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Synopsis

The field of ecomorphology has a long history with early roots in Europe. In this half of the century the
application of ecomorphology to the biology of fishes has developed in the former Soviet Union, Poland and
Czechoslovakia, The Netherlands. and in North America. While the specific approaches vary among coun-
tries. many North American studies begin by comparing morphological variation with variation in ecological
characteristics at the intra or interspecific levels. These initial correlative studies form the ground work for
hypotheses that explore the mechanistic underpinnings of the observed ecomorphological associations. Sup-
porting these mechanistic hypotheses are insights from functional studies which demonstrate the limits to
potential resource use resulting from a particular morphology; however, the actual resource use is likely to be
more limited due to additional constraints provided by internal (e.g., behavior. physiology) and external (e.g.,
resource abundance, predator distribution) factors. The results from performance studies in the laboratory or
field can be used to test specific ecomorphological hypotheses developed from the initial correlational and
functional studies. Such studies may. but rarely do. incorporate an ontogenetic analysis of the ecomorpholog-
ical association to determine their effect on performance. Finally. input from phylogenetic analyses allow an
investigator to examine the evolution of specific features and to assess the rates and directionality of character
evolution. The structural and ecological diversity of fishes provides a fertile ground to investigate these inter-
actions. The contributions in this volume highlight some of the specific directions for ecomorphological re-
search covering a variety of biological processes in fishes. These include foraging, locomotion. reproduction.
respiration. and sensory systems. Running through these papers are new insights into universal ecomorph-
ological issues, i.e., the relationships between form and ecological role and the factors that modify these

relationships.

Introduction time (Motta & Kotrschal 1992). These interactions

can be studied at multiple levels: among individuals
Ecological morphology or ecomorphology, as pre- within a species, among species and higher taxa, and
sented in this volume, is a comparative discipline: its among guilds and communities. The mechanistic
central focus is the study of the interaction of underpinning of ecomorphology is that some as-
morphological and ecological diversity among or- pects of interindividual morphological variation

ganisms both in the present and over evolutionary will lead to functional and performance differences
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that result in differences in how these individuals
use the available resources. In turn. ecological fac-
tors may influence further morphological changes
(1) over evolutionary time as selection on these
characters leads to changes in gene frequencies in a
population or through extinction/speciation of taxa
(e.g.. Wiens 1977. Crowder 1986. Schluter 1988.
Swain 1992. Hori 1993). or (2) over the life span of
the organism through use-induced changes in
morphological structures (e.g.. Ehlinger & Wilson
1988. Ehlinger 1990. Meyer 1990. Wimberger 1991.
Mittelbach et al. 1992). A key feature of this partic-
ular ecomorphological paradigm is that morpho-
logical variation among individuals or among spe-
cies can be causally linked to variation in perform-
ance and ultimately to variation in resource use and
fitness (Wainwright 1994). Ecomorphology there-
fore becomes a framework for addressing adapta-
tion.

Individual perceptions of ecomorphology are in
part affected by one’s background and approach to
the tield. Functional morphologists are generally
interested in understanding the function of a specif-
ic morphological feature. Their understanding can
then form the foundation for exploring the per-
formance consequences of anatomical differences
among species (or individuals within species) that
may resultin ecological differences among these or-
ganisms (Wainwright & Reilly 1994).

In general ecologists are interested in under-
standing resource use by organisms and the interac-
tions among species. From an ecological perspec-
tive ecomorphological studies have three aims: (1)
measurements of the correlation between general
morphological variation and ecological variation:
(2) making ecological inferences from morpholog-
ical pattern: and (3) determination of the underly-
ing morphological mechanism that influences re-
source use by an organism and the degree to which
ecomorphological relationships are influenced by
other factors (paraphrased from Ricklefs & Miles
1994). Expanding bevond any specific community.
ecologists might attempt to identify universal forces
structuring ecological communities. especially
through the determination of morphological com-
monalities and convergences in community organi-
zation among different assemblages.

Viewing ecomorphological relationships from
the perspective of only current utility ignores the
important role of evolution in producing these rela-
tionships. One of the most exciting conceptual ad-
vances in recent studies has been the incorporation
of explicit phylogenetic hypotheses into ecomorph-
ological studies. Historical interpretations of eco-
morphological relationships provide important in-
formation on rates of evolution and the extent of
morphological and ecological coevolution (e.g..
symecomorphosis. Liem 1993). On a practical level.
the addition of a phylogeneticcomponent to an eco-
morphological study resolves the statistical dilem-
ma of the nonindependence of characters for those
taxa which share a trait due to common ancestry
(see Felsenstein 1985. Losos & Miles 1994. and
Westneat 1995 for further discussion).

Historical overview

Attempts to draw connections between the form of

an organism and its ecological role have a long his-
tory. Probably the first comments that can be inter-
preted as ecomorphological can be found in the
Hindu text “Sursuta-sambhita’. describing a link be-
tween body form and habitat in freshwater fishes.
and in the writings of Aristotle (Lindsey 1978).
While a clear understanding of both the field of
morphology and the field of ecology is necessary for
a well-designed ecomorphological investigation.
progress in these fields has not proceeded at an
equal pace historically. Ecology is arelatively young
science. developing primarily in this century. but the
roots of morphology in the western world can be
traced to Plato and Aristotle. The 18thand 19th cen-
turies saw tremendous progress in understanding
the influences of phylogenetic history. develop-
ment. and function on morphology. In this century.
morphological diversity has been increasingly in-
terpreted as being the consequence of adaptation to
specific environmental conditions. More recently.
the increased application of experimental ap-
proaches to morphological analysis has provided
great insights into the functional significance of in-
tra- and interspecific morphological diversity (see
Liem 1991).



