REVIEWS

Nisbet, R,, Blythe, S., Gurney, B., Metz, H. and Stokes, K. (1989)
Trends Ecol. Evol. 4, 238-239

Hastings, A. and Harrison, S. (1994) Annu. Rev. Ecol. Syst. 25, 167-188
Durrett, R. and Levin, S. (1994) Theor. Popul. Biol. 46, 363-394
Czéran, T. and Bartha, S. (1992) Trends Ecol. Evol. 7, 38-42

Taylor, A.D. (1990) Ecology 71, 429-433

Hassell, M.P., Comins, N.H. and May, R M. (1991) Nature 353, 255-258
Solé, R.V. and Valls, J. (1992) J. Theor. Biol. 155, 87-102

Adler, F.R. (1993) Am. Nat. 141, 643-650

Allen, J.C., Schaffer, W.M. and Rosko, D. (1993) Nature 364, 229-232
Ruxton, G.D. (1994) Proc. R. Soc. London Ser. B 256, 189-193
Rasmussen, D.R. and Bohr, T. (1987) Phys. Lett. A 125, 107-110

Solé, R.V., Bascompte, J. and Valls, J. (1992) Chaos 2, 387-395
Ikegami, T. and Kaneko, K. (1992) Chaos 2, 397-407

Turing, A. (1952) Philos. Trans. R. Soc. London 237, 37-72

Okubo, A. (1980) Diffusion and Ecological Problems: Mathematical
Models, Springer

Segel, L.A. and Jackson, J.L. (1972) J. Theor. Biol. 37, 545-559
Winfree, A. (1987) When Times Break Down, Princeton University Press
Solé, R.V,, Valls, J. and Bascompte, J. (1992) Phys. Lett. A 166, 123-128
Solé, R.V., Bascompte, J. and Valls, J. (1992) J. Theor. Biol. 159, 469-480
Goodwin, B.C. (1994) How the Leopard Changed its Spots, Weinfeld
and Nicholson

Kawata, M. and Toquenaga, Y. (1994) Trends Ecol. Evol. 9, 417-421
Hassell, M.P., Comins, N.H. and May, R.M. (1994) Nature 370, 290-292

28

29
30
31
32
33

35
37
38
39
40
41
42
43
4

45
46

Kuramoto, Y. (1984) Chemical Oscillations, Waves and Turbulence,
Springer

Pascual, M. (1993) Proc. R. Soc. London Ser. B 251, 1-7

Hastings, A. (1992) Theor. Popul. Biol. 41, 388-400

Bascompte, 1. and Solé, R.V. (1994) J. Anim. Ecol. 63, 256-264
Kaneko, K. (1990) Phys. Lett. A 149, 105-112

Hastings, A. (1993) Ecology 74, 1362-1372

Ruxton, G.D. (1994) J. Anim. Ecol. 63, 1002

Bascompte, J. and Solé, R.V. (1994) J. Anim. Ecol. 63, 1003
Ruxton, G.D. (1995) Trends Ecol. Evol. 10, 141-142

Hassell, M.P., Miramontes, O., Rohani, P. and May, RM. J. Anim.
Ecol. (in press)

Bascompte, J. and Solé, R.V. J. Anim. Ecol. (in press)

Hanski, 1. (1994) Trends Ecol. Evol 9, 131-135

Tilman, D., May, R.M., Lehman, C.L. and Nowack, M.A. (1994) Nature
371, 65-66

Connell, J.H. (1978) Science 199, 1302-1310

Bascompte, J., Solé, R.V. and Valls, J. (1993) in Proc. Ist Copenhagen
Symp. Comp. Sim. Biol. Ecol. and Medic. (Mosekilde, E., ed.),

pp. 56-60, The Society for Computer Simulation International
Margalef, R. (1980) La Biosfera, entre la Termodindmica y el Juego,
Omega

Hastings, A. and Higgins, K. (1994) Science 263, 1133-1136
Herrera, C.M. (1988) Biol. J. Linn. Soc. 35, 95-125

Solé, R.V. and Bascompte, J. J. Theor. Biol. (in press)

