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ABSTRACT 

Convergence in body form and discrete morphological characters 

among fishes of similar habits is widespread in both freshwater and 

marine habitats. The identification of adaptive types of fishes 

alludes to predictive relationships between morphology and lifestyle. 

Now, a challenge confronting modern ichthyologists is to incorporate 

the study of functional morphology into broader questions of ecological 

and evolutionary significance. The use of whole body form as an 

analogue of functional integration underlies the approach toward 

this goal reported here. 

In this study properties of fish form variation are investigated 

within a sample of 130 reef species from the central Gulf of California, 

including every species likely to colonize rocky reefs in the area 

of Guaymas, Sonora. Species are represented by 210 exemplar specimens: 

one adult in small species or one adult (both male and female if 

dimorphic), and one juvenile for fishes £ 120 mm S.L. at maximum size. 

I photographed, enlarged, and digitized dorsal, frontal, and lateral 

silhouette views of each specimen. All silhouette shapes were analysed 

and described by a Fourier series. 

Analysis of body form variation proceeded by investigating 

the multivariate patterns within dorsal, frontal, and lateral Fourier 

amplitudes across the sample. Form variation in reef fishes proved 

to be highly structured with eleven major form groups defined by 

cluster analysis. Their relationships were examined along the first 
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three principal components (PC I, II, and III) which accounted for 95% 

of form variation. Within these axes two major trends are present: 

a cline from extreme attenuation to globular body form; and an inter

secting cline from extreme frontal compression with lateral truncation 

toward frontal depression with post-cranial elongation. Reef fishes 

grade continuously along these clines, but gaps are found in other 

regions of the space. Dorsal, frontal, and lateral components were 

also analysed. Although total form variation in frontal view was 

about half that of other views, it appears to contain few constraints 

to form evolution. In contrast, form in lateral view appears remark

ably limited to two intersecting corridors of variation. The dorsal 

view is intermediate in form complexity. 

To explore the gaps in reef fish morphospace forms of specifi

cally designed model clay fishes and selected non-reef fishes also 

were analysed. When mapped into the morphospace these fishes fell 

at the boundaries of reef fish form groups along PC's I and II. Along 

PC III new regions of form space were occupied indicating the presence 

of a broad adaptive zone only marginally exploited by reef fishes. 

Descriptions are given of hypothetical forms needed to fill the major 

gaps in morphospace; suggestions are made for suitable candidates 

among extant fishes. 

Qualitative data on 26 functional and 20 ecological characters 

were also scored for all 210 specimens. Gower's similarity index, 

converted to a distance metric, was used to construct similarity 

matrices based on ecological and morphological characters. Both were 

highly significant in their correlation with the similarity matrix 



xiv 

based on Fourier descriptors. These results indicate that form groups 

and their relative positions in morphospace reflect patterns of func

tional integration and corresponding ecological roles. Further 

evidence is provided by analysis of food utilization within form 

groups. In general, as fish form is modified from the basal perciform 

types, food habits increasingly diversify from the primitive mode of 

carnivory on motile prey. 

This approach to the integration of morphology into community 

and evolutionary studies of fishes yields patterns which suggest 

specific areas for future research. The form classification produces 

evidence for both epigenetic and ecological processes in controlling 

the total range of variation in body form. The evolutionary generation 

of form variation is traced from Paleozoic through modern fishes. 



INTRODUCTION 

Teleostean fishes, the dominant vertebrate group of the 

aquatic domain, are well known for their taxonomic diversity, estimated 

at 18,818-20,600 species (Cohen, 1970; Nelson, 1976). Great divergence 

of form has accompanied their successive radiations into communities of 

varying complexity throughout their evolutionary history (Radovcic, 

1975). This diversity of form is reflected in the wide spectrum of 

ecological roles and in the taxonomic complexity found in teleosts. 

It has prompted several broad investigations into the functional design 

of fishes (Alexander, 1974; Aleev, 1967; Gosline, 1971) and numerous 

studies of the functional morphology of specific piscine features (e.g., 

Schaeffer and Rosen, 1961). 

It is possible to identify convergent evolution in taxonom-

ically distinct groups wherein recurrent body forms are associated with 

particular suites of adaptations for well-defined foraging or activity 

modes. Studies on fish behavioral feeding ecology and morphology 

(e.g., Hobson, 1965, 1968, 1974; Keast and Webb, 1966; Jones, 1968; 

Davis and Birdsong, 1973; Emery, 1973) and fish locomotion (reviewed 

in Webb, 1975) provide supporting evidence for the functional signifi

cance for individual characters. The pattern of association between 

body form, functional characters, and swimming modes has given rise 

to the concept of adaptive typal forms of fishes (Greenway, 1965), 

now well established in current ichthyology texts (Marshall, 1971; 

Bond, 1979; Moyle and Cech, n.d.). Despite the usefulness of this 
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paradigm, a bewildering array exists in nature of fishes whose shapes 

seemingly defy both the accepted principles of hydrodynamics and ready 

assignment to an ecological role. 

For a species to persist, single individuals must grow and 

mature, feed, avoid predation, mate, and produce offspring. In 

fishes, elements of body form may be identified that relate specifi

cally to one or more of these requirements, but natural selection 

operates on whole phenotypes. Constraints, often expressed as compro

mise, enter the process at several levels. It has been postulated 

that considerable coadaptation among form elements has occurred 

(Marshall, 1971; Norman, 1975), and that evolutionary constraints 

reduce the number of possibilities in the process of moulding actu

alities (Pantin, 1951). However, this remains to be demonstrated as 

a general principle governing the evolution of fish form. 

How restrictive is the relationship between ecological or 

functional diversification and fish form? I approach this question by 

focusing on the analysis of form variation in a natural community of 

marine reef fishes. I view a reef assemblage as a sample of coexisting 

forms drawn from a universe of reef fish forms. Here, this universe 

is defined by the fishes comprising a delimited pool of potential 

reef colonists. The nature of the sample reflects both qualities of 

the universe from which it was drawn, and processes that govern the 

structure of natural reef communities. Reef fishes are appropriate 

for study because their vagility and ecological dominance in marine 

systems ensure that the sample of species which may be present on a 

reef is representative of both the spectrum of form possibilities and 
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the relevant ecological participants, both defined at the zoogeographic 

regional level. 

Two assumptions are inherent in this approach: (1) that fish 

form may be quantified and recognized objectively and therefore treated 

as a variable, and (2) that marine reef fish communities are stable 

ecological assemblages. 

Fish Form as a Variable 

In fishes, of all the vertebrates, body form variation is per

haps easiest to characterize, at least conceptually. The overwhelming 

bulk of fish biomass is contained in the head and trunk regions. The 

tissue is distributed about a center of gravity, differentiated into 

anterior and posterior regions, and deformed into various configura

tions from the basic fulsiform model. Medial and paired fins are 

appropriately placed as accessories. Though the descriptive terminol

ogy of these configurations has a standardized and accepted usage 

(Lagler et al., 1977; Bond, 1979), it fails to consider the three-

dimensional properties of form variation and contains no inherent 

properties of quantification. 

Gregory (1928) pioneered the measurement of fish form with his 

Gregorian system of fish coordinates. He prescribed a system of 

coordinates in dorsal, ventral, frontal, and lateral silhouette planes 

and measured over 12,000 fishes while on the Avotuvus expedition. 

Unfortunately, Gregory antedated the computer age and his planned 

quantitative synthesis never appeared. These data may have been lost 



4 

following his death (Smith, 1977, personal communication) and the 

efficacy of his method has never been fully evaluated. 

Greenway (1965) used Gregory's system to identify five typal 

forms (rover, predator, bottom living fish, surface fish, and deep-

bodied fish) and discussed their hydrodynamic properties and behavior. 

Using two of Gregory's variables he demonstrated that certain combina

tions of variable states could not easily be found among common 

fishes—a result he attributed to limitations of Gregory's system 

rather than to evolutionary constraints. 

Thus, the first purpose of this research will be to demonstrate 

that fish form may be quantified and recognized in a nonsubjective 

manner. Furthermore, the methods of measurement must be applicable to 

all fishes for the results to have generality. 

Marine Reef Communities as Stable 
Ecological Systems 

The major builders of tropical reefs, scleractinian corals and 

lithothamnion algae, underwent a major radiation in the Eocene (Newell, 

1971). The coincident explosive radiation of the acanthopterygian 

teleosts produced types that inhabit modern reefs (Patterson, 1964), 

and of the families living on reefs today almost every major group is 

represented by the end of the Eocene (Romer, 1966). Thus, in a very 

broad sense, the tropical reef fish community is about 50 million 

years old. 

The study of coral reef fish communities has intensified in 

recent years (reviewed in Sale, 1980). While most workers implicitly 

recognize this community as an integrated unit for study, disagreements 
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exist concerning the nature of community structure and dynamics. At 

present two very different descriptions of the forces which account for 

reef community diversity are receiving attention. The lottery hypothe

sis, in which the stochastic nature of reef space availability renders 

unimportant resource partitioning and competitive interactions (Sale, 

1977) , is countered by a more deterministic view in which those factors 

assume the primary structuring roles (Smith, 1978). 

I have chosen for study reefs of the central Gulf of California. 

Based on a rocky substrate and subtropical climate, Gulf reefs differ 

qualitatively from tropical coral reefs both in their lower diversity 

and more pronounced annual temperature fluctuations. Nevertheless, 

they constitute stable communities in that they exhibit substantial 

spatial and temporal predictability in fish species composition 

(Thomson and Lehner, 1976; Molles, 1978; Gilligan, 1980). Their strong 

resemblance in familial composition to coral reef fish communities is 

documented by Thomson, Findley, and Kerstitch (1979) who recently 

reviewed the ecology and zoogeography of Gulf reef fishes. Building 

on Walker's (1960) results they partitioned the Gulf reef fishes into 

three faunal subunits. These subunits are based on species distribu

tions and segregate by upper, central, and lower geographic divisions 

of the Gulf (Figure 1). A description of the reef fish community 

typical of each subdivision is presented by Thomson et al. (1979). 

I chose reefs of the central Gulf subdivision for study. They 

are intermediate in faunal diversity, in general having about twice 

the diversity of upper Gulf reefs, and typically lacking the more 

restricted tropical, coral-specialist, or deeper-water reef fishes 
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that inhabit the reefs of the lower Gulf. In its zoogeographic charac

teristics the fauna of the central region may be considered "typical" 

of the Gulf as a whole (Walker, 1960). The lower Gulf, particularly 

the Cabo San Lucas area, is notable for occasional colonizations by 

trans-Pacific migrants. Within the central Gulf I focused on reefs 

along the Sonoran coastline between Guaymas and Bahia San Agustin. 

This area was chosen for its geographic accessibility, intensive 

sampling history, and availability of specimens and collection records 

in the University of Arizona Fish Collection. 

Fish Form as an Ecological Metric 

If we assume the ideal shape of teleostean fishes to be 

symmetrically fusiform which minimizes drag (Parsons, 1888; Webb, 

1975), then deviations from fusiformity as viewed in dorsal, lateral, 

and frontal two-dimensional outlines of reef fishes may be traced to 

foraging adaptations (primarily modifying the anterior region), 

locomotor adaptations for modified- or non-caudal fin swimmers 

(affecting whole body shape), predator avoidance adaptations (usually 

increasing outline complexity which may lead to marked asymmetry in 

one or more of the planes), and sexually dimorphic allometric struc

tures (usually anterior and primarily affecting the shape of the 

lateral plane). Does similarity in form imply similar ecological 

function? 

Davis and Birdsong (1973) elegantly showed that convergent 

body form may coincide with convergent resource utilization. Their 

evidence is based on five members of the coral reef planktivore 
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guild, drawn from five perciform families in two suborders. These 

species share an adaptive suite which includes a characteristic jaw 

osteology, dentition, gill raker density and size, lower pharyngeal 

bone development, and fin configuration. Body form in all species was 

similar and symmetrically elongated compared with benthic foragers from 

the same families. Jones (1968) documented the morphological and 

ecological differences which separate 20 species in A genera of sur-

geonfishes (family Acanthuridae). Though most surgeonfishes are 

benthic grazers or browsers, two species were found by Jones to be 

planktivorous. Derived from different genera, their shared convergent 

specializations for foraging in mid-water mirrored, with the exception 

of mouth protrusibility, the character states found by Davis and 

Birdsong (1973) including the relative enhancement of symmetrical 

elongation in body form. Keast and Webb (1966) descriptively associ

ated patterns in fin structures, body shapes, and diet of 1A cohabiting 

species of fishes in a Canadian freshwater community. These results 

were expanded to include effects of age distributions, relative 

abundances of predators and prey, and seasonality in successive 

abundances of prey species (Keast, 1970). 

Hobson (197A) discussed the evolution of teleostean, primarily 

perciform, fishes with regard to foraging adaptations. Herbivory and 

forgaging on certain types of sessile invertebrates are relatively 

recent evolutionary developments in teleosts. In these newly emerged 

guilds, compared with basal perciform carnivores, modification of 

mouth form, mouth size, teeth and pharyngeal apparatus strongly corre

lates with prey defense structures, prey size and shape, and prey 
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distribution in reef microhabitats. Evolution of fish body form is 

apparently not independent of feeding anatomy and varies predictably 

within classes of foraging behavior as evidenced by degree of lateral 

compression and swimming modes in many omnivorous groups. Foraging 

mode and relative importance of prey in diet appear to be more impor

tant factors influencing body form than prey taxon (Jones, 1968). 

Diets of reef fishes are often quite broad (Hiatt and Strasburg, 1960; 

Randall, 1967; Hobson, 1965, 1968, 1974) with poor distinction between 

herbivorous and carnivorous tendencies in individual fish or species 

or within a fish taxon. 

Utilization of resources in a reef community implies more than 

an analysis of foraging habits, for all reef species require and asso

ciate with physical structures on the reef. Consideration of this 

facet of ecological role makes more complex the question of associa

tion between body form and autecology. Thresher (1976) reported that 

the damselfish, Eupomacentvus planifrons, defends serially sized terri

tories against different interspecific competitors. He showed that the 

most important visual recognition cue in adjustment of territory size 

was body form of the competitor and hypothesized that the defended 

resources were food. Ebersole (1977) found that degree of interspe

cific aggression in damselfishes was strongly correlated with dietary 

overlap, while Moran and Sale (1977) concluded that damselfishes were 

most strongly aggressive toward species who overlap in use of reef 

subhabitat. For species which defend a feeding territory selection 

for use of space and food resources is obviously interdependent. In 
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nonterritorial species this interdependence may not be so easily 

defined. 

Davis and Birdsong (1973) identified multiple adaptations asso

ciated with a particular morphological structure as a factor confusing 

attempts to correlate ecology and morphology, and Findley (1973) warned 

about the danger in body form analysis of underestimating behavioral 

plasticity. In fishes, however, form may prove a better indicator of 

resource partitioning potential. Intraspecific competition in fishes 

often produces behavioral flexibility or leads to ontogenetic parti

tioning in long-lived (large) species; interspecific competition forces 

divergence in ecological function and closer correspondence with mor

phological specializations (Nilsson, 1967; Werner and Hall, 1977). 

Confusion in interpretation of form may also result when 

modifications for predator avoidance are imposed upon a form adapted 

for foraging. Pertinent here is Levins' (1975) conclusion that 

modifications for predator avoidance may take precedence over selection 

for increased foraging efficiency at intermediate trophic levels. 

Thus, evolution of body form and foraging mode is strongly influenced 

by the predatory regime. For example, energy-intensive microsite-

specific foraging on benthic sessile invertebrates is a viable strategy 

for intermediately sized fishes only if predators are effectively 

deterred by defense mechanisms. This is seen in tetraodontiform 

fishes which, freed from predator pressure by toxicity, dermal 

"armor," or other elaborate structures, pursue especially difficult 

and often concealed prey in a highly manipulative manner. These and 

many other substrate feeding reef fishes have sacrificed speed or 
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endurance in swimming for enhanced maneuverability and precise move

ments, a trade-off which greatly affects body form (Breder, 1926; 

Harris, 1953; Lagler et al., 1977). 

Objectives 

Marshall (1971) observed that convergence as an evolutionary 

phenomenon may readily be understood or predicted as a process of 

adaptation to similar circumstances by natural selection, but the 

course of divergence can never be foretold. Theoretical attempts 

toward this latter aim, however mathematically elegant and ecologically 

crude, have met with limited success. Form diversification as an 

evolutionary process consists of the generation of novelties or inno

vations through the process of mutation, an embryological test of 

viability, and an ecological test of survival in a complex environ

ment. Clearly, to understand the range of morphological diversity we 

must begin to explore the relative contribution of each of these 

factors to an explanation of forms we do not see, as well as to those 

we do see. 

This study treats form as a variable, sampled from the universe 

of possible states within an ecologically and zoogeographically defined 

community. Analysis of body form variation proceeds with respect to 

the following objectives: 

1. To demonstrate that fish form may be quantified and recognized 

by objective repeatable methods of general applicability. 

2. To test the hypothesis that fish form variation may be 

displayed as a pattern of clusters of points, delineating 
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distinct nodes, and separated by relatively unoccupied gaps 

of morphospace. 

3. To test the hypothesis that fish form diversification and 

ecological diversification are interrelated by functional 

adaptation. 

4. To test the hypothesis that form diversification in reef 

communities is attributable largely to ecological rather than 

morphogenetic constraints. 

5. To test the hypothesis that the forms of fish species on 

reefs reflect the processes that structure reef communities. 

i 



METHODS AND MATERIALS 

Overview 

I restricted the universe of possible forms to species with 

likelihood of colonizing a typical shallow reef in the Guaymas area. 

From an evaluation of distribution records 130 species were chosen for 

study. I photographed specimens in dorsal, lateral, and frontal planes 

and hand-drew silhouettes of the enlarged negatives. A Fourier series 

was used to describe the variation about the center of gravity of each 

silhouette. I evaluated these methods by analyzing the sources of 

intraspecific variation in Fourier amplitudes within a 10-specimen 

series from one species. 

Principal component and cluster analysis of Fourier amplitudes 

across all specimens yielded a three-dimensional form space of speci

men variability and a hierarchical classification of body form. This 

classification was compared with the distributions of independently 

derived functional and ecological characters of fishes in the sample. 

To explore the nature of gaps in the form space, photographs of 

selected species characteristic of the sandy shore fish community 

and of a series of clay models of fishes were also analyzed. 