While the recognition of ecology as a distinct
field of biology dates from about 1900. its antece-
dents reach back into the natural history studies of
18th and 19th centuries (Odum 1971). Applying this
holistic approach to biology, natural historians such
as van Leeuwenhoek. Darwin. and Haeckel. pro-
posed the term ‘oecology’ in 1869 to refer to the
study of the organism-environment interactions
(Kingsland 1991). Important ecological concepts
such as the niche. succession. food webs. and the
competitive exclusion principle were developed
early in this century as a result of attempts to de-
scribe ecological communities qualitatively.

The interest in the fit of the organism to the envi-
ronment predates Darwin. however the theoretical
underpinnings of ecomorphology can be dated to
Darwin'’s publication of ‘On The Origin of Species’
in 1859 (Bock 1990). Within this evolutionary
framework the study of adaptation could be applied
to the relationship between form and function. In
the early 1900's there were sporadic studies dealing
with ecological morphology (see Bock 1990 forare-
view). but an explicit blending of ecology and mor-
phology began to emerge in the 1940’s in Europe.
Remane (1943). a morphologist. and Kuhnelt
(1943). an ecologist. published separately their con-
cepts of ‘Lebensform’. in which similarities in
morphological constructions are attributed to con-
straints imposed by a similar environment. even in
different taxonomic groups (Goldschmid & Kotr-
schal 1989). Van der Klaauw (1948.1951).influenced
by the earlier work of Hans Boker. clearly stated
that ecological morphology is the relationship be-
tween the structure of the organism and its environ-
ment (Bock 1990). With the increased interest in
functional anatomy in the 1950’s there was a resur-
gence of interest in vertebrate morphology. How-
ever there were few works on ecological morphol-
ogy until Bock & von Wahlert (1965) clearly set out
guidelines for the study of adaptation and differen-
tiated between function and biological role (Bock
1990). This work helped to clarify the distinction be-
tween functional morphology and ecological mor-
phology. At about the same time functional mor-
phologists again became interested in ecological
morphology, ecologists saw morphology as a tool
for addressing questions about the niche. competi-
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tion. community structure and resource partition-
ing. In 1975 Karr & James (1975) introduced the
term ‘ecomorphology’ in their study of avian com-
munities {for a review of the history of ecomorphol-
ogy see Goldschmid & Kotrschal (1989) and Bock
(1990)]. Since then there has been a steady growth
in interest in ecomorphology both by ecologists and
morphologists.

Modern ecomorphological research has benefit-
ted greatly from the quantitative and experimental
approaches that have developed independently in
the fields of morphology and ecology. In addition.
recent ecomorphological studies have borrowed in-
sights and methodologies from other fields. includ-
ing evolutionary biology. behavior. physiology. and
biomechanics (Liem 1991). One of the major goals
of this volume is to identifv the current state of
knowledge of.ecomarphological research. specifi-
cally for fishes. and to chart out promising areas for
future research.

Application of ecomorphology to fishes

Fishes exhibit tremendous morphological and eco-
logical diversity. Thev occupy a wide variety of ec-
ological niches. forage on almost anvthing of ener-
getic value. demonstrate a full range of reproduc-
tive stvles. and utilize more sensory modalities than
any other group of organisms. To access these ec-
ological niches. fishes have evolved complex suites
of foraging. locomotory. respiratorv. reproductive.
and sensory structures. As a result of their long evo-
lutionary history. their high biodiversity. and their
often multi-stage life histories. fishes have provided
fertile grounds for examination of the relationship
between form and ecological role.

The application of the ecomorphological ap-
proach to ichthvology has plaved an important role
in our understanding of biological diversity in fish-
es. Research groups utilizing this approach have de-
veloped independently in the former Soviet Union.
Czechoslovakia and Poland: the Netherlands. and
in North America. Many of these early works in-
clude some of the first ecomorphological studies of
ontogenies. life histories and reproductive styles in
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fish communities (e.g. Kryzhanovsky 1949. Kryzha-
novsky et al. 1953).

In the west, seminal works by Fryer & Iles (1972)
laid the groundwork for interpreting the tremen-
dous morphological diversity of the speciose lacus-
trine cichlids of Africain an ecologicai content. The
importance of the ecomorphological approach to
fish biology was recognized by research groups in
the Netherlands (Barel 1983, 1984, Barel et al. 1989,
Hoogerhoud et al. 1983, Hoogerhoud 1987. Witte et
al. 1990, Nagelkerke et al. 1994). This resulted in the
formation of the Ecological-Morphology Research
Group at the Rijksuniversiteit Leiden with research
focused on the African Rift Lake communities.

The approach by many in this research group is
termed ultramechanistic by Zweers (1988). This ap-
proach is deductive in nature. where optimality
modeling plays a central role in the generation of
hyvpotheses. In these models the optimal gain in en-
ergy is realized if the underlying anatomical and
functional systems perform at the highest possible
efficiencies (Barel et al. 1989 in Liem 1993. Barel
1993). The predictions of these models would then
be tested against laboratory or field data. In deter-
mining the optimum energetic efficiency. these
models assume (1) energy is a limiting resource for
which there is competition; (2) historical factors are
not important (Liem 1993). While the former may
ultimately be true. under many circumstances there
may be no competition for energy (see Wiens & Ro-
tenberry 1980). Regarding the second assumption.
under many circumstances a clear understanding of
the evolutionary history and ontogeny of the orga-
nisms that are being modeled is necessary to under-
stand constraints imposed on their biological inter-
actions (see Brooks & McLennan 1991, Harvey &
Pagel 1991).