Resource polymorphisms in vertebrates
Skuali Skalason and Thomas B. Smith

ecent research on a num-

ber of vertebrates shows

that resource-based or

trophic polymorphisms are
widespread and diverse. Morphs
have often clearly evolved and
coexist in sympatry. These studies
are making important contribu-
tions to our understanding of
phenotypic plasticity, mate recog-
nition, competition, niche use, natu-
ral selection, population divergence
and speciation!-9,

Despite an increasing number
of examples (Table 1) and many
striking similarities between dis-
tantly related species, there have
been few attempts at cross-taxon
comparisons. The fish literature is
particularly rich with examples of
resource-based or trophic poly-
morphisms (hereafter resource
polymorphism), but few authors
compare their systems with those
found in other vertebrates3®. An
integrative cross-taxon approach
to this phenomenon will likely fur-
ther our understanding of intra-
specific niche use and the evolution

of intraspecific variation and speciation. Moreover, study-
ing differentiated morphs can be advantageous in ecological
studies, especially those involving competition. Unlike
sympatric species, which may have evolved ecological
differences in allopatry, discrete morphs have identical
phylo- genetic histories; thus, differences in resource over-
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Discrete resource polymorphisms occur in
various vertebrate species and probably
occur more frequently than is generally

appreciated. They are manifested in a
number of ways, including morphological,
behavioral and life history characters.
Research on a number of unrelated taxa
suggests that resource polymorphisms
may be underestimated as a diversifying
force and potentially play important roles
in population divergence and initial steps
in speciation. In an ecological context,
they are important in resource partitioning
and reducing intraspecific competition.
Recent research suggests that the
mechanisms maintaining these
polymorphisms may be similar in diverse
taxa, that phenotypic plasticity is
important, and that some are under
simple genetic control.
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lap are likely to be the result of
ecological pressures experienced
in sympatry.

Nature of discrete phenotypic
differences

Polymorphisms associated with
segregation in habitat and diet show
considerable diversity (Table 1,
Box 1). Some morphological differ-
ences between morphs are so sub-
tle that the discrete nature of the
variation is easily overlooked, while
others are so dramatic that they
were first misidentified as distinct
species310. Dramatic examples in-
clude arctic charr (Salvelinus alpi-
nus), which show as many as four
sympatric morphs, normal and
cannibalistic morphs of the tiger
salamander (Ambystoma tigrinum),
larval morphs of the spadefoot
toad (Scaphiopus multiplicatus),
which differ in size and morphol-
ogy, and the African finch or
seedcracker (Pyrenestes ostrinus)
with small and large bill morphs
(Fig. 1). All these morphs are
as morphologically different, and

show differences in feeding ecology and behavior, as distinct
congeneric species. Examples of more subtle polymor-
phisms include two sympatric morphs of the pumpkinseed
sunfish (Lepomis gibbosus), which are differentiated on
the basis of body form and gill raker architecture, with
each morph differing with respect to its limnetic or benthic
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lake habitats and diet!112,
Still another potential class
of variation, not discussed in
detail here, includes closely
related species that are tro-
phically differentiated, but
where hybridization and in-
trogression occur frequently?s.

Resource polymorphisms
are not restricted to morpho-
logical differences but may
also have significant life his-
tory and behavioral com-
ponents associated with dif-
ferences in food and habitat
among morphs. Fish morphs
often differ in growth pat-
terns, which are typically
related to differences in age
at maturity, ontogenetic niche
shifts and/or variable migra-
tory behaviors, while am-
phibian morphs typically dif-
fer in growth patterns and
size at metamorphosis (Box
1). Studies of oystercatchers
(Haematopus ostralegus) reveal
two types of individuals in
some populations, ‘stabbers’,
which feed on mussels by
pushing their bills between
the valves of the mussel, and
‘hammers’, which crack the
mussel open by pounding!4.
Wear imposed by differences
in feeding behavior results in
the two bill shapes, pointed
and blunt, which can change
seasonally.

