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RESUME (traduit par les editeurs)

Get article passe brievement en revue les relations existant entre la biodiversite des
peuplements de poissons et leur fonctionnement ecologique. La biodiversite et la structure
des peuplements peuvent etre decrites, a I'echelle locale, en termes (1) de diversite
phylogenetique, (2) de structure des populations, (3) de strategies demographiques, (4) de
diversite morphologique, (5) et de diversite trophique. Un defi majeur est de determiner les
relations qui existent entre la structure des populations et des peuplements et Ie
fonctionnement des peuplements et des ecosystemes. La structure phylogenetique d'un
peuplement resulte de I'interaction entre colonisation, extinction et evolution. En depit du
fait que ces facteurs ope rent sur une vaste gamme d'echelles spatiales et temporelles, de
grands progres ant ete realises dans la modelisation des processus qui sont a la base de
la structure genetique et phylogenetique des populations et des peuplements. Les modes
de reproduction des poissons sont tres varies, et la definition de guildes de reproduction et
de strategies demographiques permet de poser Ie cadre dans lequelles aspects structurels
et fonctionnels peuvent etre etudies. Des etudes theoriques et empiriques mettent en
evidence de fortes relations entre les strategies demographiques, les variations
environnementales et la dynamique des populations. Les poissons presentent une grande
diversite morphologique qui, a I'echelle du peuplement, tend a augmenter avec la richesse
specifique. Des relations reliant la morphologie et I'ecologie, en termes de fonction et de
performance dans I'utilisation du milieu, ant ete etablies, mais dans certains cas, les
tendances predites sont masquees par des biais d'echantillonnage et la flexibilite du
comportement en reponse a la variabilite environnementale. Le spectre des strategies
trophiques manifeste par les poissons est large, au niveau inter-specifique, mais egalement
souvent au niveau intra-specifique, particulierement durant I'ontogenese. La structuration
en guildes trophiques est plus complexe dans les peuplements comprenant beau coup
d'especes. Le partage des ressources alimentaires est generalement perceptible quand les
regimes sont examines sur une periode de temps suffisamment longue pour gammer les
variations de disponibilite des ressources. La structure et Ie fonctionnement des reseaux
trophiques est variable dans I'espace et dans Ie temps, et des mail Ions biotiques et
abiotiques peuvent etre fortement affectes par les poissons. La gestion des peuplements
de poissons au sein d'une biosphere en modification necessite des informations accrues
sur les liens existant entre la diversite biologique et I'habitat, une meilleure connaissance
des facteurs qui sont a I'origine des tendances observees, et Ie developpement de
modeles qui predisent les relations entre structure et fonctionnement ecologique.

THE STRUCTURAL AND FUNCTIONAL ASPECTS OF FISH DIVERSITY.

SUMMARY
This paper briefly reviews relationships between fish biological diversity and

ecological function. Local biodiversity and community structure can be viewed in terms of
(1) phylogenetic diversity, (2) population structure, (3) life-history strategies, (4)
morphological diversity, and (5) trophic diversity. A major challenge is to determine
relationships between population/community structure and community/ecosystem function.
Phylogenetic community structure is derived from the interaction between colonization,
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extinction, and evolution. Despite the fact that these factors operate over a broad spectrum
of spatial and temporal scales, great progress has been achieved in modeling the
processes giving rise to genetic/phylogenetic structure. Fish reproductive modes vary
greatly, and reproductive guilds and life-history strategies provide frameworks that permit
analysis of structure and function. Theory and empirical study reveal strong relationships
between life-history, environmental variation, and population dynamics. Fishes display
great morphological variation, and at the community-level, morphological diversification
tends to increase with species richness. Relationships between morphology, mechanical
function, and ecological performance have been established, but in some cases predicted
patterns have been obscured by sampling limitations or by behavioral flexibility in response
to environmental variation. A great breadth of feeding strategies exists among and often
within fish species, particularly during ontogeny. Guild structure is more complex in more
species-rich communities, and food partitioning generally emerges when diets are
examined over time intervals sufficiently long to bracket fluctuations in resource supplies
and demand. Food-web structure and function vary over time and space, and fishes can
strongly affect both biotic and abiotic components of aquatic systems. Management of
fishes in a changing biosphere requires further documentation of diversity in relation to
habitat, improved understanding of factors causing observed patterns, and development of
models that predict relationships between the elements of ecological structure and function.

RELATING TAXONOMIC DIVERSITY TO ECOLOGICAL DIVERSITY

There is no simple formulation for the relationship between taxonomic diversity and
ecological diversity. Indeed, both taxonomic diversity and ecological diversity can be
defined in different ways. Obviously one can view biodiversity at different levels of the
taxonomic hierarchy (=presumptive phylogeny) that range from biological kingdoms to
individual organisms. Ecology has a long history of emphasizing species as the units of
analysis, although recent research reveals greater observance of the influence of higher
(e.g., guilds, SIMBERlOFF & DAYAN, 1991 ; trophospecies, YODZIS, 1993) and lower
(e.g., metapopulations, HANSKI & GilPIN, 1991 ; individual differences, DEANGELIS &
GROSS, 1992) levels of taxonomic resolution on ecological phenomena. The more
challenging problem is to identify patterns and processes that directly link taxonomic
diversity to ecological structures and functions. To a very great extent, this represents the
primary challenge of modern conservation biology. How much biodiversity should be
maintained, and at what level of taxonomic resolution? Biologists have begun debating
phylogenetic criteria for establishing conservation priorities based on an evolutionary
perspective (DIZON et a/., 1992 ; VANE-WRIGHT et a/., 1991), however, to date, this
debate has scarcely been extended to phylogenetic criteria based on the perspective of
ecological structure and function (WALKER, 1992). Currently, there is great interest in the
maintenance of ecosystem integrity based on species as functional taxonomic units. Given
that biological diversity is declining and conservation resources are inadequate, should we
develop conceptual frameworks to rank species based on their functional significance and
redundancy for ecosytems ?