In North America. studies by Keast & Webb
(1966). Ciardelli (1967), Werner & Hall (1976.1979),
Werner et al. (1977), Chao & Musick (1977), and
Gatz (19792, b) set the stage for a burst of interestin
the interrelationship of morphology and ecology
related to resource partitioning and feeding in fish-
es. Currently, the ecomorphological approach is be-
ing applied on a broad front to investigate nearly
every area of potential interaction between mor-
phology and ecology of fishes at both the intra- and

interspecific level (e.g., Wikramanayake 1990, Ver-
gina 1991, Ekau 1991, Norton 1991, Winemiller 1991,
Douglas & Matthews 1992, Motta & Kotrschal 1992,
Sturmbauer et al. 1992, Swain 1992, Purcell & Bell-
wood 1993, Norton & Brainerd 1993, Robinson et
al. 1993, Turingan 1994).

The initial studies in North America were con-
ducted by ecologists, and they used an inductive/
comparative approach. Many of them employed
what Motta & Kotrschal (1992) and Liem (1993)
have termed the scattershot strategy, in which nu-
merous morphological and ecological characters
were analyzed with the hope of discovering rele-
vant patterns of correlation. Choice of the charac-
ters in these studies was often based on the intuition
of the investigator (Dullemeijer 1980) or simply in-
cluded traditional taxonomic characters. Under
these conditions, providing a plausible mechanism
for many of the correlations that were produced
was problematic. In many of the recent studies.
choice of morphological characters has been re-
stricted 1 those for which there is experimental evi-
dence for their potential adaptive significance (e.g.,
Ricklefs & Miles 1994, Norton 1995). While the
early studies on the ecomorphology of fishes fo-
cused on ontogeny and life history, these areas are
generally under-represented in current studies with
few exceptions (e.g. Balon 1975, 1986, Galis 1993.
Crawford & Balon 1994).

An approach to ecomorphology

Despite the active interest in ecomorphology there
is little consensus on definitions and hypotheses of
ecomorphology, and considerable confusion con-
cerning the distinctions between ecomorphology
and similar morphological analyses (i.e., functional
morphology) (for discussions see Leisler & Winkler
1985, Barel et al. 1989, Goldschmid & Kotrschal
1989, Bock 1990, Motta & Kotrschal 1992, Wainw-
right 1994). The terms ecology and morphology are
often used rather imprecisely, explicitly or implicit-
ly including behavior, physiology, biochemical
traits and the like (see Motta & Kotrschal 1992,
Garland & Losos 1994). In our view ecomorphol-
ogists attempt to determine the strength of the rela-



tionship between variation in form and variation in
actual resource use among individuals, populations,
species and higher taxa, or communities.

In contrast to ecomorphology, one goal of func-
tional morphology is to determine the potential
function or biological role of structures. particularly
in an adaptive context (Liem 1991). The difficulty
with many functional studies is that the artificial
laboratory conditions or simplified ecological chal-
lenges may be poor mimics of the diverse ecological
challenges and conditions under which these struc-
tures must operate in the wild. In spite of these limi-
tations, the results of functional morphological
studies play an important role: (1) a priori in identi-
fying which morphological variables are likely toin-
fluence a particular ecological variable. and (2) a
posteriori by providing a plausible mechanism for
an observed ecomorphoiugical correlation (e.g..
Barel 1983. Norton & Brainerd 1993).

Insights from a functional analysis of structural
variation aong a group of organisms may provide
partof the information necessary to predict the fun-
damental niches that these organisms may inhabit.
The realized niches (as measured as part of an eco-
morphological analysis) may be different due to the
complex interplay of internal and external con-
straints (see discussion in Bock & von Wahlert 1965.
Bock 1980. Motta & Kotrschal 1992, Reilly &
Wainwright 1994). Moreover, the support provided
by a functional morphological analysis of an ana-
tomical structure is still insufficient to demonstrate
that this structure determines the observed ecolog-
ical patterns. To move beyond correlation (even
when supported by functional inference) requires a
demonstration that the differences in morpholog-
ical features identified in the ecomorphological
component lead to differences in performance that
would resultin the ecological patterns observed un-
der natural conditions (e.g., Wainwright 1987, 1988,
Norton 1991).

It is unreasonable to expect a perfect match be-
tween morphological variation and ecological vari-
ation. In fact, the authors of several ecomorpholog-
icalstudies have concluded that limited or no corre-
lation existed between ecological and morpholog-
ical variables (e.g., Wiens & Rotenberry 1980,
Grossman 1986, Motta 1988, Block et al. 1991, Dou-
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glas & Matthews 1992). The lack of ecomorpholog-
ical correlations in these studies may be artifactual
or real. Of course, these results fall into the difficult
conceptual problem that the absence of evidence of
an ecomorphological pattern provides only weak
inference that no such pattern could exist. For ex-
ample, choosing other morphological and ecolog-
ical variables or analyzing them differently may
produce a correlation where none was found earlier
(see Norton 1995). Alternatively, the results of
these studies may reflect reality, i.e., no correlation
between morphological and ecological variation. A
complex interplay of factors (e.g., behavioral, eco-
logical. physiological. historical. and morphological
constraints) may influence the morphological and
ecological characters that are being studied (e.g.,
Baker et al. 1995, Cech & Massingill 1995). This in-
terplay might prohibit a perfect fit between morph-
ological and ecological parameters, result in a sub-
optimal fit or leave no connection at all (see Gould
& Lewontin 1979, Motta & Kotrschal 1992, Losos &
Miles 1994, Ricklefs & Miles 1994).

