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ABSTRACT 

Local and regional patterns of distribution and abundance are 

documented in marine rocky-reef fishes. Chapter one describes limits of 

distribution and patterns of density variation of two fishes in a northern Gulf of . 
California intertidal shore. The density of Sonora gobies (Gobiosoma chiquita) 

increases with tidal height over its intertidal range (-1.2 to 0.9 m). whereas the 

density of patchscale gobies (Gobiosoma sp.) decreases from the subtidal 

zone to 0.6 m above mean low water level. Both species exhibit higher 

densities during the warmer season when intertidal temperature gradients are 

weaker than during the colder season. Sonora gobies show a broader range 

of temperature tolerance than patchscale gobies but there is no evidence of 

shifts in distribution between seasons suggesting that the distributions of 

these species are not determined by temperature. Interspecific interactions 

may contribute to the patterns of intertidal distribution and abundance in these 

species despite the rigorous physical environment of the area. 

Chapter two documents a positive correlation between average local 

abundance and extent of geographic distribution in rocky-shore fishes from 

the Gulf of California. This correlation is not an artifact of sampling an 

arbitrarily defined region and is unlikely to be an artifact of sampling bias. The 
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occurrence of this relationship in a variety of organisms suggests that the 

processes responsible for this pattern are likely to be similar in both terrestrial 

and marine environments despite fundamental differences between the two. 

Chapter three demonstrates that egg type and adult body size explain 

a considerable portion of the variation in extent of geographic range in marine 

reef fishes. Species with pelagic eggs have larger geographic ranges, longer 

larval lives, and larger body sizes than species with non-pelagic eggs. Small 

species with non-pelagic eggs show smaller geographic ranges than any 

other combination of body size and egg type. These biogeographic patterns 

predict a greater degree of genetic isolation among populations, and a 

greater species turnover over evolutionary time in clades of small species with 

non-pelagic eggs than in clades of species with other combinations of body 

size and egg type. 
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GENERAL INTRODUCTION 

A major focus of ecology is the study of processes responsible for 

patterns of distribution and abundance of organisms. Such patterns are likely 

to manifest themselves at different scales; for example, along local gradients 

in physical factors or throughout entire geographic regions. However, whereas 

most ecologists have devoted their attention to the study of local patterns of 

distribution and abundance (but see MacArthur and Wilson 1967, MacArthur 

1972, Rapoport 1982), biogeographers have focused their efforts in 

understanding the geographic patterns of species distributions. Implicit in this. 

difference in focus between ecology and biogeography is perhaps the belief 

that processes responsible for local patterns of distribution and abundance 

are likely to be different from processes responsible for large scale patterns. 

Although ecologists have made much progress in understanding the 

mechanisms responsible for local patterns of distribution and abundance of 

organisms, ecologists are still unable to provide general explanations and to 

formulate a unified theory that accounts for both small and large-scale 

patterns based on the study of local dynamics alone. This is not because the 

study of local dynamics is insufficient for developing general explanations but 

because such approach can be overwhelming. The study of local community 

dynamics aimed at obtaining a set of general rules requires that ecologists 
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spend a great deal of time and effort studying the particular details of a large 

number of local communities. 

Recently, however, some ecologists have advocated a virtual integration 

of the disciplines of ecology and biogeography through the study of the 

relationship between local and regional attributes of species (e.g., Brown 

1981, 1984; Brown and Maurer 1987, 1989; Hanski 1982a, 1989) and 

communities (Ricklefs 1987). The basis for this approach is the existence of a 

demonstrable interdependence between local properties of species. or 

communities, such as local population density and species diversity, and 

regional attributes such as extent of geographic distribution and regional 

species diversity (Brown 1984, Ricklefs 1987). The existence of such local and 

regional interdependences suggests that the study of large-scale, regional 

patterns may reveal general rules with less concern over the overwhelming 

details of every local system. 

Traditional ecological studies at the local level consider that patterns of 

distribution and abundance are the result of biological interactions whose 

outcomes may be influenced by the physical environment. Although the 

prevalence of interspecific interactions in determining local patterns has been 

repeatedly questioned (e.g., Strong et al. 1984), such studies often 

demonstrate that there is a close relationship between local variations in 
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abundance and the local spatial distribution of organisms. Although little is 

known about large-scale patterns of spatial variation in abundance, recent 

studies suggest that. regional patterns of distribution and abundance are also 

influenced by the dynamics of local populations (Hanski 1982a,b, 1989; Brown 

1984, Gotelli and Simberloff 1987,' Gaston and Lawton 1988b). 

The studies presented here span the traditional disciplines of ecology 

and bio£~eography. Following a traditional approach, the first study describes 

the pattern of distribution and abundance of two closely related species of 

gobies in a rocky intertidal shore in the northern Gulf of California, and 

attempts to discern the relative importance of physical and biological factors 

in establishing and maintaining the observed patterns. The second study is an 

empirical demonstration of the existence of a tight interdependence between 

local abundance and extent of regional geographic distribution among rocky

shore fishes from the Gulf of California. The last chapter examines the role 

that two early life history traits, egg type and body size through its effect on 

fecundity, play in determining the extent of geographic distribution of marine 

reef fishes. 
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CHAPTER 1 

PAITERNS OF VARIATION IN DENSIlY AND VERTICAL INTERTIDAL 

DISTRIBUTION OF TWO GOBlES IN THE NORTHERN GULF OF 

CAUFORNIA 

Summary 

20 

This study documents the pattern of vertical intertidal distribution and 

abundance of two closely related, ecologically similar species of fishes, the 

Sonora goby (Gobiosoma chiquita) and the patchscale goby (Gobiosoma sp.) 

in Puerto Penasco, Sonora, Mexico. Analysis of quantitative fish samples from 

tide pools shows distinct distributions for the two species. The Sonora goby 

ranges from -1.2 to 0.9 m relative to mean low water level (MLW) whereas the 

patch scale goby ranges from the subtidal zone up to 0.6 m above MLW. 

Furthermore, the two species show opposite patterns of variation in density 

with increasing tidal height: as the density of Sonora gobies increases, the 

density of patchscale gobies decreases. Both species exhibit significantly 

higher densities during the warmer than during the colder times of the year. 

Despite the lack of consistent intertidal temperature gradients during the 

summer, the Sonora goby is able to tolerate significantly higher temperatures 

than its congener. However, an intertidal temperature gradient occurs during 
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the winter, which is consistent with the ability of the Sonora goby to tolerate 

colder t?mperatures and to attain greater densities than the patchscale goby 

in the upper intertidal zone. There is little evidence of significant shifts in 

vertical intertidal distribution between seasons, however, suggesting that limits 

of intertidal distribution are not primarily determined by temperature despite 

the rigorous physical environment of the northern Gulf of California. Rather, 

interspecific interactions may play important roles in determining the observed 

patterns of intertidal distribution and abundance in these species. 

Introduction 

The study of patterns in the distribution and abundance of organisms 

along environmental gradients has been a common approach used by 

ecologists to understand how ecologically similar species coexist (Giller 1984, 

Krebs 1985). Many studies have been carried out in rocky intertidal marine 

shores, which are characterized by sharp gradients in physical factors 

(Underwood 1985). Most of these studies, however, have focused their 

attention on the distribution of sessile invertebrates and algae, in which the 

phenomenon of zonation is particularly conspicuous (Connell 1961 a, Lewis 

1964, Stephenson and Stephenson 1972, Newell 1979, Ricketts et al. 1985, 

Underwood 1985). Although less attention has been given to studying mobile 

organisms such as fishes, the vertical intertidal distribution of several species 



has been described (e.g., Green 1971, Gibson 1972, Nakamura 1976, 

Burgess 1978, Horn and Riegle 1981). One would expect highly mobile 

organisms to exhibit less pronounced patterns of distribution along physical 

gradients because they should be able to respond to physical stress by 

moving away from it. However, the above studies show that fishes often 

exhibit sharp patterns of spatial segregation. 
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Earlier studies of the mechanisms responsible for the zonation of 

intertidal marine invertebrates and algae resulted in the generalization that 

upper limits of distribution are determined by physical factors, whereas lower 

limits are set by biological interactions (Connell 1961, 1972, 1975; Peterson 

1979). This model, however, has been repeatedly challenged (Dayton 1979, 

Denley and Underwood 1979, Dayton and Oliver 1980, Underwood 1980, 

Underwood and Jernakoff 1981, Underwood and Denley 1984) and its 

generality remains contested. The applicability of the above model to the 

vertical distribution of intertidal fishes should provide a strong test of its 

generality, although it has been rarely examined in this context. 

The mechanisms whereby patterns of distribution and abundance are 

established and maintained in marine intertidal fishes remain poorly 

understood (Gibson 1969, 1982, 1986). As in other intertidal organisms 

(Connell 1961 a, Castenholz 1963, Frank 1965, Sutherland 1970, Wolcott 1973, 



23 

Dungan 1985, Underwood 1985), tolerances to extreme physical conditions 

appear to be among the most commonly implicated factors. Among some air

breathing intertidal fishes the ability to withstand desiccation plays an 

important role in determining patterns of vertical distribution (Eger 1971, Horn 

and Riegle 1981, Gibson 1986, Horn and Gibson 1988). Many fishes avoid air 

exposure by remaining in tide pools during periods of low tide, but physical 

factors such as temperature can vary considerably in tide pools, thus 

potentially limiting the distribution of intertidal fishes (e.g., Nakamura 1976). 

Although other factors such as substrate preferences have also been 

implicated in patterns of microhabitat partitioning (Stephens et al. 1970, 

Burgess 1978), little is known about the importance of biotic interactions in 

determining patterns of vertical distribution in marine intertidal fishes. 

Competition has been shown to playa primary role in determining limits of 

vertical intertidal distribution in some invertebrates and algae (e.g., Connell 

1961 a, Lubchenco 1980. Dungan 1985) as well as in at least two pairs of 

subtidal fish species (Hixon 1980, Larson 1980). Predation has also been 

demonstrated to be important in setting limits of intertidal distribution among 

invertebrates (Connell 1961b, 1970; Paine 1974). Despite this, very few studies 

have examined the potentially important roles of these interactions in 

determining patterns of distribution and abundance among intertidal fishes. 



The purpose of this paper is two-fold: 1) to describe the patterns of 

vertical distribution of two closely related, ecologically similar species of 
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gobies that co-occur in a rocky intertidal shore in the northern Gulf of 

California, and 2) to explore, based on the observed patterns, the potential for 

three fac:tors (temperature, competition and predation) to establish and 

maintain the intertidal distribution of these fishes; 

Materials and methods 

Study area 

This study was carried out in the northern Gulf of California near the 

town of Puerto Penasco, Sonora, Mexico (31 ° 18' N - 113° 35' W; Fig. 1). The 

physical oceanography of the Gulf of California has been reviewed by Maluf 

(1983) and the physical environment and habitats in the Puerto Penasco area 

have been described in detail by Thomson and Lehner (1976) and Thomson 

et al. (1979). The northern Gulf of California is characterized by extreme sea 

surface temperatures, which are influenced by the climate of the surrounding 

Sonoran Desert (Maluf 1983). Mean monthly sea surface temperatures vary 

from 14°C in January to near 30°C 
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in August (Thomson and Gilligan 1983). The intertidal zone in this area is 

extensive due to extreme tidal fluctuations. Tides are semi-diurnal with low 

tides occurring in the morning and in the evening and with a maximum spring 

range of over 7 m (Thomson and Lehner 1976, Maluf 1983, Thomson 1984-

1989). During the summer months spring low tides are lower in the morning 

than in the evening whereas the reverse is true during the winter months. 

The work described here was carried out at two study sites located on 

a 10-km stretch of beach running east-west from Punta Penasco to Estero 

Morua (Fig. 1). The first site, known as Station Beach, is situated about 3 km 

east of Puerto Penasco, in front of the Experimental Unit of the University of 

Sonora. The second site, known locally as Las Conchas, is about 3 km east 

of Station Beach and is located in front of the Center for the Study of Deserts 

and Oceans (CEDO). Both sites have been described by previous workers 

(e.g., McCourt 1983, Boyer 1987), are part of the same reef and are 

structurally similar except that the extent of the reef covered by sand is 

greater at Las Conchas than at Station Beach. The reef is composed of 

beachrock and coquina limestone and is bordered by a sand and shell beach 

(Fig. 2). During low tide, numerous tide pools are formed on the reef, which 

supports a rich flora (Dawson 1966) and fauna (Brusca 1980, Thomson and 

Lehner 1976, Mackie and Boyer 1977, Thomson et al. 1979). 
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Fig. 2. Profile of the upper half of the intertidal zone at Station Beach. HHW: 
Highest high water level; MLW: Mean low water level. 



Study organisms 

The Sonora goby, Gobiosoma chiquita (Jenkins and Evermann), and 

the patchscale goby, Gobiosoma sp.\ are two gobiid fishes endemic to the 

Mexican Pacific ocean (Hoese 1971, Thomson et al. 1979) and both species 

are common inhabitants of the rocky intertidal zones of the northern Gulf of 

California (Thomson and Lehner 1976, Thomson et al. 1979). Although 
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belonging to different subgenera, these two species are similar in morphology, 

differing mainly in color and squamation patterns, location of certain lateral 

canal pores and presence of barbels (Hoese 1971, Thomson et al. 1979). 

Although there is great overlap, they also differ in body size with the Sonora 

goby reaching a greater maximum standard length (60 mm) than the 

patch scale goby (40 mm) (Hoese 1971). Individuals of the same body length 

are, however, heavier in the latter than in the former species (F. Zapata, 

unpublished data). Both species are ecologically similar and are commonly 

found in tide pools where they feed on small benthic invertebrates, mainly 

copepods, ostracods and amphipods (Miles 1974; F. Zapata, pers. obs.). 

These species differ slightly in behavior with the patchscale goby being more 

secretive and wary than the Sonora goby. Both may aggressively defend 

1The patchscale goby was described by Hoese (1971) as f:L. 
heterolepidotum but his work remains unpublished to date. 
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shelter and nesting sites against conspecific and heterospecific individuals 

(Miles 1974, Thomson et al. 1979), particularly during the breeding season, 

which occurs in April-May. Recruitment occurs during May-June, and when 

juveniles of both species are first seen on the reef they exhibit a pattern of 

vertical distribution similar to that 'of the adults. Both species appear to live for 

about a year with the greatest mortality observed during the winter (F. Zapata, 

pers. obs.). 

Vertical distribution ~nd abundance 

Low tide. From the spring of 1984 to the summer of 1988, 121 tide pools 

were sampled throughout the intertidal zone with the anesthetic quinaldine. 