What is taxonomic diversity? Phylogenetic diversity can be viewed at different
scales of resolution based on a series of nested clades. At a given scale of phylogenetic
resolution, diversity can be calculated by a variety of algorithms to give an index of
information content. Most commonly, biologist report the Shannon-Weiner index (H') based
on species as the phylogenetic units. Of course, spatial and temporal scales must be
delimited in addition to phylogenetic scale. Phylogenetic patterns often can be predicted
over time (following disturbances, in response to episodic recruitment) and across both
large (interregional, river zonation, productivity gradients) and small (micro-, meso-habitats)
spatial scales.

What is ecological diversity? Like phylogenetic diversity, ecological diversity is
viewed across different scales of space, time, and resolution of functional units. Functional
ecological units might include ecomorphology, life-history strategies, and trophic guilds.
Examination of ecomorphological variation has improved knowledge of the structure and
function of fish populations and assemblages (GATZ, 1979 ; KEAST & WEBB, 1966 ;
MEYER, 1990; WINEMillER, 1991). Comparisons of life-history attributes permit not only
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the ordination of ecological syndromes, but also allow determination of demography and
responses of populations to environmental variation (BALON, 1975 ; VAN WINKLE et a/.,
1993 ; WINEMillER & ROSE, 1992). Obviously, all organisms must obtain food and avoid
becoming the food of another, in order to persist and reproduce. Trophic guilds and food-web
structure provide additional means for examining ecological structure and function at the
community level (WINEMillER, 1990; WINEMillER & PIANKA, 1990). In addition, studies
of alternative feeding strategies has revealed ecological structure within fish populations
(EHLINGER & WilSON, 1988; HORI, 1991 ; KORNFIElD eta/., 1982; lIEM, 1980).

The relationship between taxonomic and ecological diversity has been an issue of
contention since the beginnings of ecology as a science. The predominant early view,
summarized by DOBSHANSKY (1950) and later by ODUM (1969) and MACARTHUR
(1972), equated greater species diversity with greater competition and greater ecosystem
stability, maturity, and efficiency. MAY (1972) challenged this widely-held view with model
results that showed greater species richness actually reduces local stability. May's results
were later challenged based on further modeling (DEANGELIS, 1975 ; HAYDON, 1994 ;
lAWLOR, 1978 ; NEWMAN & COHEN, 1986), and alternative definitions of stability were
explored (PIMM, 1979). At the same time, equilibrium models of species diversity were
joined by models based on successional dynamics following disturbance with maximum
species diversity occurring at nonequilibrium population densities (CONNEll, 1978 ;
DEANGELIS & WATERHOUSE, 1987; HOLT, 1984; HUSTON, 1979; SOUSA, 1984). The
concept of dynamic species diversity has gained much support in recent years, particularly
among those working with vegetation (SHUGART, 1984), intertidal (MENGE &
SUTHERLAND, 1987), reef (SALE, 1978), and stream communities (REICE, 1994; RESH
et a/., 1988). Yet much of the evidence in support of the intermediate disturbance
hypothesis and other models of dynamic species diversity is indirect and only implies direct
causal mechanisms. Spatial scale is also an important factor that determines taxonomic
and ecological diversity (HANSKI, 1982 ; RICKLEFS, 1987 ; WilSON, 1992). The
emerging field of macroecology seeks patterns in ecological structure across variable
spatial scales (BROWN & MAUER, 1989). In addition, the role of historical biogeography
has not often been explicitly considered when analyzing ecological structure (GORMAN,
1992; TAYLOR & GOTElLl, 1994).

A model that links taxonomic diversity with ecological diversity ultimately must factor
in the major influence of history (Fig. 1). The stage for local taxonomic diversity is set by the
history of biogeography amd resultant ecological interactions, both biotic and abiotic
environmental components (SHMIDA & WilSON, 1985). Taxonomic diversity then
determines the cast of performers to be viewed in the ecological theater of the evolutionary
play (HUTCHINSON, 1965). Ecological diversity can be viewed as a series of ecological
acts, or conceptual frameworks for viewing structure and function. In actual fact, nature's
ecological theater, stages, casts of performers, and acts are unkown to human observers;
the ecologist merely scripts different versions based on different operational units and
definitions and scales of resolution.

COMPONENTS AND CONSEQUENCES OF ECOLOGICAL STRUCTURE

In order to persist, all organisms and their descendants must achieve at least some
success in the acquisition of nutrition, growth, survival, and reproduction. Therefore, it is quite
natural that ecologists attempt to identify structure in factors relating to feeding, habitat
utilization, morphology, and reproduction in addition to taxonomic or phylogenetic diversity.

Phylogenetic diversity

Within a given geographical region, phylogenetic diversity is determined by a
combination of historical and contemporary ecological factors (Fig. 1). Phylogenetic affiliations
have been documented from scales ranging from assemblages of meso-habitats
(MATTHEWS et al., 1994) in local communities to regional ichthyofaunas (ROBERTS, 1975 ;
LEVEQUE et al., 1990, LUNDBERG, 1993). At the local scale, contemporary ecological
factors, rather than historical factors, are of primary interest, although barriers to local
dispersal have played a key role in some cases (ENDLER, 1982). Locallv. fish resoonses to
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Elements of the Ecological Theater

History

Ecological Interactions
Habitat Associations
Biogeography

Set the Stage Perform the Act

Ecological DiversityTaxonomic Diversity

Morphological Diversity
Life-History Diversity
Trophic Diversity

Phylogenetic Diversity
Regional, Local Richness

Local H'= -LPj'log(pj)

Determine the Players

Figure 1 : Le «theatre ecologique» : relations entre les facteurs historiques,
taxonomiques et ecologiques qui concourent a la mise en place de la
biodiversite.