While the statement. ‘the ecology of a fish is de-
termined wholly by its morphology’, is clearly not
correct, it is also clear that the alternative hypothe-
sis, ‘the morphology of a fish plays no role in its
ecology’ is also not correct. Repeatedly, studies
have demonstrated close ecomorphological rela-
tionships: among these are the relationship be-
tween interspecific differences in visual pigments,
retinal morphology, and the electromagnetic spec-
trum characteristic of the habitats of fishes (e.g.,
Munz & McFarland 1977, Levine & MacNichol
1979, Hobson et al. 1981, Pankhurst 1987, Hueter
1990. Mas-Riera 1991, McFarland 1991), between
gut length and diet in fishes (e.g., De Groot 1969,
Montgomery 1977, Horn 1989, Zihler 1982, Stoner
& Livingston 1984, Motta 1988, Vergina 1991, Eg-
gold & Motta 1992, Sturmbauer et al. 1992), and be-
tween the body shape, and position and shape of
fins and the primary habitats of fishes (e.g., Keast &
Webb 1966, Watson & Balon 1984, Webb 1984, 1988,
Wikramanayake 1990, Douglas & Matthews 1992).
Clearly, reality lies somewhere between the first
statement and its alternative.

In our view, the initial goal of an ecomorpholog-
ical research program is to identify which features
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of an organism’s form are correlated with particular
features of its ecology. The choice of features
should be based on an understanding of the puta-
tive functional links between the morphological
variables and the ecological variables in the study.
A functional analysis then provides the causal
mechanism for the correlation. This analysis can be
used to generate predictions on the role of morph-
ological variation in determining the potential
niche. Performance tests then provide a powerful
mechanism to evaluate the ecomorphological hy-
potheses generated by the analyses. Ideally. these
performance tests should be either direct or indi-
rect indicators of fitness. e.g.. growth. survival. fe-
cundity (Javne & Bennett 1990. Liem 1993. Ricklefs
& Miles 1994. Garland & Losos 1994). Such analys-
es could be applied to an ontogenetic series to as-
certain ontogenetic ecomorphological associations
and their effect on performance. Comparisons be-
tween the potential and realized niche are partic-
ularly important to ecologists who are interested in
community steucturc and interspecific interactions.
Finally. incorperation of a phylogenetic component
could be used to provide evidence of convergence.
divergence and parallelism. to assess the rates of
morphological and ecological evolution. and to de-
scribe adaptive character complexes (Lauder 1981.
1982. Brooks & McLennan 1991. Losos & Miles
1994. Wainwright & Reilly 1994).

An overview of the contributions in this volume

This is an exciting time to be pursuing ecomorph-
ological research. A continuous stream of new
books (e.g.. Wainwright & Reilly 1994) and articles
(e.g.. Schluter 1994) demonstrate the continued vi-
tality of this interdisciplinary approach to biology.
As the hybrid title implies. ecomorphology is a syn-
ergistic endeavor; progress in ecomorphology has
come not only from increased understanding of
ecology and morphology, but also through progress
made in other disciplines. especially functional
morphology. biomechanics. embryology. ethology.
physiology. and evolutionary biology.

The goal of the symposium that we organized for
the 1992 annual meeting of the American Society of

Ichthyologists and Herpetologists and the papers
included in this volume was to explore the implica-
tions of new strides along this broad front to eco-
morphological research and to identify promising
areas for future research. For some contributors, in-
vestigations of the ecomorphology of fishes is the
major focus of their research programs. Others
would consider their primary focus to be on some
other aspect of adaptive biology (e.g.. ecophysiol-
ogy, biomechanics). but their research clearly con-
tributes to our understanding of the relationship
between ecology and morphology. Continued inter-
disciplinary interactions can greatly increase the
pace of progress.

We organized the symposium and the contribu-
tions in this volume around major processes that are
important in the biology of fishes. including forag-
ing. locomotion. sensory perception. respiration.
and reproduction. Specific studies in this volume
examine: (1) adaptations for the acquisition and uti-
lization of sensory information from the environ-
ment (Kotrschal. Mensinger. van der Meer et al.):
(2) general and specific adaptations for locomotion
in aquatic environments (Long. Motta et al.. Wine-
miller et al.): (3) the ability to capture food (Lucz-
kovich et al.. Motta et al.. Norton. Wainwright &
Richard. Westneat): (4) the need to acquire suffi-
cient oxvgen to support metabolic activities (Cech
& Massingill. Chapman & Liem. Martin). and (5)
constraints on reproductive stvles (Baker et al.. Fos-
ter & Baker). Several studies look at potential in-
teractions between these processes (e.g.. Baker et
al.. Cech & Massingill). The contributions include
analyses of ecomorphological variation within a
species (e.g.. Chapman & Liem. Foster & Baker.
Luczkovich et al.). among closely-related species
(Norton. Westneat. van der Meer). within a com-
munity (Motta et al.. Wainwright & Richard) and
among several communities (Martin. Winemiller et
al).

Running through these papers are general eco-
morphological questions that are broadly applica-
ble to more than just fishes and their specific sys-
tems. These include: (1) How good is the basic fit
between an organism'’s structure and its use of eco-
logical resources when traditional taxonomic varia-
bles are used? (2) Can we improve our conceptual



or statistical fit between ecology and morphology
by choosing non-traditional parameters that reflect
a clearer understanding of the functional potentials
of individual structures and the ecological complex-
ities facing fishes? (3) When a structure plays a role
in several ecological contexts. does its form repre-
sent a compromise among optimal solutions to
these contexts or are some ecological roles more
important than others in the evolution of form? (4)
How responsive are ecomorphological patterns to
changes in scale. either temporal (e.g.. during the
ontogeny of any individual or over the evolutionary
historv of a clade) or spatial (e.g.. between different
communities of fishes or different habitats)? (S) In
a broader context. how does an organism’s mor-
phology interact with other intrinsic characteristics
(e.g.. behavioral repertoire. physiology) to define
the fundamental niche. and with the environment to
produce the realized niche?