The Reef Fish Community 

Reefs which occur along the Sonoran coast of the Gulf of 

California between Guaymas and Bahia Kino were chosen for study. The 

body forms of all likely fish colonists to reefs typical of this area 

13 



define the universe of possible fish forms under consideration. To 

construct this species pool I used the species ranges listed by 

Thomson et al. (1979) and excluded (1) all species that had never been 

collected in the central Gulf (49 species) and (2) species whose 

distributions in the central Gulf were primarily along the coastline 

or islands of Baja California Sur in the southern portion of the sub

division (13 species). From the 209 remaining species I chose nearly 

all those that had been collected on shallow reefs (to 7-m depth) 

typical of the Guaymas area. Thirty species were excluded because of 

their overall rarity (one or two individuals recorded in over 15 years 

of intensive collecting), taxonomic uncertainty, or poor preservation 

qualities, _if their body form type was already multiply represented in 

the sample by highly similar congeners. Fishes collected only from 

deeper water (22 species) or those occurring only in specialized 

habitats not often found on a typical reef (27 species) were also 

excluded. Despite these restrictions the sample pool contained 130 

species of potential colonists (Table 1 and Appendix A) whereas typical 

shallow reefs of the Guaymas area (1,000-8,000 m^) support only 40-50 

species at any one time as determined from visual and rotenone 

censuses (Molles, 1978; Gilligan, 1980). 

I analyzed one adult and one juvenile of each species known 

to attain a maximum standard length of 120 mm or greater. In addition, 

in species judged to be substantially sexually dimorphic in body form 

I analyzed an adult male and female. This was judged by the degree of 

morphometric difference reported in the literature and by my relative 

ease of assigning sex based on gross body shape alone. All other 



Table 1. Taxonomic composition of central Gulf reef fishes selected for study. — All 
species with a history of colonization of reefs along the Sonoran coast near Guaymas were included 
(see text). The number of specimens indicates the representation of adult males, females, and 
juveniles in the sample. This list summarizes the species compilation presented in Appendix A. 

Number of Number of 
Order Family Species Specimens Common Name 

Anguilliformes Muraenidae 4 

Gadiformes Ophidiidae 3 

Lophiiformes Antennariidae 2 

Beryciformes Holocentridae 2 

Gasterosteiformes Fistulariidae 1 

Syngnathidae 1 

Scorpaeniformes Scorpaenidae 2 

Perciformes Serranidae 10 

Grammistidae 3 

Apogonidae 1 

Lutjanidae 3 

Haemulidae 8 

Sparidae 1 

Sciaenidae 1 

Mullidae 1 

Kyphosidae 3 

Ephippidae 1 

8 moray eels 

3 brotulas 

2 frogfishes 

4 squirrelfishes and soldier-
fishes 

2 cornetfishes 

1 pipefishes 

3 scorpionfishes 

20 groupers and basses 

6 soapfishes 

1 cardinalfishes 

6 snappers 

15 grunts 

2 porgies 

2 croakers 

1 goatfishes 

6 chubs and opaleyes 

2 spadefishes 



Table 1.—Continued 

Number of Number of 
Order Family Species Specimens Common Name 

Chaetodontidae 2 

Pomacanthidae 2 

Pomacentridae 5 

Cirrhitidae 2 

Labridae 10 

Scaridae 2 

Blenniidae 4 

Tripterygiidae 5 

Clinidae 13 

Chaenopsidae 7 

Gobiidae 14 

Acanthuridae 1 

Gobiesociformes Gobiesocidae 8 

Tetraodontiformes Balistidae 3 

Tetraodontidae 4 

Diodontidae 1 

4 butterflyfishes 

4 angelfishes 

10 damselfishes 

3 hawkfishes 

21 wrasses 

4 parrotfishes 

5 combtooth blennies 

5 triplefin blennies 

20 scaled blennies 

12 tube blennies 

14 gobies 

2 surgeonfishes 

8 clingfishes 

6 triggerfishes and filefishes 

6 puffers 

2 balloonfishes and porcupine-
fishes 

130 210 
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species were represented in the sample by a single specimen. Specimens 

were chosen for lifelike quality of death pose, minimization of bottle 

distortion, and body size typical of juveniles or breeding adults in 

the central Gulf. Specimens of the largest size available were used 

when size of breeding adults ranged widely and/or was extraordinarily 

large (e.g., Epinephelus itajava). Whenever possible, specimens which 

had been collected from the Guaymas region were used. All specimens 

photographed in this study were obtained from the University of 

Arizona Fish Collection. In all, 210 specimens were analyzed (Table 1 

and Appendix A). 

Other Fishes 

To evaluate the nature of gaps in the distribution of reef fish 

forms I attempted to fill and explore unoccupied space by using fishes 

from other habitats or fishes with specific form properties. A small 

sample of fishes typical of the shallow sandy shore community was 

analyzed for form composition (Table 2). In addition, I designed and 

analyzed several clay models of fishes that could be treated as having 

component properties of form and which extended the range of fish form 

to include realistic shapes typically found in freshwater or neritic 

habitats (Table 3). 

Quantification of Form 

Photography 

Each specimen was photographed in dorsal, frontal, and lateral 

planes using Kodak Tri-X Pan Film and a 35-mm camera fitted with a 
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Table 2. Sandy-shore and other non-reef fishes analyzed for 
form distributional comparisons to reef fishes. — Sandy-shore species 
were chosen for their representation of forms typical of sandy-shore 
communities of the Gulf of California. Specimens 308-311 were included 
for their breadth of form comparisons. Specimens 309-311 were analyzed 
in lateral view only. 

Num
ber Scientific Name Lateral Frontal Dorsal 

302 

301 Traahinotus rhodopus 

Caranx aaballos 

303 Selene brevoorti 

305 Cetengraulis mystieetus 

306 Hyporhamphus unifasoiatus 

307 Mentieirrhus undulatus 

308 Liparis fabrioii* 

9 

o 

d 

309 Callichthyidae** 

310 Pataecidae** 

311 Centrophryngidae** 

*Silhouettes taken from Able and McAllister (1980) 
**Silhouettes taken from Nelson (1976) 



19 

Table 3. Modelling clay "fishes" created to represent plausible 
fish forms not present in the reef fish sample. — Fishes were molded, 
photographed, and digitized as if they were real specimens. 

Num
ber Descriptor Lateral Frontal Dorsal 

501 

502 

blockfish 

noodle eel CI 

503 shoe sole c 

504 bellowsfish 

505 creeper 

506 torpedofish 

507 lopsided keelfish 

508 lopsided obese ray 

509 keelfish 

510 obese ray 

c 

O 
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close-up lens (f3.5, 1:1 capability). Irrespective of the size of the 

specimen I adjusted the camera height to fill the frame with the image 

in photographing dorsal and lateral planes. In frontal plane I made 

the image as large as possible within limitations of individual speci

mens. Focus for each plane was set at the section of maximal width. 

Care was taken to position the specimens along horizontal planes 

parallel to the camera lens to minimize distortion. To facilitate out

lining of the silhouette image Liquid Paper was used to distinguish 

the fin bases. An insect pin was inserted to demarcate the caudal 

peduncle at the base of the hypural plate. I positioned most specimens 
» 

on a buret clamp and stand for photography in the frontal plane. To 

minimize specimen damage from heat and desiccation fluorescent illumi

nation was provided. When necessary I "conditioned" specimens prior 

to photography. Correction for abnormal death poses and preservation 

distortion usually required closing of a gaped mouth, collapsing of 

flared opercles and branchiostegals, and straightening of body wall 

curvature. 

Silhouette Enlargements 

Negatives were placed in a photographic enlarger and the size 

of the image was adjusted in dorsal and lateral planes so that body 

length nearly filled the long dimension of standard 8h" x 11" paper. 

In the frontal plane the size of the image was adjusted so that the 

length of the dorso-ventral axis was at least 4 in. except that for 

very small species (e.g., blennies and gobies) this axis was made as 

large as possible without appreciable loss of image sharpness. Body 



form outlines were drawn with a 0.5 mm lead pencil along the body wall 

perimeter exclusive of fins and through the caudal peduncle as a pos

terior margin. When distortions were present I made notes on direc

tions and magnitudes for adjustment. After enlargement longitudinal 

and transverse axes were drawn over the silhouette at the approximate 

center of gravity. The algorithm for finding this point was as 

follows: The longitudinal axis was dissected first at its midpoint 

and second at a point directly opposite the maximal width of the 

silhouette. The segment defined by these two end points was consid

ered to mark the greatest change per unit length of area of the form. 

Its midpoint was taken as the approximate center of gravity. After 

gaining experience I was able to judge when this derived point was a 

poor estimator and I occasionally adjusted its position "by eye," 

which proved satisfactory. Illustrations of the 630 silhouettes 

which comprise the base for extraction of raw shape data are presented 

in Appendix B. 

Fourier Analysis of Body Form 

The silhouettes were quantitatively described by means of 

closed-form Fourier analysis (Ehrlich and Weinberg, 1970). Though 

well known in physics, chemistry, meteorology, and geology, application 

of this technique to biological form analysis is relatively new 

(Oxnard, 1978). It has been used to analyze ostracod shape (Kaesler 

and Waters, 1972; Younker and Ehrlich, 1977), bryozoan zoecial chambers 

(Delmut and Anstey, 1974), bivalve outlines (Gevirtz, 1976), and 
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shape of the human face (Lu, 1965). Its use in anthropological studies 

is also new (Lestrel et al., 1977). 

Fourier analysis is the process of fitting successive sine and 

cosine curves of decreasing period to measured points along the closed 

boundary. Sine (or cosine) curves can be completely described in 

terms of wavelength and amplitude; their relationship to one another is 

set by a phase angle. The analysis begins by setting the wavelength of 

the zeroth harmonic order equal to the total breadth of the data base 

with phase angle zero and amplitude equal to the average of all ordi

nate (in this case, radius) values. Successive harmonics are described 

as deviations of the boundary from average amplitude, cocked at a phase 

angle with respect to a standard, and with periods decreasing as a 

function of n/n. Beyond the zeroth harmonic, as many harmonic levels 

may be calculated as are necessary to describe accurately the shape of 

the closed form up to a limit of N/2 - 1, where N is the number of 

data points along the boundary. In closed form solution the varia

tion of the silhouette boundary about the center is described by: 

r(0) = R + E R cos(n0 -<J> ) , 
o n Tn 

where Rq is the mean radius, R^ is the harmonic amplitude of order n, 

and d> is its associated phase angle. 
n 

For each harmonic order there is a closed curve of known shape 

(for example, harmonic order 1 is an offset circle, order 2 is a 

lemniscate or figure 8, order 3 is a trifoil, etc.). Each harmonic 

amplitude describes the contribution of the order in forming the 

shape and successive amplitudes are calculated from the residuals of 



the preceding ones; thus, they may be directly interpreted as variance 

terms (Gevirtz, 1976) and are statistically independent in deriva

tion. 

Rq is a measure of specimen size and each is a dimensional 

contribution in the form reconstruction. To remove the effect of size 

I expressed each R as a ratio of the mean radius so that differences 
n 

in the relative magnitudes of harmonics across specimens were expres

sive of shape differences alone. This allowed me to compare harmonics 

across planar views, as well as across specimens, and to ask how shape 

evolves independent of size. Body size as an axis of differentiation 

is considered in the analysis of functional characters. Statistical 

problems may arise in the use of ratios (Atchley, Gaskins, and 

Anderson, 1976; see also Albrecht, 1978; Dodson, 1978; Mares, 1980), 

the most notable of which is the introduction of spurious correlation. 

I controlled for this by removing highly correlated variables from 

consideration (see below). 

The mechanical process of Fourier analyzing fish silhouettes, 

diagrammed in Figure 2, was as follows: I used a transparent star-

burst pattern of 60 radii emanating at regular 6.0° intervals. I 

placed the center of the pattern over the estimated center of gravity 

drawn on the silhouette. Cartesian coordinates of the intersections 

of these radii with the silhouette boundary were recorded using a 

slidewire resistance digitizer on-line with a PDP computer system. 

Data were recorded on magnetic tape for transfer and analysis at the 

University of Arizona Computer Center. 



Figure 2. A. Summary of steps in the process of Fourier 
description of fish specimens. B. Example of results for a lateral 
silhouette of Abudefduf tvosohelii, the sergeant major 

The first line illustrates the contributions of component shapes 
for the first four harmonic orders as described by the accompanying 
equation. In the second line are shown approximations of the original 
form after 10, 15, and 29 harmonics enter the calculation of shape. 
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Figure 2. A. Summary of steps in the process of Fourier description of fish specimens. 
Example of results for a lateral silhouette of Abudefduf tvosahelii, the sergeant major 
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Fourier transform of the raw data followed the description 

presented by Ehrlich and Weinberg (1970). I used a FORTRAN computer 

program provided by D. Anstey to compute the center of gravity, the 

mean radius, and series of 29 harmonics and phase angles for each of 

the silhouettes. Computation was performed on a Cyber 175 computer. 

Intraspecific Variation 

To estimate the magnitude and sources of intraspecific varia

tion I photographed and analyzed 10 adult specimens of Abudefduf 

trosahelii (Gill), a species abundant enough in the University of 

Arizona Fish Collection to afford selection of specimens of nearly 

identical size and preservation quality. By repeatedly digitizing 

the same silhouette I estimated the variance introduced by human error 

in cursor placement. I also varied the estimated center of the sil

houette by known decrements and measured the resulting amplitude 

variance. To evaluate the effect of silhouette size I analyzed a 

series of paired silhouettes differing by a factor of 3 in scale of 

enlargement. 

Qualitative Characters 

Morphological Characters 

Twenty-six characters, chosen for their adaptive significance 

in foraging, swimming, and predator avoidance behaviors (Table 4), were 

scored for each specimen in the sample. Categories were prescribed 

for each variable that described an ordinal or qualitative level of 

development. Descriptions of the categories for each variable are 



Table 4. Qualitative characters scored for each specimen in 
the form analysis. — Specific trait descriptions for each character 
are given in Appendix C. Morphological characters were scored on the 
basis of original measurements by the author. Ecological data were 
compiled from literature sources and unpublished observations of the 
author and other workers in the Gulf of California. 

Morphological Characters 

Mouth type 
Mouth size 
Eye size 
Tooth type 
Gill raker density 
Gill raker size 
Caudal peduncle size 
Caudal fin type 
Dorsal fin origin 
Dorsal fin height 
Dorsal fin length 
Anal fin length 
Maximum size 

Pectoral fin type 
Pectoral base angle 
Pectoral fin insertion 
Pectoral base size 
Spinous dorsal type 
Pelvic fin type 
Dorsal fin sheath 
Non-fin spines 
Dermal armor 
Accessory structures 
Toxicity 
Coloration 
Average size 

Ecological Descriptors 

Relative abundance 
Activity site in water column 
Reef subhabitat preference 
Activity period 
Residency 
Reproductive classification 
Foraging style (9) 
Food preference (5) 



given in Appendix C. Definitions of the morphometric variables were 

based on standards in Hubbs and Lagler (1947) whenever possible. Gill 

raker data were taken from the lower limb of the first arch on the 

right side following dissection. Pectoral fin base angles were esti

mated by eye for best fit with elements of a serially sized array of 

cardboard wedges placed flush against the pectoral fin base. All 

linear measurements were made with dividers and a metric rule. Data 

on average size of adults and juveniles were calculated based on the 

size ranges in 10 (or the number available if less than 10) randomly 

chosen collections from the University of Arizona Fish Collection 

records. Data on maximum size were taken from Thomson et al. (1979) 

or the University of Arizona Fish Collection records. 

Ecological Characters 

Twenty characters which describe ecological preferences or 

life history characteristics (Table 4) were scored for each of the 

species in the study. Descriptions for each category are presented in 

Appendix C. Species' scores were based on data taken from published 

sources when available (Hobson, 1965, 1968, 1974; Bohlke and Chaplin, 

1968; Eger, 1971; Gollub, 1974; Hansen, 1974; Montgomery, 1975), 

Molles, 1976; Thomson et al., 1979; Gilligan, 1980), personal field 

notes, and field observations of others (Thomson, 1981; Kerstitch, 

1981; Petersen, 1981—all personal communications). Species for 

which very little information is available were scored based on the 

preferences of highly similar Gulf congeners or closely related 

species from other regions. For this entire group a quality marker 
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was added to facilitate their removal from the analysis in critical 

tests. In order to maintain the sample size both adults and juveniles 

were scored for qualitative characters. Unless information indicated 

specific ontogenetic differences or sexually dimorphic differences 

all representatives of the species (juveniles, adults, males, and 

females) were scored identically. 

Analysis of Data 

Fourier Series 

The quantitative description of form by Fourier series requires 

both harmonic amplitudes and phase angles; provided that both sets of 

variables are included, any form may be redrawn from the synthetic 

equation for verification with the original shape. Because of unre

solved problems in the analysis of phase angles, I considered only 

Fourier amplitudes in the study of body form variation. 

I chose not to standardize the amplitudes across specimens 

(z-transformations with variable means = 0 and variances = 1) as is 

often done in multivariate taxonomic studies. Standardization equal

izes the contribution of each variable to the total variance within 

the data set. Because each amplitude is inherently scaled (both 

within and between specimens) to represent the degree of importance in 

form description, I felt that biological meaning was conserved by 

maintaining these properties. Furthermore, neither standardization 

nor any of the recommmended transformations for ratio data (Sokal 

and Rohlf, 1969) succeeded in removing all aspects of non-normality 

present within the data. I elected to analyze the data in raw form 



and to interpret heuristically the results of principal components 

analysis of the form variables (Harris, 1975; Neff and Smith, 1979). 

I used the unweighted pair-group method of cluster analysis 

based on arithmetic averages (UPGMA) (Sneath and Sokal, 1973) avail

able in the BMDP set of statistical programs (Dixon and Brown, 1979) 

to analyze codependencies (based on bivariate correlation) among 

Fourier amplitudes. By choosing one variable from each highly corre

lated variable cluster I constructed a subset which minimized the 

amount of information redundancy. This subset was used in all 

remaining analyses of body form variation. Using Euclidean distance 

as entries in a specimen similarity matrix, I also used UPGMA to 

cluster groups of specimens with similar body form. Principal compo

nents analysis (Dixon and Brown, 1979) of the covariance matrix was 

used to investigate the interrelationships of form cluster groups. 

This series of analyses—clustering of variables, followed by cluster

ing of specimens and factor analysis—was performed both on the total 

data set (dorsal, frontal, and lateral variables in aggregate) and 

separately for each planer view. 