Ecological context

What are the ecological
conditions that promote re-
source polymorphisms? A
growing number of studies
suggests that a relaxation of
interspecific competition and
the availability of open niches
are essential. In many young
lakes in recently glaciated
regions of the northern hemi-
sphere, freshwater fish typi-
cally occupy benthic or lim-
netic habitats!2. For instance,
pumpkinseed and bluegill sun-
fish (Lepomis macrochirus) co-
occur and occupy distinct
ecological niches, adult blue-
gills are generalists, occupy-
ing open water and feed on
zooplankton, while pumpkin-
seeds specialize on snails
and occur in shallow water.

Robinson et alll found that where only pumpkinseeds
occurred in lakes they had differentiated into two morphs -
the typical form, which feeds on snails, and an open-water
morph with modified gill arches, which feeds on zooplankton.
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Table 1. Resource polymorphisms® in selected vertebrate species and the nature of the

ecological segregation among morphs

Species Nature of discrete ecological differences PD® Refs

Fishes

Arctic charr (Salvelinus alpinus) Benthivory, planktivory, piscivory, migration mb,l 4,15-17,23

Brook charr (S. fontinalis) Benthivory, planktivory, swimming activity m,b 44

Brown trout (Salmo trutta) Benthivory, planktivory, piscivory, migration m,b,l 1,40

Sockeye salmon (Oncorhynchus nerka) Benthivory, planktivory, migration m,b,| 1,8,24

Lake whitefish (Coregonus clupeaformis) Benthivory, planktivory, piscivory, migration mb,l 1,2,9,32

Scandanavian whitefish (Coregonus spp.) Benthivory, planktivory, piscivory m,b,i 1,2,9,32

Rainbow smelt (Osmerus mordax) Benthivory, planktivory, piscivory, migration m,b,) 41

Stickleback (Gasterosteus aculeatus) Benthivory, planktivory m,b 1,2,9,19,21

Bluegill sunfish (Lepomis macrochirus) Benthivory, planktivory m,b 1,9,27

Pumpkinseed sunfish (L. gibbosus) Benthivory, planktivory m 1911

Cichlids {Perissodus spp.) Eating scales from left vs right side of live fish m 6

Cichlid (Cichfasoma minckleyi) Feeding on snails and plant material m,b 1,9,32

Cichlid (C. citrinelium) Feeding on snails and soft-bodied prey m,b 1,9

Goodeid fish (llyodon spp.) Strong indication of differences in food m 1,9

Neotropical fish (Saccodon spp.) Different techniques in eating algae m 1

Amphiblans

Spadefoot toad (Scaphiosus multiplicatus) Omnivory, carnivory, cannibalism m,l 22,26

Tiger salamander (Ambystoma tigrinum) Invertebrate diet, cannibalism, different adult m,l 34
habitats

Reptiles

Soft-shelled turtles (Trionyx spp.) Insectivory, piscivory, omnivory m 9

Birds

African finch (Pyrenestes ostrinus) Feeding on soft- and hard-seeded sedges m 5,10

Qystercatchers (Haematopus ostralegus) Different feeding techniques on mussels m,b 14

Blackcap warbler (Sylvia atricapilla) Differences in migratory routes b 45

Cocos finch (Pinaroloxias inomata) Food: arthropods, nectar, fruit, seeds, b 18
molluscs, lizards

Hook-billed kite (Chondrohierax unicinatus) Feeding on different size clams and snails m 46

Mammals

Deer mice (Peromyscus maniculatus) Woodland vs grassland habitats and diets m,b 9

aWe define resource polymorphism as the occurrence of discrete intraspecific morphs showing differential niche use, usually
through differences in feeding biology and habitat use. Here, we do not specifically discuss cases where resource
polymorphism may only affect one sex or polymorphisms that are clearly based on alternative mating strategies. However,
such a relationship can be important because, like food and habitat, a mate is obviously a ‘resource’, and especially, for
the purpose of this review, because this interaction has bearing on the evolution of prezygotic isolation mechanisms between
resource morphs.

bPhenotypic difference, PD; morphological, m; behavioral, b; and life history, I.