We asked each of the contributors to address the
following issues: to review past works in fish eco-
morphology. to present new approaches. data. and
ideas in their area of interest. and finally to suggest
future directions for research in ecomorphology. As
we learned and as vou can see from this volume.
some areas sustain active ecomorphological re-
search programs (e.g.. foraging. respiration. vision).
while others are ripe for future research (e.g. non-
visual sensory svstems). In other fields. approaches
other than ecomorphology (e.g.. ecophysiology. be-
havioral ecology) may dominate an area (e.g.. the
central role of physiology in respiration). but there
are important insights that would accrue from an
ecomorphological analysis. Our desire is that this
volume will highlight the unique perspectives and
approaches that these investigators bring to eco-
morphological research. We are sure that this syn-
thesis of ideas will stimulate continued progress in
ecomorphological research.

Acknowledgements

This symposium was kindly hosted by the Ameri-
can Society of Ichthyologists and Herpetologists
and the University of Illinois. Special thanks are
owed to Lawrence Page for helping us with local ar-

17

rangements: and Eugene Balon for his editorial as-
sistance in the publication of this issue. We are also
indebted to the reviewers listed at the end of this
volume: this work would not be possible if not for
their dedicated efforts. We wish to thank Jeffrey
Todd Streelman. Peter Wainwright. Karel Liem and
Eugene Balon for their helpful comments that
greatly improved this manuscript.

References cited

Baker.J.A.. S.A. Foster & M.A. Bell. 1995. Armor morphology
and reproductive output in threespine stickleback. Gasteros-
teus aculeatus. Env. Biol. Fish. 44: 225-233.

Balon. E.K. 1975. Reproductive guilds of fishes: a proposal and
definition. J. Fish. Res. Board Can. 32: 821-864.

Balon. E.K. 1986. Tvpes of feeding in the ontogeny of fishes and
the life-history model. Env. Biol. Fish. 16: 11-24.

Barel. C.D.N. 1983. Towards a constructional morphology of ci-
chlid fishes (Teleostel. Perciformes). Neth. J. Zool. 33: 357-
424,

Barel. C.D.N. 1984, Form-relations in the context of construc-
tional morphology - the eve and the suspensorium of lacus-
trine Cichlidae (Pisces: Teleostei) with a discussion on the im-
plications for phylogeneuc and allometric form interpreta-
tions. Neth J. Zool. 34: 439-502.

Barel. C.D.N. 1993. Concepts of an architectonic approach to
transtormation morphologv. Acta Biotheoretica 41: 345-381.

Barel. C.D.N.. G.Ch. Anker. F. Witte. R.J.C. Hoogerhoud & T.
Goldschmidt. 1989. Constructional constramnt and its eco-
morphological implications. Acta Morphol. Neerl.-Scand. 27:
83-109.

Block. W.M.. L.A. Brennan & R.J. Gutierrez. 1991. Ecomorph-
ological relationships of a guild of ground-foraging birds in
northern California. USA. Oecologia 87: 449—458.

Bock. W.J. 1980. The definition and recognition of biological ad-
aptation. Amer. Zool. 20: 217-227.

Bock. W.J. 1990. From biologische Anatomie to ecomorphology.
Neth. J. Zool. 40: 254-277.

Bock. W.J. & G. von Wahlert. 1965. Adaptation and the form-
function complex. Evolution 19: 269-299.

Brooks. D.R. & D.A. McLennan. 1991. Phylogeny. ecology. and
behavior. A research program in comparative biology. The
University of Chicago Press. Chicago. 434 pp.

Chapman. L.J. & K.F. Liem. 1995. Papyrus swamps and the respi-
ratory ecology of Barbus neumaveri. Env. Biol. Fish. 44: 183~
197.

Cech.J.J.. Jr. & M.J. Massingill. 1995. Tradeoffs between respira-
tion and feeding in Sacramento blackfish. Orthodon microle-
pidotus. Env. Biol. Fish. 44: 157-163.

Chao. L.N. & J. Musick. 1977. Life history. feeding habits, and
functional morphology of juvenile sciaenid fishes in the York
River estuary. Virginia. U.S. Fish. Bulletin 75: 657-702.



18

Ciardelli. A. 1967. The anatomy of the feeding mechanism and
food habits of Microspathodon chrysurus (Pisces: Pomacentri-
dae). Bull. Mar. Sci. 17: 845-883.

Crawford. S.S. & E.K. Balon. 1994. Alternative life histories of
the genus Lucania: 3. An ecomorphological explanation of al-
tricial (L. parva) and precocial (L. goodei) species. Env. Biol.
Fish. 41: 369-402.

Crowder. L.B. 1986. Ecological and morphological shifts in Lake
Michigan fishes: glimpses of the ghost of competition past. pp.
147-157. In: C.A. Simenstad & G.M. Cailliet (ed.) Contempo-
rary Studies of Fish Feeding. Dr W. Junk Publishers. Dor-
drecht.

Darwin, C.D. 1859. On the origin of species by means of natural
selection. or the preservation of favoured races in the struggle
for life. John Murray. London. 502 pp.

De Groot. $.J.1969. Digestive system and sensorial factorsin rel-
tion to the feeding behaviour of flatfish (Pleuronectiformes).
J. Const. int. Explor. Mer 32: 385-395.

Douglas. M.E. & W.J. Matthews. 1992. Does morphology predict
ecology? Hypothesis testing within a freshwater stream fish
assemblage. Oikos 65: 213-224.

Dullemeijer. P. 1980. Animal ecology and morphology. Neth. J.
Zool. 30: 161-178.

Eggold. B.T. & PJ. Motta. 1992. Ontogenetic dietary shifts and
morphological correlates in striped mullet. Mugil cephalus.
Env. Biol. Fish. 34: 139-158.

Ehlinger. T.J. & D.S. Wilson. 1988. Complex foraging polymor-
phisms in bluegill sunfish. Proc. Nat. Acad. Sci. 85: 1878-1882.

Ehlinger. T.J. 1990. Habitat choice and phenotype-limited feed-
ing efficiency in bluegill: individual differences and trophic po-
lvmorphism. Ecology 71: 886—896.