Qualitative Characters 

Thorough analysis of the qualitative data remains to be 

completed. Here I report only on the multivariate attributes of 

their distribution across specimens. I used Gower's Coefficient as 

an index of association or similarity, and allowed for negative matches 

of characters. Gower's Coefficient for the similarity between two 

specimens, j and k, for a set of n characters is 
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N N 
Sim.. = E (w. s. .. ! 

jk i=1 ljk ljk 
)/ 2 

• n 
w- -i x=l ljk 

where = 1 when the character is valid for both specimens, and 

s„k = 1 when specimens match traits for a character or = 0 when their 

traits differ (Sneath and Sokal, 1973). If negative matches are 

permitted this inde.c is simply the percent of the characters shared by 

the two specimens. I expressed the distance between specimens by 

i-
estimating it to be proportional to (1 - Sim )2 (Gower, 1966). 

J K 

in their ability to describe and agree on specimen similarities and 

differences, I measured the correlation coefficient between distances 

generated for each set of data. To calculate the distance matrix 

qualitative characters were entered after partitioning them into 

ecological (20 characters) and morphological (26 characters) subsets. 

grouping of specimens in morphospace was displayed using a simple 

plotting program. I mapped the distribution of food utilization 

spectra, computed as an index having a unique derived score for each 

of the 32 possible combinations of the food preference categories. 

The procedure for deriving the index is shown in Appenix C. Distri

butions of the food spectra in form groups were analyzed for goodness 

of fit with a null model of random assortment using a Kolmogorov-

Smirnov test (Sokal and Rohlf, 1969). The null model was generated 

using the observed frequencies of the entire sample. 

To assess the congruence of qualitative and Fourier variables 

The relationship between individual characters and the 



SPECIMEN VARIABILITY AND FOURIER 

AMPLITUDE VARIATION 

Use of an exemplar specimen to represent a group is generally 

justified by the assertion that intergroup variation is large compared 

to variation within groups. Studies have shown this to be generally 

true (Sneath and Sokal, 1973) but its applicability to descriptions of 

form based on Fourier series has not been demonstrated. Little infor

mation is present in the literature concerning the magnitude and 

sources of intraspecific variation in Fourier amplitudes of biological 

forms. Prior to this study closed-form Fourier analysis had not been 

applied to forms as complex and variable in outline as reef fishes. 

Intraspecific Variation 

Levels of Observed Variation 

Fourier amplitude variation in 10 adult Panamic sergeant 

majors, Abudefduf trosohel-Ci (Gill), of similar size (mean standard 

length 142.1 ± 11.5 mm) is shown in Table 5. Across harmonic levels 

and silhouette planes amplitude standard deviations range from 0.0001-

0.016 and vary directly with amplitude mean in a pattern reported in 

other Fourier analysis studies (Christopher and Waters, 1974). 

Standard deviations are somewhat lower than those found by Younker 

and Ehrlich (1977). Above harmonic level 10 in frontal and lateral 

planes and 20 in the dorsal plane, amplitude means fall to low, 

nearly constant, levels reflecting their diminishing contributions 

31 
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Table 5. Amplitude variation in Fourier series descriptions of 
dorsal, frontal, and lateral silhouettes of 10 specimens of Abudefduf 
trosohelii-

Harmonic 
Plane Level Mean SD Range 

Dorsal 1 .042 .007 .029 - .050 

2 .687 .016 . 666 - .710 

3 .009 .006 .001 - .018 

4 .343 .015 .312 - .363 

5 .033 .006 .021 - .039 

6 .193 .012 .167 - .206 

7 .042 .005 .034 - .048 

8 .117 .010 .102 - .134 

9 .042 .004 .035 - .047 

10 .077 .007 .068 - .091 

11 .037 .004 .031 - .041 

12 .053 .005 .047 - .064 

13 .031 .003 .026 - .034 

14 .039 .004 .034 - .047 

15 .025 .003 .021 - .029 

16 .030 .003 .026 - .036 

17 .021 .003 .017 - .024 

18 .022 .002 .018 - .027 

19 .017 .003 .014 - .023 

20 .017 .002 .014 - .021 

21 .014 .002 .013 - .019 

22 .013 .002 .011 - .017 

23 .012 .002 .010 - .016 

24 .011 .002 .009 - .014 

25 .010 .001 .009 - .012 

26 .009 .001 .007 - .011 

27 .009 .001 .007 - .011 

28 .007 .001 .006 - .009 

29 .008 .001 .006 — .010 
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Table 5.—Continued 

Harmonic 
Plane Level Mean SD Range 

1 .021 .007 .009 - .029 

2 .452 .010 .434 - .467 

3 .033 .009 .019 - .045 

4 .157 .010 .143 - .170 

5 .022 .012 .005 - .039 

6 .081 .008 .071 - .096 

7 .014 .006 .007 - .023 

8 .047 .006 .040 - .060 

9 .011 .007 .000 - .020 

10 .024 .004 .019 - .034 

11 .011 .005 .004 - .019 

12 .012 .003 .008 - .017 

13 .010 .003 .007 - .018 

14 .007 .002 .004 - .011 

15 .009 .002 .006 - .014 

16 .005 .002 .002 - .007 

17 .007 .002 .004 - .009 

18 .004 .002 .001 - .006 

19 .005 .001 .003 - .006 

20 .003 .001 .001 - .005 

21 .004 .001 .003 - .006 

22 .002 .001 .001 - .004 

23 .004 .001 .002 - .006 

24 .002 .001 .000 - .003 

25 .003 .001 .001 - .005 

26 .001 .001 .001 - .002 

27 .002 .001 .002 - .003 

28 .001 .001 .000 - .002 

29 .002 .000 .001 — .003 
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Table 5.—Continued 

Harmonic 
Plane Level Mean SD Range 

1 .010 .001 .008 - .013 

2 .236 .016 .216 - .259 

3 .040 .004 .032 - .046 

4 .051 .005 .041 - .059 

5 .016 .005 .009 - .027 

6 .031 .005 .025 - .041 

7 .017 .003 .013 - .022 

8 .022 .003 .016 - .027 

9 .019 .004 .012 - .024 

10 .016 .003 .011 - .019 

11 .013 .003 .008 - .017 

12 .012 .002 .009 - .015 

13 .009 .003 .006 - .013 

14 .006 .001 .005 - .009 

15 .006 .002 .003 - .008 

16 .002 .001 .000 - .004 

17 .003 .001 .001 - .004 

18 .002 .001 .001 - .005 

19 .002 .001 .000 - .004 

20 .004 .002 .002 - .008 

21 .002 .001 .001 - .005 

22 .004 .001 .002 - .007 

23 .003 .001 .002 - .006 

24 .004 .001 .003 - .005 

25 .003 .001 .002 - .004 

26 .003 .001 .003 - .004 

27 .003 .001 .002 - .004 

28 .003 .001 .001 - .004 

29 .002 .001 .001 — .004 



to the explanation of form. This pattern of variation would obtain 

regardless of the fish used in the analysis, unlike the respective 

levels at which the amplitude means begin to diminish rapidly. As 

shapes become more robust, or circle-like in a given plane, fewer 

harmonics are required for their description. 

Effect of Radii Number on Shape Capture 

Variation in the form outline between radius points is lost 

to the analysis. The trade-off between adequateness of description 

and cost of human effort requires that choice of the number of points 

be compromised. To test the adequacy of form capture in 60 peripheral 

points I renalyzed the same 10 specimens using a 90-radius pattern. 

Data for the first 10 harmonics which contain most of the form 

descriptions are shown in Table 6. With the exception of the first 

harmonic in the lateral plane, amplitude spectra are not significantly 

different in the two data sets. 

Sources of Intraspecific Variation 

Variation in Fourier amplitudes between specimens may be 

partitioned into real and error components. Real variation in specimen 

form arises from differences in specimen size due to allometric growth, 

and from within-size form differences that result from genetic and 

epigenetic variation in the developmental program. Real sources of 

form variation are assumed to be small. The error component appears 

as noise and presumably is randomly distributed across the sample. 

Four sources of experimental error may be identified: (1) photo

graphic positional differences which lead to outline distortion; 
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Table 6. Comparison of description in 10 specimens of A. 
troschelii using 60 and 90 points to describe the peripheral boundary. 
Although 90 points capture more detail of form variation, only the means 
for harmonic level 1 in the lateral view are significantly different (*) 
between the two densities of form capture (p < .05). 

Plane 
Harmonic 
Level 

60 Radii 

Mean SD 

90 Radii 

Mean SD t 

Dorsal 1 .050 .016 .056 .019 0. 08 

2 .684 .019 .685 .018 0. 12 

3 .017 .008 .013 .006 1. 27 

4 .340 .013 .343 .011 0. 56 

5 .042 .015 .039 .015 0. 45 

6 .190 .011 .183 .009 1. 55 

7 .049 .012 .048 .012 0. 18 

8 .115 .011 .118 .009 0. 66 

9 .047 .010 .048 .009 0. 23 

10 .074 .008 .077 .006 0. 94 

Frontal 1 .019 .009 .022 .009 0. 74 

2 .453 .009 .454 .009 0. 24 

3 .032 .011 .032 .012 0 

4 .156 .011 .157 .011 0. 20 

5 .024 .012 .024 .012 0 

6 .080 .008 .081 .008 0. 27 

7 .014 .006 .014 .006 0 

8 .047 .015 .048 .005 0. 20 

9 .010 .018 .011 .006 0. 16 

10 .024 .013 .025 .004 0. 23 

Lateral 1 .010 .001 .012 .002 2.83* 

2 .236 .016 .242 .018 0.79 

3 .040 .004 .043 .005 1.48 

4 .051 .005 .052 .005 0.45 

5 .016 .005 .017 .005 0.45 
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Table 6.—Continued 

Plane 
Harmonic 
Level 

60 

Mean 

Radii 

SD 

90 

Mean 

Radii 

SD t 

6 .031 .005 .033 .005 0.89 

7 .017 .003 .017 .004 0 

8 .022 .003 .024 .002 1.75 

9 .019 .004 .020 .004 0.56 

10 .016 .003 .017 .003 0.75 



(2) variation in focal depth and sharpness between specimens, which 

also leads to outline distortion; (3) errors associated with digitiza

tion of the outline, including repeatability of cursor placement, 

differences in enlargement size relative to the precision of coordinate 

determination, and estimation of the center of gravity of the form for 

positioning the radial pattern; and (4) variation in preservation 

quality and death pose between specimens. 

Estimates of experimental error from the sources listed in 

category 3 were derived in the following set of tests. I reanalyzed 

a frontal silhouette of A. troschetii eight separate times over a 

period of days to estimate the human error associated with cursor 

placement. Across the first 10 harmonic levels the resulting ampli

tude standard deviations varied from 0.0005-0.0015. In a similar 

manner, I reanalyzed dorsal, frontal, and lateral views, but varied 

the estimated center of gravity for placement of the radial pattern 

as much as 15 mm from the "true" center in each replicate. The 

resulting amplitude standard deviations ranged from 0.0002-0.003. 

I then paired samples of seven lateral silhouettes enlarged to two 

sizes that differed by a scale factor of 3X. Here differences 

between amplitude spectra result not only from cursor placement error 

and variation in the center estimation, but also from changing the 

relationship of silhouette size to the absolute magnitudes of these 

errors. The amplitude standard deviations between paired silhouettes 

varied from 0.0018 to 0.0041 across the first 10 harmonic levels. 

When samples were grouped by size, amplitude variance was reduced in 

the silhouettes of larger size. 
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In order to gain a very crude estimate of the magnitude of 

actual form variation (due to both true variation and specimen distor

tion) I assumed that experimental errors were additive. I subtracted 

a sums of squares estimate of the errors associated with the capture 

of shape (outlined above) from the observed shape variation in a 10-

specimen sample. The differences amounted to amplitude standard 

deviations across all harmonics ranging from 0.003-0.018 due to 

interspecimen differences in shape alone. 

Correction for Specimen Distortion 

Death pose and differences in specimen photography or preser

vation quality often produce distortion in the silhouette. Distortion 

is most apparent in dorsal and frontal planes where an axis of symmetry 

makes for ready comparison of boundaries. A common problem is gaping 

in specimens or other abnormal branchial postures resulting in flaring 

of the opercula and branchiostegal rays. To test the effects of 

correction for obvious distortion, I adjusted silhouette boundaries 

to reinstate symmetry in dorsal and frontal planes after careful 

examination of the photographs. I compared amplitude spectra of the 

same specimens before and after correction (Table 7). With the excep

tion of the third dorsal harmonic, amplitude means were not signifi

cantly different in the two groups, but the absolute range of observed 

values was decreased in 14 of 20 harmonics. This indicates that 

silhouette correction *ias the effect of removing extreme values 

without affecting the overall quantitative description. 



Table 7. Comparison of silhouette descriptions before and after correction for 
deformities. — Correction has the effect of removing extreme values from the observed 
ranges of harmonic amplitudes. (+) indicates significance at p < .05. 

Corrected Uncorrected 

Harmonic Absolute Absolute 
Plane Level Mean SD Range Mean SD Range t R - R 

c u 

1 .042 .007 .021 .050 .016 .053 1.44 -

2 .687 .016 .044 .684 .019 .059 0.38 -

3 .009 .006 .017 .017 .008 .024 2.52* -

4 .343 .015 .051 .340 .013 .045 0.47 -

5 .033 .006 .018 .042 .015 .044 1.76 -

6 .193 .012 .039 .190 .011 .042 0.58 -

7 .042 .005 .014 .049 .012 .029 1.70 -

8 .117 .010 .032 .115 .011 .039 0.42 -

9 .042 .004 .012 .047 .010 .032 1.47 -

10 .077 .007 .023 .074 .008 .027 0.89 



Table 7.—Continued 

Corrected Uncorrected 

Plane 
Harmonic 
Level Mean SD 

Absolute 
Range Mean SD 

Absolute 
Range t R - R 

c u 

Frontal 1 .021 .007 .020 .019 .009 .026 0.55 _ 

2 .452 .010 .033 .453 .009 .025 0.24 + 

3 .033 .009 .026 .032 .011 .035 0.22 -

4 .157 .010 .027 .156 .011 .033 0.21 -

5 .022 .012 .034 .024 .012 .032 0.37 + 

6 .081 .008 .025 .080 .008 .025 0.28 0 

7 .014 .006 .016 .014 .006 .019 0 -

8 .047 .006 .020 .047 .005 .015 0 + 

9 .011 .007 .020 .010 .006 .018 0.34 + 

10 .024 .004 .015 .024 .004 .013 0 + 
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Fourier Amplitude Variation and 
Specimen Typicality 

The relationship between mean and standard deviation shown by 

Fourier amplitude variation indicates that the population of values is 

not normally distributed, a not unexpected result for a ratio variable. 

Although most of the harmonics listed in Table 5 are not significantly 

different from normal as tested by indices of skewness and kurtosis, 

7 of the 30 are leptokurtic and 9 are skewed. I examined the relation

ship between cumulative standard deviation and sample size for four 

harmonics, including three of the most variable from Table 5 (D2, F2, 

and L2), none of which were significantly different than normal. 

Compared with values drawn from a normally distributed population 

having the same means and variances, cumulative standard deviations 

approached the parametric value more rapidly in the harmonic variables. 

This is consistent with the high, but not significant, values of 

kurtosis in many of the harmonic variables. Leptokurtic populations 

have an excess of values close to the mean compared with a normal 

distribution, and generally imply lowered variability (Simpson, Roe, 

and Lewontin, 1960). 

Discussion 

Although variability in amplitude spectra was found, about 

half was due to experimental error and the remainder was bound up in 

"real" shape differences traceable to specimen distortion and true 

shape differences. The overall lack of significant improvement in 

shape capture did not warrant the 50% increase in effort associated 

with increasing the sample size of peripheral points from 60 to 90. 



However, the correction of distortion asymmetry in dorsal and frontal 

planes was shown to be a reasonable means of reducing variability by 

removing extreme values. 

The leptokurtic nature of amplitude variability is such that 

relatively few specimens would be required to accurately estimate a 

mean amplitude spectrum. One well-preserved specimen may prove as 

accurate a representative of form as the means calculated for a series 

of specimens accompanied by a set of preservation distortions. Given 

these results, I chose to sacrifice estimates of intraspecific varia

tion (which would have been impossible to obtain for rare specimens) 

for the ability to describe variation across an entire community. 

Comparison with Interspecific Variation 

Amplitude variation across 210 specimens comprising the inter

specific sample is presented in Table 8. To illustrate the relative 

levels of variability, a ratio of the interspecific range:intraspecific 

range is shown for each harmonic series. The range of observed values 

between species varies 1.8-224 times that of the intraspecific range 

although most ratios are well above the lower bound. This result, 

which fulfills the major requirement for use of exemplar specimens, 

is not dependent on sample size. Rather, it reflects the high degree 

of variability in fish form across the species pool. 
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Table 8. Interspecific variation in harmonic amplitudes among 
210 specimens of reef fishes. — The absolute range of variation within 
each harmonic order is shown as a ratio of the intraspecific range. 