Figure 1 : Elements of the «ecological theater»: causal relationships between
historical factors, taxonomy, and ecology that create patterns of
biodiversity.

physical and biotic environmental variation results in a subdivision or filtering of regional
taxonomic pools into nested subsets at successively smaller spatiotemporal scales
(KODRIC-BROWN & BROWN, 1993 ; MAHON, 1984 ; MATTHEWS, 1986 ; MERONA,
1981 ; TONN & MAGNUSON, 1982; WINEMillER & lESIE, 1992).

Fishes provide a rich source of material for the investigation of phylogenetic structure
in ecological systems. The evolution of phylogenetic diversity is beyond the scope of this
paper. As a group, fishes have much to contribute to the study of phylogenesis. Among
vertebrates, freshwater fishes and many demseral and reef-associated marine fishes exhibit
strong biogeographical patterns due to limited capabilities to disperse across barriers such
as watershed divides, estuaries, and isthmuses (e.g., AVISE, 1992 ; GOLD et al., 1993,
MAYDEN, 1992). In the well-known case of cichlid species flocks in African lakes, strong
habitat affinities and possibly sexual selection in certain species may result in reproductive
isolation within a single lake basin (DOMINEY, 1984 ; MEYER, 1993 ; MEYER et al., 1990 ;
WITTE, 1984). Homing behavior by diadromous fishes can result in spatial structuring and
genetic divergence within species (MAY et al., 1975).

Population diversity

Population structure can be viewed in many different ways. The most obvious are the
life table attributes: size distribution, age distribution, and sex ratio. Genotypic and
phenotypic variation and mating systems provide additional elements of population
diversity. Variation in the use of space by individuals yields metapopulation structure and
resident/vagrant interactions in territorial systems.
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The consequences of life table variation on population dynamics are well-known,
therefore only a brief example of the influence of metapopulation structure on population
dynamics is offered here. Many fish populations very obviously are subdivided in space
and/or time. Fish populations inhabiting lowland river systems are periodically subdivided
into local subunits within floodplain lagoons and later reunited with con specifics from
other subunits during annual floods (JUNK et a/., 1989 ; WELCOMME, 1979). Most
stream fish populations are subdivided into habitat subunits with variable amounts of
migration between them (ELLIOT, 1987 ; FRASER & CERRI, 1982 ; MATTHEWS et a/.,
1994 ; SCHLOSSER, 1982). PULLIAM's (1988) BIDE model may be particularly
appropriate for stream fish populations subdivided by mesohabitats. The situation is
envisioned in which several pool subunits of a minnow population have a low level of
migration between them during periods of normal stream discharge (Fig. 2). Following
Pulliam, a source unit has a positive rate of increase with the birth rate (b) exceeding the
death rate (d), and a sink unit has a negative rate of increase with b<d. Figure 2 depicts
a situation in which relatively large minnow densities in large pools containing predators
(#2, 3) are entirely dependent on migration from a smaller subunit in a predator-free pool
(#1). As Pulliam cautioned, interpretations of critical resources and biotic interactions
based on field sampling could be strongly skewed without knowledge of source-sink
metapopulation dynamics in such situations.

dN/dt=

Figure 2 : Description hypothetique de la dynamique d'une metapopulation d'une
espece soumise a la predation dans les mouilles. L'abondance dans les
zones deficitaires (b<d) suite a une forte mortalite par predation (2,3)
depend de la dynamique dans des petites mouilles sans predateur.

Figure 2: Potential metapopulation dynamics of a pool-dwelling stream fish
vulnerable to pool-dwelling predators. Abundances of sink subunits in
predator-rich pools (2, 3) are dependent upon dynamics of a smaller
source subunit in a predator-free pool (1).
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Life-history diversity

Relative to comparable higher taxa, fishes show an awesome array of life-history
attributes that provides a basis for identifying ecological structure. Clutch sizes range from a
low of one in certain sharks and the coelacanth (Latimeria chulmnae) to over 6x108 in the
ocean sunfish {Mola mala). Most species have large intraspecific variation in life-history
attributes (e.g., size and age at maturity, growth rate, fecundity, egg mass, and longevity).
Fish reproductive guilds have been constructed based on spawning habitat, method of egg
deposition, and mode of parental care (BALON, 1975). Guilds range from egg-scatterers with
external fertilization and group spawning, to ovoviviparity with internal fertilization, to
biparental nest guarding. Following Balon's scheme, the physiological ecology of early life
stages and parental reproductive strategies largely determine the success of fish populations
in a given habitat.

life-history strategies result from trade-offs among attributes that have either direct or
indirect effects on reproduction and fitness. Comparative life-history studies of fishes have
identified very similar life-history syndromes (KAWASAKI, 1980 ; MAHON, 1984 ; PAINE,
1990 ; WINEMillER, 1989a ; WINEMillER & ROSE, 1992 ; WOOTTON, 1984). Three
primary life-history strategies define the endpoints of a gradient derived from comparisons of
diverse ecological and taxonomic groupings of fishes worldwide (Fig. 3). Periodic-strategists
have delayed maturation at intermediate or large sizes, produce large clutches of small eggs,
tend to have short reproductive seasons, and tend to have rapid larval and first-year growth
rates. ORRortunistic-strategists mature early at small sizes, produce small to medium clutches
of small eggs, and have long reproductive seasons with multiple spawning bouts. EQuilibrium-
strategists tend mature at small or medium sizes, produce relatively small clutches of large
eggs, have parental care, and often have a protracted reproductive season.

