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Abstract

Many of the subtleties in the evolutionary tuning of sensory systems still escape
us. Insect color vision is a typical case. While we know much about its
mechanisms, the abundant adaptive explanations of its components are often
omale speculations. We advocate using an evolutionary approach to understand
why different animals see the world in different colors. Such an approach must
include (1) phylogenetic analyses, which should help identify patterns of
adaptation, constraint and history; (2) molecular studies, to predict how plastic the
relevant genes will be in the face of particular selective pressures; (3) assessments
of interindividual variance, to see if the raw material for evolution exists; (4) a
consideration of pleiotropic effects, where selection on visual pigments may be
affected indirectly through correlated characters; (5) biogeography, to explore if
populations living in different visual habitats have adapted to those differences;
(6) a consideration of random evolutionary processes; (7) selection experiments,
to test for heritability of traits and to simulate the influences of strong directional
selection; (8) fitness tests: to show that a trait is adaptive, we must show
empirically that this trait confers greater fitness to its bearers, compared with
conspecifics which lack this trait.
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1 Introduction

One major focus of sensory ecology has long been the question why many
animals see the world through color receptors so different from our own.
Traditionally, the field has concentrated on adaptive explanations. We are used to
thinking that if there were differences between species, this must reflect
adaptations to different photic environments, whereas if animals share similar
color receptors, they must live under similar selective pressures. Fish dwelling in
progressively deeper habitats possess rods whose sensitivity is more and more
shifted into the blue, thus matching the changing spectral distribution of the
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ambient light in deep watcer {Lythgoe 1972; 1unt et al. 1996; Douglas et al. 1998).
Other presumed cases of adaptive spectral tuning include humans, whose
trichromatic systems might have cvolved as a response to frugivory (Mollon
1989), and bees, whose receptors were suggested to be evolutionarily tuned for
flower color coding (Chittka and Menzel 1992). Such intuitively appealing stories
of adaptation easily find their way into textbooks. Studies which do not find an
obvious match between sensory traits and the environment do exist (Crandali and
Cronin 1997: Fleishman et al. 1997), but they often achieve much less fame. Even
in deep-sea fish, which have long been held as classical examples of adaptive
visual pigment tuning, the situation is far from resolved. Fish which live in similar
photic environments, but belong to different taxa, often have different visual
pigments, whereas closely related fish species sometimes have similar visual
pigments, even if they inhabit different light habitats {(Douglas et al. 1998).
Turning to bees, the notion that pollinator color vision is tuned to floral colors is
compromised by the finding that arthropods living under entirely different visual
conditions, such as the beach isopod Ligia (Hariyama et al. 1993), the freshwater-
dwelling bug Notonecta (Bruckmoser 1968), nocturnal hawkmoths (White et al.
1994), and the larval ocelli of some Lepidoptera (Ichikawa and Tateda 1982) have
similar sets of color receptors. On the basis of such difficulties, Goldsmith (1990)
concluded that phylogenetic and molecular constraints might play more important
a role in determining the wavelength positioning of color receptors than is good
for any pan-adaptionist scenario. We wish to reiterate this waming, and to add
several additional ones.

Qur most important caveat is that to show that a trait is adaptive, we must
demonstrate that it has an impact on fitness (Endler 1986; Reeve and Sherman
1993). What is the evolutionary significance of a model, for example, which
shows that for a given visual task, one set of color receptors is 5% better than
another? If this really translates into 5% more lifetime reproductive success, the
effect of selection will probably be significant over evolutionary time. On the
other hand, it is just as possible that 5% improved performance in some criterion
will be absolutely irrelevant to fitness. To our knowledge, there is not a single
study in sensory ecology that resolves this problem. Such fitness tests are
challenging, but should be possible. In what follows, we will lay out a research
agenda that include several steps towards such tests. We hope this treatise will
stimulate a more evolutionary approach to sensory ecology, and a betler
understanding of why many animals see the world in colors so differently from

ourselves.