Approximately one half of the pools were sampled at Las Conchas Beach and 

the other half at Station Beach. The pools sampled were chosen based on 

whether they were distinctly isolated from other pools and on the basis of 

size. Very large pools were not sampled due to the amount of effort required 

to recover all the anesthesized fish from small crevices and shelter holes. The 

elliptical area (see below) of sampled tide pools varied from 0.2 to 4.7 m2 

(mean = 1.4 m2
). Once a pool was chosen for sampling, a small amount of a 

10% quinaldine : 90% acetone solution was poured in the pool with a plastic 

squirt bottle and mixed well. While waiting for the anesthetic to take effect, I 

used a meter tape to measure maximum pool depth, the distance between 
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the most distant edges of the pool across the center of the pool (pool length) 

and, perpendicular to this axis, the widest span of the pool (pool width). For 

72 pools a scaled map was also sketched. A hand-net was used to recover 

the anesthesized fish from the pools, using the hand-net handle to poke in 

cracks and crevices. The small amount of quinaldine used allowed the 

anesthesized fish to respond to the touch of the hand-net handle with a quick 

jump, which facilitated the recovery of fish from hard-to-reach shelter holes. 

Once netted, the fish were depc:,;~ed in a small plastic bag with fresh sea 

water where they recovered from the effects of the anesthetic. Once most fish 

had been collected, the pools were carefully searched for remaining fish for 

about five minutes, at the end of which the sampling was terminated if no 

more fish were found, or continued for five more minutes from the time of 

collection of the last individual. In some cases a careful tally of the number 

and identity of the fish collected was kept as the sampling was being carried 

out and the fish were then released after recovery from the anesthetic. In 

other cases the fishes were transported to the CEDO laboratory for other 

studies and these were counted and identified upon arrival. The species were 

readily distinguished from each other by their distinctive color patterns. 
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The two species of gobies were the most abundant fishes collected in 

the sampled tide pools. Other species, mostly blennioid fishes, were 

occasionally found in the pools but their abundances were too low to have a 

major influence on the patterns reported here. 

At the two study sites the tidal heights of horizontal sections of the reef 

were estimated by recording the time at which a given section was reached 

by incoming water and extrapolating from a tide calendar for the area 

(Thomson 1984-1989). Once the tidal heights of such sections had been 

established, the tidal height of sampled pools could be assigned in intervals 

of 0.3 m. Tidal heights are reported relative to mean low water level (MLW) , 

which is considered as the 0 point (Thomson 1984-1989). 

Density of each goby species per pool was estimated based on pool 

area estimates. The tide pool length and width measurements were used to 

calculate the area assuming that pools were elliptical in shape. To examine 

the effect of this assumption on the estimates of density, the areas of tide 

pools for which maps had been drawn were estimated using a digitizer tablet 

and were correlated with the elliptical area estimate. Patterns of variation in 

tide pool size in relation to tidal height were examined by regressing the log

transformed values of elliptical pool area against tidal height. 
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Patterns of variation in density of the two species along the intertidal 

zone were examined statistically by regressing the log-transformed values of 

density against tidal height using a model I regression with replication (Sakal 

and Rohlf 1981, Zar 1984). This model partitions the variance in the 

dependent variable (density) into 'components due to differences among 

groups (tidal height) as in a one-way ANOVA, but it also provides an estimate 

of how much of the variance observed among groups can be explained by a 

regression line. Logarithmic transformation of densities was necessary given 

the apparent heterogeneity of variance exhibited by the data (Sokal and Rohlf 

1981). Seasonal changes in distribution and abundance were examined by 

comparing the patterns of variation in density with changing tidal height for 

samples from colder (winter and early spring) and warmer (summer) times of 

the year. All statistical analyses follow Sakal and Rohlf (1981) and Zar (1984). 

High tide. To examine whether the pattern of distribution observed during low 

tide was maintained during high tide, a total of four underwater transects were 

done at Station Beach while SCUBA diving during high tide in the summers of 

1987 and 1988. A 50 m measuring tape was laid down over the reef starting 

at its upper edge, which corresponds to a tidal height of about 1.5 m. I 

recorded the number and identity of gobies observed in a 0.6 m wide strip 

along the transect and the distance from the upper edge of the reef. Once 
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the first 50 m had been visually censused, the measuring tape was laid down 

again beginning at the end of the first 50 m until a 120 m transect was 

completed. 

Simultaneously with the above transects, other divers recorded the 

number of spotted sand basses (Paralabrax maculatofasciatus) over a 2 m 

wide strip. This serranid is the most abundant carnivore over the reef and it 

has been suggested that it may play an important role in controlling the 

abundance of other fish at the study sites (Thomson and Lehner 1 ~76). A 

total of five predator transects were completed in a similar manner to the 

goby transects. 

Temporal patterns of distribution and abundance 

To examine whether there were significant seasonal changes in patterns 

of abundance and distribution of the two species over the intertidal zone, I 

carried out an analysis of the relationship between the density of each species 

and tidal height for two seasons. Patterns of variation in density for collections 

from the cold (winter "and spring) and warm (summer) seasons were analyzed 

separately by regressing the log-transformed values of density against tidal 

height using a model I regression with replication as described previously. 

To examine whether there was any change in densities of the species 

as temperature decreases from late summer to early winter, I carried out the 
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following experiment: in September of 1987, 11 tide pools located at the 

upper limit of vertical distribution of the patch scale goby (0.6 m in tidal height) 

were marked and all gobies were removed with an anesthetic as previously 

described. The pools were then allowed to be recolonized naturally and were 

sampled again in mid-December.' 

A previous experiment done to determine the time necessary for the 

recovery of gobies to their original densities demonstrated that, during the 

summer, 3 days was sufficient time for complete recolonization after 

defaunation. Therefore, if densities remained constant from summer to winter I 

should have been able to observe a complete recolonization of pools to the 

densities observed in September. 

Temperature tolerance 

Temperature tolerances were evaluated using the Critical Thermal 

Maximum or Minimum (CTmax or CTMin) technique (Cowles and Bogert 1944, 

Lowe and Vance 1955, Hutchinson 1961, Cox 1974, Becker and Genoway 

1979, Paladino et al. 1980). During the spring and fall of 1985, individuals of 

both goby species were collected in the field as described previously and 

transported to the laboratory in Tucson where they were held in salt water 

tanks. The fishes were acclimated for at least three weeks to room 

temperature (20 - 22 0c) and were then tested for both upper (spring and fall 



collections) and lower (fall collections only) limits of temperature tolerance. 

Acclimation temperatures were not manipulated and were monitored only 

sporadically; under laboratory conditions they were relatively constant. 
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During the temperature tolerance determinations made during the 

spring, two individuals of each species were tested simultaneously in one

gallon jars containing artificial salt water at 35 ppt. During the fall 5 individuals 

were tested simultaneously. Water was heated or cooled at a rate close to but 

less than 0.3 °C/min as recommended by Becker and Genoway (1979). 

Average cooling and heating rates were kept as constant as possible. This 

was, however, particularly difficult for the low temperature tolerance tests in 

which the cooling rates appeared to deviate substantially from linearity. This 

was not the case for the heating rates. Vigorous aeration was provided 

through an air stone connected to a source of compressed air to keep 

oxygen content of water high. Oxygen levels were not monitored. 

Cessation of opercular movement was used as the criterion to 

determine the upper temperature tolerance end point. Lack of response to 

touch with a probe defined the end point for the low temperature tolerance 

determinations. 
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Temperature gradients in the field 

To determine whether an intertidal temperature gradient existed in the 

field, I measured tide pool water temperatures throughout a large portion of 

the intertidal zone with a hand-held thermocouple thermometer during the 

cold and warm parts of the year. 'Daily patterns of variation in water 

temperature within individual tide pools were assessed previous to measuring 

intertidal temperature gradients by recording individual pool temperatures at 

varying time intervals. 

Patterns of variation in tide pool temperatures oveT the intertidal zone 

during a single period of low tide were established based on 1) mean 

temperatures (summer and winter) and 2) maximum temperatures (summer 

only) of replicate pools located at different tidal heights. Because in the first 

case it was necessary to take into account changes of water temperature 

over time in individual pools (see results), a completely randomized block 

design with time of day as the blocking criterion was followed. In a typical 

temperature recording session a number of replicate pools were chosen at 

each tidal height when the tide was about at its lowest level. Pool water 

temperatures and time of day were then recorded following a previously 

randomized arrangement of tidal heights within blocks of time. To correct for 

the potentially confounding changes in temperatures of individual poa!s over 
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time within a single low tide period, statistical analysis of temperature 

measurements recorded on a given session was done by first regressing the 

log-transformed values of pool temperature on the time of day at which each 

measurement was taken. A one-way ANOVA was then performed on the 

residuals obtained from the above regression to test whether they differed 

among tidal heights, followed by a model I regression with replication of such 

residuals on tidal height whenever a trend towards increasing or decreasing 

temperatures with increasing tidal height was apparent. 

Intertidal temperature gradients based on maximum pool temperatures 

were obtained by recording the temperature of several replicate pools at 

similar tidal heights just before being reached by the incoming tide. In this 

case no attempt was made to control statistically for changes in pool water 

temperatures over time because only the maximum temperature reached by a 

pool was used and this was invariably attained just before pools were 

covered by the riSing tide. Thus the temperatures of higher intertidal pools 

were measured, by necessity, later in the day than those of lower intertidal 

pools. 
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Results 

Validity of density estimates 

The elliptical area was a good predictor of the true area among the 72 

pools for which maps were drawn (r = 0.908, P < 0.0001, Fig. 3). The slope 

of the line (b = 0.806, SEb = 0.0445), however, was significantly different from 

1.0 (t = 4.37, df = 70, P < 0.001) indicating that the elliptical area 

overestimates the true pool area, particularly in larger pools (Fig 3). Thus, 

density estimates based on elliptical areas underestimate the true density. 

There is, however, little reason to believe that the patterns reported here are 

affected by the use of density estimates based on elliptical pool areas 

because there is no consistent pattern of variation in pool size with increasing 

tidal height (Table 1). 

Vertical distribution and abundance 

Low tide. The two species of gobies exhibit contrasting patterns of distribution 

and abundance along a gradient of intertidal exposure. The density of G. 

chiquita increases with increasing tidal height, whereas the density of 

Gobiosoma sp. decreases (Fig. 4). Considering all the tide pools sampled, G. 

chiquita exhibits significant variation in density throughout the intertidal zone. 

A significant portion (29%) of the total variation in density of G. chiquita can 

be accounted for by a gradual increase in density with increasing tidal height. 
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Table 1. Relationship between elliptical estimates of tide pool areas (Iog
transformed) and tidal height (m above MWL) for 119 tide pools from the two 
study sites (Station Beach and Las Conchas). The data were analyzed with a 
Model I regression with replication. 

ANOVA Table 

Source df SS F P 

Tidal height 7 0.9584 2.06 0.054 

Regression 1 0.3632 3.69 > 0.1 

Deviations from 6 0.5952 1.49 > 0.1 
regression 

Error 111 7.3817 

Total 118 8.3401 
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Furthermore, this trend does not deviate significantly from linearity (Table 2). 

Similarly, Gobiosoma sp. shows significant differences in density at varying 

tidal heights. About 20% of the total variation in density of Gobiosoma sp. can 

be accounted for by a linear decrease in density with increasing tidal height 

(Table 3). 

High tide. The visual transects made during high tide revealed a pattern of 

distribution and abundance consistent with the pattern observed during low 

tide (Fig. 5). G. chiquita is more abundant on the upper portion of the reef 

and its density declines with increasing depth, whereas Gobiosoma sp. is 

more abundant on the deeper part of the reef and its density appears to 

increase with increasing depth. The pattern is, however, not as clear-cut as 

the low tide pattern, due perhaps to a greater error introduced by the visual 

census technique. Both species appeared to be wary of divers and this most 

likely resulted in significant underestimation of their densities, particularly in 

Gobiosoma sp. Furthermore, the two species appear to stay close to 

depressions on the reef that become tide pools during low tide and seem to 

avoid patches of sand and unstructured parts of the reef. This results in a 

somewhat patchy distribution which increases the variance in the visual 

counts. 
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Table 2. Relationship between log-transformed density estimates of G. chiquita 
and tidal height (m above MWL) for all tide pools censused during the study 
(Model I regression with replication). 

ANOVA Table 

Source df S5 F p 

Tidal height 7 11.6920 8.84 < 0.0001 

Regression 1 9.4727 25.61 < 0.0025 

Deviations from 6 ·2.2193 1.96 :> 0.05 
regression 

Error 111 20.9691 

Total 118 32.6611 
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Table 3. Relationship between log-transformed density estimates of 
Gobiosoma sp. and tidal height (m above MWL) for all tide pools censused 
during the study (Model I regression with replication). 

ANOVA Table 

Source df SS F p 

Tidal height 7 6.6608 5.23 < 0.0001 

Regression 1 5.4173 26.14 < 0.0025 

Deviations from 6 1.2435 1.14 > 0.25 
regression 

Error 111 20.2007 

Total 118 26.8614 
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Temporal patterns of distribution and abundance 

During the cold and warm seasons, each species exhibited similar 

patterns of intertidal distribution. There were, however, significant differences in 

the densities of both species between the cold and warm parts of the year. 

The density of G. chiquita significantly increased with increasing tidal height 

during both seasons (Figs. 6 and 7). This trend, however, deviated 

significantly from linearity during the cold part of the year (Table 4), when the 

density of G. chiquita increased with increasing tidal height between -1.2 and 

o m above mean low water but decreased between 0 and 0.9 m above MLW 

(Fig. 6). Thus, this pattern was best explained by a quadratic regression 

(Table 4). During the warm part of the year there was a significant linear 

increase in density of G. chiquita with increasing tidal height (Fig. 7, Table 5). 

A comparison of the linear regressions for the cold and warm parts of 

the year showed that the slopes of the lines did not differ significantly from 

one another (t = -0.179, P > 0.5, df = 115). Analysis of covariance showed 

that the densities of G. chiquita are significantly higher during the warm part 

of the year than during the cold season (Table 6). It is important, however, to 

note that this analysis ignores the significant quadratic component of the 

relationship between density of G. chiquita and tidal height observed during 

the cold part of the year. 
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Table 4. Relationship between log-transformed density estimates of G. chiquita 
and tidal height (m above MWL) during the cold part of the year. The 
relationship is best described by a quadratic Model I regression with 
replication. 

ANOVA Table 

Source df SS F p 

Tidal height 7 6.5079 7.18 < 0.0001 

Regression 2 6.1884 48.41 < 0.001 
Linear 1 3.9325 30.36 < 0.0005 
Quadratic 1 2.2559 17.41 < 0.0005 

Deviations from 5 0.3196 0.49 > 0.25 
regression 

Error 55 7.1246 

Total 62 13.6326 
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Table 5. Relationship between log-transformed density estimates of G. chiquita 
and tidal height (m above MWL) during the warm part of the year. The 
relationship is best described by a Model I linear regression with replication. 

ANOVA Table 

Source df 5S F p 

Tidal height 7 3.8690 2.17 0.054 

Regression 1 3.4413 48.28 < 0.0005 

Deviations from 6 0.4277 0.28 > 0.25 
regression 

Error 48 12.2361 

Total 55 16.1051 
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Table 6. Differences in G. chiquita density between the cold and warm parts 
of the year (season). The data were analyzed by ANCOVA using log
transformed densities and with tidal height (m above MLW) as the covariate. 

