
censused on a replicate for a cruise period on 4 natural 
patch reefs (C = Control) and on 4 experimental patch 
reefs (R = Removal). (Adults = solid lines; juveniles = 
dashed lines; N = 2 to 12 replicates per cruise period). 
(The original stations 3C and 4C were lost during the 
winter of 1983-1984 and replaced with different reefs.) 
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Figure 5.13. Temporal variability in the mean number of Dascyllus 
alb is ella censused on a replicate for a cruise period on 
4 natural patch reefs (C = Control) and on 4 experimental 
patch reefs (R = Removal). (Adults = solid lines; 
juveniles = dashed lines; N = 2 to 12 replicates per 
cruise period). (The,original stations 3C and 4C were 
lost during the winter of 1983-1984 and replaced with 
different reefs.) 
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Figure 5.14. Temporal variability in the mean number of Pervagor 
spilosoma censused on a replicate for a cruise period on 
4 natural patch reefs (C = Control) and on 4 
experimental patch reefs (R = Removal). (Adults = solid 
lines; juveniles = dashed lines; N = 2 to 12 replicates 
per cruise period). (The original stations 3C and 4C 
were lost during the winter of 1983-1984 and replaced 
with different reefs.) 
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Figure 5.15. Temporal variability in the mean number of Apogon 
maculiferus censused on a replicate for a cruise period 
on 4 natural patch reefs (C = Control) and on 4 
experimental patch reefs (R = Removal). (Adults = solid 
lines; juveniles = dashed lines; N = 2 to 12 replicates 
per cruise period). (The original stations 3C and 4C 
were lost during the winter of 1983-1984 and replaced 
with different reefs.) 
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GENERAL CONCLUSIONS 

This study on the ecology of patch reef fish communities, 

conducted at Midway lagoon, Northwestern Hawaiian Islands, was 

distinguished from similar studies by its geographic location at a high 

latitude atoll, where water temperature varies over 100 C seasonally, 

and where the patch reefs studied were in pristine (unfished) 

condition. 

The total-count underwater visual census method was found to be of 

adequate precision and accuracy for studying the ecology of patch reef 

fish communities. Resident, non-cryptic species were assessed with 

highest accuracy; rotenone collection detected significantly more 

species and individuals, especially for cryptic forms which shelter in 

the reef or are otherwise obscure. Small patch reefs were censused 

more accurately than large reefs. Fish could be assigned to size 

classes unclerwater by visual estimate with acceptable accuracy. Visual 

census is probably the best nondestructive method to repeatedly 

quantify coral reef fish communities. Rotenone collection re:aains 

perhaps the most comprehensive way to obtain a one-time estimate of 

abundance anu validate the accuracy of visual census counts. 

Recruitment limitation may be important in structuring reef fish 

communities at Midway; only a few species composed the bulk of all 

recruits, while most species were rare or not seen at all. Species 

t~at recruited heavily may have life-history strategies that enhance 

survival by abbreviating the vulnerable planktonic stage (e.g., 

demersal spawning and egg tending by pomacentrids, mouth-brooding by 
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apogonids) or behaviorally maintaining the developing larvae near the 

reef (e.g., gobiids and apogonids). Annual variability was high (3- to 

8-fold); species with high absolute recruitment had high variability. 

Different species recruited heavily in different years. Species 

specific factors may be more important in determining relative 

abundances of recruits in a year than are general oceanographic 

factors. Recruitment pulsed strongly during the summer season, with 

occasional second peaks in fall. This timing may reflect a selective 

strategy whereby juveniles are most abundant when environmental 

conditions (e.g., temperature, primary productivity, shelter of dense 

algal-mats) maximize their potential growth and survival. Recruitment 

at Midway was characterized by a less protracted seasonal pulse, and 

often occurred later in the year, than has been reported from other 

regions. 

Small-scale spatial variability in recruitment rate within the 

lagoon at Midway ~vas high. The fE:'H species that demonstrated strong 

substrate preferenc3s exhibited less spatial variability to the 

substrate type of choice, although they also recruited to less 

preferred habitats. This suggests ,::hat most postlarval fishes are 

substrate generalists at recruitment. In spite of differences in 

methodology, in the size, type and complexity of reefs, and in absolu:=e 

short-term levels of recruitment, long-term temporal variability was 

assessed similarly by 1) coral attractors, 2) wire ~ttractors and 3) 

natural patch reefs, for most common recruits. Rigorous visual fish 

censuses can adequately document moderate- to long-term temporal 
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variation in the abundances of recently recruited juveniles on patch 

reefs. 