2 Uses and Limitations of Model Calculations

Ten years ago, one of us (L.C.), in collaboration with R. Menzel, set out to
identify the adaptive significance of bee color vision. The idea was to generale a
theoretically optimal color vision system for the task of flower color coding, and
to compare this with the system really implemented in bees. We had considerable
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reasons for optimism. First, Menzel and his cowortkers had established a database
that included the color receptor sensitivity functions of a large variety of
hymenopteran species (Peitsch et al. 1992) and insects in general (Menzel and
Backhaus 1991). This database suggested that insects could, in principle, produce
pigments with values of maximum sensitivity (Amax) anywhere from 320 to 630
nm. and that the number of color receptor types varied widely between species.
This, in combination with the fact that insects occupy a very wide range of visual
environments, made studying the sensory ecology of their color vision look
promising. Second, Backhaus (1991} had just developed a physiological modet of
bee color vision, which allowed quantitative predictions of the similarity of flower
colors, and of flowers and their background. Such a model is an essential tool
to measure the quality of a color vision system and, to date, such models are still
not available for any animal species besides bees and humans. Third, unlike
many other animals, bees seemed an ideal study subject because the relevant
visual tasks are comparatively easily identified: bees obtain their food from
flowers, and so selection should favor color vision systems that allow for swift
detection of flowers and reliable identification of the most rewarding species
(Chittka 1997). _

Spectral sensitivity functions of color receptors have roughly Gaussian
characteristics, and the exact shape of the curve can be easily predicted if the Apa.
is known (Stavenga et al. 1993). Our evolutionary model calculations consisted of
moving three color receptor sensitivity curves along the wavelength scale. For
each theoretical combination of receptors thus generated, the quality of the color
vision system for flower color coding was determined. The result was striking: the
optimal color receptors generated by the evolutionary model invariably occurred
at A, = 330, 430, and 550 nm, which is very close the most common A, really
found in flower-visiting bees (Chittka and Menzel 1992). This result was
independent of whether we varied one, two, or three photoreceptors. It was also
independent of the particular set of flowers used (Chittka 1996a).

Since the optimal set of color receptors might also depend on the particular kind
of opponent coding in the brain, the mode of this processing, too, was varied — the
result remained unchanged (Chittka 1996a). An engineer could hardly design a
better receiver for flower colors than the color vision system of bees. Does this,
however, mean that flower colors indeed drove the evolution of bee color vision?
This is an attractive notion for sensory ecologists. It is joined by other studies in
which cotrelations between the results of model calculations and reality were
taken as evidence for adaptation (Lythgoe and Partridge 1989). Thus, many
colleagues took our finding to mean that bee color vision indeed adapted to flower
colors, although we explicitly stated in the discussion of the original paper that
this is not necessarily the case (Chittka and Menzel [992).

Indeed, there are several complications. Models are useful to generate
hypotheses of optimality, but a correlation between a model and biological traits
does not resolve how these traits evolved. Using models to reject a hypothesis of
evolinnary causality is much more straightforward. Had the optimal color

cceptors derived from the model calculations been different from the ones found
in "real animals", then this would have indicated that evolution has not optimized
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the photoreceptors according to the same criteria. At the very leasl it would mean
that there arc other, more impottant, criteria, or thal evolutionary constraints
might have hindered the animal from cvolving along the same lines as thc model
calculations. The fact that the calculations arrive at similar color vision systems as
nature is tempting, but it does not necessarily imply that one has found the
criterion which has driven the evolution of bee color vision. In fact, sets of color
receptors similar to those of bees occur in animals that occupy entirely different
ecological niches.

Finally, close inspection of the model results reveals that the color receptors of
bees are only nearly optimal. For example, the optimum long wave receptor for
coding flowers is at Apa =550 nm, whereas the visual pigments of bee green
receptors are maximally sensitive at 540 nm. Since the modeled optima are fairly
broad, performance of the real receptors is only 2% below the theoretical
optimum for flower coding. This discrepancy is small when considering the large
range over which the receptors were varied, but what causes it? If bee visual
pigments can be freely tuned, why have they not achieved a perfect match with
floral colors? One possibility is that there are tradeoffs with other visual activities.
For example, it has been assumed that the bee green receptor is optimally matched
to green foliage, and might thus serve as a background detector (Menzel 1979);
but leaves also reflect most strongly at 550 nm (Chittka 1996a), so that, again, the
theoretical optimum is at longer wavelengths than the peak sensitivity of the bee
green receptors.

We are confident that there are other adaptive explanations that might be tried,
and eventually, one might be successful: but we also wish to warn that trying a
large number of adaptive explanations can lead to speculation. Gould and
Lewontin (1979) caricaturized this approach in the following terms: "If one
adaptive argument fails, try another” and "In the absence of a good adaptive
argument... attribute it to imperfect understanding of where an organism lives or
what it does.” We are sure that some of our readers will recognize their own
thinking in these words. We do not wish to discourage sensory ecologists to
continue searching for adaptive explanations where at present they seem hard to
find. In what follows, however, we list a number of tools that should make this
search less speculative.