Ekau. W. 1991. Morphological adaptation and mode of life in
high Antarctic fish. pp. 23-39. In: G. Diprisco. B. Maresca & B.
Tota (ed.) Biology of Antarctic Fish. Springer-Verlag. Berlin.

Felsenstein. J. 1985. Phylogenies and the comparative method.
Amer. Nat. 125: 1-15.

Foster. S.A. & J.A. Baker. 1995. Evolutionary interplay between
ecology. morphology and reproductive behavior in threespine
suckleback. Gasterosteus aculeatus. Env. Biol. Fish. 44: 213~
223,

Frver.G. & T.D. lles. 1972. The cichlid fishes of the great lakes of
Africa. Oliver & Boyd. Edinburgh. 642 pp.

Galis. F. 1993. Interactions between the pharyngeal jaw appara-
tus. feeding behaviours. and ontogeny in the cichlid fish. Ha-
plochromis piceatus: a study of morphological constraints in
evolutionary ecology. J. Exp. Zool. 267: 137-154.

Garland. T.. Jr.. & J.B. Losos. 1994. Ecological morphology of
locomotor performance in squamate reptiles. pp. 240-302. In:
P.C. Wainwright & S.M. Reilly (ed.) Ecological Morphology.
Integrative Organismal Biology. University of Chicago Press.
Chicago.

Gatz. AJ.. Jr. 1979a. Ecological morphology of freshwater
stream fishes. Tulane Studies in Zoology and Botany 21: 91-
124.

Gatz. A.J.. Jr. 1979b. Community organization in fishes as indi-
cated by morphological features. Ecology 60: 711-718.

Goldschmid, A. & K. Kotrschal. 1989. Ecomorphology: devel-
opment and concepts. Fortschr. Zool.. Suppl. 35: 501-512.

Grossman. G.D. 1986. Food resource partitioning in a rocky in-
tertidal fish assemblage. J. Zool. (London) 1: 317-355.

Gould. S.J. & R.C. Lewontin. 1979. The spandrels of San Marco
and the Panglossian paradigm: a critique of the adaptationist
programme. Proceeding of the Royal Society of London B
205: 581-598.

Harvey. PH. & M.D. Pagel. 1991. The comparative method in
evolutionary biology. Oxford University Press. New York. 239
PP-

Hobson. E.S.. W.N. McFarland & J.R. Chess. 1981. Crepuscular
and nocturnal activities of Californian nearshore fishes. with
consideration of their scotopic visual pigments and their phot-
ic environment. U.S. Fish. Buil. 79: 1-30.

Hoogerhoud. R.J.C. 1987. The adverse effects of shell ingestion
for molluscivorous cichlids, a constructional morphological
approach. Neth. J. Zool. 37: 277-300.

Hoogerhoud. RJ.C.. F. Witte & C.D.N. Barel. 1983. Ecological
differentiation of two closely resembling Haplochromis spe-
cies from Lake Victoria (H. iris and H. hians: Pisces. Cichli-
dae). Neth. J. Zool. 33: 283-305.

Hori. H. 1993. Frequency-dependent natural selection in the
handedness of scale-eating cichlid fish. Science 260: 216-219.

Horn. M.H. 1989. The biology of marine herbivorous fishes.
Oceanogr. Mar. Biol. Annual Reviews 27:167-272.

Hueter. R.E. 1990. Adaptations for spatial vision in sharks. J.
Exp. Zool. Suppl. 5: 130-141.

Jayne. B.C. & A.F. Bennett. 1990. Selection on locomotor per-
formance capacity in a natural population of garter snakes.
Evolution 44: 1204-1229.

Karr.J.R. & F.C. James. 1975. Eco-morphological configurations
and convergent evolution of species and communites. pp.
258-291. In: M.L. Cody & J.M. Diamond (ed.) Ecology and
Evolution of Communities. Harvard University Press. Cam-
bridge.

Keast. A. & D. Webb. 1966. Mouth and body form relative to
feeding ecology in the fish fauna of a small lake. Lake Opinion.
Ontario. J. Fish. Res. Board Can. 23: 1845-1874.

Kingsland. S.E. 1991. Defining ecology as a science. pp. 1-13. /n.
L.A. Real & J.H. Brown (ed.) Foundations of Ecology. Uni-
versity of Chicago Press. Chicago.

Klaauw. C.J. van der. 1948. Ecological studies and reviews. IV.
Ecological morphology. Bibliotheca Biotheoretica 4: 27-111.

Klaauw. C.J. van der. 1951. Bau. Lebenweise und Milieu der
Tiere. Die Grundlagen einer oekologischen Morphologie. Ac-
ta Soc. Fauna et Flora Fenn. 67: 1-18.

Kotrschal, K. 1995. Ecomorphology of solitary chemosensory
cell systems in fish: a review. Env. Biol. Fish. 44: 143-156.

Kryzhanovsky. S.G. 1949. Eco-morphological principles in the
developments of carps. loaches and catfishes (Cyprinoidei
Siluroidei). Trudy Inst. Morph. Zhiv. Severtsova 1: 5-332. (In
Russian).

Kryzhanovsky. S.G.. N.N. Disler & E.N. Smirnova. 1953. Eco-
morphological principles of development in perch-like fishes.
Trudy Inst. Morph. Zhiv. Severtsova 10: 3-138. (In Russian).



Kuhnelt. W. 1943. Die Leitformenmethod in der Okologie der
Landtiere. Biol. Gen. 17: 106-146.

Lauder. G.V. 1981. Form and function: structural analysis in evo-
lutionary biology. Paleobiology 7: 430442,

Lauder. G.V.1982. Historical biology and the probiem of design.
J. Theor. Biol. 97: 57-67.

Leisler. B. & H. Winkler. 1985. Ecomorphology. pp. 155-186. In:
R.F. Johnston (ed.) Current Ornithology. Plenum Press. New
York.