Plane 
Harmonic 
Level Mean Range Ratio 

Dorsal 1 .092 .005 - .220 10.2 

2 .773 .304 1.223 20.9 

3 .029 .001 - .173 9.5 

4 .418 .063 - .969 17.8 

5 .068 .001 - .186 10.3 

6 .258 .027 - .819 20.3 

7 .074 .002 - .199 14.1 

8 .178 .015 - .708 21.7 

9 .066 .004 - .172 14.0 

10 .132 .012 - .616 26.3 

11 .055 .005 - .153 14.8 

12 .101 .011 - .534 30.8 

13 .047 .003 - .131 16.0 

14 .078 .010 - . 466 35.1 

15 .040 .002 - .120 14.8 

16 .062 .005 - .409 40.4 

17 .034 .002 - .105 14.7 

18 .050 .002 - .361 39.9 

19 .029 .001 - .092 10.1 

20 .041 .001 - .319 45.4 

21 .025 .001 - .086 14.2 

22 .033 .001 - .281 46.7 

23 .022 .000 - .976 12.7 

24 .028 .001 - .247 49.2 

25 .019 .000 - .067 22.3 

26 .024 .000 - .218 54.5 

27 .016 .001 - .057 14.0 

28 .021 .001 - .191 63.3 

29 .014 .001 — .056 13.7 



Table 8.—Continued 

Harmonic 
Plane Level Mean Range Ratio 

1 .012 .000 - .077 

C
O

 C
O

 

2 .233 .005 - .585 17.6 

3 .040 .002 - .133 5.0 

4 .068 .002 - .274 10.1 

5 .019 .001 - .111 3.2 

6 .032 .000 - .158 6.3 

7 .012 .000 - .059 3.7 

8 .018 .001 - .101 5.0 

9 .008 .000 - .036 1.6 

10 .010 .000 - .071 4.7 

11 .006 .000 - .033 1.8 

12 .006 .000 - .060 6.7 

13 .005 .000 - .032 2.9 

14 .004 .000 - .048 6.9 

15 .004 .000 - .027 3.4 

16 .003 .000 - .036 7.2 

17 .003 .000 - .030 6.0 

18 .002 .000 - .025 5.0 

19 .003 .000 - .029 9.7 

20 .002 .000 - .018 4.5 

21 .002 .000 - .027 9.0 

22 .002 .000 - .013 4.3 

23 .002 .000 - .023 5.7 

24 .001 .000 - .011 3.6 

25 .001 .000 - .020 5.0 

26 .001 .000 - .010 10.0 

27 .001 .000 - .017 17.0 

28 .001 .000 - .007 3.5 

29 .001 .000 - .013 6.5 



Table 8.—Continued 

Harmonic 
Plane Level Mean Range Ratio 

1 .039 .001 - .180 35.8 

2 .561 .085 1.205 26.0 

3 .035 .002 - .099 6.9 

4 .265 .011 - .948 52.0 

5 .037 .003 - .081 4.3 

6 .153 .009 - .785 48.5 

7 .034 .001 - .103 11.3 

8 .096 .005 - . 668 60.2 

9 .031 .003 - .094 7.6 

10 .062 .003 - .585 72.8 

11 .025 .003 - .111 12.0 

12 .041 .002 - .514 85.3 

13 .019 .001 - .115 16.3 

14 .027 .001 - .453 113.0 

15 .014 .000 - .103 20.6 

16 .019 .001 - .399 99.5 

17 .010 .001 - .085 28.0 

18 .015 .000 - .354 88.6 

19 .008 .000 - .075 18.8 

20 .012 .000 - .316 79.0 

21 .007 .001 - .067 11.0 

22 .011 .000 - .283 56.6 

23 .007 .000 - .062 15.5 

24 .009 .000 - .252 126.0 

25 .006 .000 - .056 28.0 

26 .008 .000 - .224 224.0 

27 .006 .000 - .052 26.0 

28 .007 .000 - .200 66.6 

29 .005 .000 - .045 15.0 



PATTERN OF FORM VARIATION IN 

CENTRAL GULF REEF FISHES 

Relationships Among Fourier Variables 

A dendrogram depicting the average correlation among variable 

groups is shown in Figure 3. The high levels of correlation among the 

even harmonics in dorsal and lateral planes reflects both the inter

active manner in which the form abstraction gradually elongates the 

initial circle, and the biological reality that most fishes express to 

the same degree elongation in both planes. The generally low complex

ity and symmetry of fishes in dorsal view contributes to the high 

similarity of odd-numbered harmonics of order greater than 9 in the 

dorsal series. Complexity in outline associated with cephalization 

in all planes and dorso-ventral asymmetry in the lateral view are 

expressed in the dendrogram by the much lower variable intercorrelation 

for odd harmonics of low order. The noise content of a Fourier descrip

tion, which is expressed as uniformly low and decreasing amplitudes 

across the higher order harmonics, varies indirectly with the degree 

to which a given silhouette departs from a simple circle. Frontal 

views of fishes in the sample range from ellipses with near transverse 

as well as sagittal axial symmetry to complexly modified compressed or 

depressed figures. However, the frontal view is the least variable of 

the three planes. The large group containing even- and higher odd-

numbered frontal harmonics is indicative of simple silhouettes which 

vary largely in symmetrical elongation. To define cluster groups, 
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Figure 3. Correlation dendrogram of the relationships among variables of the dorsal (D), 
frontal (F), and lateral (S) Fourier series. — Numbers along the abscissa ranging from 01-29 for 
each series refer to the harmonic order. The clustering method was UPGMA. The 0.70 level of 
average correlation was used to delimit group boundaries. The variables chosen from each group 
are marked with an arrow. 
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I chose a level of average correlation equal to 0.70. Within a group 

I chose the harmonic variable of lowest order to represent each group. 

This produced a subset of 12 variables: Dl, D4, D9, SI, Fl, F2, F3, 

D3, S3, S5, D2, and F9. In addition, I used the variable S2 because 

the sign of its correlation coefficient was often opposite to that of 

the dorsal variables in its cluster group. These 13 Fourier amplitudes 

formed the raw data base for all subsequent analyses. Their reduced 

correlation matrix is shown in Table 9. 

Form Similarities Among Fishes 

A phenogram illustrating the average Euclidean distance between 

specimens within groups is shown in Figure 4 (in pocket). A distinct 

shift from low-level near neighbor agglomeration to more distant between 

group combinations in the region of 0.20 average Euclidean distance (d) 

suggested this as the critical level for designation of form groups. 

In addition, this level was consonant with the independent criterion 

of choosing a level at which very distinct fish groups (e.g., eels, 

clingfishes, and frogfishes) clustered. Eleven form groups were 

defined as summarized in Table 10 and Appendix A. In the following 

discussion I use the abbreviations A (adult), J (juvenile), M (male), 

and F (female). Specimen numbers when shown in a range refer to 

their sequence in the phenogram (for example, the entire set would be 

referred to as specimens 1-9). The silhouettes in Appendix B are 

listed by specimen number and arranged in sequence according to form 

group to permit cross referencing. 



Table 9. Correlation among variables used in the form analysis 
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Table 10. Summary of form groups defined in the distance phenogram. — Span refers to the 
sequence of specimen numbers across the bottom of the phenogram. N is the number of specimens 
in each group. 

Taxonomic Diversity 
Average 

Group Span N Distance Families Orders Examples 

1 1-18 10 .206 2 2 eels and cornetfish 

2 163-20 3 .190 3 2 pipefish, worm blenny 

3 159-10 6 .206 2 2 Worm blenny, tube blennies 

4 189-193 8 .219 1 1 clingfishes 

5 12-13 2 .140 1 1 frogfishes 

6 208-203 5 .208 2 1 puffers, balloonfish 

7 28-21 6 .197 3 3 scorpionfish, puffers 

8 14-83 33 .209 12 2 

8A 84-83 13 .191 9 2 spadefish, angelfish 

8B 14-93 20 .112 12 2 grunts, snappers, damselfish 

9 119-201 3 .232 2 2 filefish, razorfish 

10 11-16 89 .192 19 3 

10A 11-34 26 .110 7 2 wrasses, grunt(J), goatfish 

10B 48 1 1 1 soapfish 

10C 134-181 3 .102 2 1 wrasses, a goby 

10D 41-118 4 .119 2 1 creolefish, wrasses 

10E 17-64 16 .089 9 3 chubs, grunts, snappers 



Table 10.—Continued 

Group Span N 
Average 
Distance 

Taxonomic Diversity 

Families Orders Examples 

10F 54-15 17 .079 7 2 snappers, groupers, wrasses 

10G 11-16 22 .150 9 3 groupers, hawkfish, blennies 

11 131-9 45 .208 6 2 

11A 131-133 15 .133 2 1 clinids and blenniids 

11B 174-136 6 .113 3 1 triplefin blennies 

11C 185-182 2 .141 1 1 gobies 

11D 179-9 22 .153 6 2 gobies, chaenopsids, clinids 
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Group 1 is comprised of moray eels (A, J) of the primitive 

order Anguilliformes and FtstuLavia commevsoni (A, J), the reef 

cornetfish. These fishes are the most attenuate of the entire sample. 

Within group 1 the adult cornetfish is of distinctly different shape, 

shown by its relative independence from the remainder of the group. 

With the exception of Muvaena lentiginosa (J), juveniles and adults 

tend to segregate by age. These differences, however, must be inter

preted with caution. Attenuation, the overwhelming shared feature of 

the group, masks other form properties (e.g., the varying degrees of 

cephalization and differences in head shape); the radial pattern 

decreases in efficacy of shape capture in the anterior and posterior 

extremes as degree of attenuation increases. 

In group 2 are three eel-like specimens: the pike blenny 

Chaenopsis alepidota and the worm blenny Statlvnonotus simiscali-

fornici (F) are perciforms; Doryrhampus melanopteuva is a pipefish 

(order Gasterosteiformes). The strong similarities of groups 1 and 2 

are shown by their sistergroup status, and merger at d = 0.224. 

In group 3 are found the worm blenny male, Ogilbist-Bp. (a 

brotulid of the order Gadiformes), and four chaenopsid blennies of the 

genera Emblemcncia and Protemblemaria. Each blenny pair (M, F) clus

ters before combining with others of the group. Inclusion in group 3 

of the worm blenny male results from its strong dimorphic increase in 

head size and overall robustness compared to the female. In general 

the clinal trend from groups 1 to 3 is toward the appearance of 

cephalization in dorsal and lateral planes. Retention of extreme 

attenuation as a common feature of the three groups is evident in the 
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phenogram where these groups merge at d = 0.371, and then remain dis

tinct from all others until the final clustering step at d = 0.733. 

Group 4 is comprised of the eight species of clingfishes in the 

sample. Within it are two clusters. In one subgroup the combination 

of Araos and Gobiesox reflects the shared, strongly discoid shape of 

the anterior body in dorsal view in contrast to the more tapered 

anterior shapes of Pherallodisous and Tomioodon that form the second 

subgroup. The clingfishes are unique among reef fishes of the sample 

in their greatly enhanced dorso-ventral depression in frontal view. 

In a Fourier description this gives rise to the unusual property of 

having relatively more attenuate lateral views than dorsal views. 

In the phenogram the distinctiveness of clingfishes appears as a 

very "late" merging of group 4 with the main body of the sample at 

d = 0.463. This value is exceeded only by the level at which the 

eel-like groups finally join to unite the entire sample. 

Two adult frogfishes of the genus Antennavius (order Lophii-

formes) comprise group 5. The rugosity of their lateral silhouettes 

is sufficient to separate them from other reef fishes. They are, 

however, strongly allied in form to group 6 by having robust dorsal 

and depressed frontal silhouettes. Group 5 should be thought of as 

containing juvenile frogfishes as well as adults; though lack of 

appropriate specimens prevented their inclusion in this study it is 

unlikely that juveniles would cluster elsewhere in the phenogram. 

The balloonfish (A, J) Diodon hotooanthus and three puffers, 

Canthigaster punctatissima3 Arothron meleagris3 and Spheroides lobatus 

(J), make up group 6. Because of their inherent form extensibility, 



tetraodontiform fishes of the families Diodontidae and Tetraodontidae 

proved among the most difficult to "correct" for preservation deformi

ties. Consequently their Fourier descriptions are subject to greater 

natural and induced variation and here the within-group shape similari

ties shown in the phenogram are probably less meaningful. The group is 

united by a strong degree of frontal expansion in combination with 

dorsal truncation. The lateral views are generally asymmetrical with 

the center of gravity displaced anteriorly (Diodon), posteriorly 

(Canthigaster) , or ventrally (Arothron) . The placement of Spheroid.es 

Zobatus (J) here is puzzling since the adult and a congener (A, J) 

cluster in group 7. Analysis of additional specimens may expose 

sufficient error in the Fourier description to revise its placement. 

Group 7 is a heterogeneous assemblage from three orders. It 

comprises two puffers (Spheroides annulatus (A, J) and S. Zobatus (A)), 

the stone scorpionfish (Scorpaena mystes (A, J)) from the order 

Scorpaeniformes, and the jewfish (Epinephelus itajara (A), order 

Perciformes). The fishes separate into subgroups along family lines. 

The inclusion of the jewfish is interesting as it is the most heavy-

bodied and frontally depressed of the 20 serranid specimens in the 

sample. Like the fishes in group 6, all group 7 members are expanded 

in frontal view; however, the degree of frontal depression is more 

variable and they are less truncate in dorsal view. Nevertheless, 

the forms of fishes in groups 5, 6, and 7 possess common properties 

as seen in cheir progressive sistergroup statuses and final merger 

at d = 0.285. 
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Group 8, comprised of deep-bodied fishes, has two major sub

groups. Subgroup 8A with 13 specimens contains the most extreme 

samples of transverse compression (frontal plane) and dorso-ventral 

expansion with posterior truncation (lateral plane) among reef fishes 

of the sample. Included here are ephippids (spadefishes), pomacanthids 

(angelfishes), chaetodontids (butterflyfishes), and acanthurids (sur-

geonfishes), all from the order Perciformes, and finescale triggerfish 

from the order Tetraodontiformes. The spadefish juvenile (84) is 

distinct from all others in this subgroup, probably owing to its 

extremely truncated lateral view but less compressed frontal view. 

Subgroup 8B is comprised of fishes which are to varying degrees deep-

bodied, but are comparatively less truncate and more fusiform in 

lateral view. They are also less compressed in frontal view. Among 

the 20 specimens of the subgroup are found all the damselfishes 

(Pomacentridae), tinsel squirrelfish (holocentrids, of the order 

Beryciformes), chubs and opaleye (Kyphosidae), the most deep-bodied 

species of snapper (Hoplopagrus guentheri (A, J)) and grunt 

(Anisotremus interruptus (A)), adult male Scarus pevvieo (a parrot-

fish) , and the more conservative of the angelfish (Holacanthus passer 

(J)) and triggerfish (Sufflamen verres (A, J)). 

In comparison with group 8, the fishes of group 9 are more 

elongate in dorsal view but retain strong compression in the frontal 

plane. The lateral plane varies from somewhat symmetrical (Hemi-

pteronotus pavoninus (J)) to strong asymmetry (Alutera soripta (A, J)). 

The distinctiveness of the razorfish juvenile is shown in the phenogram 

by its merger with the filefish pair at d = 0.232. Although slightly 
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above the criterion level, this placement was preferred to designating 

two monotypic specialist groups. 

Group 10 (89 specimens) is a large assemblage of fishes drawn 

primarily from the order Perciformes. It is composed of fishes inter

mediate in elongation in the lateral plane, and with a moderate degree 

of cephalization influencing the dorsal plane. They divide into seven 

subgroups. Subgroup 10A (26 specimens) contains a cluster of wrasses 

and goatfish (specimens 75-123), a cluster of juvenile grunts (speci

mens 59-61), and two additional clusters (35-109 and 70-34) made up of 

wrasses, an elongate grunt (Xenistius aaliforniensis (J)), and one of 

the more fusiform groupers, Myotepoperca jordani (A, J). Isolated 

specimens in subgroup 10A include Oligopus diagvammus (a brotulid from 

the order Gadiformes), two grammistids, the Panamic fanged blenny 

(Ophioblennius steindaehnevi (A)) and Mycteroperca rosacea (J). The 

basis of similarity among 10A members is the intermediate level of 

elongation of the dorsal and lateral silhouettes, a symmetrical and 

only slightly compressed or depressed frontal silhouette, and a 

tendency toward symmetry of the dorsal and ventral boundaries of the 

lateral silhouette. The inclusion of soapfishes (grammistids) and the 

blenny which, in addition to this form pattern, have caudal vs. ante

rior truncation, respectively, points out the "confusion" or equation 

of these very different shapes by the Fourier descriptors. Subgroup 

10B (specimen 48) contains only the soapfish Pseudogramma thaumasium. 

It is more robust, as shown by its enhanced and slightly depressed 

frontal view, than 10A members. Subgroup 10C (three specimens) 

contains juveniles of two wrasses and the goby Lythrypnus dalli 
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(numbers 120, 124, and 186). In comparison to 10A these fishes are 

more strongly compressed in frontal view and more attenuate in dorsal 

view. Subgroups 10A, -B, and -C, which merge at d = 0.157 in the 

phenogram, are collectively a sistergroup to the combined subgroups 

10D, -E, and -F. Subgroup 10D (four specimens) is made up of fishes 

less elongate in lateral view while maintaining frontal compression 

and dorsal attenuation similar to the fishes of 10C. Subgroup 10D 

includes Haliahoer'es nioholsi (M, F) , Hemipteronotus pavoninus (A) , 

and Paranthias colonus (J). The ontogenetic switch from group 9 as a 

juvenile to Group 10 as an adult in H. pavoninus is associated with 

the positive allometry of cephalic features leading to a change in 

head shape and a shift in the Fourier description of the lateral 

silhouette. Subgroup 10E (16 specimens) is composed of two clusters 

and a single distinctive specimen. The first cluster (17-56) contains 

fishes that have a moderately developed asymmetry of the dorsal and 

ventral lateral silhouette boundaries. The ventral boundary is 

nearly flat or only slightly curved. The dorsal boundary reaches an 

obvious and maximum curvature at about the level of the operculum 

and descends to form the snout outline as a smooth but asymmetrical 

"V." Included in this cluster are grunts (Anisotremus davidsoni (A, 

J) and Haemulon steindaehneri (A)), the rock croaker (Pareques viola 

(A))j the coral hawkfish (Cirrhitichthys oxycephalus), and the juvenile 

Panamic soldierfish Q4yripristis leiognathos). The second cluster 

(72-44) is comprised of fishes which in lateral silhouette displace 

the point of maximum dorsal curvature posteriorly of the operculum, 

and the venvral boundary also contains curvature in the abdominal or 



anal fin regions. In this cluster are the sparid Calamus brachysomus 

(J), the Cortez chub (typhosus elegans (A, J)), juvenile opaleye 

(Givella sirrrplicidens), a grunt (Haemulon maculicauda (A)), the yellow 

snapper (Lutjanus argentiventrus (A, J)), the scissortail damselfish 

(Chvomis atrilobata (A)), and a soapfish (Rypticus bicolor (A)). The 

distinctive Haemulon sex fas datum has form properties of both cluster 

groups. Subgroup 10F (17 specimens) may be divided into two cluster 

groups and a lone specimen. The entire subgroup tends toward symmetry 

of the dorsal and ventral lateral boundaries with a smooth evenly 

balanced "V"-shaped snout. In cluster one (33-36) these traits are 

most evident. It contains Epinephelus panamensis (J), Nicholsina 

denticulata (J), Chvomis atrilobata (J), Xenistius califovniensis (A), 

Microlepidotus inornatus (A), Paranthias colonus (A), Bodianus 

diplotaenia (J, F), Thalassoma lutesoens (A), Haemulon flaviguttatwi 

(A), Rypticus bicolor (J), and Mycteroperca rosacea (A). Fishes of 

the second cluster (106-15) add outline complexity to the lateral 

symmetry with posteriorly placed lobes associated with the basal areas 

of the medial fin or anteriorly placed curvature (blunting) on the 

head or snout regions. Placed here in the phenogram are Bodianus 

diplotaenia (M), Nicholsina denticulata (A), Epinephelus panamensis 

(A), and Adioryx subovbitalis (A). The distinctive specimen of this 

group, Lutjanus novemfasciatus (A), has form properties of both 

clusters. Subgroups D, E, and F merge at d = 0.144. Finally, sub

group 10F (22 specimens) contains fishes that are more depressed in 

frontal plane than other members of Group 10, and in general they 

exhibit stronger cephalization in the dorsal plane. The variance in 



the lateral plane is similar to that in subgroup 10F. Subgroup 10G 

contains two large clusters of specimens, a clustered pair, and two 

lone specimens. In the first cluster (26-38) are forms that appear 

to be somewhat drawn out or attenuated, posterior of the head, but 

gradually such that the caudal peduncle region is actually broader 

(in lateral view) than a fusiform model would dictate. Placed here 

are Epinephelus analogus (A), Labrisomus xanti (M, J), Hypsoblennius 

gentilis, Searus perrieo (J), Serranus faseiatus (A), Epinephelus 

labriformis (A), and Pavalabvax maculatofaseiatus (A, J). In the 

second cluster (24-16) are fishes that are slightly to moderately 

truncated posterior of the head while retaining breadth in the caudal 

peduncle. The effect is to slightly dorso-ventrally expand, or 

deepen, the lateral silhouette. Here are found Epinephelus afev (A) 

E. labriformis (J), Civrhitus vivulatus (A, J), E. itajara (J), Apogon 

vetvosella, E. analogus (J), Lutjanus novem faseiatus (J), and 

Myvipvistis leiognathos (A). Distinction of the clustered pair rests 

on a slightly higher degree of cephalization which focuses area 

anteriorly in the dorsal view. The two lone fishes are Epinephelus 

afer (J) and Pareques viola (J), both by far the most deeply bodied 

specimens in subgroup 10G. 