Periodic-strategists receive two benefits from delay maturation and large adult body
size: capacity to produce large clutches, and enhanced adult survival during periods of
suboptimal environmental conditions, like winter. Fishes with large clutches frequently have
synchronous spawning that coincides either with migration into favorable habitats or with
favorable periods within the temporal cycle of the environment. Marine fishes cope with large-
scale spatial heterogeneity in the marine pelagic environment by producing huge numbers of
tiny offspring, at least some of which thrive once favorable locations are encountered. On
average, larval survival is extremely low among highly fecund fishes in the marine
environment, and the average larva perishes during the first 1-2 weeks posthatch. Rapid early
growth results from successful exogenous feeding by the few survivors that encounter areas
of relatively high resource density.

At higher latitudes, spatiotemporal environmental variation is cyclic. Periodic-type
fishes can exploit predictable patterns in time by releasing large numbers of progeny in phase
with periods having conditions favorable for larval growth and survival. Selection should favor
physiological mechanisms that enhance a fish's ability to detect cues that predict seasonal
cycles (e.g., photoperiod, ambient temperature, solute concentrations). In tropical marine
pelagic habitats, large-scale variation in space may represent a periodic signal as strong as
the seasonal variation at temperate latitudes. Research in physical oceanography has shown
patchy distributions for a variety of physical parameters (salinity, temperature), primary
production, and zooplankton due to upwellings, gyres, convergence zones, and other currents
(e.g., MCCAll, 1990; SINCLAIR, 1988).

Many periodic-type fishes are migratory. Anadromous American shad (Alosa
sapidissima) show more repeat spawning and devote a greater portion of energy to migration
at higher latitudes where environments are more variable and less predictable (lEGGETT &
CARSCADEN, 1978). Anadromous sticklebacks (Gasterosteus aculeatus) have more
periodic life-history traits (larger clutches, larger size at maturity) compared with conspecific
freshwater populations (SNYDER, 1990). By adopting anadromy, adult fishes can find
favorable environments for larval development and survival. In contrast, the reproductive
success of marine broadcast spawners depends upon rates of larval encounters with suitable
zones or patches. Massive clutches of small pelagic eggs enhance dispersal capabilities of
marine fishes during early life stages. In persistent populations, losses due to settlement in
hostile habitats (advection) ultimately are balanced by the survival benefits derived from the
passage of some fraction of larval cohorts into suitable regions or habitats.
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Figure 3: Surface adaptative predite par les contraintes existant entre les
parametres demographiques qui conditionnent I'evolution des principales
strategies demographiques observees chez les poissons (d'apres
WINEMillER, 1992 ; WINEMillER et ROSE, 1992).

Figure 3 : Adaptive surface predicted from fundamental constraints in demographic
parameter space that result in the evolution of primary life-history
strategies observed in fishes (based on WINEMlllER, 1992 ; WINEMillER
and ROSE, 1992).

The opportunistic-strategy is associated with rapid population turn-over rates and a
high intrinsic rate of population increase (r). The opportunistic strategy differs from the
classical r-strategy model (PIANKA, 1970) by having among the smallest rather than
largest clutches. By virtue of their small size, the reproductive effort of opportunistic
strategists is actually high, despite the fact that absolute clutch size and egg size are small.
In these small species, serial spawning sometimes results in an annual clutch biomass that
greatly exceeds female body mass. Small fishes with early maturation and frequent
spawning are efficient colonizers, and populations can compensate rapidly for continuously
high mortality during the adult stage. The opportunistic-strategy is observed in anchovies
(Engraulidae), silversides (Atherinidae), killifishes (Cyprinodontidae, Rivuliidae), and
livebearing toothcarps (Poeciliidae), fishes that frequently persist in dynamic habitats and
often face high predation risk as adults.

The equilibrium-strategy in fishes conforms well to the suite of traits associated with
the K-strategy of adaptation to resource-limited or density-dependent environments
(PIANKA, 1970). Production of large eggs and parental care results in larger or more
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advanced juveniles at the onset of independent life. Within the North American fish fauna,
marine ariid catfishes (oral brooding of a few large eggs, diameter= 16-20 mm) and
amblyopsid cavefishes (branchial brooding of small clutches of relatively large eggs)
exemplify the equilibrium life-history strategy. Sharks, rays, the coelacanth, and other
livebearing fishes with long gestation periods and large neonates are extreme cases.
Parental care tactics appear to be more highly developed and common in tropical
freshwater and reef-dwelling fishes.

Intermediate life-history strategies are recognized within the triangular gradient of life
histories. Some of the largest periodic strategists, the sturgeons (Acipenseridae) and
paddlefishes (Polyodontidae), have relatively large eggs, thus reducing the theoretical
maximum clutch. Salmon and trout have relatively periodic-type attributes, yet they produce
relatively small clutches of large eggs. Relative to periodic-strategists with larger clutches
and smaller eggs, salmon and trout have evolved a more equilibrium-type strategy of fewer
but larger offspring. The growing season at high latitudes may be so short that large fishes
are prohibited from adopting a brood-guarding tactic in oligotrophic systems (SHUTER &
POST, 1990). Data from arctic char (Sa/ve/inus a/pinus) indicated that the growing season
at high latitudes probably constrains age at maturity and the frequency of spawning
(DUTil, 1986). Migration to special spawning habitats and burial of fertilized eggs (brood
hiding) by salmon, char, and trout are forms of parental investment that carry large
energetic and survival costs in relation to future reproductive effort. A number of medium-
sized fishes have seasonal spawning, moderate clutches, and male nest guarding (e.g.,
ictalurid catfishes and centrarchid sunfishes). livebearing rockfishes (Scorpaenidae) have
large clutches and small eggs. All of these fishes lie between periodic and equilibrium
endpoints of the life-history gradient. Small fishes with rapid maturation, small clutches,
large eggs, and a short period of male guarding (minnows of the genus Pimepha/es,
madtoms, darters, sticklebacks, pipefishes, and sculpins) lie between the opportunistic and
equilibrium endpoints. Similarly, small fishes with seasonal spawning, moderately large
clutches, small eggs, and only one or a few bouts of reproduction per season lie between
opportunistic and periodic endpoints. Divergent life-history strategies frequently coexist
within the same habitats (MAHON, 1984 ; WINEMillER, 1989a). The ecological niche
determines a species' perception of environmental and resource variance; and
morphological constraints, including attributes that influence foraging success within
different microhabitats, constrain the evolution of life-histories. Table I summarized the
principal features and predictions of the triangular-gradient model of life-history evolution.