Box 1. Some phenotypic differences among morphs of fish, amphibians and birds

Phenotypic differences between morphs vary widely across taxa and whether they are based on morphology, life history
traits and/or behavior they tend to be highly correlated with diet and habitat usel.24,5.8911,15,16.20.26,

Fish: morphs typically differ in jaw size and jaw shape, and size, shape and number of gjll rakers. Other external and intermal
structures may also be involved, including size and shape of fins, body and head depth, structure of stomach and
gutt22911.15.17,19,3241 Benthivorus morphs generally have a blunt snout, the lower jaw is shorter than the upper jaw, and they
have a less streamlined body than planktivorous and piscivorous morphs, which have a pointed snout and jaws similar in
lengtht-29.15.32 (Fig. 1), Differences in life history, such as growth pattern, age at maturity, reproductive investment, fecundity
and egg size are especially common in morphs of salmonids®1517.23.24, Differences are seen in foraging behavior and
techniques®16.27.32 and migratory behavior815.24, Discrete differences in foraging and social behavior have also been noticed
in young salmonids#4.

Amphibians: morphs display external and internal differences in trophic structures such as teeth and mouth size and length
of intestines22.26.34, Both age and size at metamorphosis may differ2234, Carnivorous and cannibalistic tarval morphs may
develop faster, metamorphose earlier and have larger trophic structures than non-cannibalistic morphs (Fig. 1). In some
cases, differences in food and trophic morphology occur both in larvae and adults34, Differences are seen in maturation
patterns retaining larval phenotype and becoming sexually mature in the larval aquatic habitat or metamorphosing and
becoming sexually mature in the typical adult terrestrial habitat34.47,

Birds: differences in trophic morphology primarily involve shape and size of bill20.14, For example, morphs that specialize on
hard seeds have wider bills than morphs that specialize on soft seeds. Discontinuous differences may also occur in foraging
behavior and technique?418 and migratory behavior45.

They hypothesized that the open-water morph occupies the
niche left ‘empty’ by the bluegill sunfish. Similarly, arctic
charr are recent invaders to postglacial freshwater systems
where interspecific competition for food and habitat is low
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Fig. 1. (a) Four morphs of arctic charr (Salvelinus alpinus) from Thingvallavatn in Iceland (ali individuals are adults). From
top down: large benthivorous charr (33 cm long), small benthivorous charr (8 cm long), piscivorous charr (35 cm long) and
ptanktivorous charr (19 cm long). Photograph by S. Skdlason. (b) Small- and large-billed male morphs of the African finch
(Pyrenestes ostrinus). Photograph by T. Smith. (c) Larval morphs of spadefoot toad (Scaphiosus multiplicatus). Photograph
by D. Pfennig. (d) Cannibal (top) and typical (bottom) larval morphs of the tiger salamander (Ambystoma tigrinum).
Photograph by J. Collins.

stunning examples where
frequency-dependent selec-
tion appears to maintain a
resource polymorphism is in
the Lake Tanganyika scale-
eating cichlid fish (Perissodus
microlepis)8. The species ex-
hibits a right- and left-handed-
ness in jaw morphology;
right-handed morphs remove
scales from a prey’s left side,
while left-handed morphs re-
move scales from the prey’s
right side. Hori® showed that
ratios of morphs fluctuate
around 1:1 and that the gen-
etic polymorphism is main-
tained by frequency-depen-
dent selection exerted by the
prey’s alertness to the side
of attack. Individuals of the
rarer morph are at a selec-
tive advantage because the
prey anticipates and guards
against attacks from the par-
ticular side of the more com-
mon morph,

In the African finch, bill-
size polymorphism appears
to be maintained, in part, by
disruptive selection resulting
from differences in feeding
performance on important
seeds’. Morphs feed primarily
on seeds of two species of
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or absent promoting the subsequent evolution of different
morphs.