ANOVA Table 

Source df 5S F p 

Tidal height 1 7.3675 38.20 < 0.0001 

Season 1 0.8183 4.24 0.042 

Error 116 22.3701 

Total 118 32.6611 
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The density of Gobiosoma sp. consistently declined in linear fashion 

with increasing tidal height during both the cold and warm parts of the year 

(Figs. 8 and 9, Tables 7 and 8). The slopes of the regression lines of 

Gobiosoma sp. density against tidal height did not differ significantly between 

the cold and warm parts of the year (t = 1.356, P > 0.1, df = 115) 

suggesting that there are no major changes in the vertical distribution of this 

species between seasons. Analysis of covariance revealed, however, that the 

density of Gobiosoma sp. was significantly hig,her during the warm part of the 

year than during the cold part of the year (Table 9). 

The experiment carried out during the fall of 1987 demonstrated that the 

densities of both species of gobies declined significantly as temperature 

decreased from September to December (Fig. 10, Table 10). The significantly 

lower densities of both species in December is unlikely to be an artifact of the 

experimental defaunation technique because a previous experiment showed 

that recolonization of defaunated pools by gobies is very rapid. Within three 

'days defaunated pools had recovered their initial and sometimes higher 

densities (Fig. 11). 

Although results of the repeated measure ANOVA carried out on the 

log-transformed data indicated a lack of a significant spec,ies x season 
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Table 7. Relationship between log-transformed density estimates of 
Gobiosoma sp. and tidal height (m above MWL) during the cold part .of the 
year. The relationship is best described by a Model I linear regression with 
replication. 

ANOVA Table 

Source df SS F p 

Tidal height 7 4.0509 4.31 0.0007 

Regression 1 3.0152 17.47 < 0.01 

Deviations from 6 1.0357 1.29 > 0.25 
regression 

Error 55 7.3809 

Total 62 11.4318 
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Table 8. Relationship between log-transformed density estimates of 
Gobiosoma sp. and tidal height (m above MWL) during the warm part of the 
year (Model I linear regression with replication). 

ANOVA Table 

Source df 5S F p 

Tidal height 7 6.3347 5.80 0.0001 

Regression 1 4.9842 22.14 < 0.005 

Deviations from 6 1.3504 0.225 > 0.10 
regression 

Error 48 7.4837 

Total 55 13.8184 



Table 9. Differences in Gobiosoma sp. density between the cold and warm 
parts of the year (season). The data were analyzed by ANCOVA using log
transformed densities and with tidal height (m above MLW) as the covariate. 

ANOVA Table 

Source df $S F p 

Tidal height 1 7.7236 51.12 < 0.0001 

Season 1 3.9175 25.93 < 0.0001 

Error 116 17.5266 

Total 118 26.8614 
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0.6 m above MLW at Station Beach during the fall of 1987. Points represent 
means + standard deviations based on 11 pools at each time of year. 
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Table 10. Decline in densities of G. chiquita and Gobiosoma sp. as 
temperature declines from late summer to early winter. The data were 
analyzed by repeated measures ANOVA using log-transformed densities. 

ANOVA Table 

Source df 5S F p 

Species 1 4.1924 15.11 0.0009 

Error 20 5.5498 

Time 1 0.6507 10.42 0.0042 

Species x Time 1 0.1485 2.38 0.1386 

Error 20 1.2486 

Total 43 11.7901 
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interaction (Table 10), it is evident in Fig. 10 that the seasonal decline in 

density of G. chiquita was much greater than the decline in density of 

Gobiosoma sp., suggesting that there are interspecific differences in mortality 

or migration associated with cooling temperatures during the fall, at least at 

the upper limit of vertical distribution of Gobiosoma sp. (0.6 m above MLW) 

where this experiment was done. 

Temperature tolerance 

Upper and lower limits of temperature tolerance determined by the CTM 

technique differed significantly between the species in both the spring and fall 

(Table 11). CTMax values were significantly higher in G. chiquita than in 

Gobiosoma sp. during spring (t = 8.25, P < 0.0001, df = 22) and during the 

fall (t = 5.97, P = 0.0006, df = 8). Similarly, CTMin values, determined only 

during the fall, were significantly lower in G. chiquita than in Gobiosoma sp. (t 

= -4.59, P = 0.004, df = 8). These results thus suggest that G. chiquita has 

a wider range of temperature tolerance than Gobiosoma sp., a conclusion 

consistent with the pattern of vertical intertidal distribution of the two species. 

Temperature gradients in the field 

Temperature variation within tide pools over time. Pool temperature changes 

after exposure to air during low tide are largely the result of differences 

between air and sea surface temperatures, and the amount of solar radiation 
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Table 11. Mean (± SO) Critical Thermal Maxima (CTMax) and Minima (CTMin) 
for G. chiquita and Gobiosoma sp. determined in the laboratory during the 
spring and fall of 1985. 

Acclimation 
CTMax N temperature 

G. chiquita 

Spring 39.29 (± .38) °C 12 22 °C 

Fall 38.76 (± .65) °C 5 20 - 22 °C 

Gobiosoma sp. 

Spring 37.74 (± .50) °C 12 26°C 

Fall 36.84 (± .30) °C 5 20 - 22 °C 

Acclimation 
CTMin N temperature 

G. chiquita 

Fall 6.78 (± .65) °C 5 20 - 22 °C 

Gobiosoma sp. 

Fall 8.24 (± .27) °C 5 20 - 22 °C 
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received by pools. Although air temperatures are not necessarily higher than 

sea surface temperatures during the summer mornings, solar radiation is 

intense so that water temperature of individual tide pools increases over time 

(Fig. 12 a). During summer evenings the air is cooler than the sea surface 

and solar radiation decreases as 'the sun sets, resulting in a decline in pool 

water temperatures during low tides (Figs. 12 b). During the winter, air 

temperatures are lower than sea surface temperatures during both mornings 

and evenings and solar radiation is not intense. Thus tide pool water 

temperatures decrease after exposure to air during both morning and evening 

low tides (Figs. 12 c, d). 

Intertidal temperature gradients. Temperatures of tide pools at varying tidal 

heights increased with time after exposure during low tides on summer 

mornings. On a typical day (July 28, 1987) there was a significant positive 

correlation between tide pool temperature and the time at which each pool 

was measured (r = 0.682, P < 0.0001, N = 38). Although the residuals of this 

regression differed significantly among tidal heights, they did not increase 

gradually with increasing tidal height (Fig. 13, Table 12). If anything the trend 

was the opposite, although not significant. Analyses of similar data sets from 

the two stu~y sites revealed that, in general, pool temperatures do not vary 

significantly among tidal heights during the summer, but when they do, they 
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Table 12. Pattern of variation in mean pool temperature along the intertidal 
zone at Station Beach on July 28, 1987. The data are residuals of a 
regression between the log-transformed values of pool temperature and time 
of temperature measurements. The residuals were analyzed by a one-way 
ANOVA testing for differences among tidal heights and regressed against tidal 
height (Model I regression with replication). 

ANOVA Table 

Source df SS F P 

Tidal height 4 5.74 x 10-4 3.17 0.0262 

Regression 1 4.08 x 10-4 7.41 > 0.05 

Deviations from 3 1.65 x 10-4 1.22 > 0.25 
regression 

Error 33 1.49 x 10-3 

Total 37 2.07 x 10-3 



tend to be highest in the mid-intertidal :zone. However, these results apply 

only to the upper half of the intertidal zone. The lower intertidal zone is 

completely exposed relatively infrequently and it was difficult to obtain 

temperature measurements throughout the intertidal zone on a given day. 
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Maximum pool temperatures were obtained throughout the intertidal 

zone at Station Beach on June 30, 1988 and they reveal a pattern consistent 

with the results based on mean temperatures for the upper half of the 

intertidal zone. The overall pattern of variation in maximum pool temperatures 

was, however, irregular with respect to tidal height. It is apparent that 

maximum pool temperatures at tidal heights below MLW (0 m) were 

significantly lower than those at tidal heights above MLW (Fig. 14, Table 13) 

suggesting the existence of a step pattern of temperature change along the 

intertidal zone. The greatest difference observed in maximum pool 

temperatures (3.5 0c) was between relatively close tidal heights (-0.3 and 0.3 

m) and not between distant tidal heights as it would be expected. Results of a 

posteriori multiple comparison tests are summarized in Table 13 b. 

During the winter, temperatures of tide pools at varying tidal heights 

decreased with time after low tide exposure. On a typical winter evening 

(January 5, 1988) there was a significant correlation between pool 

temperatures and the time at which measurements were made (r = -0.557, 
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Fig. 14. Intertidal temperature gradient based on maximum pool temperatures 
during a summer morning low tide at Station Beach. Points are means and 
standard deviations of 10 pools at each tidal height. 
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Table 13. Pattern of variation in maximum pool temperature along the intertidal 
zone at Station Beach on June 30, 1988 (One-way ANOVA on log-transformed 
temperature values). 

A) One-way ANOVA 

ANOVA Table . 

Source df SS F P 

Tidal height 6 2.12 x 1 0.2 28.23 < 0.0001 

Error 63 7.88 X 10.3 

Total 69 2.90 X 10.2 

B) A posteriori multiple comparisons (Fisher's least significant difference test). 
Maximum pool temperatures are ranked in order of increasing magnitude. 

Tidal height 
(m relative to MLW) 

- 0.3 
- 0.9 
- 0.6 

0.6 
0.0 
0.9 
0.3 

Mean Max. pool Temperature (0 C) 
(+/- SO) 

27.84 (.± 0.955) a* 
28.43 (.± 0.287) a,b 
29.09 (.± 0.304) b 
30.34 (.± 0.892) c 
30.44 (.± 0.669) c 
30.55 (.± 1.249) c 
31.33 (.± 0.481) d 

* Letters shared by two means indicate no significant difference. 
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P = 0.0004, N = 36) as expected from the pattern of temperature change 

-
within pools. In contrast to the pattern of temperature variation over the 

intertidal zone during the summer, mean pool temperatures varied significantly 

and consistently among tidal heights during the winter (Table 14). There was 

a gradual linear decrease in mean pool temperature with increasing tidal 

height after correcting for the confounding effect of time at which the 

temperature measurements were made (Fig. 15, Table 14). These results thus 

suggest that temperature gradients are commonplace during the winter but 

rare, if present at all, during the summer. 

Relationship between the densities of the two species 

Densities of G. chiquita were not correlated with densities of 

Gobiosoma sp. in the overall data set (r = -0.099, P = 0.278, N = 121). 

However, when the data were partitioned between the cold and warm 

seasons, two different patterns arose. During the cold part of the year there 

was a Significant negative correlation between the densities of the two species 

(Fig. 16; r = -0.334, P = 0.007, N = 65). This correlation was not tight, 

however, and variation in G. chiquita density explained only about 11 % of the 

variation in Gobiosoma sp. density. In contrast, during the warm part of the 

year the densities of the two species were not correlated (Fig. 17, r = -0.052, 

P = 0.705, N = 56). However, the densities of the two species were 
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Fig. 15. Intertidal temperature gradient based on mean tide pool temperatures 
during a winter evening low tide. Values are residuals of a regression between 
log-transformed pool temperatures and time of day (see methods). Points are 
means + standard deviations. 
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Table 14. Pattern of variation in mean pool temperature along the intertidal 
zone at Station Beach on January 5, 1988. The data are residuals of a 
regression between the log-transformed values of pool temperature and time 
of temperature measurements. The residuals were analyzed by a one-way 
ANOVA testing for differences among tidal heights and regressed against tidal 
height (Model I regression with replication). 

ANOVA Table 

Source df SS F P 

Tidal height 6 6.57 x 10.3 2.78 0.0294 

Regression 1 4.96 x 10.3 15.41 < 0.025 

Deviations from 5 1.61 x 10.3 0.82 > 0.25 
regression 

Error 29 1.14 x 10.2 

Total 35 1.80 x 10.2 
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significantly and positively correlated in a set of 24 pools sampled at 0.6 m 

above MLW between September 5-10, 1987 (r = 0.669, P = 0.0003). 

Distribution of predators during high tide 

75 

Underwater visual transects done during high tide in the summer time 

showed that density of spotted sand bass (P. maculatofasciatus) was lower 

on the upper section of the reef than on the deeper section of the reef (Fig. 

18). The density of the spotted sand bass became more abundant about 80 

m from the upper edge of the reef, a pOint that corresponds to about -0.3 

to -0.6 m relative to MLW. Thus, the lower intertidal zone is not only covered 

by water for longer periods of time, but during high tides predators are more 

abundant there. 

Discussion 

Despite being phylogenetically closely related, and morphologically and 

ecologically similar, G. chiquita and Gobiosoma sp. exhibit different limits of 

vertical distribution as well as remarkably contrasting patterns of vertical 

variation in density along a rocky intertidal shore in the northern Gulf of 

California. G. chiquita is mostly an intertidal species, ranging from 0.9 to -1.2 

m relative to MLW, whereas Gobiosoma sp. ranges from 0.6 m above MLW to 

well into the subtidal zone where it appears to be most abundant. Within the 

intertidal zone proper, the density of G. chiquita increases whereas the 
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density of Gobiosoma sp. decreases as tidal height increases. 

At least three, non-mutually exclusive hypotheses can be proposed to 

account for the observed patterns of distribution and density variation of the 

two speCies within the intertidal zone: 1) differences in temperature tolerance, 

2) competition and 3) differential predation pressure are responsible for the 

observed patterns. In the following sections I discuss the rol0 that the above 

factors may play in determining such patterns. 

Temperature 

The existence of temperature gradients in the intertidal zone is a 

necessary condition for temperature to affect the patterns of intertidal 

distribution and abundance in the two species examined. Due to the extreme 

temperatures experienced in the northern Gulf of California and the 

surrounding Sonoran desert during the summer and winter, one would expect 

intertidal gradients to be particularly sharp during these times of the year. 

Results of this study suggest, however, that there is no consistent pattern of 

variation in tide pool temperatures with changing tidal heights during the 

summer months. Mean pool temperatures often do not vary significantly 

among tidal heights, and when they do they tend to be highest in the mid

intertidal zone and decrease slightly with increasing tidal height. This 

unexpected pattern can be explained by the presence of the large sandy 
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beach that borders the upper edge of the reef. During high tide, much water 

is absorbed by the sand on the beach. During low tide this water percolates 

down to the reef where it flows continuously throughout entire periods of low 

tide, although its volume decreases over time. The water leaving the sand is 

cooler than water exposed to the' sun and makes its first contact with upper 

intertidal pools, which are thus prevented from reaching much higher 

temperatures. This continuous inflow of cooler water from the upper intertidal 

zone may also explain the irregular intertidal pattern of maximum tide pool 

temperatures during the summer, which is consistent with the pattern 

observed based on mean pool temperatures at tidal heights above MLW. 