During peak seasonal pulses at Midway lagoon, recruitment rates 

increased with size and isolation of small artificial reef patches, and 

with size of natural patch reefs. The effect of isolation of natural 

patch reefs on recruitment was not clearly determined from this 

experiment. Reef size appears to have a much stronger effect on 

recruitment level than does reef isolation. Although larger patch 

reefs can harbor more total recruits, smaller patch reefs harbor 

significantly higher densities. These results suggest that if optimum 

size and spacing of reefs is provided, either by proper design of 

artificial reefs or selection of marine reserves, managers may enhance 

fish recruitment and ultimately improve local fisheries. 

Major topographic changes to the lagoon floor can occur in a 

period of weeks as a result of movement of the sand bottom during 

severe ,,;inter Keather. Some patch reefs were buried under meters of 

sand, while other re-emerged over the course of the st~dy. These majcr 

physical changes had significant effects on the fish populations. 

Of the 135 fishes censused, only 6 species together accounted for 

70% of the total numerical abur.dance. These cornmon species (a 

filefish, a cardinaLfish, 3 damselfishes, and a wrasse) were all 

characterized by heavy seasonal recruitment pulses. Overall, short

and long-term variations in fish abundance were mainly a result of 

strong seasonal and annual variability in recruitment. Over half the 

major recruitment pulses persisted as strong year classes in the 
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subsequent year. Juvenile population pulses which did not persist into 

the following year may have saturated the available suitable space on 

their particular small patch reef limiting the size of the pulse and 

the potential for survival, and were reduced to normal (pre

recruitment) levels due to a combination of mortality and emigration. 

The structure of patch reef fish communities at Midway exhibited 

high unpredictability in terms of 1) the great seasonal and/or annual 

variability in recruitment by common species, 2) recruitment limitation 

for most species, and 3) a high turnover rate detected by frequent 

sampling. The Midway data could also be viewed to exhibit a degree of 

long-term stability. Species diversity (H') was similar for all 

stations, which suggests similarity in the structure of patch reef fish 

communities among different size reefs. Species richness increased 

with the size of the Midway patch reefs, consistent with the theory of 

island biogeugraphy. Total fish abundance and species richness 

correlated stro~gly with patch reef area, volume and relief. Long-term 

changes in abundance of the common species were sometimes associated 

with major changes in reef size. 

Piscivorous predation on patch reefs at Midway lagoon was among 

the highest known from coral reef fish communities. Experimental 

fishing on piscivorous predators resulted in a catch that was composed 

nearly half of lizardfish, due largely to immigration following the 

removal of other, competitively superior, highly resident piscivores. 

Scorpionfish and moray eels were also dominant predators. The expected 

decreases in catch-per-unit-effort were not realized, except for a 
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quantitatively insignificant family (hawkfish). Conversely, the catch 

of the highly migratory lizardfish actually increased as fishing 

progressed. Ch~nges in the catch composition for other piscivores 

related mainly to major changes in reef size or to patterns of large, 

inter-year recruitment fluctuations. Census data confirmed the major 

trends indicated by catch results. 

The patch reef fish communities studied at Midway appear to be 

resilient to long-term fishing pressure on these predators. However, a 

large, annual, summer recruitment pulse by a common cardinalfish, 

Apogon maculiferus, synchrc~ized with a temporary but significant 

reduction of liz8.rdfish (the most prevalent piscivore) by fishing, 

resulted in higher numbers of adult A. maculiferus, through the end of 

the experiment. This suggests that predati.on may be important in 

controlling reef fish populations. However, temporal and spatial 

variability in recruitment, and reef size differences ane: changE:s in 

size w~re the primary factors responsible for most of tbe observed 

temporal patterns in fish abundance. Experiments on the eff2cts of 

predation on reef fish com~unities may be confounded by a noct of 

complex, interacting variables. It is important to supplement such 

studies with detailed notes on pertinent physical, biological and 

ecological variables, since these factors have the potential to mask 

more subtle experimental results. 
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