Life history, population dynamics, and community structure/dynamics

Fitness can be estimated by either Vx, the reproductive value of an individual or age
class, or by r, the intrinsic rate of natural increase of a population or genotype. Each of
these fitness measures can be expressed as a function of three demographic components:
survivorship, fecundity, and the onset and duration of reproductive life. In the case of
reproductive value (Vx)'

ro
Vx = mx + L (It mv/lx,

t=x+1

where for a stable population mx is age-specific fecundity, Ix is age-specific survivorship, and
(0 is the last age class of active reproduction. When x is equal to (x, the age of first
reproduction, reproductive value is equivalent to the lifetime expectation of offspring (Ro), and
contains survivorship, fecundity, and timing components. The intrinsic rate of population
increase can be approximated as

r::: In(Ro)/ T,

where Ro is the net replacement rate, T is the mean generation time, and

Ro = I. Ix mx '

resulting in
r ::: In (I. Ix mx)/T.
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Tableau : Predictions a propos des facteurs associes avec chacune des strategies
demographiques situees a I'extremite des trois gradients modelises.

: Predictions about the factors associated with endpoint life-history
strategies of the trilateral gradient model.

Table

Opportunistic Periodic Equilibrium

Demographic factors:
Generation time
(age of maturation)

...Fecundity (clutch size)
Juvenile survivorship
Adult survivorship

small
small- intermediate
low and variable
low and variable

large
large
low and variable
high with low variance

variable
small
high with low variance
high with low variance

small large variable across taxa

small small larae

Physiological factors:
Adult body size
Body size of neonate
or hatchling
Slope of age-fecundity
relationship
Longevity

intermediate
small

large
intermediate-large

small
intermediate-large

none- little none- little much

long
asynchronous

short
synchronous

variable
intermediate

Behavioral factors:
Parental care
Duration of reproductive
season
Breedingsynchrony
Reproductivebouts
per season one- few nnA-fAWmany

Environmental factors:
Physical environment harsh and unstable cyclic or large patches stable or highly predictable
Biotic environment often strong predation density dependence periodic density-dependence common
Food resources unpredictably varying periodically varying relatively stable
Environmental productivity variable often high often low

Therefore, growth rate depends directly upon fecundity, timing of reproduction, and
survivorship schedule. Averaged over many generations, the three parameters must balance,
or populations decline to extinction or grow to precariously high densities and crash.

Three primary life-history strategies of fishes result from trade-offs among age of
maturation (a positively correlated with T), fecundity, and survivorship (Fig. 3). The
periodic-strategy corresponds to high values on fecundity and age at maturity axes (a
correlate of population turnover rate) and low values on the juvenile survivorship axis. The
opportunistic-strategy of high r via rapid maturation corresponds to low values on all three
axes. The equilibrium-strategy corresponds to low values on the fecundity axis and high
values on the age of maturity and juvenile survivorship axes.

The equilibrium strategy should be favored in density-dependent and resource-
limited settings, and this may be why it is more prevalent among tropical freshwater and
reef fish communities. The equilibrium strategies and niche specializations of African rift
lake cichlids are well known. In the marine environment, parental care is most frequently
associated with small benthic fishes (pipefishes, seahorses, eelpouts, some gobies) and
predatory elassmobranchs. Populations of some brood-tending darters (Etheostoma
spp.) and madtoms (Noturus spp.) are probably limited by the availability of refuges in
stream riffles, especially during periods of reduced stream discharge. Compared with
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opportunistic and periodic strategists, equilibrium strategists generally experience lower
temporal variation in population density (Fig. 4) and should conform better to stock-
recruit models. Because equilibrium-strategists produce relatively few offspring, early
survivorship must be relatively high in order for these populations to persist near some
average density. In the case of brood guarding, survivorship during early life stages
depends on the condition of adults and nesting habitats. Relatively few equilibrium-type
fishes are commercially exploited on a large scale. Several sportfishes exhibit brood-
guarding and occupy a position intermediate between equilibrium and periodic strategies,
including lingcod (Ophiodon e/ongatus) and the North American blackbasses
(Micropterus spp.). In theory, management of exploited equilibrium-type fishes should
stress habitat quality/stability and maintenance of healthy adult stocks that promote
surplus yields that can be harvested and replaced via natural compensatory mechanisms
(VAN WINKLE eta/., 1993).