In contrast, during winter low tides there appears to be a consistent 

temperature gradient in which mean tide pool temperatures decrease with 

increasing tidal hGight. This result suggests that, if temperature were in fact 

the critical variable, winter temperatures would play a more important role in 

affecting the patterns of vertical distribution and abundance of gobies at 

Puerto Penasco than summer temperatures. Thomson and Lehner (1976) 

similarly suggested that low winter temperatures control species diversity of 

tide pool fish communities at Station Beach. 

Despite the lack of a detectable and consistent intertidal temperature 

gradient during the summer, results of the temperature tolerance 
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determinations in the laboratory show that G. chiquita, which occupies higher 

tidal heights and is therefore exposed to a greater range of temperatures than 

Gobiosoma sp., has a wider range of temperature tolerance than its 

congener. Both species exhibit very high upper limits of temperature 

tolerance, being able to withstand higher temperatures than those usually 

reached during the summer in the upper intertidal zone at the study sites 

(Heath 1967, this study). Although acclimation temperatures can affect critical 

thermal maxima and minima, it is unlikely that they can account for the 

observed differences between the two gobies because both species were 

acclimated to similar temperatures before being tested. Thus observed 

differences likely reflect physiological differences in thermal adaptation, which 

have a genetic basis. The absence of summer temperature gradients during 

the study period does not necessarily imply, however, that higher 

temperatures may not be reached in the high intertidal zone during unusual 

and sporadic warming events, which may exert a strong selective pressure at 

the study sites or elsewhere. Because most marine reef fish populations are 

likely to receive propagules from different populations, differences in limits of 

temperature tolerance between the two gobies may be the result of selective 

pressures not necessarily occurring at the study sites. 

If temperature plays an important role in determining the patterns of 
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intertidal distribution of the two goby species at Puerto Penasco, then one 

would expect to observe shifts in the upper limits of intertidal distribution as a 

result of natural changes in temperature over the year. The intertidal 

distribution of the two species observed during the cold and warm parts of 

the year do not strongly support this prediction. First, there appear to be no 

detectable changes in the limits of vertical intertidal distribution of the two 

species between the cold and warm seasons. Second, although both species 

show higher densities during the warm than during the cold season, the 

patterns of density variation over the intertidal zone are similar between the 

two seasons, except for a decline in density of G. chiquita at its upper edge 

of distribution during the colder months. 

The pattern of natural decline in density at the upper limit of distribution 

of Gobiosoma sp. (0.6 m above MLW) observed during the fall of 1987 (Fig. 

10) suggests that G. chiquita experiences a much sharper decrease than 

Gobiosoma sp., indicating a pattern opposite to that expected. It is important 

to note that the statistical analysis of these data (Table 10) was carried out on 

log-transformed data because of the apparent heterogeneity of variances. 

However, log-transformation will result in additive main effects (Le., no 

significant interaction) when the untransformed data are multiplicative (Sokal 

and Rohlf 1981). Hence the lack of a significant species x season interaction 
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in Table 10 despite an apparent difference between the species in average 

rates of change in density from September to December 1987. Despite this, 

there appears to be little evidence of density changes between the cold and 

warm seasons that are consistent with the observed temperature tolerances 

and the hypothesis that temperature determines the observed patterns of 

intertidal distribution FInd abundance of the two gobies. 

It appears that the upper limits of distribution of the two gobies are 

determined by two different factors. In G. chiquita, the upper limit if intertidal 

distribution is most likely set by the change in habitat at the end of the reef, 

where there is an abrupt transition from the rocky reef to a sandy beach. The 

results of this study suggest that the upper limit of intertidal distribution in 

Gobiosoma sp. is not set by temperature tolerance. One plausible alternative 

is that the upper limit of distribution of Gobiosoma sp. is determined by 

competition with G. chiquita (but see below). 

Although the observed differences in ability to tolerate extreme 

temperatures are consistent with the patterns of intertidal distribution, they do 

not necessarily imply that such patterns are caused by temperature tolerance 

but may simply reflect adaptation to different thermal environments at different 

tidal heights. For instance, biological interactions may be the primary cause of 

spatial segregation, forcing the interacting species to occupy different 
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microhabitats and to adapt to particular local conditions. This situation has 

been documented in intertidal barnacles, in which a dominant competitor 

excludes a subordinate species from the primary microhabitat (the lower 

intertidal zone), but the latter is able to find refuge from competition in 

secondary microhabitat (the uppe'r intertidal zone) by virtue of its ability to 

tolerate more extreme physical conditions (Connell 1961 a, Dungan 1985). 

Thus, differences in temperature tolerances alone are not sufficient evidence 

for the role of temperature in establishing and maintaining patterns of intertidal 

distribution between the two gobies. 

Biological interactions 

The contrasting patterns of density variation over the intertidal zone 

exhibited by the two species of gobies are consistent with the hypothesis that 

the gradual changes in density with increasing tidal height seen in both 

gobies result from biological interactions. The most striking pattern is that as 

the density of G. chiquita increases, the density of Gobiosoma sp. declines. 

This pattern may therefore be the result of competition between the two 

gobies. If this were the case, one would expect the densities of the two 

species within tide pools to be negatively correlated. Analysis of this 

relationship showed that the densities of the two species were not significantly 

correlated in the overall data set or during the warm part of the year. 
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Furthermore, the densities of the two gobies were positively correlated during 

the late summer of 1987 in tide pools sampled at the upper limit of 

distribution of Gobiosoma sp. (0.6 m above MLW). Their densities were 

negatively correlated, however, considering all pools sampled during the cold 

part of the year. One interpretation of these results is that perhaps 

interspecific competition is strong only during the cold but not during the 

warm part of the year, thus suggesting the occurrence of an interaction 

between the physical environment (Le., temperature) and the intensity of 

competition. To demonstrate that this in fact the case it would be necessary 

to show that essential resources (e.g., food, shelter and nesting sites) become 

limiting during the winter but are abundant during the summer. One caveat on 

the above interpretation, however, is that an inverse relationship between the 

densities of the two species could arise for reasons other than competition. In 

any case, these results do not support the hypothesis that the upper limit of 

distribution of Gobiosoma sp. is determined by competition with G. chiquita. 

The pattern of distribution of the spotted sand bass (Paralabrax 

maculatofasciatus) , the most common shallow-water piscivore in the study 

area, clearly suggests that predation intensity may be much greater in the 

lower intertidal zone: not only is this zone covered by water for longer periods 

of time when it is most accessible to predators, but the density of spotted 
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sand bass is greater in the lower intertidal zone during high tide. Thus it is 

plausible that the pattern of intertidal distribution and abundance of the two 

species of gobies may be the result of differential predation on the two 

gobies. Thomson and Lehner (1976) suggested that the spotted sand bass 

may act as a keystone predator (Paine 1966) regulating populations and 

patterns of coexistence in tide pool fishes at Station Beach. If predation is 

responsible for the patterns of variation in density of gobies over the intertidal 

zone then one would predict that Gobiosoma sp. possesses a greater ability 

to escape predation than G. chiquita or that the latter species is a preferred 

prey of the spotted sand bass. The first scenario is consistent with the 

behavior of the two species. Gobiosoma sp. is more secretive and wary than 

its congener suggesting that it may possess a greater ability to avoid 

predation. This hypothesis would also suggest that G. chiquita is forced to 

occupy the upper intertidal as a refuge from predation and it is able to do so 

by virtue of its greater range of temperature tolerance. 

Contrary to the traditional view derived from intertidal studies on marine 

invertebrates and algae (Connell 1961 a, 1972, 1975; Peterson 1979), and 

contrary to Thomson and Lehner's (1976) suggestion that winter low 

temperatures play a more important role than biological interactions controlling 

species diversity of tide pool fishes at Station Beach, the results of this study 



do not lend support to the hypothesis that physical factors, in particular 

temperature, play a primary role in determining patterns of intertidal 

distribution among G. chiquita and Gobiosoma sp. On the other hand, this 

study does not demonstrate unequivocally that biological interactions play a 

more important role than physical factors in affecting patterns of intertidal 

distribution and abundance among species of Gobiosoma, but rather it 

suggests that biological interactions may be just as important despite the 

rigorous physical environment of the area. 

85 

Whatever the particular proce~ses responsible for the patterns of 

intertidal distribution and density variation exhibited by G. chiquita and 

Gobiosoma sp., it is apparent that not a single factor is likely to solely 

determine the observed patterns (Quinn and Dunham 1983, Roughgarden and 

Diamond 1986). Rather it appears that at some combination of factors, some 

of which were considered here (temperature, competition and predation), may 

contribute jointly to determine the limits of distribution and the patterns of 

variation in density of these two gobies in the intertidal zone at Puerto 

Penasco. Establishing which particular combination of factors is most 

important will require carrying out carefully designed manipulative experiments 

in the field. However, experimental manipulation of fishes is difficult in the field 

and this will require a concerted team effort. 
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Ecologists have often used transplant and removal/addition experiments 

to examine whether species can survive in different habitats and what are the 

effects of species interactions. The theory and application of such experiments 

has been discussed in detail by different authors (e.g., Connell 1983, Bender 

et al. 1984, Diamond 1986). 

Carrying out such species manipulations in the system considered in 

this study will require the consideration of two main difficulties. First, 

the nature of the intertida! zone and its exposure to wave action, which can 

be strong occasionally, makes the building of artificial structures, such as 

pools and cages or fences, very impractical. Second, the high mobility and 

rapid recolonization after removal of the two species of gobies requires that 

relatively large-scale manipulations (in the order of tens of meters) be done to 

assess the effects of interspecific interactions. Furthermore, removal of either 

species from a given area will require the additional removal of that species 

around a buffer zone to diminish the rapid recolonization shown by the two 

goby species. Thus, unless a relatively large effort is undertaken in the field, 

attempts to establish experimentally the causes of the patterns of intertidal 

distribution and abundance described here will have to be relegated to the 

laboratory . 



CHAPTER 2 

POSITIVE CORRELATION BETWEEN ABUNDANCE AND DISTRIBUTION 

IN ROCKY-SHORE FISHES 

. Summary 
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Analysis of the relationship between average local abundance ::md 

extent of geographic distribution in a set of 50 collections of rocky-shore fish 

communities made throughout the Gulf of California revealed the existence a 

significant positive correlation between these two attributes of species. 

Analysis of this relationship in the subset of Gulf of California endemic species 

shows that this correlation is not an artifact of sampling an arbitrarily defined 

region. Further analysis suggests that the observed relationship is unlikely to 

be an artifact of sampling bias. The general occurrence of a positive 

relationship between average abundance and extent geographic distribution 

among both terrestrial and marine organisms suggests that the underlying 

ecological processes responsible for the observed patterns are likely to be 

similar in both terrestrial and marine environments despite fundamental 

differences between the two. 
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Introduction 

Distribution and abundance are two important attributes of species. An 

understanding of the relationship between these attributes is fundamental for 

progress in ecology and biogeography (Andrewartha and Birch 1954; 

MacArthur 1972; Krebs 1985; Brown and Gibson 1983) and is crucial for an 

integration of the two disciplines. Abundance (number of individuals at a local 

site) and distribution (extent of a species' geographic range) are not 

necessarily independent of each other because (1) the boundary of a species 

geographic range occurs where the local population density approaches zero, 

and (2) both abundance and distribution depend on the dynamics of local 

populations (Brown and Gibson 1983). 

Although much is known about the factors that affect the distribution and 

abundance of organisms at a local scale, relatively little is known about large

scale patterns of spatial variation in the abundance of species and about the 

particular ecological processes that affect rates of birth, survival and dispersal 

of local populations over the entire range of a species. In the last few years 

some ecologists have advocated the documentation of regional patterns of 

ecological structure as a fruitful approach to understanding the complexity of 

ecological communities (Brown 1981; Brown and Maurer 1987, 1989; Ricklefs 

1987; Gaston and Lawton 1988b). One such pattern is the relationship 
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between regional distribution and average local abundance. Although based 

on different theoretical grounds, Hanski (1982a) and Brown (1984) have 

suggested that a positive correlation between species abundance and 

geographic range should be a pattern of general occurrence. Increasing 

evidence has supported this prediction in a variety of terrestrial organisms 

such as plants (Brown 1984; Gotelli and Simberloff 1987), insects (Hanski 

1982a,b; Gaston and Lawton 1988a,b), birds (Fuller 1982; Hengeveld and 

Haeck 1982; Bock and Ricklefs 1983; Bock 1984, 1987; Brown 1984; Lacy 

and Bock 1986; O'Connor and Shrubb 1986) and mammals (Brown 1984). 

Except for one instance in freshwater zooplankton (Brown 1984) and limited 

data on pupfishes (Brown and Gibson 1983, p. 469), a positive correlation 

between abundance and distribution has not been demonstrated to be a 

general pattern in freshwater organisms. 

Marine organisms experience fundamentally different environments than 

terrestrial ones resulting in many basic aspects of their biology, such as an 

often prolonged larval life in the plankton (see chapter 3), being drastically 

different from terrestrial organisms and profoundly affecting patterns of 

variation in abundance and extent of geographic distribution in marine 

organisms. The occurrence of patterns of distribution and abundance among 

marine organisms similar to those observed in terrestrial ones would thus 



suggest the existence of very general ecological principles underlying the 

organization of communities. Among marine organisms there is suggestive 

evidence of a direct relationship between distribution and abundance in 

gastropods (Russell and Lindberg (1988) as well as in fishes (McPherson 

1989). 
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In this paper I examine the relationship between average local 

abundance and regional distribution for rocky-shore fishes from the Gulf of 

California, Mexico. I find that the average abundance of species is positively 

correlated with extent of geographic range. 

Materials and methods 

Data collection 

A set of 50 fish collections made throughout the Gulf of California (fig. 

19) by M.R. Gilligan and D.A. Thomson provided the data base for analysiS of 

the relationship between distribution and abundance in 63 species of 

rocky-shore fishes. These collections were made for a study whose results 

have been reported elsewhere (Gilligan 1980; Thomson and Gilligan 1983) 

and the reader is referred to these works for more detail. Quantitative 

collections of fishes were made along the shorelines of small, protected rocky 

coves of similar substrate complexity and depth profile. The slope of the 

substrate below the sea surface was usually nearly 45 degrees and collecting 
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Fig. 19. Location of the 50 rotenone collection sites in the Gulf of California, 
Mexico. 
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was done to a maximum depth of 3 m. Collections were standardized by 

spreading 500 ml of a rotenone-base ichthyocide (pronoxfish) over an area of 

at least 10m2 bounded on one side by the shoreline. Rotenone application is 

one of the most efficient and thorough methods for quantitatively sampling 

reef fishes (Russell et al. 1978). Although Gilligan and Thomson collected all 

fishes that were immobilized by the toxicant, they excluded from their analysis 

the more mobile resident and transient species that usually escape the 

ichthyocide. Here I analyze the same data set considered by them, except 

that I have excluded five species for which only one individual was collected 

because, by necessity, these species would appear to have small distributions 

and low abundances. 