3 Phylogenetic Studies

One possible reason why animals in different ecological contexts have conserved
traits is phylogenetic constraint. For example, there is little reward in searching
for the adaptive significance of why bees have six legs, because leg number is
evolutionarily conservative in insects. Mapping traits on an established phyloge-
netic tree will reveal if the trait is variable within a given taxon, and whether the
search for adaptations will be worth our time (Brooks and McLennan 1991;
Harvey and Pagel 1991). It is this simple evolutionary reasoning that is absent in
many studies of sensory ecology. Often, each species was regarded as an entity
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that could freely vary aH its traits in all directions, and its history seemed to be of
minor importance. Some physiologists, in fact, dismissed the possibility of evolu-
tionary constraints entirely: " there is also the possibility that the evolutionarn
historv of a species might be important in determining its visual ptgments ...
but taking a broader view .... the evolutionary explanation is not helpful”
(Lythgoe 1972). Quite often, this view has led workers lo detect biological
adaptations where, in fact, there were none (see Chittka and Dornhaus 1999 tor
examples).

To test if flower signals drove the evoluticn of bee color vision, it must be
shown that the ancestors of bees possessed different sets of color receptors prior
to the advent of the flowering plants. To this end, we have to evaluate members of
arthropod taxa whose evolutionary lineages diverged from those of bees belore
there were flowers. A phylogenetic analysis reveals that the values of pcak
sensitivity in the Crustacea and Insecta fall into three distinct clusters around 350.
440 and 520 nm (Chittka 1996b). The few insect species in which one of the three
types is absent (Periplancta and Myrmecia) represent secondary losses. Red
receptors show up irregularly in both the Crustacea and Insecta; they have cvolved
several times convergently. The photoreceptor wavelength positions of UV, blue.
and green receptors are surprisingly conserved in the Mandibulata. We conclude
that the Cambrian ancestors of extant insects and crustaceans possessed UV, blue.
and green receptors. Insects were well preadapted for flower color coding more
than 500 million years ago. about 400 million years before the extensive
radiation of the flowering plants that started in the mid-Cretaceous (100 million
years ago).

To be sure. there are differences of 20-30 nm between the measured pcak
sensitivities within each cluster of insect color receptors. This means that our
analysis docs leave open the possibility of fine-tuning of receptors to particular
visual tasks in each species. For example, microspectrophotometry reveals that the
long wave pigment of fireflies differs by 12 nm in A, belween nocturnal and
crepuscular species, a difference which can be explained by the specilic
requirements posed by detecting and identifying conspecific tlashes under
different visual conditions (Cronin et al. 2000). Unfortunately, however, the data
in many other studies were collccted by clectrophysiological measurements and
are therefore noisy, so we do not yet understand whether the differences between
many species can be attributed to measurement error, different methods, or actual
variation between species.

At first sight, however, considering the large variety of light habitats and
feeding habits of insects, it is surprising how little variation there is. 1 traits arc
conserved within a taxon, although we have reasonable grounds to predict that
they should differ on the basis of optimality arguments, then we must also
take the possibility of phylogenetic constraint seriously. Similar phylogenctic
studies performed on other sensory traits, or on color vision systems in other
animals. may reveal a different pattern; but it is through phylogenetic studies that
we can decipher patterns of adaptation and constraint, convergence. and

homology.
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4 Molecular Tuning, Constraints, and Adaptation

To understand how easily visual pigments can be matched to the colored
environment, it is necessary to look at their molecular structure, the mechanisms
of tuning, and the genes that encode the pigments. For example, we would expect
that color receptors readily adapt if small genetic changes (e.g., single mutations)
cause large changes in spectral sensitivity. We predict slower adaptation if most
mutations are adaptively neutral. Or if several mutations are necessary in
conjunction to alter spectral sensitivity, this may mean that any functional changes
require a comparatively improbable sequence of mutation events.
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Fig.1. Diagram of an opsin bound to 1 1-cis-retinal at tysine 296. The seven transmembrane
helices are numbered I-¥7{. Specific amino acid side-groups interact with the chromophore
and shift its absorption maximum










