Group 11 is the second largest with 45 specimens. Within it 

four major subgroups may be identified in the phenogram. In general, 

fishes of group 11 are strongly cephalized in dorsal and lateral 

views, expanded in frontal view, and much more attenuate than the 

fishes of group 10. The degree of attenuation varies noticeably 

across the group, as does the degree of depression, leading to 



dorso-ventral expansion of the frontal view. Subgroup 11A (15 speci

mens) contains a large cluster and two distinctive specimens. They 

are the least attenuate, most robust fishes of group 11. In general, 

they have large heads, but are only moderately depressed in frontal 

view. Included here are the blenniids Hypsoblennius brevi.pi.nnis and 

Entomacrodus ohiostictus, and clinid blennies of the genera 

Malaaoctenus (five specimens), Paraolinus (three specimens), Labrisomus 

(four specimens), and Xenomedea rhodopyga. In the phenogram the two 

blenniids are distinctive (numbers 131 and 133) probably owing to the 

relative bluntness of their snouts compared to the clinid blennies. 

In subgroup 11B (six specimens) are fishes exhibiting strong frontal 

depression as well as overall robustness. Among the blennies are the 

tripterygiids (Enneanectes seccmaculatus 3 E. ctenioeps, Axoclinus sp. 

and A. oarminalis) and the clinid Labrisomus multiporosus (A). One 

goby (Bathygobius ramosus) is also placed here. Subgroup 11C (two 

specimens) contains the gobies Gymneleotris seminudus and Gcbiosoma 

sp. Subgroups 11A, -B, and -C merge at d = 0.189 to form a sister-

group to subgroup 11D. In comparison, specimens of subgroup 11D are 

more attenuate in dorsal and lateral planes and the decreasing cline 

in cephalization across the group culminates here. Within this 

subgroup the least cephalized and most attenuate members, the cigar-

shaped gobies (Chriolepis zebra, Gobulus hancocki3 G. ovescentalis 3 

and Elaoatinus sp.), form a distinct cluster (176-180). The other 

members of 11D retain minor degrees of cephalization. Another cluster 

(173-157) groups fishes with curvature in lateral and dorsal planes: 

Arwma histrio3 Coryphopterus urospilus3 Elaaatinus digueti3 Gobiosoma 



chiquita3 Barbulifer pantherinus (all gobies), Coralliozetus angelica 

(F), and Stavksia spinipenis (blennies). The final cluster (162-9) con

tains fishes that are slightly more attenuate than those of the previous 

cluster. It includes Acanthemblemavia erookevi (M, F), Emblernaz>ia hypa-

canthus (M), Coralliozetus micropes (M), Elaoatinus punctioulatus3 

Coralliozetus angelliaa (F), and Ogilbia ventvalis (a brotulid). 

Properties of Fish Morphospace 

Factor Analysis of Form Variation 

Relationships among the 11 form groups defined in the phenogram 

may be analyzed by describing how reef fish form varies across all 

specimens, displaying the important themes of variation as axes of 

"fish morphospace," and then mapping the spatial distribution of 

specimens and form groups. The success of this approach, formally 

called principal components analysis, may be judged by the amount of 

variation in the sample accounted for by variation across the new axes. 

Results of a principal components analysis of the covariance 

matrix is shown in Table 11 and Figure 5. The position of each 

Table 11. Results of principal components analysis 
of the form covariance matrix based on 13 Fourier variables 

Variance Cumulative 
Factor Explained Proportion 

I 66.2 66.2 

II 22.5 88.7 

III 6.4 95.1 

IV 2.4 97.5 



Figure 5. Distribution of groups along the first two principal 
components of form variation 

Factor I describes the degree of form attenuation and accounts 
for 66% of sample variation. Factor II accounts for 22.5% and mainly 
describes the degree of frontal compression. Silhouettes of selected 
fishes (A) have been illustrated for various positions in the morpho-
space. Group 4 is very distinctly separated from groups 7 and 11 along 
factor III. Form boundaries were drawn by eye. 
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Figure 5. Distribution of groups along the first two principal components of form variation 
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specimen has been mapped in morphospace using the factor score coeffi

cients given in Table 12. The score of each specimen along a given 

factor is given by 

13 

E Fsc.(A. - A.) 
i-1 1 1 1 

where Fsc., A., and A. are the factor score coefficient, the observed 
i i' l ' 

harmonic amplitude, and the amplitude mean for each of the i variables. 

Thus the (0,0,0) origin in morphospace represents a hypothetical fish 

whose observed amplitudes are equal to the means across all 13 vari

ables, i.e., an "average" reef fish form. I used the membership of 

each form group as an algorithm for plotting specimens in the morpho

space. Group boundaries as shown were approximated by eye based on the 

distribution of points to portray spatial relationships among groups. 

Factor I, accounting for 66% of the variation in the sample, 

is an axis which primarily measures attentuation of body form. Atten

uation refers to an elongation and thinning of the body along the 

anterior-posterior axis. Negative attenuation may be thought of as 

truncation or form robustness. High values of Fourier variables D2, 

D4, and S2 indicate attenuation in both dorsal and lateral planes. It 

is possible to score high values in dorsal but not lateral harmonics, 

or vice versa, but either case yields very different body forms. To 

score on the positive half of factor I a specimen must have above 

average values of D2, D4, and S2. However, the conditions for scoring 

negatively are not as clear cut. Negative coefficients for the vari

ables F2 and S3 are sufficiently large to affect the score of 



65 

Table 12. Factor score coefficients describing the linear 
combination of variables along each axis of morphospace. — Variable 
means are listed across the bottom. 

Factor 

Variable I II III Mean 

D1 .096 - .506 - .918 .091 

D2 1.625 2.879 - 3.254 .773 

D3 - .036 - .507 1,052 .029 

D4 1.578 2.811 - 1.781 .418 

D9 .086 <• - .182 - .984 .066 

F1 - .051 .046 .915 .012 

F2 - .822 3.523 8.366 .233 

F3 - .038 - .376 .636 .040 

F9 - .030 .065 .197 .008 

SI .176 - .343 .394 .040 

S2 2.493 - 2.452 6.077 .561 

S3 - .102 .079 - .403 .035 

S5 - .010 - .199 - .215 .037 
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specimens that have very large values (well above the mean) for these 

variables. Specimens with scores well below the mean for variables 

D2, D4, and S2 will also score strongly negatively. Thus, although the 

magnitude of the factor I coefficients render this axis primarily one 

measuring body form attentuation, transverse compression is also a 

covariate. Intermediate factor I scores, both negative and positive, 

obtain in fishes that have high values in subsets of these variables. 

Factor II, accounting for 22.5% of the sample variation, is an 

axis which measures transverse compression in body form. The negative 

expression of compression is frontal expansion, either symmetrically or 

asymmetrically (usually dorso-vental depression). Compared to factor I 

the covariate contribution is more important. Large positive values 

along factor II result primarily from coincidentally high values in 

variables D2, D4, and F2. Because D2 and D4 span a far greater range 

of values than F2 it is also possible for extreme attenuation with 

only moderate transverse compression to produce high factor II scores. 

Large negative values may result either from a complex syndrome 

involving coincidentally high values of Dl, D3, F3, and S2 or very low 

values for D2, D4, and F2. The most extreme factor II values, both 

positive and negative, occur when these two variable sets complement 

each other. 

Factor III, accounting for 6% of the sample variation, 

describes a complex form gradient. In the positive extreme form is 

* transversely compressed, laterally attenuate, and dorsally truncate. 

In the negative extreme form is dorsally attenuate and assymmetrical 

(i.e., area is anteriorly or posteriorly focused), frontally expanded, 



and laterally truncate. In order to make biological sense of this 

description it must be kept in mind that phase angles do not enter the 

analysis; an elliptically shaped frontal view will be described by a 

single set of amplitudes irrespective of the transverse or dorso-

ventral orientation of its major axis. The biological realism enters 

with the covariance of Fourier variables between views. This is most 

obvious when the values for factor III (Figure 6) are examined. Most 

fishes score in a narrow range (- 1 to + 1) around zero along factor 

III; i.e., they are neutral for the distinctions which separate along 

this axis. Strong positive scores obtain only in clingfishes which 

meet the required but unusual form properties. However, no specimen 

scores strongly negatively. This is easily understood by considering 

the effect of compression vs. expansion in frontal view. Compression 

necessarily requires a trade-off between truncation and attenuation in 

lateral and dorsal views. Both combinations are possible. Expansion 

necessarily requires a similar response in both views, and the degree 

of attenuation is simultaneously lessened. Since expansion is rela

tive to the mean frontal shape, a small allowable variance in the 

frontal, lateral, and dorsal linkages produces the low level variation 

we see in the sample. 

A summary of the independent elements of form variation 

described by the first three principal components is presented in 

Figure 7. However, the natural covariation among these elements is 

evident from the distribution of form groups within the morphospace 

(Figure 5). Groups 1, 2, 3, 11, 7, and 6 appear to form a natural 

cline from extreme attenuation to frontal expansion accompanied by 
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Figure 6. Distribution of groups along Factors I and 
III illustrating separation of group 4 along the third dimen
sion of morphospace. — Factor III accounts for 7% of variation 
in the sample and describes extreme depression or flattening 
along the dorso-ventral skeletal axis. 
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Figure 7. Summary of the variations in reef fish body 
form across morphospace. — The percent of the total variation 
explained by each factor is shown in parentheses. Fishes found 
at the extremes along each axis are listed below the axis descrip
tion. 



dorsal truncation. The absolute limit of this cline is the sphere, 

having the coordinates (- 3.1, - 2.7, - 2.0). Groups 8, 10, and 11 

form an opposite cline from extreme lateral truncation and frontal 

compression to frontal expansion with intermediate or above-average 

lateral attenuation. The intersection of these clines occurs in group 

11. Groups 9 and 5 appear to be off both trajectories and perhaps 

allude to form regions explored more fully in non-reef fish groups. 

Between the major trajectories gaps occur in morphospace. 

Planar Components of Variation 

Frontal Plane. A cluster analysis of the 29 frontal variables, 

using 0.70 average correlation as a criterion for group designation in 

the dendrogram, yielded six variables which contributed relatively 

independent information: Fl, F2, F3, F9, Fll, and F12. These vari

ables were entered into a principal components analysis. The resulting 

description of variation in the frontal plane is shown in Figure 8 

and is summarized in Table 13. Figure 8 shows a scatter of points, 

slightly skewed toward the positive region along factors I and II. 

Factor I describes the degree of frontal compression. Fishes whose 

value of F2 > F2 are relatively more compressed than the average and 

have a positive factor I score. The opposite holds for the negative 

region, but a small negative contribution is added for fishes assym-

I 
metrical (above the average) in frontal view (as tracked by variable 

F3). Frontal asymmetry, which in reef fishes usually translates as 

dorso-ventral depression, is strongly accentuated along factor II in 

the positive region. In addition to symmetry, fishes which show 
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Figure 8. Form variation in frontal silhouettes of 
reef fishes. — Results of the principal components analysis 
are summarized in Table 13. Codes for taxonomic groups are: 
A: moray eels; B: groupers and soapfishes; C: grunts and 
snappers; D: chubs, opaleye, and porgies; E: angelfishes and 
surgeonfishes; F: damselfishes; G: scaled blennies and true 
blennies; H: tube blennies and gobies; I: puffers, balloon-
fishes, and triggerfishes; J: wrasses and parrotfishes; 
K: brotulas; L: scorpionfishes; N: squirrelfish and soldier-
fish; 0: clingfishes; P: frogfishes; and S: pipefish and 
cornetfish. 



Table 13. Summary of principal components analysis of form variation within silhouette 
planes. — Each analysis was limited to the covariance matrix based on variables from a single 
plane. The total variance listed for each view is the sum of the variances contributed by 
individual Fourier variables and indicates the relative amount of variation contributed by each 
plane to overall body form variation. The variables contributing most to variation along positive 
(+) and negative (-) regions of the derived axes are listed. 

Plane Factor 

Variance 
Explained 
(%) 

Cumulative 
(%) 

Total 
Variance 

Number 
of 
Variables Important Axis Descriptors 

Frontal I 

II 

95.7 

3.7 

95.7 

99.4 
.01998 

F2(+), F3(-) 

Fl(+), F3(+), F12(-) 

Dorsal I 

II 

90.3 

6.5 

90.3 

96.8 
.05422 

D2(+), D4(+), D3(-) 

Dl(+), D9(+), D4(-), D2(+) 

Lateral I 

II 

93.3 

4.4 

93.3 

97.7 
.05612 

S2(+), S12(+), S3(-) 

SI(-), S2(-) , S5(-), S12(+) 
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frontal outline complexity (such as fleshy ridges, bony struts, or 

branchial definition) also fall in the negative region of factor II. 

This information is contributed by higher order harmonics such as F12. 

Important to note in Figure 8 is the lack of large internal gaps 

within the spread of specimens. This implies that few constraints 

operate on the frontal plane, and within the bounded limits, nearly 

every combination of variable states has been explored by reef fishes. 

Although local regions of the space are dominated by some taxa, most 

groups have radiated widely across the range. 

Dorsal Plane. Results of the principal component analysis of 

form variation in the dorsal plane is presented in Figure 9 and Table 

13. The analysis was based on a six-variable subset (Dl, D9, D17, D2, 

D3, and D4) chosen as described above from a dendrogram produced by a 

cluster analysis of all 29 dorsal variables. In Figure 9 the pendant 

clusters separated by a gap dominate the distributional pattern. 

Factor I describes the degree of dorsal attenuation (D2, D4) with 

truncate, cephalized fishes (D3) scoring in the negative region. 

Factor II separates fishes (in the positive region) that are cephalized 

(Dl, D9) from (in the negative region) uncephalized dorsally truncate 

forms (low D2, left cluster) or extremely attenuated forms (high D4, 

right cluster). With the exception of the central gap low on factor 

II, most of the region within the point distribution is occupied, as 

was true for the frontal view. While taxa are more provincially 

distributed, some, such as the serranids and grammistids, are quite 

dispersed across the range. 



Figure 9. Form variation in dorsal silhouettes of reef fishes 

Results of the principal components analysis are summarized in 
Table 13. Codes for taxonomic groups are: A: moray eels; B: groupers 
and soapfishes; C: grunts and snappers; D: chubs, opaleye and porgies; 
E: angelfishes and surgeonfishes; F: damselfishes; G: scaled blennies 
and true blennies; H: tube blennies and gobies; I: puffers, balloon-
fishes, and triggerfishes; J: wrasses and parrotfishes; K: brotulas; 
L: scorpionfishes; N: squirrelfish and soldierfish; 0: clingfishes; 
P: frogfishes; and S: pipefish and cornetfish. 
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Figure 9. Form variation in dorsal silhouettes of reef fishes 
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Lateral Plane. In marked contrast, variation in the lateral 

view (Figure 10, Table 13) appears far more constrained. Based on 

seven variables (SI, S3, S5, Sll, S12, and S19) chosen from a cluster 

analysis of all 29 lateral variables, the principal components describe 

a space containing two narrow intersecting zones of fish form, sepa

rated by large internal and external gaps. Factor I is an axis of 

lateral attenuation with truncation as the negative expression. 

Factor II separates strongly symmetrical attenuate fishes (large S12) 

and truncate fishes (low S2) from attenuate fishes with anterior 

asymmetries (strong cephalization, large SI, S2, S5). Taxa tend to 

sort within segments along the two distributional corridors, appearing 

unable to vary form far from a given design. 

Exploration of Gaps in Morphospace 

Fishes typical of the sandy shore community (Table 2) and 

model fishes (Table 3) were analyzed in an attempt to find forms which 

would fill gaps in fish morphospace. The clay fishes were designed 

to provide glimpses of form variation trajectories by providing com

parative examples of grades of development of form modifications. 

These are portrayed in Figure 11 as modifications from the ideal 

fusiform model. 