A total of 28 island and 22 mainland sites were sampled from 1973 to 

1976; forty collections were made during the summer, six in the fall and four 

in the spring. This temporal distribution of samples may be a source of error 

in the average abundance estimates because reef fishes in general are known 

to show significant between-year variation in abundance (Sale 1980, 1984), 

. and because the abundance of many Gulf of California fishes varies 

seasonally (Thomson and Lehner 1976; Molles 1978; Thomson et al. 1979). 

This error, however, would more likely tend to obscure any pattern. 
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Geographic ranges within the Gulf of California of collected species were 

estimated from the information provided by the 50 collections. The decision 

to estimate geographic ranges from these collections instead of the literature 

and other collections at my disposal stemmed from the reasoning that 

geographic range is a temporally' dynamic attribute of species (Levins 1969; 

Hanski 1982a). Therefore I preferred an estimate of geographic range derived 

from these collections over a more traditional, long-term, "cumulative" 

geographic range. Furthermore, the 50 collections covered most of the entire 

Gulf, and more importantly, most of the areas witb shallow, rocky habitats. 

Collection locations were marked separately for each species on a map 

of 1 : 5 x 106 scale. The Gulf was divided into an eastern and western halves 

by an imaginary straight-line parallel to the direction of the shoreline. A 

digitizer tablet was then used to measure the minimum linear distance in km 

that resulted from connecting all the collection sites on each half of the Gulf. 

The figures thus obtained for the two sides were then added to obtain a total 

linear range. Species that occurred in only one site were arbitrarily assigned 

a range of 1 km. A linear rather than an areal measure of geographic range 

was used because all species collected are shallow-water species and 

because at most sites depth increases rapidly with distance from the shoreline 

(Thomson et al. 1979; Gilligan 1980; Maluf 1983; Thomson and Gilligan 1983). 
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The linear geographic range was highly correlated with the number of 

collection sites occupied by each species, a measure of distribution used by 

some authors (r = 0.829, P < 0.0001, n = 63). The number of collection 

sites occupied by a single species varied from 1 to 45 (mean + SD = 13.5 + 

12.7). 

Average local abundance was calculated by dividing the total number of 

individuals collected by the number of collection sites in which each species 

occurred. This measure of average abundance was preferred over one that 

would consider the total number of sampling sites because a priori I did not 

expect all species to occur at all sites. Nevertheless, both measures of 

average abundance were highly correlated (r = 0.925, P < 0.0001, n = 63) 

and the results are not affected by which estimate is used. 

The relationship between average abundance and distribution among 

species was examined by means of correlation analysis. Average 

abundances were transformed to logarithms to correct for heteroscedasticity 

(Sokal and Rohlf 1981). 

Potential artifacts 

A spurious positive correlation between distribution and abundance 

could arise for two reasons: first, if an arbitrarily defined geographic region is 

sampled, and if abundance is higher at the center and declines toward the 
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periphery of the geographic range (Grinnell 1922; Hengeveld and Haeck 

1982; Brown 1984; Caughley et al. 1988), then abundance and distribution will 

be positively correlated (Bock and Ricklefs 1983). Everything else being . 

equal, species whose geographic ranges are not completely included within 

the sampled area will appear to have smaller ranges and lower abundances 

than species whose distributions are confined to the arbitrary region. To 

avoid this artifact I performed a separate analysis for the subset of endemic 

species from the Gulf of California. 

Second, less abundant species could be collected less frequently and 

therefore they would be present at fewer sites than more abundant species, 

thus resulting in an apparent correlation between distribution and abundance. 

Although Brown (1984) argued that this sampling bias was too small to 

account for the correlations that he reported, some studies suggest that 

sampling bias can significantly increase correlation coefficients in analogous 

situations (e.g., Burgman 1989; Russell and Lindberg 1988). In the context of 

this study, however, an artifactual correlation as a result of sampling bias is 

due mostly to rare species. In a hypothetical situation in which all species 

had equal geographic ranges but differed in abundance, the frequency of 

occurrence of species in samples would increase in direct proportion to their 

abundance up to some threshold abundance, above which species would 
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always be present in samples. Thus, it follows that, in this hypothetical case, 

a correlation between distribution and abundance would not be observed if 

only the more abundant species were considered. Based on this reasoning, I 

ranked the endemic species according to their total abundance and 

calculated the correlation betwee,; geographic range and average abundance 

excluding an arbitrary proportion of rare species because in practice it is 

impossible to determine what the threshold abundance would be. Thus, 

recalculated the correlation between distribution and abundance twice: first, 

excluding the less abundant one third of the species and again excluding the 

less abundant half of the species. The same procedure based on ranks of 

average abundance results in higher correlations than based on ranking total 

abundance. 

Results and discussion 

The average abundance of species was positively correlated with the 

extent of regional geographic distribution as measured by the linear 

geographic range within the Gulf of California (fig. 20). This was tr~e for the 

overall data set (r = 0.539, P < 0.0001, n = (3), the subset of endemic 

species (r = 0.870, P < 0.0001, n = 18), and the subset of non-endemic 

species (r = 0.362, P < 0.015, n = 45). The correlation coefficient was 

significantly greater in the subset of endemic species than in the overall data 
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Fig. 20. The relationship between extent of geographic range within the Gulf 
of California and average loc:=:tl abundance for a) the subset of endemic 
species, and b) the subset of non-endemic species. Note log scale on the 
ordinate. At least three species appear to be numerically abundant and 
geographically restricted. These are, from high to low abundance, Paraclinus 
m exican us , Uropterygius sp., and Elacatinus digueti. 
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set (t = 2.53, P < 0.02, two-tailed test of homogeneity between correlation 

coefficients, Sokal and Rohlf 1981) or the subset of non-endemic species (t = 

3.17, P < 0.002). I attribute this result in part to the relatively greater 

taxonomic and ecological homogeneity of the subset of endemic species. 

This subset is composed of small', benthic gobiesocid (4 species), blennioid 

(9 species) and gobiid fishes (5 species) considered to be primary residents 

of shallow rocky reefs (Thomson and Gilligan 1983). 

Geographic distribution and average abundance were significantly 

correlated after excluding the less abundant one third of the endemic species 

(r = 0.739, P = 0.006, n = 12) and after excluding the less abundant half of 

the species (r = 0.690, P = 0.039, n = 9). This suggests that the Significant 

positive correlation observed in the subset of endemic species is not likely to 

be explained as the result of a sampling artifact alone. 

A positive correlation between distribution and abundance implies that 

there are few or no species having both low abundance and large distribution 

or vice versa. Although in the overall data set there are at least three species 

having both restricted distribution and high abundance, these apparent 

exceptions are explained by two facts. First, these species were collected at 

only one site. Thus their abundance is based on a single sample, which 

prevents obtaining an estimate of average abundance. Second and more 
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important, all of these apparent exceptions are non-endemic species 

(compare figs. 2a and 2b), which tend to be widespread elsewhere in the 

Eastern Pacific ocean but whose northern limits of distribution are within the 

Gulf of California (Thomson et al. 1979). The latter point and the fact that the 

pattern is most clear for the subset of endemic species suggest that, if the 

relationship between distribution and abundance were to be examined over 

the entire tropical Eastern Pacific, these apparent exceptions would be unlikely 

to be observed. This, however, remains to be tested. 

Although in this study I have controlled for the effects of examining an 

arbitrarily defined region by analyzing the subset of endemic species 

separately, the possibility that a positive correlation between distribution and 

abundance among non-endemic species is a result of this artifact cannot be 

ruled out because the Gulf of California represents an arbitrarily defined 

region for these species (Bock and Ricklefs 1983). 

The results presented here support the prediction made by Hanski 

(1982a) and Brown (1984) that a positive correlation between distribution and 

abundance among species is a general pattern in nature. The increasing 

number of cases in which this pattern has been found (this study and 

references cited previously), appear to conflict with the results of at least three 

other analyses. Rabinowitz et al. (1986) found that for a subset of the flora of 
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the British Isles, geographic range was independent of local population size. 

However, they characterized local population size based on whether a species 

is abundant somewhere within its range (Rabinowitz 1981; Rabinowitz et al. 

1986), and not based on average local density or total population size. 

Schoener (1987) found that in Australian terrestrial birds the proportion of 104 

km2 quadrats in which a given species is rare increases as the geographic 

range increases, a trend that points to an inverse relationship between 

distribution and abundance among species. Schoener's results are based on 

the relative frequency of occurrence of species on censuses within quadrats. 

This is a measure of relative abundance within quadrats, however, and it may 

not necessarily correspond to the pattern of variation of a species abundance 

over its entire geographic range. A third study by Burgman (1989) found a 

weak relationship between ubiquity of plant species in samples and their 

observed habitat volumes based on edaphic variables, once the effect of 

sampling bias Ilad been removed. 

The occurrence of a positive correlation between distribution and 

abundance "across a wide variety of terrestrial and aquatic organisms 

suggests the existence of a fundamental principle of ecological organization. It 

also suggests that the same set of factors that determines the abundance of 

species at a local site may affect their distribution on a regional scale. A 
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positive correlation between distribution and abundance suggests that 

observed extinction rates are not necessarily the result of the independent 

effects of population size and geographic distribution, but rather the result of 

the simultaneous and combined effects of these two attributes of species. If 

the pattern reported here has been common in past communities (cf. Koch 

1980), it is likely that the relatively high extinction rates observed in some 

geographically restricted fossil marine invertebrates (Hansen 1980, Jablonski 

and Lutz 1983) were the result of low population sizes as well. Thus it may 

be difficult to separate the effects of these attributes on the evolutionary fate 

of species. 
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CHAPTER 3 

THE INFLUENCE OF EGG lYPE AND BODY SIZE ON THE BIOGEOGRAPHY 

AND EVOLUTION OF TROPICAL REEF FISHES 

. Summary 

Analysis of the relationship between egg type, body size and 

geographic distribution in tropical marine reef fishes suggests that a 

considerable portion of the variation in extent of geographic range can be 

accounted for by the first two traits. There is a highly significant association 

between having pelagic eggs and having a wide distribution and between 

having non-pelagic eggs and having a restricted distribution. Among eastern 

tropical Pacific reef fishes, species with pelagic eggs have significantly larger 

geographic ranges and a smaller variance in extent of distribution than 

species with non-pelagic eggs. Analysis of published data on length of the 

larval stage shows that, on average, species with pelagic eggs have longer 

larval stages than species with non-pelagic eggs. A comparison of published 

genetic distances obtained from electrophoretic stUdies of allozyme variation 

suggests that population differentiation tends to be greater, although not 

significantly so, in species with non-pelagic eggs than in species with pelagic 

eggs. These patterns cannot be solely attributed to the effects of egg type, 
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however, because species with pelagic eggs have larger average adult body 

sizes than species with non-pelagic eggs. Maximum body size was 

significantly associated with egg type in three areas: Gulf of California, 

Caribbean and Micronesia. Body size is likely to affect extent of geographic 

range because fecundity is positively correlated with body size. An analysis 

that partitions the variation in extent of geographic range into components 

due to egg type and body size shows that both factors influence the extent of 

geographic range in eastern Pacific reef fishes. Furthermore, there is an 

interaction between these two factors such that small species with non-pelagic 

eggs show more restricted geographic distributions than any other 

combination of body size and egg type. The effect of body size, however, 

cannot be attributed confidently to fecundity. These biogeographic patterns 

predict the greatest genetic isolation among populations, and species turnover 

over evolutionary time among clades composed of small species with non

pelagic eggs. 
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Introduction 

Evolutionary biologists and biogeographers have long sought to explain 

the wide variation in extent of geographic distribution observed among 

organisms. One important factor that affects the geographic distribution of a 

species is its mode of reproduction and dispersal (Brown and Gibson 1983). 

Egg types and modes of larval development have long been thought to play 

an important role in determining the dispersal and geographic distributions of 

marine organisms (Thorson 1950, 1961). Studies of marine molluscs suggest 

that species with non-planktotrophic (non-feeding or with direct development) 

larvae have shorter larval lives, lower dispersal potential, smaller geographic 

ranges and a lesser degree of gene flow among populations than species 

with planktotrophic (feeding) larvae (Jablonski and Lutz 1983, Scheltema 

1986b). Consequently, species with planktotrophic larvae tend to have lower 

speciation and extinction rates and longer evolutionary longevity than species 

with non-planktotrophic larvae (Shuto 1974, Scheltema 1978, 1986b; Hansen 

1980, 1983; Valentine and Jablonski 1982, Jablonski and Lutz 1983, Jablonski 

1986, 1987). Support for the generality of the above findings in other marine 

invertebrates has, however, been mixed. Hines (1986a) failed to find a 

correlation between duration of the larval period and extent of geographic 

range among marine brachyuran crustaceans. In contrast, Reaka and 
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Manning (1987), assuming that duration of larval life is correlated with 

postlarval size in stomatopod crustaceans, found that postlarval size was 

inversely related to the degree of evolutionary divergence. Studies on the 

genetic population structure of marine invertebrates suggest that sharp 
. 

population differentiation is typical among species with poor dispersal 

capability but it is not uncommon in species with greater dispersal potential 

(Burton and Feldman 1982, Burton 1983, Hedgecock 1986). 

Among marine fishes, few studies have examined the relationship 

between modes of reproduction, larval dispersal and geographic distribution. 

It is believed that in tropical reef fishes, larval transport by currents is the 

primary means of dispersal because most have a planktonic larval phase 

(Sale 1980) and tend to be relatively sedentary as adults (Erlich 1975, 

Goldman and Talbot 1976, Sale 1980, Doherty and Williams 1988). Despite 

this, reef fishes show wide variation in extent of geographic distribution. This 

variation has been attributed in part to differences in larval specializations for 

a planktonic existence and to variation in the length of the larval period (e.g., 

Ekman 1953, Briggs 1961, Rosenblatt and Walker 1963, Walker 1966, 

Rosenblatt et al. 1972). More recently some authors have argued, however, 

that there is not a direct correspondence between larval morphological 

specializations and dispersal ability (Leis 1984, Smith et al. 1987). Estimation 
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of the duration of larval development by counting daily increments in otoliths 

of newly settled juveniles (Pannella 1971, 1974, 1980; Brothers et al. 1976, 

Victor 1982, Campana and Neilson 1985) has permitted the investigation of 

the relationship between length of larval life and geographic distribution . 
. 

Recent studies among Indo-West Pacific angelfishes (Thresher and Brothers 

1985) and damselfishes (Thresher et al. 1989, Wellington and Victor 1989) 

have failed to find the expected correlation between larval duration and extent 

of geographic range. Among a taxonomically heterogeneous subset of Indo-

Pacific reef fishes, Brothers and Thresher (1985) found that species with very 

long larval lives are widespread but species with short or intermediate larval 

lives are not necessarily more restricted geographically. However, species 

restricted to the Central Pacific have shorter average larval durations than 

species that also occur in Hawaii, which in turn have shorter larval lives than 

species that range to the Eastern Pacific. 