Levine. J.S. & E.F. MacNichol. Jr. 1979. Visual pigments in tele-
ost fishes: effects of habitat. microhabitat. and behavior on vi-
sual system evolution. Sensory Processes 3: 95-131.

Liem. K.F. 1991. Toward a new morphology: pluralism in re-
search and education. Amer. Zool. 31: 759-767.

Liem. K.F. 1993. Ecomorphology of the teieostean skull. pp. 422—
452.In:J. Hanken & B.K. Hall (ed.) The Skull. Functional and
Evolutionary Mechanisms. Volume 3. The University of Chi-
cago Press. Chicago.

Lindsev. C.C. 1978. Form. function. and iocomotory habits in
fish. pp. 1-100. fn: W.S. Hoar & D.J. Randalli (ed.) Fish Physiol-
ogy 7. Academic Press. New York.

Long. J.H.. Ir. 1995. Morphology. mechanics. and locomotion:
the relation between the notochord and swimming motions in
sturgeon. Env. Biol. Fish. 44: 199-211.

Losos. J.B. & D.B. Miles. 1994. Adaptation. constraint. and the
comparative method: phylogenetic issues and methods. pp.
60-98. In: P.C. Wainwright & $.M. Reilly (ed.) Ecological Mor-
phology. Integrative Organismal Biology. University of Chica-
go Press. Chicago.

Luczkovich.J.J..S.F.Norton & R.G. Gilmore. Jr. 1995. The influ-
ence of oral anatomy on prey selection during the ontogeny of
two percoid fishes. Lagodon rhomboides and Centropomus
undecimalis. Env. Biol. Fish. 44: 79-95.

Marun. K.L.M. 1995. Time and tide wait for no fish: intertidal
fishes out of water. Env. Biol. Fish. 44: 163-181.

Mas-Riera. J. 1991. Changes during growth in the retinal struc-
ture of three hake species. Merluccius spp. (Teleoster: Gadi-
formes). in relation to their depth. distribution and feeding. J.
Exp. Mar. Biol. Ecol. 152: 91-104.

McFarland. W. 1991. Light in the sea: the optical world of elas-
mobranchs. J. Exp. Zool. Suppl. 5: 3-12.

Mensinger. AF. 1995. Ecomorphological adaptations to biolu-
miniscence in Porichthvs notatus. Env. Biol. Fish. 44: 133-142,

Mever. A. 1990. Morphometrics and allometry in the trophically
polymorphic cichlid fish. Cichlasoma cutrinellum: alternative
adaptations and ontogenetic changes in shape. J. Zool. (Lon-
don) 221: 237-260.

Mittelbach. G.G.. C.W. Osenberg & P.C. Wainwright. 1992. Vari-
ation in resource abundance affects diet and feeding morphol-
ogy in the pumpkinseed sunfish (Lepomis gibbosus) Oecolo-
gia 90: 8-13.

Montgomery. W.L. 1977. Diet and gut morphology in fishes. with
special reference to the monkeyface prickleback. Cebidich-
thys violaceous (Stichaeidae: Blenniodei). Copeia 1977: 178
182

Motta. P.J. 1988. Functional morphology of the feeding appara-

19

tus of ten species of Pacific butterflvfishes (Perciformes. Chae-
todontidae): an ecomorphological approach. Env. Biol. Fish.
22:39-67.

Motta. PJ. & K.M. Kotrschal. 1992. Correlative. experimental.
and comparative evolutionary approaches in ecomorphology.
Neth. J. Zool. 42: 400415.

Motta. PJ.. K.B. Clifton. P. Hernandez & B.T. Eggold. 1995. Eco-
morphological correlates in ten species of subtropical seagrass
fishes: diet and microhabitat utilization. Env. Biol. Fish. 44:
37-60.

Munz. FW. & W.N. McFarland. 1977. Evolutionary adaptations
of fishes to the photic environment. pp. 193-274. In: F. Cresci-
telli (ed.) The Handbook of Sensory Physiology VII/5. Spring-
er-Verlag. Heidelberg.

Nagelkerke. L.AJ.. FA. Sibbing. J.G.M. van den Boogaart.
E.H.R.R. Lammens & J.W.M. Osse. 1994. The barbs ( Barbus
spp.) of Lake Tana: a forgotten species flock? Env. Biol. Fish.
39:1-22.

Norton. S.F. 1991. Capture success and diet of cottid fishes: the
role of predator morphology and attack kinematics. Ecology
72: 1807-1819.

Norton. S.F. 1995. A functional approach to ecomorphological
patterns of feeding in cottid fishes. Env. Biol. Fish. 44: 61-78.

Norton. S.F. & E.L. Brainerd. 1993. Convergence in the feeding
mode of ecomorphologically similar species in the Centrarchi-
dae and Cichlidae. J. Exp. Biol. 176: 11-29.

Odum. E.P. 1971. Ecology. W.B. Saunders Co.. Philadelphia. 574
pp-

Pankhurst. N.W. 1987. Intra- and interspecific changes in retinal
morphology among mesopelagic and demersal teleosts from
the slope waiers of New Zealand. Env. Biol. Fish. 19: 269-280.

Purcell. S.W. & D.R. Bellwood. 1993. A functional analvsis of
food procurement in two surgeonfish species. Acanthurus ni-
grofuscus and Ctenochaetus striatus (Acamhuridae). Env.
Biol. Fish. 37: 139-159.

Remane. A. 1943. Die Bedeutung der Lebenstormentypen fur
die Okologie. Biol. Gen. 17: 164-182.

Reilly. S.M. & P.C. Wainwright. 1994. Conclusion: ecological
morphology and the power of integration. pp. 339-354. /In: PC.
Wainwright & S.M. Reilly (ed.) Ecological Morphology. In-
tegrauive Organismal Biology. University of Chicago Press.
Chicago.