Frontal, Dorsal, and Lateral Components 

Frontal Component. Addition of clay and sandy shore fishes 

expanded frontal variation along frontiers at the positive extremes 



Figure 10. Form variation in lateral silhouettes of reef fishes-

Results of the principal components analysis are summarized in 
Table 13. Codes for taxonoinic groups are: A: moray eels; B: groupers 
and soapfishes; C: grunts and snappers; D: chubs, opaleye, and porgies; 
E: angelfishes and surgeonfishes; F: damselfishes; G: scaled blennies 
and true blennies; H: tube blennies and gobies; I: puffers, balloon-
fishes and triggerfishes; J: wrasses and parrotfishes; K: brotulas; 
L: scorpionfishes; N: squirrelfish and soldierfish; 0: clingfishes; 
P: frogfishes; and S: pipefish and cornetfish. 
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Figure 10. Form variation in lateral silhouettes of reef 
fishes 
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Figure 11. Summary of design features of clay 
fishes created to study form variation not shown by reef 
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of factors I and II (Figure 12). Other areas were not colonized. Both 

symmetry and expansion are maximized in a circle, exemplified in clay 

specimen 506. It appears that some gobies, chaenopsids, and tetra-

odontiform fishes are at or near this absolute boundary at the negative 

extremes of factors I and II. However, it proved possible to find or 

create forms more asymmetrical and more compressed than reef fishes of 

the sample. Novel asymmetry was added by the snail fish (specimen 308) 

which is nearly triangular in frontal view. Selene brevoovti (specimen 

303) and two clay fishes (numbers 502 and 503) were substantially more 

compressed than the extremes (butterflyfishes and surgeonfishes) found 

in reef fishes. 
\ 

Dorsal Component. Within the dorsal view (Figure 13) subtle

ties of the form space became apparent upon addition of the non-reef 

fishes. At the extreme of the lower left lobe specimen 501 (block-

fish) proved more truncate than any fish of the sample. It is approxi

mately rectangular in form; similar, but more extreme forms (in the 

family Ostraciontidae) exist in nature and it is likely that the 

boundaries of this lower cluster may be extended by future additions. 

However, a dorsal view circular in shape represents the maximal limit 

of truncation, and would score at - 3.8 on factor I and - 2.4 on 

factor II. This may be taken as the absolute boundary of this trajec

tory. The snailfish, with a very large disc and thin tail, appears 

to strike the ultimate in noncompromise between anterior cephalization 

and posterior attenuation. It is difficult to gauge the limits to this 

body form combination although all fishes tadpole-like i.i dorsal view 
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would segregate in the region around this specimen. With regard to the 

upper reaches of the space, as cephalization decreases relative to body 

length, the score along factor II increases. The upper limit is not 

known but could be experimentally determined. Most reef fishes were 

more attenuate in dorsal view than the fusiform clay model (specimen 

506). Nearly all the sandy shore fishes mapped into the lower right 

quadrant indicating relatively decreased levels of cephalization and 

increased attenuation compared to reef fishes. Somewhat an exception 

is Caranx aaballos (specimen 302) a visitor to reefs and a piscivorous 

predator. Clay specimen 504 has a rectangular but strongly attenuate 

dorsal view. Its lack of fluid design places it slightly left of the 

main trajectory of the lower right cluster. The placement of the 

halfbeak (specimen 306) reflects this subtlety by having lateral keels 

which add breadth along the caudal peduncle region. This hints that 

the gap at the negative extreme of factor II is space that is open to 

colonization by rectangularly shaped (in the dorsal view) specimens 

of intermediate attenuation. Though structurally possible such forms 

may be biologically unrealistic. Another region of potential coloniza

tion is found at the positive end of factor I, in the corridor around 

factor II = 0. Here the appropriate dorsal view would be expanded 

anteriorly, but without demarcated cephalization and posteriorly 

attenuated. Forms similar to this are probably found on physical 

habitats other than reefs. 

Lateral Component. Addition of non-reef fishes to the lateral 

space did little to expand variation of this form component (Figure 14). 
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of variation of sandy-shore and clay fishes. — 
Specimens 306, 503, and 502 fill a gap in the left-
hand trajectory. Specimen 311 expanded the range of 
variation shown by reef fishes (stippled area). 
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The plotted positions of both sandy shore and clay fishes were within 

the point distribution of reef fishes. The pattern of fishes in the 

lateral space results largely from the role variable S2 plays, both in 

the description of shape and in the factor score equations. A high 

value of S2 will result when a form is attenuate, and a low value will 

result when it is truncate or expanded. Other variables (e.g., S3, S5, 

and SI) will track boundary asymmetries or areal focusing such as 

cephalization. The coefficient for variable S12 controls the positive 

region of factor II. The positive correlation between variables S12 

and S2 in strongly attenuate forms is responsible for the upper right 

arc of points and, thus, the "gap" in the upper central region of the 

space. The reduced correlation of S12 and S2 among nonattenuate fishes 

raises the possibility that a biologically reasonable fish could be 

designed to colonize this gap. To explore the potential of this expan

sion I assumed a value of S2 = S2 which is sufficient for positioning a 

specimen near factor 1=0, and I entered reasonable values (within 

observed ranges) for the other lateral variables into the equation for 

factor II. The resulting score was 0.64. Thus, expansion, though 

possible, is limited. The limitation, however, is not artificial. 

Perturbing S2 from the mean places the factor I score in the negative 

or positive regions of truncation or attenuation and simultaneously 

moves it into the positive or negative regions of factor II, a pattern 

which "best" describes the natural variation found in reef fishes. 

The addition of more bizarre asymmetrical lateral views to the sample 

may add breadth to the left arc. The upper limit of its trajectory is 



defined by the properties of a circle, scoring at factor I = 

factor II = 1.77. 
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- 2.4, 

Integrated Morphospace 

The placement of clay fishes and sandy shore fishes along the 

first two factors of the form space is shown in Figure 15. Areas of 

noticeable expansion beyond the form groups were associated with 

extreme frontal compression in association with lateral truncations 

(Selene brevoorti) or attenuation ("ribbon eel"), a result predictable 

from their behaviors in the planar component spaces. None of the 

interior gaps of the morphospace were colonized by non-reef fishes. 

Three of the gaps will be considered here. The region near 

(1.5, 1.5) describes fishes with the lateral and dorsal shape of a 

halfbeak, but slightly more symmetrical and compressed in frontal view 

(perhaps an ammodytid?). Exaggeration of this trend would extend the 

hypothetical trajectory toward the position of specimen 502. A second 

gap in the region near (- 2, 0) does seem to be an area restricted from 

"normal" fishes by the nature of Fourier variable covariation found in 

natural forms, and the linear combinations produced by the factor 

analysis. However, certain odd form variations may be constructed to 

fill the gap. For example, the "keel fish" (specimen 509) hints at 

expansion toward this region. Further extreme elaboration of the 

keels leading to lateral truncation but retaining less than average 

dorsal attenuation would undoubtedly colonize toward the negative end 

of factor I while holding factor II near zero. How far the expansion 

could proceed is open to experimentation. Finally, it is tempting to 
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fishes. — Fishes 303 and 502 expanded the range of 
variation shown by reef fishes. Most other non-reef 
fishes fall near the boundaries of reef fish groups. 
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consider the region below groups 2, 3, and 11 a gap—certainly the 

evenly positioned gradient along the cline is a striking feature. A 

continuation of the trajectory along the group 8-10-11 cline would fill 

in this space. This would occur if fishes resembling members of 11B, 

but more posteriorly attenuated and more dorso-ventrally depressed, 

could be added to the sample. Fishes similar to this description are 

found among the Batrachoididae and often occur on patch reefs. 

The effect of non-reef fishes on distribution in the third 

dimension is seen in Figure 16. The gradient of dorso-ventral depres

sion expressed by clay specimens 505, 510, 508, and 503 is proportion

ately tracked by their scores on factor III. This region of the 

space, largely unexplored by reef fishes, is occupied by many soft-

bottom species of fishes. The high factor III scores of specimens 502 

and 504 result from extreme frontal compression overriding dorsal 

attenuation. Although it is perhaps notable that both of these are 

clay specimens, these regions are potential expansion areas for form 

groups 9 and 1. 

• 
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space were colonized by clay fishes 502, 504, 503, 510, and 508. 
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CONGRUENCE OF FORM AND FUNCTIONAL MORPHOLOGY 

Correlation of Distance Estimates 

I examined the relationship between fish form and functional 

adaptations by looking for similarities in specimen description by 

qualitative and Fourier variables. Congruence in the two descriptions 

requires that functional or adaptational differences (similarities), 

which may be inferred from the specific selection of character traits, 

translate systematically into form differences (similarities). The 

degree of congruence may be judged by correlating measures of specimen 

difference (distance) based on the two bases of description. The 

results of this analysis are presented in Table 14. Both ecological 

descriptors and morphological characters are significantly correlated 

with body form description. However, morphology (r = .485, p < .001) 

bears a much closer relationship to form than does a composite ecolog

ical description (r = .197, p < .001). 

Ecological Descriptors 

Variables included in this subset may be predicted a priori 

to have conflicting relationships with body form. For example, some 

variables, such as activity period and reef subhabitat, describe life 

history characteristics which may be partitioned by fishes that have 

the same general body form and utilize similar prey resources. Other 

variables such as those describing broad prey categories might be 

expected to reflect more directly body form and morphological speciali

zation. Variables relating to the style or mode of foraging, body 
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Table 14. Correlation of interspecimen distances based on 
qualitative and Fourier variables 

Subset of 
Qualitative 
Data 

Number 
of 
Variables 

Correlation 
with 
Body Form 

Significance 
Level 

Ecological 
Descriptors 20 .197 p « .001 

Morphological 
Variables 26 .485 p « .001 

size, reef residency, reproductive mode, relative abundance, etc. are 

complex and no simplified prediction for their relationship to body 

form is possible. Given this array of mixed tendencies, it is unlikely 

that a matrix of specimen distances based on them would mirror with 

precision one based on form description. In fact, only about 4% of 

form variation is explained by variation in ecological distances. 

Morphological Characters 

About 24% of the sample variation in body form and functional 

morphology is shared, despite the fact that functional characters were 

chosen for their degree of independence from fish form. For example, 

many of the characters describe fin traits that could not be accommo

dated in the form analysis. The congruence in assessment of specimens 

originates in covariation among subsets of morphological characters, 

i.e., the presence of co-occurring traits in specimens of similar body 
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form. It provides evidence that form groups attain at least some 

degree of functional integration. 

Why are the two bases of specimen description not more congru

ent? Part of the answer is found in the confusion generated by multi

ple adaptations traceable to individual traits, behavioral plasticity, 

and other factors discussed previously. But the answer also lies in 

the very different natures of the two data bases. Fourier amplitudes 

are continuously distributed variates sharing a common natural range. 

Furthermore, biological realism, mechanics of the Fourier description, 

and division of the raw amplitudes by the mean radius lead to a high 

degree of correlation among amplitudes both within and between silhou

ette planes, despite the fact that they are independently derived in 

the Fourier analysis. In contrast, the qualitative multi-state vari

ables are discontinuously distributed variates having heterogeneous 

ranges, limited intrinsic sources of covariation (such as division by 

a common denominator), and varying precision in their measurement of a 

given degree of functional change. Multivariate methods are often 

less successful in assessment and description of sample variation 

based on qualitative or mixed variables (see, for example, Findley, 

1972; Powers and Rohlf, 1972). 

Foraging Patterns in Morphospace 

Qualitative characters may be used to interpret ecologically 

the distribution of fishes in morphospace. To illustrate one example, 

I used five descriptors of food types to create an index which identi

fied the food utilization spectra of specimens in the sample. The 



mapping of this index into the morphospace is shown in Figure 17 and 

is summarized in Table 15. The map shows that some utilization spectra 

appear clumped within regions of the morphospace (e.g., type 14 in 

group 11), while others are widespread (e.g., type 11). The degree of 

food spectral diversity within form groups also varies markedly. To 

investigate these two distributional properties I examined the depen

dence of spectral diversity on form group size and tested for the non-

random assorting of spectra into form groups. 

Foraging Diversity and Group Size 

The number of food spectra within a form subgroup is signifi

cantly correlated with the number of specimens in the subgroup (r = 

.885, p < .001; Figure 18). Subgroups, rather than entire form groups, 

were used to increase the number of observations and to allow compari

son between localized regions of the form space. Thus, increasing the 

local density of fishes in the morphospace leads to a local increase 

in the number of different food spectra. However, this tendency is not 

equally developed across the space. Subgroups 10A, 10G, 11D, 11A, 11B, 

and 1A appear to have fewer specializations than predicted, while sub

groups 10E, 8A, 8B, 6C, and 10C are more diverse than average. These 

tendencies also emerge in Figure 19 which shows the frequencies of 

observed food spectra for groups 8, 10, and 11. As seen there and in 

Table 15, group 10 has an asymmetrical bimodal distribution over outly

ing spectral types while the central types are nearly monopolized by 

fishes of group 8. Group 11 overlaps the primary distribution of group 

10 (the upper mode). The peaks on spectra 11, 16, and 14 are due to the 
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Table 15. Summary of the distribution of food utilization 
spectra within form groups. — The composition of food types for each 
spectrum is shown above the data. N is the number of spectra utilized 
and S is the number of specimens within a group. Distribution of 
spectra was tested for randomness of assortment in groups with S > 6, 
compared to the frequencies over the combined sample (N = 21, S = 210), 
using a Kolmogorov-Smirnov test. Raw data on group membership and food 
spectrum for each specimen may be found in Appendix A. 

Food Spectral Type 

algal grazer 
sessile 1nv. nlbbler 
crusher 
motile prey 
midwater planktivore 

Group 11 16 14 6 3 5 8 25 1 22 35 36 15 19 29 21 9 26 37 32 N S («) Level 

1A 7 2 2 9 
IB 1 1 1 
1 8 ~T 2 10 * 

2A 1 1 1 
2B 1 1 2 2 
2 1 2 2 3 

3A 1 1 1 

3B 4 1 2 5 

3 1~ 4 1 3 6 NS 

4A 4 1 4 
4B 3 1 2 4 
4 7 ~T~ 2 8 NS 

5 2 1 2 

6A 1 1 1 
6B 1 1 1 
6C 1 2 2 3 
6 ~T~ 1 2 ~r 4 5 

7A 1 3 2 4 
7B 2 1 2 
7 3 ~3~ 2 6 NS 

8A 5 1 2 2 1 1 1 7 13 * 

SB 3 1 1 2 1 4 2 3 1 2 10 20 * 

8 3 1 6 ~T~ 4 3 5 3 T 3 1 2 T2 33 * 

9 1 2 2 3 

10A 6 10 2 2 1 1 1 3 8 26 NS 
10B 1 1 1 
10C 1 1 1 3 3 

100 3 1 2 4 
10E 3 4 1 1 1 1 1 1 2 1 10 16 NS 

10F 6 3 2 1 3 2 6 17 NS 
10G 15 2 1 1 1 1 1 7 22 * 

10 31 "17 9 1 4 1 2 1 1 ~6~ 2 7 2 1 17 89 NS 

11A 12 1 1 1 4 15 * 

11B 6 1 6 NS 
11C 2 1 2 
110 3 14 1 1 1 2 6 22 * 

.01  

.01 

.01 

.01 

.01 

.01 

.01 

TOTALS 64 20 44 16 4 10 4 7 2 7 21 210 



NUMBER OF SPECIMENS WITHIN SUBGROUPS 

Figure 18. Correlation of the number of food 
spectra and number of specimens for subgroups of the 
form classification (r = 0.885, p < .001). — Data are 
taken from Table 15. 
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Figure 19. Frequency distribution (%) of food spectral types 
in groups 8, 10, 11, and all reef fishes of the sample. — From data 
presented in Table 15. The observed frequencies of the entire sample 
are the expected frequencies for form groups and subgroups under the 
hypothesis of random assortment. Group 8 fishes show highest frequen
cies in the middle series of spectra and group 11 in the upper series. 
Group 10 fishes reflect most closely the frequencies of the entire 
sample. 
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higher than expected frequency contributions from the subgroups of 

relatively low diversity. However, subgroups high in diversity tended 

to spread relatively evenly across a variety of spectra. 

Assortment of Food Utilization 
into Form Groups 

The distribution of food spectra among form groups was compared 

with a null model of random assignment based on the observed frequencies 

in the entire sample (shown in Figure 19) using a Kolmogorov-Smirnov 

test (Sokal and Rohlf, 1969). The results are presented in Table 15. 

As a whole, group 10 is not significantly different from the null model 

(0.2 > p > 0.1), although spectrum 11 is significantly overrepresented 

in subgroup 10G. As expected, groups 11 and 8 are both significantly 

different in food spectral composition than the sample population, as 

are their subgroups 8A, 8B, 11A, and 11D. 

Relative Importance of Food Types 

The relative contribution of each of the five food types to 

the spectral compositions of fishes within form groups is shown in 

Figure 20. The overlap in dependence on motile prey in subgroups 10G, 

11A, 11D, 3, 2, and 1 is resolved largely through a marked cline in 

body size across subgroups: the increase in nibbling seen in groups 4, 

11A, 11B, 11D, 3, and 2 is concomitant with small body size (most 

fishes in these subgroups achieve a maximum standard length << 120 mm). 

In contrast, fishes in group 1 are among the largest of the community. 

They also have unique foraging modes which enable them to exploit 

resources unavailable to fishes of group 10G. 
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Figure 20. Relative contribution (%) of food types to food 
utilization spectra of specimens within form subgroups. — Data are 
based on presence/absence of food type in diets of all specimens in 
the subgroup (consult Table 10 and Appendix A for taxonomic composi
tion of form subgroups. 
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Fishes in group 7 are heavy-bodied ambush predators and crush

ers. These species separate into distinct subgroups both in form and 

forgaging specialization. The globular frogfishes necessarily rely on 

motile prey which, attracted by the lure (esca), are drawn to them. 

In subgroups 10F, 10A, IOC, 10D, and 10E reliance on motile 

prey decreases and more diverse food spectra are possible. This 

increase in diversity is accompanied by increased frontal compression, 

decreased cephalization, and decreased depression. These form quali

ties lend themselves to greater maneuverability and swimming endurance, 

but require reduced dependence on the ambush of relatively large soli

tary prey items. Typically, prey items of fishes in these subgroups 

demand of their predators foraging behaviors or morphological speciali

zations to counteract defensive structures and growth forms. Vulnera

bility during midwater foraging to piscivores must also be solved by 

planktivorous fishes. The solution for diurnal forms has been school

ing with its associated morphological adaptations. 

The enhanced frontal compression of fishes in group 9 renders 

them less adapted for midwater foraging, although in their utilization 

of other food types they advance the trends shown in subgroups of 

group 10. The tendency of group 9 fishes to forage in more open reef 

subhabitats may be related to their relatively larger body sizes. 

Fishes of group 8, with truncate compressed forms, are particu

larly adapted for foraging within "closed" reef subhabitats (boulder 

interspaces, rugose reef surfaces, near vertical outcrops, etc.). 