Although of potential importance, little attention has been paid to the 

influence that different egg types may have on dispersal ability in marine reef 

fishes. Such influence may be considerable. For instance, larvae of species 

with pelagic eggs are more abundant offshore and are found farther offshore 

than larvae of species with demersal eggs (Leis and Miller 1976, Minami and 

Tamaki 1980, Leis 1982). Among Hawaiian reef fishes, Hourigan and Reese 
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(1987) noted that families with demersal eggs and short larval lives tended to 

have a higher percentage of endemic species than families with pelagic eggs 

and long larval durations. 

Studies to determine the effect of egg type on biogeographic and 

evolutionary patterns in marine organisms must attempt to control for 

potentially confounding factors. For instance, previous work (Barlow 1981, 

Thresher 1984) suggests that egg type is not independent of adult body size . 

in tropical reef fishes. Among terrestrial organisms body size is believed to 

play a direct and important role in determining geographic distributions 

because larger species have greater energetic requirements than smaller 

species (Brown 1981, I'3rown and Gibson 1983, Brown and Maurer 1986, 

1987, 1989). Thus, larger body size may result in increased mobility and 

larger individual home ranges (Peters 1983, Calder 1984) and therefore 

increased dispersal and larger species geographic ranges. In marine fishes, 

increased adult size may similarly result in increased mobility, but home 

ranges of reef fishes appear to be about one order of magnitude smaller than 

those of terrestrial vertebrates of comparable size (Sale 1978a,b). 

Furthermore, reef habitats tend to be patchy and movement of adult fishes 

between habitat patches appears to be rare and residence time within 

patches tends to be long (Bardach 1958, Springer and McErlean 1962, Reese 
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1973, Doherty and Williams 1988). Thus it seems unlikely that body size, 

through its effect on mobility, plays an important role in determining the extent 

of geographic distribution in tropical reef fishes. However, body size may 

affect the extent of geographic range in marine reef fishes because it is 

positively correlated with fecunditY (Thresher 1984, see also results), which 

has been suggested to affect the extent of geographic range of marine 

organisms (Scheltema 1972, 1986a). In principle, the greater the number of 

propagules produced the greater the likelihood of transport by currents and 

successful colonization of distant localities. 

This paper examines the empirical relationships between egg type, 

body size and extent of geographic distribution in tropical marine reef fishes. 

It attempts to separate the potentially confounding effects of egg type and 

body size on extent of geographic distribution. Secondary objectives are to 

explore the role that egg type may play in determining patterns of genetic 

differentiation and to discuss the macroevolutionary implications of the 

observed biogeographic patterns. 



Materials and methods 

Modes of reproduction, larval development and egg types of tropical reef 

fishes 
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Although the presence of a planktonic larval stage is almost universal 

among tropical marine reef fishes' (Sale 1980, Thresher 1984), modes of 

reproduction, egg types and modes of larval development can be grouped 

into two major egg types based on whether the egg stage is planktonic or 

not. One group consisting of species ~ith non-pelagic eggs includes: 1) 

viviparous, 2) ovoviviparous, 3) egg-brooding, and 4) oviparous fishes that lay 

demersal eggs. All of these groups lack a planktonic egg stage. The second 

egg type group consists entirely of oviparous fishes with pelagic eggs. These 

species produce eggs that are positively buoyant, are released into the 

plankton as soon as fertilization occurs and are carried by currents into the 

open ocean where the larvae hatch. This classification is similar to that used 

by other workers {e.g. Barlow 1981, Thresher 1984, Leis and Goldman 1984}. 

Information on egg types and modes of reproduction was obtained 

mostly from Breder and Rosen (1966), Russell {1976}, Leis and Rennis (1983), 

Thresher (1984), papers in Moser et al. {1984}, and Leis and Trnski {1989}. 



Data collection and statistical analysis 

Egg type and geographic distribution 
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To examine whether extent of geographic range is independent of egg 

type, I compared the proportion of species with pelagic or non-pelagic eggs 

in a group of geographically widespread species with the proportions of egg 

types found in a group of species endemic to a relatively small geographic 

region. A second set of tests involved comparing the proportion of species 

with each egg type between a group of endemic species and a group of non

endemic species within a geographic region. 

The first set of tests compared the Transpacific shore fishes with two 

sets of species endemic to 1) the Gulf of California and Mexican Pacific and 

2) the Galapagos Islands. The second set of tests compared endemic and 

non-endemic species within 1) the Gulf of California and 2) the Galapagos 

Islands. 

The transpacific shore fishes consist of extremely geographically 

widespread species of Indo-Pacific origin that also occur in the tropical 

Eastern Pacific Ocean presumably because they have been able to cross the 

East Pacific Barrier (Briggs 1961, Rosenblatt et 31. 1972). The latest published 

list of transpacific shore fishes (Leis 1984) was updated with additions by 

Grove and Lavenberg (in press). A list of Gulf of California and Mexican 
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Pacific endemic fishes was obtained from Thomson and Hastings (unpub.) 

and the comparison of endemic and non-endemic species within the Gulf of 

California was based on the checklist by Thomson et al. (1979). The list of 

. species from the Galapagos Islands was obtained from Grove and Lavenberg 

(in press). Tests within regions were restricted to reef fishes and excluded 

pelagic species. Also excluded were species belonging to families for which 

there is no information regarding egg types. Among Gulf of California 

endemics I also excluded certain undescribed species whose status as 

endemics has not been established reliably. 

In every case, I used model I for a 2 x 2 contingency table analysis 

(Sokal and Rohlf 1981) to test the null hypothesis that the proportion of 

species with pelagic or non-pelagic eggs did not differ between each pair of 

groups compared. In this as well as in all subsequently described statistical 

tests I used an alpha of 0.05 for the probability of type I error. 

A major assumption of the contingency table analysis is that all 

observations are independent from each other. However, because species 

within each family vary little in egg type, reflecting in part a common 

phylogenetic history, the observations in the test described above are not 

truly independent (Felsenstein 1985). Proposed techniques to address this 

problem (Pagel and Harvey 1988) require a thorough knowledge of the 
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phylogenetic relationships of the groups under study. Although such 

relationships have not been rigorously established for the diverse groups of 

fishes included in this study (but see Lauder and Uem 1983, Moser et al. 

1984), it is apparent that there is more variation in egg type among families 

within orders than among species within families, suggesting that both egg 

types may have evolved independently a number of times within the diverse 

group of fishes examined here. Thus, I carried out a second contingency 

table analysis with families as the observational units. In this case I 

categorized a family as lIendemicli when at least one species belonging to it 

was endemic. Such analysis provides information about the likelihood of 

families with different egg types of having endemic or widespread species. 

Although this approach does not rid the data completely of their phylogenetic 

interdependence, it should significantly reduce its artifactual effects. A 

consequence of using this approach, however, is a reduced sample size. For 

this reason I used Fisher's exact test to evaluate the contingency tables at the 

family level. This test, however, assumes that the marginal totals for both 

factors are fixed, but it is robust against violation of this assumption (Sokal 

and Rohlf 1981, Zar 1984). 

A second approach to examining the effect of egg type on geographic 

distribution was to compare the extent of geographic range in the tropical 
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Eastern Pacific of reef fish species with pelagic and non-pelagic eggs. The 

choice of species included in the analysis was determined primarily by the 

availability of information on geographic distribution and egg type. Thus, a 

taxonomically heterogeneous subset of species commonly found in the Gulf of 

California, including both endemic and wide-ranging species, were chosen for 

analysis. Species were divided into two groups according to their egg type 

and their geographic ranges were estimated by roughly calculating the 

distance between the northernmost and southernmost localities at which the 

species occur. The coastline was roughly followed by calculating, using 

standard cartographiC formulas (Muehrcke and Muehrcke 1978, Robinson et 

al. 1984), straight-line distances (taking into account the curvature of the 

earth) in between points at which major changes in the direction of the 

coastline occurred. Distributional information was obtained from Thomson et 

al. (1979). 

Length of larval life and egg type 

To examine whether egg type was associated with the length of the 

larval period, I compared the average larval duration of species with pelagic 

eggs with that of species with non-pelagic eggs. 'nformation on larval life 

durations was obtained from the papers by Brothers et al. (1983), Thresher 

and Brothers (1985), Brothers and Thresher (1985), Victor (1986), Robertson 
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et al. (1988), Thresher et al. (1989), Wellington and Victor (1989) and Fowler 

(1989). Values for the same species provided by different authors or from 

different geographic areas were averaged. Unfortunately, these data are likely 

to be biased by the uneven taxonomic representation within each of the two 

groups. Among species with pelagic eggs, lab rids make up 58.9%, and 

pomacanthids 18.4% of the 168 species in that group. Among the 152 

species with non-pelagic eggs, 85.5% of them are pomacentrids. Thus, it may 

be difficult to establish whether any observed difference~ are due to the 

influence of egg type or just to taxonomic differences. To minimize the 

overwhelming effect of those over-represented families, I calculated the 

median length of larval life for each family and then calculated an average 

based on the medians of families in each egg type group. 

Body size and egg type 

To examine whether species with pelagic eggs differ in body size from 

species with non-pelagic eggs, I obtained data on the maximum body size of 

species from three geographic regions and categorized species according to 

their egg type. For the Gulf of California, data was obtained from Thomson et 

al. (1979), for the Caribbean the data was obtained from Bohlke and Chaplin 

(1968), and from Myers (1989) for Micronesian reef fishes. Although in these 

data sets there is a wide diversity of taxa represented, more speciose families 
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could bias the results toward sizes typical of those families as a consequence 

of the uneven number of species in different families. To avoid this bias I 

calculated the median maximum body length for each family and then I 

compared the averages based on the medians for families with pelagic and 

non-pelagic eggs. 

Fecundity and body size 

The relationship between instantaneous fecundity (number of ovarian 

eggs) and body size (standard length) among species was examined by 

correlation analysis based on data for 54 species reported in the literature 

(Feddern 1965, Smith and Tyler 1972, Barlow 1981, Ralston 1981, Munro 

1983, Manickchand-Dass 1987). The data consist of means for variable 

numbers of individuals within species. Sample sizes, where reported, varied 

from one to 13 individuals per species. 

Geographic range and body size 

The relationship between extent of geographic distribution and body 

size was examined for a subset of species from the Gulf of Callfornia. 

Geographic ranges were estimated as described previously. Distributional 

information and data on maximum body length were obtained from Thomson 

et al. (1979). 



116 

The combined effects of egg type and body size on extent of geographic 

range 

Given that there were two egg type classes and that body size and 

extent of geographic range are both continuous variables, the data on the 

. 
relationship between extent of geographic range, body size and egg type 

could have been examined better by analysis of covariance. However, 

because the relationship between geographic range and body size was weak 

within both egg type groups (see results) such method was not used in this 

case. To examine the simultaneous effects of egg type and body size on 

extent of geographic range among reef fishes from the eastern tropical 

Pacific, I carried out a two-way analysis of variance. Species were assigned to 

one of two egg type levels (pelagic or non-pelagic) and to one of two size 

classes (large and small) depending on whether they were above or below 

the median maximum body length (229 mm) of all species for which I had 

maximum body size data (N = 119). Only two size classes were used 

because the low degree of overlap in body size among species with pelagic 

and non-pelagic eggs (see results) resulted in a highly unbalanced two-way 

ANOVA. If more than two body size levels had been used some within-cell 

sample sizes would have decreased to zero. The analysis reported includes 

all species for which I had both geographic range and body size data. 

-_.- ... -.-
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Egg type and genetic population structure 

To examine the influence of egg type on the degree of genetic 

population differentiation among tropical reef fishes, I compared values of 

Nei's (1972) genetic distance (0) resulting from comparisons among distant 
. 

populations within the same ocean in 10 species with pelagic eggs and 12 

species with non-pt3lagic eggs. TIlese values were obtained from three studies 

(Vawter et al. 1980, Bell et al. 1982, Rosenblatt and Waples 1986) after a 

review of the scanty literature on the genetic population structure of tropical 

reef fishes. 

Results 

Egg type and geographic distribution 

There is a highly significant association between egg type and extent of 

geographic distribution. At the species level, the proportion of species with 

pelagic eggs was greater among the widespread transpacific shore fishes 

than in either the endemic species from the Gulf of California or the endemics 

from the Galapagos Islands. This result was corroborated by the family-level 

analyses, which showed that the transpacific shore fishes had fewer families 

with non-pelagic eggs relative to both groups of endemic species (Table 15). 

-_ ........ -
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Table 15. Number of species and families with pelagic and non-pelagic eggs 
- for a widespread group of species (1) and two groups of endemic species (2 
and 3). 

Group of fishes N species N families 

1. Transpacific shore 
fishes 

Egg type 

Pelagic 
Non-pelagic 

2. Gulf of California 
endemics 

Egg type 

Pelagic 
Non-pelagic 

3. Galapagos endemics 

Egg type 

Pelagic 
Non-pelagic 

Statistical comparisons: 
A. Among species 

46 
10 

15 
70 

15 
24 

Group 1 vs. group 2: Glld/, = 60.91, P < < 0.001, df = 1 
Group 1 vs. group 3: Glld/, = 19.29, P < 0.001, df = 1 

B. Among families 
Group 1 vs. group 2: Fisher exact test, P = 0.01707 
Group 1 vs. group 3: Fisher exact test, P = 0.02261 

16 
4 

8 
11 

10 
12 
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In both the Gulf of California and the Galapagos Islands, the subset of 

endemic species had a greater proportion of species with non-pelagic eggs 

than the subset of non-endemic species. This result also held at the family 

level; families with non-pelagic eggs were more likely to have endemic species 

. 
to a relatively small geographic region than families with pelagic eggs (Table 

16). 

This pattern was supported by the tendency of species with pelagic 

eggs to have larger geographic ranges. In the Eastern Pacific, species with 

pelagic eggs have significantly larger average geographic ranges than species 

with non-pelagic eggs (Mann-Whitney-Wilcoxon test, T = 2306.5, normal 

approximation Z = 5.828, P < 0.0001, N = 44 and 63 for species with 

pelagic and non-pelagic eggs respectively; Fig. 21). However, species with 

non-pelagic eggs exhibited significantly greater variances in extent of 

geographic range than species with pelagic eggs (Modified Levene's test, T = 

770, normal approximation Z = 3.90, P = 0.0001, N = 44 and 63). 
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Table 16. Number of endemic and non-endemic species and number of 
families with and without endemic species for reef fishes from the Gulf of 
California and benthic nearshore and reef fishes from the Galapagos Islands. 