The opportunistic strategy maximizes the intrinsic rate of increase by reducing
generation time. Many opportunistic-type fishes are associated with shallow marginal
habitats, the kinds of environments that experience the largest and most unpredictable
changes on small spatial and temporal scales. Changes in precipitation and temperature
induce changes in water depth, substrate characteristics, and productivity in shallow
aquatic habitats such as small streams, floodplain swamps, and salt marshes. In the
absence of chronic intense predation and resource limitation, opportunistic-type
populations quickly rebound from localized disturbances, and these populations probably
show large variation in abundance with infrequent strong density-dependence (Fig. 4).
Because they tend to be small and often occur in marginal habitats, opportunistic-type
fishes are not often exploited commercially. Some important commercial stocks, like
menhaden (Brevoortia patronus), are intermediate between opportunistic- and periodic-
strategies. Small fishes are often very important food resources for piscivores. Anchovies
(Anchoa mitchilli) and silversides (Menidia menidia), may dominate relatively stable
habitats, and at the same time suffer high adult mortality from predation. Given their
capacity to compensate heavy losses from all stages of lifespans that are typically rather
short, a key to the management of opportunistic strategists should be protection from
large-scale or chronic perturbations that eliminate important refugia in space and time.

The periodic-strategy maximizes fecundity at the expense of optimizing (reducing)
turn-over time (i.e., delayed maturation to achieve sufficient size and to acquire resources)
and juvenile survivorship (fecundity increased by producing smaller eggs). Large body size
enhances adult survivorship during suboptimal conditions and permits storage of energy
and biomass for future reproduction. Perennial reproduction represents a bet-hedging tactic
whereby, sooner or later, reproduction coincides with favorable conditions resulting in
strong recruitment. Spawning by periodic-type fishes is often annual and synchronous, so
that generations are often recognized as discrete annual cohorts that may dominate the
population for many years (Fig. 4). Correlations between parental stock densities and
densities of recruits have been shown to be negligible in many of these fishes (e.g., marine
commercial stocks, HILBORN & WALTERS, 1992). Recruitment frequently depends on
climatic conditions that influence water movement, egg/larval retention zones, productivity,
and a host of other environmental factors that determine early growth and survival.
Prediction of recruitment by periodic-type species in marine ecosystems requires both
knowledge of physical oceanography and the ability to forecast climatic conditions.
Because weather cannot be predicted over long intervals, fisheries projections must rely on
short-term estimates of juvenile cohort strength, rather than long-term estimates based on
parental stocks. For periodic-type fishes, the variance in larval survivorship that serves as
input for population projections lies well beyond our ability to measure differences in the
field. Since most larvae never recruit into the adult population even under pristine
conditions, it follows that some minimum level of spawning must occur each year if strong
recruitment is to occur during the exceptional year. Management of exploited populations of
long-lived, periodic fishes requires maintenance of some minimum density of adult stocks
(so that periodic favorable conditons can be exploited) and the protection of spawning and
nursery habitats. Because recruitment is largely determined by unpredictable interannual
environmental variation, this minimum density will be impossible to determine with any
degree of precision.
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Figure 4 : Relations predites entre les principales strategies demographiques et la
dynamique des populations. K represente la capacite biotique du milieu.
Les especes utilisant la strategie d'equilibre sont supposees avoir une
population stable a I'etat adulte et une faible variabilite inter-annuelle du
recrutement. Les especes appartenant au type periodique sont supposees
manifester une grande variabilite inter-annuelle du recrutement, certaines
cohortes pouvant dominer numeriquement durant plusieurs annees suite
a des periodes de recrutement tres favorables. Une alternance frequente
de mortalite independante de la densite, touchant a la fois les adultes et
les juveniles, et de recolonisation rap ide est supposee etre une
caracteristique des especes du type opportuniste.

Figure 4: Predicted relationship between primary life-history strategies and
population dynamics. K represents envrionmental carrying capacity.
Extreme equilibrium-type fishes are presumed to have relatively stable
adult populations and low interannual variance recruitment. Dynamics of
periodic-type fishes is depicted as having high variance in recuriment,
with occasional strong recruitment events that result in annual cohorts
that may dominate the population for many years. Opportunistic-type
fishes are depicted as experiencing very frequent density-independent
mortality of both adults and juveniles. followed bv raDid recolonization.

Equilibrium-type
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Morphological diversity

The great morphologically diversity displayed by fishes can be used as an index of
ecological diversity. KEAST & WEBB (1966) were perhaps the first to do a formal analysis of
ecomorphological patterns at the community level. Inspired by the statistical approach
employed by FINDLEY (1973) for analysis of bat communities, subsequent fish studies
examined morphological patterns within communities, tested additional ecological and
evolutionary hypotheses, and refined and extended numerical methods of analysis. Among the
first of these was GATZ (1979), who examined patterns of niche partitioning among North
American stream fishes based on ecomorphology. Ecomorphological patterns were also
investigated for fish communities of Canada and Europe (MAHON, 1984), Borneo (WATSON
& BALON, 1984), Sri Lanka (MOYLE & SENANAYAKE, 1984 ; WIKRAMANAYAKE, 1990),
and Florida (MOTTA et al., in press). lAUDER (1983) integrated ecomorphology with
phylogeny to examine evolutionary patterns of niche divergence in North American sunfishes,
and WINEMillER (1991, 1992 ; WINEMillER et al., in press) examined patterns of
ecomorphological convergence and divergence in local assemblages from different biotic
regions. Ecomorphological comparisons of faunal structure use morphology as a surrogate for
ecological performance and rely heavily of inferences from functional morphology. Whereas
faunal studies examine field evidence, functional morphology is performed mosty in the lab. In
addition to interfaunal and interspecific comparisons, within-population morphological diversity
has been documented for a variety of attributes and species (MEYER, 1990 ; MOODIE, 1972 ;
WAINWRIGHT et al., 1991 ; WIMBERGER, 1991).