Smaller species, often armored with spines, are able to feed in mid-

water on plankton. The high proportions of nibbling, algal grazing, 



and planktivory attest to their small mouths. Motile organisms when 

included in their diets are from the smallest size classes of crusta

ceans or, rarely, juvenile fishes. 



DISCUSSION 

Quantification and Classification 
of Reef Fish Form 

The primary result of this study is that body form in reef 

fishes may be quantified and classified by Fourier analysis. Multi

variate analysis of the Fourier amplitudes resulted in division of 

130 species of reef fishes into 11 major groups. The groups vary in 

size, taxonomic composition, and structural complexity. Fishes within 

each group, and more particularly within subgroups, are geometrically 

similar in body form based on the capture of their shapes in planar 

dorsal, frontal, and lateral silhouettes. When displayed in a three-

dimensional principal component space the groups document modes of 

change in body form and the existence of "gaps," or regions of unoccu

pied morphospace. Because the variation is continuous across the space 

described by the axes, the body form requirements of candidates for 

colonization of the gaps may be defined. Thus, this approach enables 

a directed investigation of what is and what is not seen in the evolu

tionary panorama of fishes and in their structured communities. 

Fourier analysis as a method for the description of reef fish 

body form appears to be robust for fishes in general, less subjective 

than many other methods of form evaluation, and highly quantitative. 

However, the choice of Fourier amplitudes that enter the cluster and 

principal component analysis is a potential source of investigator 

subjectivity. Nevertheless, I found that results were almost invariant 

from those reported here when alternative criteria for choices of 

100 
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dorsal, lateral, and frontal variables were used. These criteria 

maximized ranges of variation compared to the intraspecific sample and 

yielded 25, rather than 13, variables as the basis of the form analysis. 

This result was obtained because variables that have the greatest 

observed ranges, e.g., D2, S2, and F2, contribute most to the descrip

tion of body form variation and were included in both analyses. 

Several methodological problems were noted. One concerns the 

rectification of anterior-posterior asymmetry in lateral view. From 

their miscellaneous placement in a number of subgroups it would appear 

that soapfishes and blenniid's, both of which are laterally asymmetrical 

along the main axis of body length, may vary in the way their harmonics 

are interpreted with respect to the entire range of variation across 

the sample. If anterior vs. posterior truncation of the shape were 

directly translated to the dorsal and frontal silhouettes, confusion 

would be less likely. But neither of these planes necessarily will 

reflect the orientation of the asymmetry. Inclusion of the phase 

angles for each plane in the analysis is one possible solution to this 

problem. As a potential flaw in the technique, the problem merits 

further study. 

A second problem concerned use of exemplar specimens. If a 

single specimen is studied uncertainty in the placement of a specimen 

within a cluster or principal components analysis cannot be examined 

against a background of intraspecific variation. A far better way of 

surveying fishes would be to use silhouette drawings, corrected and 

typified across several specimens, such as those produced in some 

systematic studies (see, for example, Able and McAllister, 1980). 
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Unfortunately, few workers routinely draw all three aspects of the 

species form. The dilemma of compromise between surveying many versus 

surveying few with replication remains insoluble. 

Fish Form and Functional Adaptations 

Although a thorough treatment of this topic must await a more 

detailed analysis of the qualitative data set, some preliminary com

ments are possible. Analysis of the distribution of food spectra in 

morphospace revealed that fishes of form groups 8 and 11 exhibited 

marked displacement in their relative dependence on categories of food 

types relative to group 10. Group 10 exhibited the most varied col

lection of spectra—17 of the 21 observed across all reef fishes in 

the sample. Of all groups, group 10 is the largest, the most taxonom-

ically diverse, and the most structurally complex. Despite this 

diversity, its central position in the morphospace points out that many 

fishes of group 10 are relatively undifferentated—they define not only 

the "average" reef fish form, but also trace the effects of subtle 

changes in body form on foraging patterns. For example, the Serranidae 

are considered to be generalized basal perciforms and to exhibit 

"primitive" acanthopterygian feeding habits (Hobson, 1974). The 

larger, crepuscular piscivorous species in the genus Myotevoperca may 

cruise oi stalk in midwater while hunting. Their greater degree of 

fusiformity is responsible for placement in subgroups 10A and 10F 

along with grunts, snappers, and others of the more hydrodynamically 

streamlined reef perciforms. Species in the serranid genus Epinephelus 

are more likely to ambush prey from a concealed position during the 



103 

day, or to swim slowly near the bottom at night within reef inter

spaces. Their sit-and-wait behavior correlates well with depression 

and robustness of the frontal silhouette and their placement (for the 

most part) in subgroup 10G. 

Hobson (1974) reviewed the evolution of foraging patterns in 

teleosts. He identified the derived features of higher teleosts and 

other groups off the main line of teleostean evolution that are 

advanced relative to basic acanthopterygian feeding mechanisms typical 

of the generalized carnivores among basal perciform fishes. 

Using Hobson's criteria the eels of group 1, scorpionfishes 

of group 7, and frogfishes of group 5 are offshoots of the main tele

ostean line which succeed as carnivores by means of specializations 

for hunting or concealment. Fishes in groups 8, 9, 2, 3, 4, 6, the 

puffers of group 7, the mullids, wrasses, and parrotfishes of group 10, 

and many blennies and gobies of group 11, have morphological speciali

zations that allow them to utilize algae or benthic and epifloral 

inverteorates. Among the larger blennies of subgroup 11A and the basal 

perciforms of group 10 are found the generalized carnivores nearest in 

foraging mode to the primitive generalized carnivores which have been 

present on reefs since the late Mesozoic (Gosline, 1966). 

Thus, in a general sense the morphospace reflects the evolution 

of specialization in foraging mode among teleostean fishes. Can it be 

used to make inferences about the ongoing processes which structure 

reef fish communities? 
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Fish Form and Community Structure 

Although the categories of food types used in the spectral 

analysis were necessarily broad, when coupled with other ecological 

descriptors such as subhabitat preference and activity site in the 

water column, differences among specimens within subgroups will begin 

to reveal patterns of ecological separation between species and life 

stages. Certain a priori predictions are possible concerning the 

results of such an analysis. Species that depend primarily on carni-

vory of motile organisms should partition resources along an axis of 

prey size (Roughgarden, 1974) or select different reef subhabitats. 

Species or life stages within form groups with greatest overall simi

larity in functional and ecological characteristics might be expected 

to show the highest degree of interference competition or the lowest 

overall potential for sympatry. In contrast, herbivores, grazers on 

sessile invertebrates, or schooling fishes that endure high predation 

pressure are expected to show high overlap in functional qualitative 

characteristics (Roughgarden, 1974; Anderson et al., 1981). The 

assumption I have made is that species most similar in form will 

provide the most likely tests for theoretical predictions. This 

assumption could be tested by looking for pairs of species that 

overlap strongly in qualitative characters, but which fall in differ

ent form groups. 

Other comparisons are suggested by species whose juveniles 

fall in one form group and adults in another (e.g., Scarus perriao^ 

Xenistius californiensis3 Calamus braahysomus, Lutjanus novemfasciatus, 

etc.). Comparisons of qualitative characters between life stages will 
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provide insight into the strength of the form-function relationship. 

Where strong functional differences are found between juveniles and 

adults, studies of the ways individuals transfer between modes may shed 

light on questions of habitat saturation, the adaptiveness and length 

of intermediate growth conditions, and optimal rates of switching. 

Finally, the relationships between foraging specializations 

and form groups suggests that the form classification may provide an 

empirical basis for the definition of reef fish community assembly 

rules (and a biological basis for their interpretation?). Data in the 

form of collection records in The University of Arizona Fish Collection 

can be marshalled to evaluate this possibility, assuming that the 

proper methodology can be found to test for randomness in the co

occurrence of species and forms on reefs. 

Determinants of Morphospace Topography 

Evolution of Body Form 

I suggested in the introduction that the evolutionary diversi

fication of fish form resulted from three processes: the generation 

of novelties or innovations, a test of developmental viability, and an 

ecological test within the context of the existing community. In the 

following discussion I examine the properties of trajectories and gaps 

in reef fish morphospace with these processes in mind. 

Alberch (1980) has drawn attention to the role of epigenesis 

in controlling patterns of morphological diversity. He presented evi

dence that the genome is conservative with respect to the generation 

of novelties, and that marked changes in functional characters as well 
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as in whole body form may result from single, or relatively few, muta

tions. Furthermore, similar developmental effects may result from 

mutations at different loci in the genome, implying that the potential 

number of form or functional novelties is vastly reduced compared to 

the number of loci. Pattern in morphospace may be generated by the 

processes of epigenesis and selection for embryo viability, without 

invoking adaptation or other ecological processes (Gould and Lewontin, 

1979). 

The pattern of phylogenetic relationship among reef fishes in 

morphospace provides evidence for the roles of both epigenesis and 

ecological processes. Fishes of the superorder Paracanthopterygii, 

although often attaining advanced grades of morphological refinement 

comparable to the Acanthopterygii, retain many primitive features which 

indicate an early separation of the two lineages (Greenwood et al., 

1966). Fishes of the two groups differ in osteology, structure of the 

nervous system, and myology. Their representation in reef systems is 

quite unequal. Within morphospace, paracanthopterygiian fishes are 

multiply found in groups 5 and 4 and single specimens occur in groups 

3, 11D, and 10A. A perusal of the families of fishes in the superorder 

reveals a diversity of body forms, some similar to the acanthoptery-

gians which dominate the reef morphospace, but they are found most 

often in soft-bottom or deep-sea habitats. The primitive berycoid 

lineage diverged in the Mesozoic to give rise, with coincidental 

adaptive radiation, to these two advanced superorders. Since both 

groups appear capable of generating a wide range of form diversity, 

it seems likely that the dominance in reef systems of the 
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acanthopterygians has resulted from ecological processes during the 

late Mesozoic and early Cenozoic which favored their functional advan

tages. Like the eels of group 1, the clingfishes and frogfishes have 

maintained their reef residency only by extreme specialization in 

morphology and/or behavior. 

The trajectory of form change across groups 8, 10, and 11 

lends support to the role of epigenesis. From the taxonomic diversity 

in group 8 it appears that strong frontal compression in association 

with lateral truncation has independently arisen several times in 

remotely related families. It seems reasonable that mutations could 

alter the developmental program to produce new species along this 

trajectory from families centered in other form groups. Evidence for 

epigenesis may also be found by examining other reef systems. Although 

fishes of the order Scorpaeniformes have limited representation on 

Gulf reefs, in temperate areas they may dominate many reef subhabitats. 

Although they have not been analyzed, the variation in body form among 

temperate scorpaeniforms seems highly similar to the gradations in 

form across groups 10, 11A, and 11B. 

Although epigenesis may challenge the assertion of design by 

selection, it cannot explain the success of a form novelty. The 

foraging patterns across morphospace imply that colonization of a new 

form group is attended by wholesale character displacement, with 

competitive release, subsequent multiplicity of species, and parti

tioning of underexploited reef resources. While the process of 

epigenesis may result in colonists of form groups, selection and 
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subsequent adaptation are the means of exploration and successful 

occupation of a new region of form space. 

Gaps in form space were not appreciably colonized by either 

clay fishes or sandy shore fishes except in the third dimension. But, 

descriptions of fish forms that would colonize gaps bring to mind 

examples of fishes from temperate shallows or pelagic waters. Gaps in 

form space most likely result from ecological processes (functional 

efficiency; vulnerability to predation; lack of a required covariate, 

such as toxicity; etc.). But differences in the morphospace patterns 

of communities from temperate and tropical regions may also result 

from epigenetic effects. Temperature may influence development such 

that some mutational effects are less likely to be expressed under 

different rates of growth and tissue differentiation. The obvious but 

undocumented clinal decrease in species and families of frontally 

compressed, laterally truncate fishes (group 8 forms) with increasing 

latitude may be pertinent in this regard. In general, the impression 

one gains from a perusal of taxonomic compendia, e.g., Fishes of the 

World (Nelson, 1976), is that among neritic fishes tropical families 

exhibit far greater diversity of body form than do temperate families. 

Paleontological vs. Neontological 
Morphospaces 

The possibility of using Fourier analysis on physical recon

structions of extinct forms tantalizes the imagination but speculations 

here concerning the pattern of body form in paleontological fish com

munities must necessarily be based on inferences from lateral silhou

ette drawings. 
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Lateral fusiformity with slight frontal depression is among 

the oldest of fish forms. Early form variants appeared independently 

several times along the trajectories toward extreme frontal depression 

and extreme lateral attenuation. Both grades of variation echo the 

negative buoyancy of early fishes, their association with benthic 

habitats, inferior mouths, and the predominance of a heterocercal tail 

to provide lift in swimming. One exception is the ostracoderm order 

Anaspidiformes (Class Cephalaspidomorphi) composed of five families 

of small fishes no more than 150 mm in length (Nelson, 1976). With 

slightly compressed, fusiform bodies, terminal mouths and hypocercal 

tails, they seem to represent an abortive venture toward a major new 

trajectory of form variation. Using the familiar reef morphospace for 

guidance, early fishes radiated in an unknown manner several times into 

regions 11A, 11B, 4, 7, 10G, wi:h the anaspids perhaps pushing near the 

lower edges of 10A or 10F. The hagfishes and lampreys are probably the 

first fishes to occupy group 1. The area beyond group 4 was filled by 

strongly depressed forms (e.g., skates and rays). In this beginning 

sketch there do not appear to be form candidates for groups 2, 3, and 

11D among early fishes. At this stage of vertebrate evolution, this 

region, as well as other parts of unoccupied morphospace, may have 

been populated by forms from the highly diversified invertebrate 

phyla. 

The potential for bold departures from this pattern is first 

evident in the Lower Devonian with the cautious experimenting of the 

primitive crossopterygian, dipnoan, and actinopterygian fishes. 

However, not until the Upper Triassic did the first deep-bodied 



(frontally compressed?) fishes appear. Members of this extinct family, 

the Semionotidae, look quite similar to fishes of subgroup 8B. There

after, during the Jurassic and Cretaceous, form diversification and 

adaptive radiations proceeded at rates extraordinarily high judged 

by Paleozoic standards. The cataclysmic extinctions of the Permian 

may have created vast biological vacuums, effectively resetting the 

context of adaptive radiations in dominant heterotrophic groups. The 

subsequent success of teleostean fishes was apparently at the expense 

of large invertebrate predators. During this period early teleosts 

(mostly Division I and Division II of Greenwood et al., 1966) probablv 

expanded throughout the morphospace defined by modern reef fishes, 

although most were conservative in form, falling into groups 10 and 

11. The diversification of primitive berycoid stock, giving rise to 

both of the Division III superorders, accompanied the replacement 

during the Paleocene and Eocene of lower teleosts on reef habitats. 

Radovcic (1975) felt that increased competitve ability, attributed to 

advances in feeding mechanisms such as jaw protrusibility, drove the 

lower marine teleosts into shallow non-reef or deep-sea habitats. 



CONCLUSIONS 

Fourier analysis as implemented in this study provides a gen

eral, quantitative, repeatable, and nonsubjective methodology for the 

assessment of form in fishes. Only hypothetical, rare, extremely 

bizarre species fail to meet the requirements for analysis. 

Although utilized here for the study of reef fishes, this 

method of form assessment allowed the definition of a morphospace 

general in properties and potentially great in scope of application. 

Regions of the space can accommodate fish form variation across 

geological time, ontogenetic stages, and community boundaries. Details 

of regions within the form space may be magnified by limiting the 

specimens for which Fourier descriptions are entered into the prin

cipal components analysis. With expansion of the data base to include 

non-reef species descriptions of the morphospace axes will require 

re-evaluation for improvement of their generality. 

Within morphospace reef fishes of the sample are sorted by 

form into 11 major form groups. The groups are distributed along two 

major trajectories of form variation. The first grades from forms 

extreme in lateral truncation and frontal compression to those 

moderately elongate and dorso-ventrally depressed. A second trajec

tory intersects the first and traces the variation from forms extreme 

in attenuation to those globular in cross section and truncate in 

lateral view. Along these trajectories form groups grade almost 

without interruption. Major gaps in morphospace occur in the angles 

111 
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of the intersections, i.e., the form properties described by the axes 

in those positions were not present in any reef fishes of the sample. 

The third dimension of morphospace was occupied by a single satellite 

group. 

Gaps, although not colonized by a small sample of sandy shore 

and clay fishes, proved to be nontrivial in the sense that "real" 

physical candidates for their colonization could be described. It is 

possible to nominate fishes from other habitats or life history stages 

which match the descriptions. 

Although evidence is limited, groups in morphospace appear to 

contain members who are similar in independently defined functional 

characters and foraging mode, as well as in body form. 

Across the morphospace both the displacement in foraging modes 

and the placement of clay and sandy shore fishes imply that ecological 

processes,, rather than morphogenetic limitations, constrain the form 

diversity in reef communities. Evidence was presented for the role 

of epigenesis in the origination of form diversity. 

Use of this approach has great potential for revealing patterns 

of structure in natural communities. 
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Species Typically Found on Rocky Reefs of the Guaymas, 
Sonora, Area of the Gulf of California 

Species are listed in phylogenetic sequence by family. Form group 
membership and foraging spectrum are listed for each species of the 
sample. 