1. Gulf of California reef fishes 

N families 

Non-endemic Endemic Non-endemic Endemic 

Egg type 

Pelagic 126 4 22 4 

Non-pelagic 70 50 5 7 

Among species: GadJ• = 62.04, P < < 0.001, df = 1 
Among families: Fisher exact test, P = 0.01097 

2. Galapagos benthic nearshore and reef fishes 

N species N families 

Non-endemic Endemic Non-endemic Endemic 

Egg type 

Pelagic 134 15 25 

Non-pelagic 57 24 5 

Among species: GadJ. = 13.63, P < 0.001, df = 1 
Among families: Fisher exact test, P = 0.0048 

10 

12 
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Fig. 21. Frequency distributions of extent of geographic ranges in the eastern 
Pacific ocean for species with pelagic and non-pelagic eggs. 
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Length of larval life and egg type 

Species with pelagic eggs had significantly longer larval durations than 

species with non-pelagic eggs (Mann-Whitney-Wilcoxon test, T = 20731.5, 

normal approximation Z = 9.635, P < 0.0001, N = 168 and 152 for species 

with pelagic and non-pelagic eggs respectively; Fig. 22). This pattern still held 

after correcting for the overwhelming influence of lab rids, pomacanthids, and 

pomacentrids. Median larval durations of families with pelagic eggs were, on 

average, significantly longer than those of families with non-pelagic eggs 

(Mann-Whitney-Wilcoxon test, T = 22.5, normal approximation Z = 2.115, P = 

0.0345, N = 15 and 7 families with pelagic and non-pelagic eggs respectively; 

Fig. 23). 

At the species level, fishes with pelagic eggs showed significantly 

greater variances in length of the larval stage than fishes with non-pelagic 

eggs (Modified Levene's test, T = 18390, normal approximation Z = 6.802, P 

< 0.0001, N = 168 and 152 species with pelagic and non-pelagic eggs 

respectively). However, at the family .level there were no significant differences 

in variance of larval durations between the two egg type groups (T = 69.5, Z 

= 1.198, P = 0.2308, N = 15 and 7 families with pelagic and non-pelagic 

eggs respectively). 
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Body size and egg type 

Species with pelagic eggs were significantly larger, on average, than 

species with non-pelagic eggs in the three reef-fish faunas examined (Table 

17, Figs. 24, 26 and 28). The same pattern was observed when comparing 

the average median maximum bo'dy length of families with pelagic and non

pelagic eggs. Median maximum body lengths of families with pelagic eggs 

were significantly greater than those of families with non-pelagic eggs in every 

geographic area examined (Table 17, Figs. 25, 27 and 29). Furthermore, taxa 

with pelagic eggs were not only larger but exhibited significantly greater 

variances in maximum body size than taxa with non-pelagic eggs (Table 18). 

Fecundity and body size 

Instantaneous fecundity (number of ovarian eggs) increased as a power 

function of body length among different species (Fig. 30). Because species 

with pelagic eggs tend to be larger than species with non-pelagic eggs (see 

above), it follows that the former species, on average. have greater fecundities 

than the latter. 

Geographic range and body size 

Extent of geographic range in the Eastern Pacific ocean was 

significantly and positively correlated with maximum body length among a 

subset of species from the Gulf of California (Fig. 31). The relationship held 
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Table 17. Results of Mann-Whitney-Wilcoxon tests for differences in maximum 
body size among species and families with pelagic and non-pelagic eggs. 

Mean max. body 
Region length (cm) N T Z 

Gulf of California 

A) Species level 
Pelagic 53.78 63 

3268 7.74 
Non-pelagic 14.20 57 

B) Family level 
Pelagic 46.04 26 

294 3.72 
Non-pelagic 17.73 13 

Caribbean 

A) Species level 
Pelagic 41.40 191 

63097.5 77.03 
Non-pelagic 10.26 178 

B) Family level 
Pelagic 41.04 34 

450 4.23 
Non-pelagic 11.29 15 

Micronesia 

A) Species level 
Pelagic 31.44 565 

378372 81.45 
Non-pelagic 9.58 455 

B) Family level 
Pelagic 27.77 36 

521.5 3.62 
Non-pelagic 10.69 18 

P < 0.0005 for all tests. 
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Fig. 25. Frequency distributions of median maximum body sizes for families 
with pelagic and non-pelagic eggs from the Gulf of California. 
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Fig. 29. Frequency distributions of median maximum body sizes for families 
with pelagic and non-pelagic eggs from Micronesia. 
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Table 18. Results of modified Levene's tests for differences in the variance in 
body size for species and families with pelagic and non-pelagic eggs. 

Variance in 
maximum 

Region body length (cm) N T Z 

Gulf of California 

A) Species level 
Pelagic 1949.48 63 

2973 6.19*** 
Non-pelagic 315.49 57 

8) Family level 
Pelagic 566.10 26 

238 2.056* 
Non-pelagic 421.52 13 

Caribbean 

A) Species level 
Pelagic 1262.02 191 

59961 73.97*** 
Non-pelagic 144.01 178 

8) Family level 
Pelagic 1331.23 34 

400.5 3.16** 
Non-pelagic 77.71 15 

3) Micronesia 

A) Species level 
Pelagic 1023.64 565 

370347.5 79.73*** 
Non-pelagic 95.78 455 

8) Family level 
Pelagic 476.22 36 

483 2.92** 
Non-pelagic 88.25 18 

* P < 0.05, ** P < 0.01, *** P < 0.001 
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FECUNDITY OF TROPICAL REEF FISHES 
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even after excluding two species (Bodianus dip/otaenia and Ba/istes po/y/epis) 

with relatively large maximum body sizes and very large geographic ranges (r 

= 0.491, P < 0.0001, N = 82). However, this relationship was weak, if existent 

at all, among species with the same egg types. Among species with pelagic 
. 

eggs the trend was in fact negative although not significant (r = -0.257, P = 

0.109, N = 40). After excluding tl"le species with the largest geographic range 

(B. dip/otaenia) , the relationship became significantly negative (r = -0.401, P 

= 0.011, N = 39). Among species with non-pelagic eggs the opposite pattern 

was observed. Considering all species with non-pelagic eggs, there was a 

significantly positive correlation between maximum body size and extent of 

geographic range (r = 0.408, P = 0.006, N = 44) but the relationship 

became non-significant after excluding B. po/y/epis, the species with the 

largest geographic range (r = 0.237, P = 0.126, N = 43). 

The combined effects of egg type and body size on extent of geographic 

range 

Two-way analysis of variance was used to evaluate the simultaneous 

effects of egg type and body size on extent of geographic range in a subset 

of reef fishes from the tropical eastern Pacific. Despite being correlated, both 

factors play significant roles: 1) species with pelagic eggs had significantly 

larger geographic ranges than species with non-pelagic eggs, 2) larger 
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species had significantly larger geographic ranges than smaller species, and 

3) there was a significant interaction effect so that the extent to which body 

size affects geographic range varies depending on egg type (Table 19). This 

interaction effect originated from a slight decline in geographic range with 

. 
increasing body size among species with pelagic eggs, compared with a 

pronounced increase in extent of geographic range with increasing body size 

among species with non-pelagic eggs (Fig. 32). These varying effects resulted 

from small species with non-pelagic eggs having significantly smaller 

geographic distributions than any other combination of body size and egg 

type. A posteriori comparisons showed that the geographic distributions of 

small species with non-pelagic eggs were significantly smaller than those of 

species with any other combination of egg type and body size. Furthermore, 

the latter groups of species did not differ significantly from each other in 

extent of distribution (Fisher's Least Significant Difference test). 

Egg type and genetic population structure 

Species with non-pelagic eggs tended to show greater values of Nei's 

D than species with pelagic eggs (Table 20, Fig. 33), but although suggestive 

and in the predicted direction, this difference was not significant (Mann-

Whitney-Wilcoxon test, T = 34.5, normal approximation Z = 1.681, P = 

0.0927, N = 10 and 12 species with pelagic and non-pelagic eggs). 



138 

Table 19. Results of the two-way analysis of variance testing for the effects of 
egg type and body size on extent of geographic range among Gulf of 
California reef fishes. 

ANOVA TABLE 

Source df 5S MS F 

Egg type 1 29.086 x 106 29.086 X 106 7.23 •• 

Body size 1 22.220 x 106 22.220 X 106 5.53 • 

Egg type 
x 1 37.962 X 106 37.962 X 106 9.44 •• 

Body size 

Error 80 321.67 x 106 4.0209 X 106 

* P < 0.05 ** P < 0.01 
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BODY SIZE 
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Table 20. Published values of Nei's genetic distance (0) for species with 
pelagic and non-pelagic eggs. 

SPECIES WITH PELAGIC EGGS 

o 

Au/ostomus chinensis· 0.03 
Diodon holocanthus 0.06 
Echidna zebra <0.01 
Fistularia commersonii 0.04 
Haemu/on steindachneri 0.012 
Myripristis jacobus· 0.011 
Priacanthus cruentatus <0.01 
Scorpaena mystes 0.008 
S. plumieri 0.031 
Zane/us cornutus· 0.01 

SPECIES WITH NON-PELAGIC EGGS 

Abudefduf saxatilis 
A. troschelii 
Alutera scripta 
Amphiprion clarkii 
Apogon binotatus 
A. maculatus 
A. townsendi 
Arothron hispidus 
A. me/eagris 
Chromis cyanea 
Ophiob/ennius atlanticus 
O. steindachneri 

o 

0.021 
0.026 
0.06 
0.0199 
0.022 
0.052 
0.056 

<0.01 
0.03 
0.053·· 

0.037 
0.035 

Source 

Rosenblatt and Waples (1986) 
Rosenblatt and Waples (1986) 
Rosenblatt and Waples (1986) 
Rosenblatt and Waples (1986) 
Vawter et al. (1980) 
Vawter et al. (1980) 

Rosenblatt and Waples (1986) 
Vawter et al. (1980) 
Vawter et al. (1980) 

Rosenblatt and Waples (1986) 

Source 

Vawter et al. (1980) 
Vawter et al. (1980) 
Rosenblatt and Waples (1986) 
Bell et al. (1982) 
Vawter et al. (1980) 
Vawter et al. (1980) 
Vawter et al. (1980) 
Rosenblatt and Waples (1986) 
Rosenblatt and Waples (1986) 
Vawter et al. (1980) 
Vawter et al. (1980) 
Vawter et al. (1980) 

* Pelagic eggs presumed; ** Esterases excluded 
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Discussion 

Biogeographical implications 

The analyses presented here suggest that there is a strong association 

between egg type and extent of geographic distribution in tropical marine reef 

fishes: species with pelagic eggs' are more likely to be geographically 

widespread than species with non-pelagic eggs. This conclusion is supported 

by the patterns of endemism among Gulf of California and Galapagos fishes, 

as well as by a pronounced difference in extent of geographic distribution 

shown by eastern Pacific reef fishes with different egg types. The results also 

suggest adult body size has an important effect on extent of distribution. 

Although a considerable portion of the variation in extent of geographic 

range in tropical reef fishes can be accounted for by mode of reproduction, 

egg type and body size, other factors must also be important because much 

of the variation remains unexplained. Although both egg type and body size 

together influence the extent of geographic range among eastern Pacific reef 

fishes, each factor on its own contributes relatively little to explaining the 

variation in extent of distribution (about 7% and 5% of the variance is 

explained by egg type and body size, respectively). The interaction between 

these factors, however, contributed an additional 9% to the explained 

variance, and together the two factors and their interaction account for almost 
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22% of the variation in extent of geographic distribution. This is a considerable 

figure considering the potential for many physical, biological and historical 

factors to affect the geographic distribution of species (see below). These 

results suggest a more complex set of interrelationships between egg type, 

body size and extent of geographic range than originally expected. In 

particular, the relationship between body size and extent of geographic range 

appears to be highly dependent on egg type. The simultaneous analysis of 

the effects of egg type and body size on extent. of geographic range revealed 

a pattern that could have not been predicted by the analysis of either egg 

type or body size alone, namely that small species with non-pelagic eggs 

have significantly smaller geographic ranges than species with any other 

combination of egg type and body size. 

Pre-hatching development time. larval duration and geographic range 

Species with pelagic eggs not only spend more time in the plankton 

during the embryonic stage but have, on average, longer larval durations than 

species with non-pelagic eggs. According to Thresher (1984) the period from 

fertilization to hatching in species with pelagic eggs (about 43 hours) is on 

average much shorter than in species with non-pelagic eggs (about 152 

hours). Furthermore, larval size at hatching increases in direct proportion to 

pre-hatching development time among reef fishes (Thresher 1984). As a 
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consequence of this difference, there are marked differences in state of 

development at hatching among species with different egg types. In general, 

newly hatched larvae of species with pelagic eggs tend to be relatively small, 

have large yolk sacs, lack eye pigments and finfolds, are poor swimmers and 
, 

are unable to begin feeding for 4-5 days. In contrast, newly hatched larvae of 

species with non-pelagic eggs are relatively large, have small yolk sacs, eye 

pigments, well developed finfolds, are strong swimmers and begin feeding 

within 24 hours of hatching (Thresher 1984). Thus, species with non-pelagic 

eggs probably require less time to complete their larval development in the 

plankton resulting in shorter larval lives. A second consequence is that larvae 

of species with non-pelagic eggs are most likely capable of exerting 

considerable control over their position in the water column earlier in 

development than are larvae of species with pelagic eggs. Thus, differences in 

the duration of embryonic development and the concomitant differences in 

state of development at hatching are likely to result in marked differences in 

swimming ability and larval behavior, and therefore in pronounced distinctions 

in spatial distribution of larvae among species with different egg types. 

Studies on the onshore-offshore distribution of marine fish larvae 

strongly a pattern consistent with the previous arguments: larvae of species 

with non-pelagic eggs are more abundant and found closer to shore than 
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larvae of species with pelagic eggs (Leis and Miller 1976, Minami and Tamaki 

1980, Leis 1982), and both young and older larvae of taxa with non-pelagic 

eggs appear to be more abundant closer to reefs than larvae of taxa with 

pelagic eggs (Leis and Goldman 1984, 1987; Marliave 1986, Smith et al. 1987, 

Kingsford and Choat 1989, Kobayashi 1989). These studies argue against the 

traditional view of larvae as passive dispersers (Johannes 1978, Barlow 1981) 

and suggest that species with non-pelagic eggs tend to complete their larval 

development in the vicinity of the adult habitats whereas the larvae of species 

with pelagic eggs are more likely to be transported by currents during their 

earlier development. 

The above argument suggests that species with pelagic eggs should be 

more likely to show the expected positive correlation between length of larval 

life and extent of geographic range than species with non-pelagic eggs. 

Recent studies that have examined the relationship between duration of the 

larval stage and geographic distribution, however, provide equivocal evidence 

concerning this question. Angelfishes (Porllacanthidae), which have pelagic 

eggs, show no correlation between larval duration and geographic range at 

both species and genus levels (Thresher and Brothers 1985). Damselfishes 

(Pomacentridae). which have demersal eggs. show no correlation at the 

species level but the mean larval duration of genera is positively correlated 
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with the mean geographic range of species within each genus (Thresher et al. 