Ecomorphology and community structure/function

Morphological diversity increases with species richness on local (GATZ, 1979 ; WATSON
& BALON, 1984 ; Wikarayma and MOYLE & SENANAYAKE, 1984 ; WINEMillER, 1990) and
regional scales (DOUGLAS, 1987 ; STRAUSS, 1987). At the same time, mean interspecific
distances within morphological space did not change greatly over a range of species richnesses
and morphological volumes. In a comparison of fluvial swamp/backwater fish assemblages from
different biotic regions, morphological space increased with decreasing latitude (Fig. 5). Based
on the inference of functional morphology, these ecomorphological patterns are assumed to
reflect ecological diversification and niche segregation among coexisting species. WINEMillER
et a/. (in press) examined both morphological divergence and diets of cichlid fishes from three
biotic regions and concluded that the inference of function from structure was largely justified.
Nevertheless, some morphological attributes have greater relevance for ecological function than
others, so that the choice of attributes for study makes possible the introduction of bias. In
addition, not all investigators have interpreted statistical patterns in the same way. For example,
DOUGLAS (1987) interpreted the large morphological volume of sunfishes as indicating many
niche generalists, and the smaller morphological volume and smaller interspecific distances of
minnows as showing niche diversification in the group. In fact, the centroid represents the
generalized ecomorphotype, so that species clustering closely around the centroid
represent generalists (WINEMillER, 1990).

Convergent evolution is a powerful indicator of determinism in ecological processes.
Convergence and divergence can be identified by joining the ecomorphology paradigm with
phylogenetic information. Strong inferences are possible, even with relatively low resolution
phylogenies, provided that the scale of taxonomic/faunal comparison does not exceed the
scale of phylogenetic resolution. For example, MARRERO & WINEMillER (1993)
identified convergent feeding morphology and ecology in weakly electric African
mormyriform and South American gymnotiform fishes. WINEMillER et a/. (in press)
identified strong patterns of morphological and diet divergence and convergence in three
cichlid clades, and interregional faunal convergences among freshwater fish assemblages
were apparent even on a global scale (WINEMillER, 1990).

Trophic diversity

The wealth of information collected on fish feeding permits the examination of trophic
diversity. Whereas most ecologists intuitively appreciate the importance of feeding for
population and community structure/function, there is a general lack of appreciation for the
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Distance to Centroid

Figure 5 : Diversification morphologique de peuplements de poissons d'eau douce
dans des habitats similaires situes a differentes latitudes. la distance
moyenne separant les especes de chaque assemblage du centrolde
calcule a partir des mesures ecomorphologiques est representee,
encadree par I'ecart type (d'apres WINEMillER, 1991).

Figure 5 : Morphological diversification in freshwater fish assemblages from similar
habitats at different latitudes. Error bars are standard deviations of
assemblage centroids derived from ecomorphological data (based on
WINEMillER, 1991).

effects of scale on how we view trophic ecology. The degree of diet specialization is
influenced by the level of taxonomic resolution for prey, methods of diet quantification and
analysis, and the means of sampling the consumer. Perhaps nowhere are these potential
biases more apparent than in the recent literature on food web theory (COHEN et al., 1990,
HALL & RAFFAELLI, 1993 ; PIMM et al., 1992). Food-web laws state that the average
number of prey species consumed by predators varies from approximately 2-3 in real food
webs (COHEN et al., 1990 ; PIMM et al., 1992 ; MARTINEZ, 1991). To the field investigator
these claims appear ludicrous, and major discrepancies in the interpretation of diet breadth
can be attributed to the maximum level of aggregation that one is willing to accept as
biologically relevant. Theoreticians tend to be more willing to accept highly aggregated diet
data than field biologists. On the other hand, field biologists are forced to accept a certain
amount of aggregation based on practical limits of measurement precision and accuracy.
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Interspecific trophic diversity has been investigated from the standpoints of
assemblage structure and species interactions (e.g., FRYER, 1959 ; GOULDING, 1980 ;
GOULDING eta/., 1988; WINEMillER & PIANKA, 1990) and evolutionary divergence within
phylogenetic clades (YAMAOKA, 1982; WINEMillER, 1991 ; WINEMillER eta/., in press).
Patterns of food resource utilization in fish communities have shown a large degree of diet
overlap in most systems (ROSS, 1986), but some studies have demonstrated diet shifts in
response to competitors (WERNER, 1977 ; CROWDER, 1986 ; ROBINSON & WilSON,
1994) or temporally varying resource availability (e.g., ZARET & RAND, 1971 ; GOULDING,
1980 ; WINEMillER, 1989b). Development of trophic polymorph isms in response to feeding
experience has been demonstrated for several neotropical cichlids (MEYER, 1990 ;
WIMBERGER, 1991) and North American centrarchids (WAINWRIGHT et a/., 1991).

Trophic ecology and food-web structure/function

The net result of trophic diversity within a fish community is the food web. In simple
aquatic communities, such as high mountain trout streams, the food web may contain no
fish or only a few fishes that consume mostly invertebrate prey. Species-rich communities,
contain numerous piscivores and food chains linking fish to fish to fish (Fig. 6,
WINEMillER, 1990). From a purely trophic standpoint, fishes play several important roles
in aquatic and even some terrestrial ecosystems. In their roles as both predators and prey,
fishes transfer biomass and energy along pathways throughout the web network (BAIRD &
UlANOWICZ, 1989 ; WINEMillER, 1990). In addition, fishes frequently move major
fractions of community biomass and energy in space, including movement across habitat
boundaries. For example, many fishes spawn on flooded plains, where they and their
progeny feed and grow before migrating back into the river channel (Fig. 6, JUNK et al.,
1989 ; MERONA & BITTENCOURT, 1993 ; WElCOMME, 1979 ; WINEMillER, in press).
Some of the spawning migrations of large river-dwelling fishes span hundreds of kilometers
(BONETTO et al., 1969 ; GOULDING, 1980). Goulding even suggested that migratory
fishes of the Amazonian floodplain may be important seed dispersers for numerous tree
species. Ecosystem nutrient and detritus budgets can be greatly influenced by egestion
and excretion by abundant fishes (DRENNER et al., 1986 ; VANNI, in press; VANNI &
FINDLAY, 1990 ; VANNI et al., 1990). Nutrient excretion by fishes can have a positive
influence on primary production and nutrient mineralization rates (STERNER, 1986).
Benthivorous fishes, such as common carp, mechanically disturb sediments and increase
sediment suspension, thereby altering nutrient mineralization and water quality.