Benthivorous, planktivorous and/or piscivorous morphs
of arctic charr are found together in a number of lakes!. In one
volcanic lake in Iceland, where interspecific competitors are
very few and available resources are unusually distinctive,
four morphs display substantial morphological and behav-
ioral specialization, apparently greater than in most other
cases of sympatric charr morphs#!5-17, Another example
where the occurrence of ‘empty niches’ and the lack of inter-
specific competition seems to be operating is in the Cocos
finch (Pinaroloxias inomata), endemic to the isolated Cocos
Island. Lacking interspecific competitors, the Cocos finch
has diversified intraspecifically, and while showing little mor-
phological variation exhibits a stunning array of stable indi-
vidual feeding behaviors spanning several families of birds!8,
Under certain circumstances, resource polymorphisms may
also arise in species-rich environments, if particular re-
sources are underused. For example, small- and large-billed
morphs of the African finch have evolved in subsaharan
Africa, a region known for exhibiting the highest species di-
versity of granivorous birds. Here, the polymorphism is
maintained by morphs specializing on extremely hard sedge
seeds, a resource that other species cannot easily use>10,

Mechanisms and processes
Selection

In several studies, frequency-dependent and disruptive
selection have been shown to play important roles in the
maintenance of trophic polymorphisms. One of the most

sedge, which differ in hard-
ness. Large-billed morphs
feed more efficiently on hard-seeded sedge, while small
morphs feed more efficiently on soft-seeded sedge.

In many lakes in British Columbia, Canada, the three-
spine stickleback (Gasterosteus aculeatus) occurs as highly
specialized benthic and limnetic forms that differ in trophic
morphology?*19, While it is unclear whether or not these forms
represent discrete species or morphs, each form performs
relatively better and exhibits a higher fitness in its respective
habitat, suggesting that divergent selection has been import-
ant in their possible evolution from extant monomorphic
populations that show intermediate morphologies®2!. In gen-
eral, the likely function of divergent selection (e.g. selection
against intermediates) in the evolution of sympatric morphs
and/or new species of freshwater fish in the northern hemi-
sphere has probably been largely based on intraspecific
competition for food between phenotypically similar indi-
viduals. Subsequent, increased phenotypic divergence of
sympatric forms probably reduces competition between
them; this has recently been discussed in the context of
character displacement!2,

In New Mexico, USA, omnivorous and carnivorous larval
morphs of the spadefoot toad coexist in ephemeral ponds.
Because of faster developmental rates the carnivorous morph
is favored in short-duration ponds, but in longer-duration
ponds, the slower-developing omnivorous morph is favored
because their larger fat reserves enhance post-metamorphic
survival. In ponds of intermediate duration, the abundance
of each morph is frequency dependent?22.

Sympatric morphs can evolve rapidly. In the case of poly-
morphic freshwater fish in the northern hemisphere, their
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segregation has taken place
in <15000 years following the
latest glaciation period?. In
some of these species, morphs
can be formed very quickly,
even within one generation,
following a single stocking or
invasion event, primarily be-
cause of discrete environmen-
talinfluences on growths 17,2324,
New endemic morphs, and
even new species, of cichlid
fishes may have evolved in
Lake Malawi in 200 years or
less?,

Phenotypic plasticity and
genetic basis

Phenotypic differences
among morphs canresult from
phenotypic plasticity (Box 2).

Box 2. The role of genetic and environmental factors in generating resource
polymorphisms and the importance of behavior

Phenotypic differences between morphs can be determined by genetic and/or environmental effects on development
{phenotypic plasticity48). Thus, an alternative morph adopted by a particular individual can depend on the environmental
condition (intemal and/or external to the organism), genetic effects or a combination of both30, Such a switch of a genotype
to an alternative behavior, morphology or life history may be based on a threshold for phenotypic expression, which can be
reached by continuous underlying distribution of genetic effects and/or continuous responses to environmental stimuli3.48.49,
In some cases, switches can have a simple genetic56 or environmental2® basis. Most studies indicate that alternative
morphs are conditional and non-reversible but some morphs may show reversible plastic phenotypes?.22.