Family Species 

Num
ber 

Adult 

Group 
Spec
trum 

Num
ber 

Juvenile 

Group 
Spec
trum 

Anguillidae Echidna noaturna 1 1A 16 2 1A 16 

Gyrmothorax oastaneus 3 1A 11 4 1A 11 

G. panamensis 5 1A 11 6 1A 11 

Muvaena lentiginosa 7 1A 11 8 1A 11 

Ophidiidae Ogilbia ventralis 9 11D 11 

Ogilbia sp. 10 3B 11 

Oligopus diagramrrus 11 10A 11 

Antennariidae Antennarius avalonis 12 5 11 

A. sanguineus 13 5 11 • 

Holocentridae Adioryx suborbitalis 15 10F 11 14 8B 11 

Myriprisiis leiognathos 16 10G 37 17 10E 37 

Fistulariidae Fistularia eorrvnersoni 18 IB 11 19 1A 11 

Syngnathidae Doryrhampus melanopleura 20 2B 14 

Scorpaenidae Seorpaena mystes 21 7B 11 22 7B 22 

Saorpaenodes xyris 23 10G 11 

Serranidae Epinephelus afer 24 10G 11 25 10G 11 

E. analogus 26 10G 11 27 10G 11 

E. itajara 28 7A 11 29 10G 5 

E. labriforrrris 30 10G 11 31 10G 11 

E. panamensis 32 10F 11 33 10F 11 

Myateroperaa jordani 34 10A 11 35 10A 11 

M. rosacea 36 10F 11 37 10A 11 

Paralabrax maculatofasaiatus 38 10G 11 39 10G 11 

Paranthias colonus 40 10F 21 41 10D 21 

Serranus fasciatus 42 10G 11 43 10G 11 
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Adult Juvenile 

Num- Spec- Num- Spec-
Family Species ber Group trum ber Group trum 

Grammistidae Ryptiaus biaolor 44 10e •11 45 10f 11 

R. nigripinnis 46 10a 11 47 10a 11 

Pseudograrma thaumasium 48 10b 11 

Apogonidae Apogon retrosella 49 10g 32 

Lutjanidae Hoplopagrus guentkexn. 50 8b 11 51 8b 11 

Lutjanus avgentiventris 52 10e 11 53 10e 14 

L. novemfasoiatus . 54 10f 11 55 10g 11 

Haemulidae Anisotremus aavidsoni 56 10e 14 57 10e 14 

A. ir.terruptus 58 8b 19 59 10a 19 

Haemulon flaviguttatum 60 10f 26 61 10a 19 

H. maeuliaauda 62 10e 26 63 10a 26 

H. ssxfasaiatum 64 10e 9 65 10a 9 

H. steindaahneri 66 10e 26 67 10a 26 

Mierolepidotus inomatus 68 10f 26 

Xenistius californiensis 69 10f 21 70 10a 21 

Sparidae Calamus braehysomus 71 8b 19 72 10e 19 

Sciaenidae Tarec-j.es viola 73 10e 11 74 10g 11 

Mullidae Mulloidiahthys dentatus 75 10a 8 76 10a 8 

Kyphosidae Hermosilla asurea 77 8b 1 78 8b 22 

Kyphosus elegans 79 10e 25 80 10e 25 

Girella simp-Ueidens 81 8b 4 82 10e 4 

Ephippidae Chaetodipterus zonatus 83 8a 4 84 8a 4 

Chaetodontidae Chaetodon hwveralis 85 8a 3 86 8a 25 

Henioahus nigrirostris 87 8a 4 88 8a 25 
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A 

36 

22 

36 

1 

21 

11 

19 

16 

16 

16 

16 

16 

16 

16 

A 

16 

6 

1A 

4 

Species 
Num- Spec- Num
ber Group trum ber Group 

Holaoanthus passer 89 8A 25 90 8B 

Pomaeanthus zonipectus 92 8A A 91 8A 

Eupomaaentrus flavilatus 93 8B 15 9A 8B 

E. reotifraenun 95 8B 1 96 8B 

Abuaefauf trosohelii 97 8B 36 98 8B 

Microspathodon dcrsalis 99 8B 1 100 8B 

Chromis atrilobata 101 10E 21 102 10F 

Cirrhitichikys oxycephalies 103 10E 14 

Cirrhitus rivulatus 10A 10G 11 105 10G 

Bodianus ditlotaenia—Male 106 10F 16 

B. diploiaenia—Female 107 10F 16 108 10F 

Halichoercs chierohiae 109 10A 16 110 10A 

h. dispilus 111 10A 16 112 10A 

H. nickolsi—Male 113 10D 16 

h'. niaholsi--Female 11A 10D 16 115 10A 

a. semicinctus 116 10A 16 117 10A 

Kerripterono1».s pavor.inus 118 10D 16 119 9A 

Fseudojulis melar.oizs 120 IOC 

F. noiospilus 121 10A 16 122 10A 

Thalassoma Vucasanum 123 10A A 12A IOC 

T. lutesasns 125 10F 16 126 10A 

Saarus perrioo 127 8B 6 128 10G 

Hieholsina deniieulata 129 10F 14 130 10F 

Hypsoblennius brevipinnis 

H. gentilis 

Entomaorodus chiostictus 

Ophioblennius steindaohneri 134 10A 4 135 1 ID 

131 11A A 

132 10G 1 

133 11A 1 

134 10A A 135 
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Family 

Tripterygiidae 

Clinidae 

Chaenopsidae 

Adult Juvenile 

Species 
Num
ber Group 

Spec
trum 

Num
ber 

Spec-
Group trum 

Axoalinus carminalis 136 11B 14 

Axoclinus sp. 137 11B 14 

Enneanectes sexmaculatus 138 11B 14 

E. atenioeps 139 11B 14 

new genus, new species 140 11D 14 

Labrisomus multiporosus 141 11B 14 142 11A 14 

L. atriatus 143 11A 14 144 11A 14 

L. xanti—Male 145 10G 14 

L. xanti—Female 146 11A 14 147 10G 14 

Malacoctenus gigas—Male 148 11A 14 

M. gigas—Female 149 11A 14 

M. hubbsi 150 11A 14 

M. margaritae 151 11A 14 

M. tetranemus 152 11A 14 

Exerpes asper 153 11D 14 

Paraalinus mexicanus 154 11A 3 

P. sini—Male 155 11A 14 

P. sini—Female 156 11A 14 

Starksia spinipsnis 157 11D 14 

Xenomedea rhodopyga 158 11A 14 

Stathmonotus 
sinuscalifomici—Male 159 3A 14 

S. sinuscalifomici— 
Female 160 2B 14 

Acanthemblemaria 
crockeri—Male 162 11D 35 

A. arockeri—Female 161 11D 35 

Chaenopsis alepidota 163 2A 11 

Coralliozetus 
angelica—Male 165 11D 35 

C. angelica—Female 164 11D 14 

C. micropea—Male 166 11D 14 

C. micropea—Female 167 11D 14 
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Adult Juvenile 

Family Species 
Num
ber Group 

Spec
trum 

Num
ber Group 

Spec
trum 

Gobiidae 

Acanthuridae 

Gobiesocidae 

Emblemaria 
hypaaanthus—Male 168 11D 6 

E. hypaaanthus—Female 169 3B 6 

Proterrblemaria biairris 170 3B 14 

P. luaasana—Male 171 3B 14 

P. luaasana—Female 172 3B 14 

Aruma his trio 173 11D 14 

Bathygobius ramosus 174 11B 14 

Barbulifer pantherinus 175 11D 14 

Chriolepis zebra 176 11D 14 

Coryphopterus urospi lus 177 11D 14 

Elaaatinus digucti 178 11D 3 

E. pwictiaulatus 179 11D 14 

Elaaatinus sp. 180 11D 14 

Gobiosoma chiquita 181 11D 14 

Gobiosoma sp. 182 11D 14 

Gobulus aresaentalis 183 11D 11 

G. hanaoaki 184 11D 11 

Gymneleotris seninudus 185 11C 14 

Lythrypnus aalli 186 IOC 14 

Prionurus pwiatatus 187 8A 1 

Araos erythrops 189 4A 14 

Gobiesox adustus 190 4A 14 

G. pinniger 191 4A 14 

G. sahultsi 192 4A 4 

Pherallodiscus funebris 193 4B 14 

Tomiaodon boehlkei 194 4B 14 

T. eos 195 4B 14 

T. humeralis 196 4B 14 

188 8A 22 
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Adult Juvenile 

Num- Spec- Num- Spec-
Family Species ber Group trum ber Group trum 

Balistidae Batistes polylepis 197 8A 8 198 8A 8 

Sufflamen verves 199 8B 8 200 8B 8 

Alutera saripta 201 9B 4 202 9B U 

Tetraodontidae Arothron meleagris 203 6C 3 

Spheroides annulatus 204 7A 8 205 7A 8 

S. lobatus 206 7A 8 207 6C 8 

Canthigaster punotatissima 208 6A U 

Diodontidae Viodon holacanthus 209 6B 5 210 6C 5 
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To the left of each series is the specimen number which may be 
cross-referenced to Appendix A, Table 10, and Figure 4. 
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Morphological Characters 

Qualitative or ordinal categories used in the analysis are 
listed for each character. 

Character Categories 

Mouth type 1. Lower jaw projecting beyond upper jar, 
horizontal 

2. Lower jaw projecting beyond upper jaw, superior 
3. Mouth terminal, snout tubular 
4. Snout overhanging or projecting beyond mouth, 

inferior 
5. Upper jaw prolonged into swordlike beak 
6. Jaws are horizontal, mouth terminal 
7. Upper jaw is extended and lower lip is inferior 

or included. 

Lenth of 1. < 10 
upper jaw : 2. 11-19 
length of head 3. 20-29 

(%) 4. 30-39 
5. 40-49 
6. 50-59 
7. 60-69 
8. 70-79 
9. > 80 

Length of orbit: 1. < 10 
length of head 2. 11-19 

(%) 3. 20-29 
4. 30-39 
5. 40-49 
6. 60-69 

Jaw teeth 0. Absent 
1. Cardiform 
2. Incisors comb-like or villiform 
3. Caniniform 
4. Incisiform 
5. Molariform 
6. Coalesced into a beak (or nearly so) 
7. Needle-like 

Gill raker 0. <0.1 The first raker on the lower limb 
length (mm) 1. 0.1-1.0 nearest the angle was measured 

2. 1.1-2.0 except where it was atypical of 
3. 2.1-3.0 the rakers along the lower limb; 
4. 3.1-4.0 in those cases the length of the 
5. 4.1-5.0 2nd or 3rd raker was recorded. 



Character Categories 
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Gill raker 
length (continued) 6. 5.1-6.0 

7. 6.1-7.0 
8. 7.1-8.0 
9. > 8.1 

Gill raker 1. 0 - .24 Counted as the number of gill 
frequency 2. .25- .49 rakers per mm length of lower 

3. .50- ,1L limb of the first arch. The count 
4. .75- .99 was averaged over the total length 
5. 1.0 -1.9 of the lower limb, or 10 mm, which
6. 2.0 -2.9 ever was smaller. 

7. 3.0 -3.9 
8. 4.0 -4.9 
9. > 5.0 

Width of 1. < 9.9 8. 40.0-44.9 
caudal 2. 10.0-14.9 9. 45.0-49.9 
penducle: 3. 15.0-19.9 10. 50.0-59.9 
depth of 4. 20.0-24.9 11. 60.0-69.9 
caudal fin 5. 25.0-29.9 12. 70.0-79.9 
(%) 6. 30.0-34.9 13. > 80.0 

7. 35.0-39.9 

Caudal fin 1. Indented 
type 2. Rounded 

3. Double truncate 
4. Square, straight, rectangular 
5. Forked 
6. Pointed 
7. Indented or square with a filament 
8. Dorsal and anal confluent with caudal 
9. Naked (without rays) 

Dorsal fin 1. Anterior \ of standard length 
origin 2. Central of standard length 

3. Posterior % of standard length 

Dorsal fin 1. < 10 Dorsal fin height measured as the 
height: body 2. 11-19 oblique length of the longest 
depth (%) 3. 20-29 dorsal spine (or soft ray if with

4. 30-39 out a spinous dorsal); body 
5. 40-49 depth measured as the greatest 
6. 50-59 dorsal-ventral expansion in the 
7. 60-69 sagittal plane. 
8 > 70 
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Character Categories 

Length of 1. < 10 7. 36-40 
dorsal 2. 11-15 8. 41-50 
fin base: 3. 16-20 9. 51-60 
standard 4. 21-25 10. 61-70 
length (%) 5. 26-30 11. 71-80 

6. 31-35 12. > 80 

Length of 1. < 10 6. 31-35 
a.nal fin 2. 11-15 7. 36-40 
base: 3. 16-20 8. 41-50 
standard 4. 21-25 9. > 50 
length (%) 5. 26-30 

Pectoral 0. Vestigial or absent 
fin type 1. Elliptical 

2. Broad triangle (base i subequal to sides) 
3. Narrow triangle (base shorter than sides) 
4. Irregular quadrilateral with straight 

posterior edge 
5. Square or rectangular 
6. Irregular pentagon 
7. Hydrofoil 
8. Adapted for "walking" 
9. Irregular quadrilateral with rounded 

posterior edge 

Orientation 0. Pectoral absent 
of pectoral 1. < 20 
fin base 2. 21- 40 
(degrees) 3. 41- 60 

4. 61- 70 
5. 71- 80 
6. 81- 90 
7. 91-100 
8. 101-110 
9. > 111 

Pectoral fin 0. Pectoral absent Pectoral insertion depth mea-
insertion: 1. 2 24 sured as the length from the 
body depth 2. 25-37 dorsal midline along a per-
(%) 3. 38-50 pendicular line to the upper 

4. 51-63 anterior-most point on the 
5. 64-75 pectoral fin base. Body 
6. > 7 5  d e p t h  a s  d e f i n e d  a b o v e .  
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Character Categories 

Length of 
pectoral fin 
base: body 
depth (%) 

0. Pectoral absent 6. 26-30 
1. < 5 7. 31-35 
2. 6-10 8. 36-40 
3. 11-15 9. 41-45 
4. 16-20 10. 46-50 
5. 21-25 11. > 50 

Pelvic fin 
type 

Spinous dorsal 
type 

0. Absent 
1. Modified into suction disk 
2. Filamentous or filliform 
3. With broadened base, longer than pectoral fins 
4. With broadened base, subequal to pectoral fins 
5. With broadened base, shorter than pectoral fins 
6. Reduced to a bony shaft 

0. Spines absent 
1. Spines erectile, without membrane, or without 

lateral mobility 
2. Spines erectile, with membrane, or with lateral 

mobility 
3. Spines erectile, but lacking pungency, or not 

erectile 

Dorsal fin 
sheath 

Non-fin 
spines 

Dermal armor 

Accessory 
structures 

0- Without a fin sheath 
1. Sheath well developed, extending greater than 

h distance to fin boundary 
2. Sheath only partially developed, scales extend

ing only slightly onto fin membrane 

0. None are present 
1. Spines confined to opercle and preopercle 
2. Spines confined to head but more extensive 

than (1) 
3. Spines on body only 
4. Spines on both head and body regions 

0. Absent 
1. On head only 
2. On body only 
3. Including head and body areas 

0. Absent 
1. Confined to orbital and/or nucchal cirri 
2. Skin flaps or cirri on head but not on body 
3. Structures on head and body 
4. Confined to barbels or oral palps 
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Character Categories 

Toxicity 0. Absent or unknown 
1. Toxic secretions associated with spines only 
2. Toxic secretions in the dermis, or internal 

tissues 

Coloration 1. Predominantly barred 
2. Predominantly spotted 
3. Predominantly lined 
4. Predominantly striped 
5. Predominantly blotched 
6. Poster colored 
7. Silvery 
8. Unicolored, without markings 
9. With a dominant bicolor pattern (i.e. 

mono-colored areas) 
two 

Maximum 1. ^ 20 
standard 2. 21- 40 
length (mm) 3. 41- 80 

4. 81- 120 
5. 121- 160 
6. 161- 320 
7. 321- 640 
8. 641-1,280 
9. s 1, 280 

Average 1. < 29 
standard 2. 30- 39 
length (mm) 3. 40- 59 

4. 60- 89 
5. 90-129 
6. 130-189 
7. 190-249 
8. 250-309 
9. > 310 

Ecological Characters 

Qualitative or ordinal categories used in the analysis are 
listed for each character. 

Character Categories 

Relative abundance 
in central Gulf 
reef collections 

1. Very rare, almost never seen or collected 
2. Uncommonly seen or collected, few in numbers 
3. Common, usually present 
4. Always present, or nearly so 
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Character Categories 

Activity site 
in water 
column 

1. Centered from a shelter site on the reef, 
or in the reef matrix 

2. Openly on the reef surface, near cover 
3. Over the reef surface, but usually < 20 cm 

above it 
4. Above the reef surface, but always associated 

with algal cover 
5. Exposed in the water column, but usually < 1 m 

from a substrate surface 
6. Exposed in the water column, often at great 

distances (> 1 m) from cover or substrate 

Reef 
subhabitat 
preference 

1. Intertidal zones or very shallow (< 1 m) areas 
2. Reef/sand interface 
3. Cobble or rubble fields 
4. Boulder fields (boulders 20-60 cm diameter) 
5. Rugose consolidated reef substrate (usually 1 m 

or more variation in vertical relief) 
6. Sides of reef mounts or other vertical surfaces 
7. In cave, crevice, or overhanging shelf shelters 
8. Roams freely across most subhabitats on reef 

Activity 
period 

1. Diurnal 
2. Nocturnal 
3. Crepuscular 
4. Intermittently active throughout a 24-hour 

period 

Type or 
residency 

1. Primary: with a territory or shelter site 
which is necessary for survival; disfranchised 
individuals have lowered survival rates. 

2. Secondary: freely moving across reef, exchang
ing shelter sites, but rarely leaving reef area 

3. Tertiary: freely moving across and between 
adjacent reefs, or with diurnal migrations 
from reef to adjacent sandy areas 

Reproductive 1. With demersal eggs 
type 2. With pelagic eggs 

3. Live bearer 
4. Unknown 

Dietary 1. Algae 
components 2. Benthic sessile or epifloral invertebrates 
(present/absent 3. Benthic macroinvertebrates with calcified 
for each shells or elements requiring crushing 
category) 4. Motile macroinvertebrates or fishes 

5. Plankton 



Character Categories 

Foraging style 1. 
(present/absent 2. 
for each 3. 
category) 4. 

5. 

6 .  
7. 

8.  

9. 

Stalking 
Ambushing (sit-and-wait predator) 
Soft bottom ferret 
Hard bottom ferret (crack/crevice 
exploration) 
Cleaner or cheater (ectoparasites and fish 
scales, mucus, etc.) 
Attacks fish schools 
Lures prey with enticement structures or 
behavior 
Exhibits following behavior (uses other 
predators for disturbance of prey) 
Sifts sediments for detritis or infauna 
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Table C-l. Derivation of food spectrum index. — Scores of 
each dietary component are added to yield unique values for all pos
sible (= 32) combinations. 

Assigned 
Dietary Component Score* Examples of Diet Combinations 

Algae 1 + + 4- + + + 

Sessile invertebrates 3 + + + + + + 

Hardbodied slowly 
moving inverte
brates 5 + + + + + + 

Fast moving motile 
invertebrates or 
fishes 11 + + + + + + + + + 

Plankton 21 + + + + + 

Index Value 37 35 38 14 32 41 6 12 19 4 20 

AScore has no significance other than being a prime number. 
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