1989). This relationship was also examined by Brothers and Thresher (1985) 

for a taxonomically heterogeneous set of 115 species of Indo-Pacific reef 

fishes. Re-analysis of their data including more recent information on larval 

duration (Victor 1986b, Fowler 1989, Thresher et al. 1989, Wellington and 

Victor 1989) indicates that, although the overall pattern is qualitatively identical 

to the one presented by Brothers and Thresher (1985), both species with 

pelagic eggs and with non-pelagic eggs show a positive correlation between 

larval duration and geographic range, but the relationship is stronger among 

the former (rs = 0.425, P < 0.001, N = 78) than among the latter (rs = 0.35, 

P < 0.05, N = 35). Thus, although this pattern is suggestive, at present it is 

difficult to establish whether species with different egg types show qualitatively 

different patterns in the relationship between length of larval life and extent of 

distribution. 

Brothers and Thresher (1985) suggested that among Indo-Pacific coral 

reef fisl,e~ there appears to be a threshold of about 45 days in larval 

duration, above which most species are geographically widespread but below 

which there is no relationship between larval duration and extent of 

distribution. An alternative interpretation is that there is a minimum size of 

geographic range that results from a given length of larval life. Species with 
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short larval durations are highly variable in extent of distribution but the 

minimum attainable size of geographic range increases with increasing length 

of larval life. This suggests that perhaps the relative importance of other 

physical, biological and historical factors in determining the extent of 

distribution of reef fishes is greater in species with short larval lives but 

decreases as larval duration increases and becomes the dominant 

determinant of distribution. 

Body size, fecundity and geographic range 

The simultaneous analysis of the effects of egg type and body size on 

extent of geographic range among eastern Pacific reef fishes resulted in a 

pattern that was not in complete agreement with the original expectations. 

Although small species with non-pelagic eggs showed significantly smaller 

geographic ranges, large species with pelagic eggs did not exhibit 

significantly larger geographic distributions than small species with pelagic 

eggs or large species with non-pelagic eggs. Contrary to the results of at 

least one study (Thresher and Brothers 1985), differences in body size appear 

to contribute significantly to explaining the observed differences in extent of 

geographic range. It is clear that species with pelagic eggs are larger than 

species with non-pelagic eggs (figs. 4-9) and that instantaneous fecundity is 

correlated with body size (fig 10, see also Thresher 1984). Thus, although 
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similarly-sized species with different egg types have similar fecundities 

(Thresher 1984), species with pelagic eggs have, on average, greater 

fecundities than species with non-pelagic eggs as a result of differences in 

body size. However, the extent to which fecundity affects the geographic 

distribution of reef fishes remains' unclear. If fecundity has a direct and 

positive effect on extent of geographic range then there should be a positive 

correlation between body size and geographic range size, and the same 

relationship should be observed within each egg type group. 

Although the expected relationship was observed for the overall data 

among Eastern Pacific reef fishes, within each egg type category the 

relationship showed opposing trends and was weak or non-existent. The 

overall correlation between body size and extent of geographic range appears 

to be explained by the fact that, on average, species with pelagic eggs have 

larger sizes and greater geographic ranges than species with non-pelagic 

eggs. Furthermore, the significant interaction effect from the two-way ANOyA 

suggests that body size contributes to the observed differences in extent of 

distribution among species with non-pelagic eggs but not among species with 

pelagic eggs. Thus, because the relationship between body size and extent of 

distribution is not consistent across egg types, it is unlikely that the observed 

body size effects are the result of differences in fecundity. 
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Although effects other than those resulting from fecundity may be 

included in body size, in particular mobility and energetic requirements in the 

use of space and habitat (Brown 1981, Brown and Gibson 1983, Brown and 

Maurer 1986, 1987, 1989),. it is unlikely that these will have a strong impact on 

extent of distribution because reef fishes are relatively sedentary or have 

restricted home ranges (Bardach 1958, Springer and McErlean 1962, Reese 

1973, Sale 1978a,b). Furthermore, reef habitats tend to be patchy and 

movement between patches appears to be rare among reef fishes (Doherty 

and Williams 1988). An alternative explanation is that body size and larval 

duration are positively correlated. This is certainly plausible given that species 

with non-pelagic eggs are smaller and have shorter larval durations than 

species with pelagic eggs. However, the only study in which the relationship 

between adult body size and length of larval life has been examined reports a 

significant negative correlation between these two variables (Thresher and 

Brothers 1985). Thus, although the latter relationship needs to be examined in 

more detail, the specific mechanism by which body size affects extent of 

distribution among reef fishes remains obscure. 

As previously noted, among eastern Pacific reef fishes large species 

with pelagic eggs appear to have geographic ranges that do not differ from 

those observed from small species with pelagic eggs or large species with 
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non-pelagic eggs and are, therefore, smaller than expected. One possible 

explanation for this pattern is that, although these species may have great 

dispersal potential, the maximum size of geographic range attainable by 

tropical reef fishes is constrained by other factors (e.g., temperature). The 

pattern of extent of distribution in' relation to length of larval life reported by 

Brothers and Thresher (1985) is also consistent with this argument: there 

appears to be a consistent limit to the size of geographic range attainable by 

Indo-Pacific coral reef fishes. These patterns are reminiscent of the relationship 

between body mass and geographic range described for North American 

birds and mammals by Brown and Maurer (1987, 1989). In that case, the 

maximum attainable size of geographic range appears to be determined by 

the size of the North American continent. Among marine fishes, however, the 

analogous explanation does not account for the apparent constancy in 

maximum extent of geographic distribution because the Indo-Pacific ocean 

basin is much greater than the apparent maximum size of geographic range. 

Thus, other factors must set this apparent limit. 

Evolutionary implications 

A comparison of published genetic distances (Nei's D) for 22 species of 

tropical reef. fishes suggests that the degree of genetic population 

differentiation might be greater in species with non-pelagic eggs than in 
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species with pelagic eggs. Other studies suggest that there is an inverse 

relationship between dispersal capability and degree of electrophoretically 

measurable population differentiation. Waples (1987) found that the degree of 

. intraspecific genetic differentiation among populations of 10 species of marine 

shore fishes from Southern California were negatively correlated with 

estimated dispersal capabilities. Rosenblatt and Waples (1986) compared 12 

species of transpacific shore fishes from Hawaii and the Eastern Pacific and 

concluded that there was little genetic differentiation between populations at 

the two localities, a result that was compatible with either recent dispersal or 

continuing gene flow. 

Results of other studies may be interpreted in the light of recent 

information on the duration of the larval life period of reef fishes. Bell et al. 

(1982) found significant morphological and genetic population differentiation in 

Amphiprion clarkii in southern Japan. On the other hand, Shaklee (1984) 

failed to find any genetic differentiation among widely separated populations of 

Stegastes fasciolatus in the Hawaiian Islands. One plausible explanation for 

the contrasting results of these studies is the pronounced difference in length 

of larval life between the two species: A. clarkii has an average larval life of 

9.1 days whereas S. fasciolatus spends on average 34.6 days in the plankton 

(based on averages from two recent studies by Thresher et al. 1989 and 
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Wellington and Victor 1989). Similar, although less compelling, patterns have 

been noted on other species. Unpublished studies by Soule (in Ehrlich 1975) 

on Acanthochromis polyacanthus and Gronell (in Thresher et al. 1989) on 

Chrysiptera cyanea have also documented significant genetic population 

differentiation. These two species' also have short larval lives (0 days in A. 

polyacanthus [Robertson 1973, Thresher et al. 1989] and 16.6 days in C. 

cyanea [Thresher et al. 1989, Wellington and Victor 1989]). In contrast, 

Dascyl/us aruanus and Pomacentrus wardi appear to show little allozyme 

variation be~een relatively distant populations (Soule in Ehrlich 1975). These 

two species spend and average of about 20 days in the plankton (Thresher et 

al. 1989, Wellington and Victor 1989). 

Evidence from studies on geographical morphological variation is less 

compelling. For instance Threstler et al. (1989) found a weak negative 

correlation between mean planktonic duration and number of distinctly colored 

local sub-populations in 70 Indo-west Pacific damselfishes. However, exclusion 

of A. polyacanthus from their analysis renders their reported relationship not 

significant. 

Despite the suggestive nature of the above studies, the available 

evidence does not permit one to conclude with confidence that there is a 

pervasive inverse relationship between dispersal potential and population 
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differentiation in tropical marine reef fishes. The biogeographic patterns 

reported in this study show that the effect of egg type on the extent of 

geographic distribution is not as straightforward as originally predicted. For 

instance, although the significantly smaller geographic ranges observed in 

species with non-pelagic eggs would predict that these species should show 

greater subpopulation differentiation than species with pelagic eggs, the 

greater variance in extent of geographic range observed among species with 

non-pelagic eggs suggests that it may be naive to expect such differentiation 

to occur as a rule among species in this group. In fact, at least part of the 

observed variation in extent of distribution appears to be related to body size. 

Thus, the relationships between egg type, body size and extent of geographic 

range observed among eastern Pacific reef fishes predict that small species 

with non-pelagic eggs should show a lower degree of gene flow and higher 

levels of genetic differentiation among populations than species with any other 

combination of egg type and body size. 

Although difficult to establish with certainty from the scarce data on the 

genetic structure of reef fish populations, the biogeographic patterns' reported 

here suggest that macroevolutionary patterns analogous to those found 

among marine benthic invertebrates (Jablonski and Lutz 1983) are likely to 

occur among tropical reef fishes. The results of this study predict that small 
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species with non-pelagic eggs should show greater extinction and speciation 

rates than species with any other combination of egg type and body size. 

The biogeographic patterns also predict a greater species turnover over 

evolutionary time in clades of small species with non-pelagic eggs than in 

clades of species with other combinations of body size and egg type. Given 

the incompleteness of the fossil record in tropical reef fishes, the testing of 

these predictions with neontological data remains a challenge. 
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CONCLUSIONS 

The studies presented here emphasize the documentation of patterns of 

distribution and abundance at local and regional scales in marine reef fishes. 

At the local scale, the patterns of intertidal distribution and density variation of 

two species of gobies from the northern Gulf of California are described. This 

study emphasizes the description of patterns and examination of processes 

potentially determining limits of vertical intertidal distribution and variations in 

density. Although examination of the processes potentially involved was 

primarily correlational, this study suggests that despite the extremely rigorous 

physical environment of the northern Gulf of California, limits of intertidal 

distribution in Gobiosoma chiquita and Gobiosoma sp. are not set primarily 

by temperature. Instead, prelimary evidence suggests that biological 

interactions such as competition and predation have the potential for playing 

an important role in determining the patterns of intertidal distribution and 

abundance in these gobies. However, the study falls short of demonstrating 

with certainty that such interactions are the primary determinants of the 

observed patterns. If anything, this study illustrates the need for an 

experimental approach to the study of local dynamics in ecological 

communities. 

The other two studies document large-scale patterns of distribution and 
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abundance, and examine some of the connections between ecology and 

biogeography. The second chapter is an empirical demonstration of the 

existence of a close interdependence between local and regional attributes of 

species, namely local abundance and extent of geographic range among 

rocky-shore fishes from the Gulf of California. In particular this study 

demonstrated that local population density is positively correlated with extent 

of geographic distribution. This appears to be a very general pattern because 

it has been documented in a variety of terrestrial and aquatic organisms 

(Hanski 1982a,b; Brown 1984; Gotelli and Simberloff 1987; ~aston and 

Lawton 1988b). The existence of the same pattern in terrestrial and aquatic 

communities suggests that the processes responsible for a correlation 

betv!p.en distribution and abundance are likely to be very general because 

terrestriai ~~,d aquatic organisms experience very different environments. This 

pattern also supports the claim that the study of large-scale patterns of 

distribution and abundance may advance the development of general rules of 

community ecology because local and regional community dynamics are 

interdependent (Brown 1981, 1984; Hanski 1982a, 1983, 1989; Ricklefs 1987; 

Brown and Maurer 1987, 1989). 

Both abundance and distribution have been implicated in affecting 

extinction rates. It is believed that population extinction rates vary in inverse 
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relation to population size (MacArthur and Wilson 1967). Similarly, extinction 

rates of species decrease with increasing size of geographic range (Jablonski 

and Lutz 1983). However, because distribution and abundance do not appear 

to be independent of each other, it may be more difficult than previously 

thought to separate the effects ot'these two attributes of species on the 

evolutionary fate of species. 

The third chapter shows that the extent of geographic range in marine 

reef fishes is strongly associated with egg type and that this association is 

dependent upon body size. In particular, small species with non-pelagic eggs 

have smaller geographic ranges than small species with pelagic eggs or large 

species with either egg type. If this pattern is the result of differences in 

dispersal capability, then it is likely that small species with non-pelagic eggs 

will be more affected by barriers to dispersal and gene flow and will, 

therefore, 1) show a greater degree of genetic differentiation among 

populations and 2) clades composed of small species with non-pelagic eggs 

will have a greater turnover rate over evolutionary time as a consequence of 

greater extinction and speciation rates than in clades composed of species 

with other combinations of egg type and body size. 

The latter two studies raise interesting questions regarding the 

relationship between ecology and biogeography. Their findings suggest that 
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there is a general link between early life history traits that affect dispersal, 

such as egg type, and local population ecology because, on the one hand, 

extent of geographic range is correlated with local population density and, on 

the other hand, extent of geographic range is associated with egg type. A 

question thus emerges about the' extent to which breadth of geographic 

distribution is the by-product of evolutionary responses to local ecological 

conditions. 

Furthermore, given that body size affects the relationship between egg 

type and extent of distribution, to what extent does body size influence local 

population dynamics? Even though this question has been examined in a 

variety of organisms (Damuth 1981; Peters 1983; Brown and Maurer 1986, 

1987, 1989), it is still unclear whether energetic constraints imposed by body 

size play an important role in affecting local population dynamics and extent 

of distribution. Whether such influence is important among marine organisms 

is a question that requires investigation. 

Marine fishes, like other marine organisms, are especially apt to have a 

close interdependence between local and regional dynamics because of their 

charactGristic early life histories. Most marine fishes possess a planktonic egg 

and/or larval stage (Sale 1980, Leis 1983, Moser et al. 1984, Thresher 1984, 

Leis and Trnski 1989) during which most dispersal of the species occurs. 
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Regional dynamics of immigration and extinction are therefore likely to be 

largely dependent on the dispersal capability of the species, which in turn are 

significantly influenced by early life history traits. These traits not only affect 

the extent of geographic distribution of species, but also influence the 

probability of genetic isolation am'ong populations and therefore long-term 

evolutionary patterns through their effect on rates of speciation and extinction 

(Jablonski and Lutz 1983). Furthermore, early life history traits may also 

influence local patterns of distributioll and abundance by affecting the 

recruitment dynamics of local populations, which are largely responsible for 

much of the temporal and spatial variation typical of marine fish communities 

(Sale 1980, 1984; Doherty and Williams 1988). Thus, it appears that early life 

history provides a biologically central subject underlying much of the 

ecological and evolutionary dynamics of marine reef fishes. 
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