Switches based almost exclusively on phenotypic plasticity seem to have evolved in unstable environments22.23.34,
Switches under strong genetic control56 may evolve in relatively stable selective regimes. Environmental and genetic factors
may interact positively, for example, together producing relatively greater and/or more-refined phenotypic differences
between morphs3t, Sympatric morphs may experience different selective regimes, for instance, differences in availability
or behavior of their preferred prey, and this can result in varying levels of plasticity of these morphs?é.3, For example, the
more variable diet of the limnetic form of the threespine stickleback, compared to the benthic form, was associated with
greater plasticity in trophic morphology in the former than in the latter3t. If ecological segregation is persistent and morphs
become reproductively isolated, a switch producing alternative morphs may become less important or absent30.

Behavioral variation may be a crucial basic feature of resource polymorphism?.16.28.30.38, Behavior is typically more
flexible than morphology and behavioral differences are often considered to precede segregation in morphological and life
history characters28.30, The following is one possible evolutionary scenario involving behavior. Since different food types
can influence morphology and life history in fish, variable choice of food by sympatric morphs may cause differences in
morphology, growth and maturity patterns7-23. This process can lead to less behavioral flexibility within morphs, for instance,
because changes in trophic morphology and/or life history owing to a particular food can limit feeding efficiency on an
alternative prey, possibly resulting in greater ecological specialization of morphs®.28,
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Morphs of the tiger salaman-

der and the spadefoot toad
arise primarily through a
phenotype-mediated response to varying densities of con-
specifics and food type?2%, Food type and quality may also
change trophic morphologies in several species of cichlid
fishes”? and in the pumpkinseed sunfish!2. Recent studies
on polymorphic fish illustrate the varying degrees of plas-
ticity in foraging behavior and technique within and among
morphs!627. Feeding on a particular prey can result in plas-
tic changes in trophic structures, and may lead to greater
morph specialization®. Furthermore, life history variation is
extremely plastic in salmonids and can be linked to flexibil-
ity in juvenile behaviors (Box 2)2,

In at least two studies, the genetic basis of trophic poly-
morphisms appears to be controlled at one locus with two
alleles. Bill size polymorphism in the African finch appears
to be determined by a single autosomal di-allelic locus with
complete dominance for large bill°. Similarly, handedness in
the scale-eating cichlids also appears to be determined by
one-locus with two alleles®. The simple genetic control of at
least some polymorphisms and implications in others (Box
2) suggests that reaching new adaptive peaks may occur
through mutations of large effect?®. This and other potential
explanations need to be examined. Detailed investigations
of the genetic basis of resource polymorphisms are becom-
ing increasingly important (Box 2).

Phenotypic plasticity and underlying genetic variability
may interact in shaping polymorphic traits (Box 2)*. For
example, while the trophic morphology of the threespine
stickleback is largely genetically determined, adaptive plas-
ticity in trophic morphology is also important!%3!, In arctic
charr phenotypic differences among sympatric morphs are
determined both by genetic and environmental factors, and
their relative importance apparently differs among cases,
and appears to be related to the level of specialization of
morphs in different lakes!6.17.23,

The developmental basis of polymorphic traits, although
important, has been little studied. Size and shape of muscles
and bones, for instance, in the trophic apparatus of fish, can
be greatly modified by the physical processes of feeding!2.
Also, different morphological patterns may arise through
allometric growth patterns?2. Phenotypic differences among
sympatric morphs can result from evolutionary changes
[e.g. related to regulatory gene(s)] in the timing of devel-
opmental events (heterochrony33), in some cases as early
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as during embryonic development. This developmental
timing can be affected both by environmental and genetic
factors”173234 Eyolutionary release from developmental
and/or functional constraints can greatly increase the possi-
bility for certain groups of animals to exhibit polymorphisms.
For example, it has been suggested that such a release
of functional constraints in the jaw structures of cichlids
greatly diversified their feeding behavior, explaining, in
part, their subsequent extensive ecological diversification3.