Ricklefs. R.E. & D.B. Miles. 1994. Ecological and evolutionary
inferences from morphology: an ecological perspective. pp.
13-41. /n: P.C. Wainwright & S.M. Reilly (ed.) Ecological Mor-
phology. Integrative Organismal Biology. University of Chica-
go Press. Chicago.

Robinson. B.W.. D.S. Wilson. A.S. Margosian & P.T. Lotito. 1993.
Ecological and morphological differentiation of pumpkinseed
sunfish in lakes without bluegill sunfish. Evol. Ecol. 7: 451-464.

Schluter, D. 1988. Character displacement and the adaptive di-
vergence of finches on istands and continents. Amer. Nat. 131:
799-824.

Schluter. D. 1994. Experimental evidence that competition pro-
motes divergence in adaptive radiation. Science 266: 798-801.

Stoner. A.W. & R.J. Livingston. 1984. Ontogenetic patterns in



20

diet and feeding morphology in sympatric sparid fishes from sea-
grass meadows. Copeia 1984: 174-187.

Sturmbauer, C.. W. Mark & R. Dallinger. 1992. Ecophysiology of
Aufwuchs-eating cichlids in Lake Tanganyika: niche separa-
tion by trophic specialization. Env. Biol. Fish. 35: 283-290.

Swain. D.P. 1992. The functional basis of natural selection for
vertebral traits of larvae in the stickleback Gasterosteus acu-
leatus. Evolution 46: 987-997.

Turingan. R.G. 1994. Ecomorphoiogical relationships among
Caribbean tetraodontiform fishes. J. Zool. (London) 233:
493-521.

van der Meer. H.J.. G.Ch. Anker & C.D.N. Barei. 1995. Ecomor-
phology of retinal structures in zooplanktivorous haplochro-
mine cichlids (Pisces) from Lake Victoria. Env. Biol. Fish. 44:
115-132.

Vergina. I.A. 1991. Basic adaptations of the digestive system in
bony fishes as a function of diet. J. Ichthyol. 31: 8-20.

Wainwright. P.C. 1987. Biomechanical limits to ecological per-
formance: mollusc-crushing by the Caribbean hogfish. Lach-
nolaimus maximus (Labridae). J. Zool. (London) 213: 283-
297.

Wainwright, PC.1988. Morphology and ecology: functional basis
of feeding constraints in Caribbean labrid fishes. Ecology 69:
635-645.

Wainwright. PC. 1994. Functional morphology as a tool in ec-
ological research. pp. 42-59. In: P.C. Wainwrighi & S.M. Reilly
(ed.) Ecological Morphology. Integrative Organismal Biolo-
gv. University of Chicago Press. Chicago.

Wainwright, PC. & B.A. Richard. 1995. Predicting patterns of
prey use from morphology of fishes. Env. Biol. Fish. 44:97-113.

Wainwright. P.C. & S.M. Reilly. 1994. Introduction. pp. 1-9. In:
P.C. Wainwright & S.M. Reilly (ed.) Ecological Morphology.
Integrative Organismal Biology. University of Chicago Press.
Chicago.

Watson. D.J. & E.K. Balon. 1984. Ecomorphological analysis of
fish taxocenes in rainforest streams in northern Borneo. J.
Fish Biol. 25: 371-384.

Webb. P.W.1984. Form and function in fish swimming. Sci. Amer.
251: 72-82.

Webb, P.W. 1988. Simple physical principles and vertebrate ag-
uvatic locomotion. Amer. Zool. 28: 709-725.

Werner. E.E. & D.J. Hall. 1976. Niche shifts in sunfishes: experi-
mental evidence and significance. Science 191: 404-406.

Wermer. E.E. & DJ. Hall. 1979. Foraging efficiency and habitat
switching in competing sunfishes. Ecology 60: 256-264.

Wemer. E.E.. DJ. Hall. D.R. Laughlin. D.J. Wagner. L.A. Wils-
mann & F.C. Funk. 1977. Habitat partitioning in a treshwater
fish community. J. Fish. Res. Board Can. 34: 360-370.

Westneat. M. W. 1995. Phylogenetic systematics and biomechan-
ics in ecomorphology. Env. Biol. Fish. 44: 263-283.

Wiens. J.A. 1977. On competition and variable environments.
Amer. Sci. 65: 590-597.

Wiens. J.A. & J.T. Rotenberry. 1980. Patterns of morphology and
ecology in grassland and shrubsteppe bird populations. Ecol.
Monogr. 50: 287-308.

Wikramanavake. E.D. 1990. Ecomorphology and biogeography
of a tropical stream fish assemblage: evolution of assemblage
structure. Ecology 71: 1756-1764.

Wimberger. PH. 1991. Plasticity of jaw and skull morphology in
the neotropical cichlids Geophagus brasdiensis and G. sten-
dachneri. Evolution 45: 1545-1563.

Winemilier. K.O. 1991. Ecomorphological diversification in low-
land freshwater fish assemblages from five biotic regions.
Ecol. Monogr. 61: 343-365. T

Winemiller. K.O..L.C. Kelso-Winemiller & A.L. Brenkert. 1995.
Ecomorphological diversification and convergence in fluvial
cichlid fishes. Env. Biol. Fish. 44: 235-261.

Witte. F. C.D.N. Barel & R.J.C. Hoogerhoud. 1990. Phenotypic
plasticity of anatomical structures and 1ts ecomorphoiogical
significance. Neth. J. Zool. 40: 278-298.

Zihler. F. 1982. Gross morphology and configuration of the di-
gestive tracts of cichlidae (Teleostei. Perciformes): phyloge-
netic and functional significance. Neth. J. Zool. 32: 544-571.

Zweers.G.1988. Holism and neutralism for open systems. Amer.
Zool. 28: 277-288.