Predator-prey interactions can have both direct and indirect effects on population
densities and community structure and function. Natural predators may depress densities
of competitively dominant prey populations and promote the coexistence of greater species
richness (PAINE 1966). Alternatively, exotic predators have been shown to depress species
richness of prey (ZARET & PAINE, 1973 ; WITTE et al., 1992). In the case of exotic Nile
perch (Lates niloticus) in Lake Victoria, changes in the prey community may have caused
localized changes in the nutrients, primary productivity, and water quality (KAUFMAN,
1992). Major shifts in aquatic food webs can even have large effects on adjacent terrestrial
communties. The introduction of shrimp (Mysis relicta) into lakes resulted in reductions in
salmon with ultimately negative effects on bears and eagles (SPENCER et al., 1991).
There is increasing evidence that fishes as predators indirectly influence components of the
lower food web via the direct effects of predation transmitted through trophic cascades
(CARPENTER, 1988 ; CARPENTER & KITCHELL, 1988 ; MCQUEEN et al., 1986 ;
PARSONS, 1992 ; PERSSON et al., 1988 ; POWER, 1990 ; POWER et al., 1985). Even
water quality may be influenced by fish predators at the top of aquatic food webs, although
there is some debate about the generality of the phenomenon (DEMELO et al., 1992 ;
KITCHELL et al., 1986). Trophic cascades require identification of strong interactors
aligned in food chain. Again, level of aggregation plays a critical role. The viability of trophic
cascade models (trophic function at the community level) is entirely dependent upon trophic
diversity and web structure. Because they determine how populations can respond to
different environmental factors and scales of variation, life-history strategies strongly
influence food-web structure and function. The population dynamics of an equilibrium-type
prey would be very different from that of an opportunistic- or periodic-type prey. Community
development after disturbances in floodplain communities can be stronqly influenced by
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Figure 6 : Position des poissons dans Ie reseau trophique de la plaine d'inondation
du Haut Zambeze. la production primaire est transferee vers les chainons
superieurs de la chaine trophique essentiellement par I'intermediaire des
consommateurs situes dans la plaine d'inondation, avant d'atteindre les
predateurs terminaux situes dans Ie cours principal.

Figure 6 : Fishes as functional components of the Upper Zambezi River floodplain
food web. Basal production is transfered to the upper food web primarily
via consumer populations located in floodplain habitats, and most
production ultimately enters top components located in the main river
channel (based on WINEMillER, in press).

fish life histories (COPP, 1986 ; DEANGELIS & WHITE, 1994 ; WINEMillER, in press).
Opportunistic life-histories dominate the early colonizing phase, followed by periodic
strategists, and finally equilibrium strategists in the event that the aquatic habitat persists
for a long time interval. Domination by periodic and equilibrium strategists is to some extent
associated with greater piscivore densities.

Diversity and natural resource management

Our concepts of biological diversity mold our perceptions and approaches for natural
resource management. If the conservation of species diversity is our stated goal, then
important assumptions have already been made about our concept of taxonomic diversity,
which in turn results in a given set interactions with concepts of ecological diversity. If the
goal were the mainentance of some vestige of the natural evolutionary process on earth,
then a more complex model of taxonomic diversity is required. If management of
economically important fish stocks is our Qoal, then we must first define thn.c::A .c::tn~k.c::
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(taxonomic diversity) and then focus on elements of ecological diversity that prove to
enhance predictive capability. Too often in the past, population model predictions have
failed due to insufficient integration between different concepts of ecological diversity. If
ecosystem integrity is our goal, then the integration of taxonomic and ecological diversity at
different scales is more essential than ever. The mandate for preserving ecosystem
integrity is clear, but we have no consensus on the definition of integrity. This lack of
consensus can be explained, in part, by the enormous complexity of even the simplest of
ecosystems and the fact that ecosystems interact with adjacent systems (i.e., our artificial
boundaries leak), but it also can be explained by the adoption of different concepts of
diversity. A very common argument for the preservation of species is that they are crucial
for the maintenance of a healthy biosphere. A logical extension of this argument is that
taxonomic diversity is irrelevant beyond the minimum required for the persistent structure
and function of essential ecosystem components. Following this view, functional
redundancy might be eliminated as long as system integrity is preserved (WALKER, 1992).
Others view the maintenance of taxonomic diversity as the embodiment of ecosystem
integrity (ALLAN & FLECKER, 1993 ; KARR et al., 1986). Following this view, ecosystem
integrity is not achieved unless the habitat supports both key functional elements and the
maximum taxonomic redundancy characterized in the pristine condition. Currently, ecology
has neither the theoretical nor empirical knowledge base to make either determination:
How much functional redundancy is nonessential? versus, How much redundancy is
natural? Ecology accepts as viable two major schools. On the one hand, taxa can be
aggregated into functional units to enhance understanding of higher order biological
structure and function (ecosystem models), and on the other, biological interactions impose
limiting similarity on coexisting species (competitive exclusion). Perhaps by seeking greater
integration among concepts of biological diversity, ecology can achieve some measure of
convergence as it undergoes inevitable divergence.
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