Population differentiation and speciation

What is the role of resource polymorphisms in speciation?
Discrete intraspecific variation is frequently mentioned as
the initial step in speciation and has been emphasized in
theoretical models of sympatric speciation3036-3850, A pre-
eminent early model of sympatric speciation3” showed how a
single population using two distinctly different niches could
become reproductively isolated. Central to this model is that
a stable polymorphism evolves first, with reproductive iso-
lation occurring later by morphs reproducing separately in
the two niches. Proposed examples of sympatric speciation
usually involve analyses in which the process of sympatric
speciation is inferred from the dispersion pattern of already
discrete species or races. In this respect, species that show
resource polymorphisms present unique opportunities for
studying the process of speciation. Bush#® emphasized this
aspect in arecent review of sympatric speciation and pointed
out that polymorphisms probably play a prominent role in
establishing habitat specialization, a necessary prerequisite
in most models for reproductive isolation.

In many cases, reduced gene flow between sympatric
morphs suggests population divergence and even incipient
speciation38244041, This may result from either postzygotic
mechanisms, such as reduced fitness of hybrids20.24, or pre-
zygotic mechanisms, such as spatial and temporal segrega-
tion in breeding (often greatly promoted by philopatry) and
differences in breeding behavior or mate choice!73242, Such
isolating mechanisms can easily co-evolve with the pheno-
typic attributes, such as size and color, and the ecological
segregation that characterize the different adaptations of
morphs in their respective niches!117.253242, Within and
among species of freshwater fish, population segregation
has repeatedly occurred within the same freshwater system
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and even within the same lake384! and the degree of the
genetic divergence between sympatric morphs is highly vari-
able. In some cases, gene flow is almost unimpeded, while in
others, sympatric morphs may appear partially or com-
pletely reproductively isolated349.

Arecent review by Rice and Hostert*? suggests that niche-
specific adaptation, typical of resource polymorphisms, is a
key element in divergence and speciation. In their divergence-
with-gene-flow model, they believe that speciation is likely
to occur under a range of conditions lying along a contin-
uum. Towards the middle of this continuum are populations
making up a geographic gradient (or cline) with opposing
phenotypes favored at each end. At one extreme is a popu-
lation in a homogeneous environment with selection for two
opposing phenotypes, and at the other extreme are para-
patric populations experiencing differing directional selec-
tive forces in each. Reproductive isolation occurs if traits
important in isolation are correlated with traits important
in resource use. Rice and Hostert* refer to this as repro-
ductive isolation via pleiotropy and/or genetic hitchhiking.
Under this model, discrete resource polymorphisms could
represent important early building blocks in the speciation
process, via the following steps: (1) invasion or exploitation
of either novel or unexploited resource - filling ‘open’ niches;
(2) a decrease in intraspecific competition; (3) multifarious
selection in each niche leading to the evolution of a poly-
morphism, or adaptation via mutation of large effect, resulting
in morphs occupying new adaptive peak(s); (4) reduced gene
flow and the evolution of prezygotic reproductive isolation
as a correlated character (pleiotropy and/or genetic hitch-
hiking). If this model of speciation is shown to be a dominant
one, as laboratory experiments seem to suggest, could it pro-
vide a simple explanation for why resource polymorphisms are
not more common in natural populations? Is it because dis-
continuous variation of this kind more often leads to repro-
ductive isolation and speciation than stable polymorphisms?

Conclusions and perspectives

It is intriguing that resource polymorphisms have been
generally underestimated as a diversifying force. Perhaps
this is because of the misconception that adaptive evolution
should always give rise to unimodal entities38. Implicit in the
various examples discussed here is the notion that alterna-
tive adaptive phenotypes are probably more common and
evolutionarily important than presently recognized®s. The
presence of resource polymorphism in the bluegill and
pumpkinseed sunfish was only recently discovered despite
many decades of ecological and behavioral work on these
species. Searching for more cases across vertebrate taxa by
looking for subtle differences is likely to be fruitful, especially
in groups such as birds and mammals. The interactions
among phenotypic plasticity, development, genetics and
selection, their role in adaptive radiations (as seen in African
cichlids?53%), and why resource polymorphisms appear more
common in some taxa than others, are important areas of
future investigation.
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