LARS CHHEFTVKA, JOHANNES SPAETHE, ANNETUTE SCIIAMIDT, AND

o Ot ANIA HICKELSRERGER
In: Cognitive Ecology of Pollination '

Eds: Chiltka, L. & Thomson, 1. D.
Cambridge University Press, 106-126 (2001)

6

Adaptation, constraint, and chance in the
evolution of flower color and pollinator color
vision |

Anciently the teaching was that nothing would have been created that
did not have a definite purpose, and more recentlyit has been that
natural selection would eliminate anything that did not scrve an
equally definitc purposc. ... the assumed relation between the colors of
flowers and the... pollinating insects is such a classic ...

Apparently thete is something about the internal mechanism ... that
makes it difficult for a rose to be blue. ... therefore, the use of the idea
of natural selection to explain the absence of blue roses in nature is not
only not necessary but it is not justified ... It would be much better for
the rose to be blue.

F.E. Lutz (1924)

We commonly think that biological signals and receivers are mutually
tuned to one another. Flower colors and pollinator color vision are not
exceptions. The diversity of flower colors and the differences in color
vision between different classes of pollinators make speculations about
their mutual adaptation tempting. Yet close inspection reveals that we
know very little about evolutionary changes in flower color induced by
selection pressures related to pollination, nor is there much evidence to
show that color vision systems of pollinators have been tuned to flower
color. We shall review cases where we think such changes have occurred,
and other cases where they have not, even where a purcly adaptationist
scenario would predict evolutionary tuning. In such cases, we suggest
alternative explanations, including phylogenetic constraint, exaptation
(novel use of traits evolved for other purposes), pleiotropy (sclection
through correlated characters), and random evolutionary processes such
as genetic drift. Because our understanding of these processcs in relation
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to biological signals and reccivers is still in its infancy, our cvidence is
fragmentary. We hope, however, that it will stimulate future rescarch to
add the missing picces of the puzzie. We shall first discuss possible causes
of the diversity of floral color signals and then move on to the cvolution of
pollinator color-vision systems.

Pollination syndromes and flower colors

One way to explain the diversity of flower colors is to use the concept of
pollination syndromes, which holds that particular classes of pollinators
are specifically associated with particular floral traits, including floral
color (Faegri & van der Pijl 1978). There is current debate on how tight and
exclusive these associations are (Waser et al. 1996; Johnson & Steiner 2000;
Thomson ¢t al. 2000; Gegear & Laverty, this volume). One argument
involves the significance of red flowers in the context of hummingbird
pollination. In the classical view, red flower coloration is a strategy to kill
two birds with one stone: such coloration was thought to be invisible for
bees and at the same time attractive for hummingbirds (Raven 1972).
Therefore, flowers that are morphologically adapted to bird pollination,
and on which bees transfer pollen less efficiently than birds do, should be
colored red. The premises are flawed, however. Bees do visit red hum-
mingbird flowers, and they can be trained to distinguish red from a
green, foliage-like background, as well as from yellow and orange model
flowers (Chittka & Waser 1997). Researchers working on hummingbirds
have not been able to find a preference for red (Lunau & Maier 1995). Thus,
the association between hummingbirds and red flowers is not exclusive.
A recent study by Thomson et al. (2000), however, does indicate that
the association cxists. In scven lincages of the genera Penstemon and
Keckiella (Scrophulariaceae), flowers frequented by hummingbirds are
more often orange and red than their bee-visited close relatives. Also, red
coloration is strongly associated with other floral traits linked to ornitho-
phily. But what it is the significance of such coloration, if it is ncither
ateractive for hummingbirds nor invisiblc for bees? In our view, there is
no necessity for exclusivity: any change in floral trait may be subject to
sclection if it confers a change in fitness, however small. Red coloration
might be an adaptation to facilitate detection by hummingbirds, or to
decrease detectability by bees. or both — even by a few percent. For flowers
thar are adapted to hummingbirds, bumble becs may not only transfer
pollcn less cfficiently than birds, therecby acting as pollen thicves
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(Thomson ¢t al. 2000); they may also rob nectar, further reducing plant
fitness (Irwin & Brody 1999). In such circumstances selection would favor
any character that diminished visitation by becs.

In many situations, hummingbirds and most bees choose nectar
flowers on the basis of their net caloric rewards (Wascr et al. 1996; Healy &
Hurly, this volume; Waddington, this volume). These depend not only on
the nectar content of the flowers, but also on the time taken to locate the
flowers. Thus, we need to evaluaté the search times that hummingbirds and
bees take for finding red, UV-absorbing flowers, and compare these with
times taken to search for flowers of other colors. Data for hummingbirds
have yet to be obtained, but results for bumble bees are now available. In a
flight arena, we presented Bombus terrestris workers with a random
arrangement of three identical model flowers, all of which were
rewarded. We measured the time taken from entering the arena to
landing on the last flower, cxcluding Aower-handling times. Search times
strongly depended on color; the larger the color contrast of the fowers
with their background, the more rapidly bees would detect the flowers.
Red and white (UV-reflecting) model flowers, which make the poorest
contrast with their backdrop, took mote than twice as long to find than
did blue or yellow flowers, for example (Fig. 6.1). Thus, red coloration
may indeed be a strategy to reduce visitation by bumble bees to some
degree. Another (non-exclusive) possibility is that hummingbird flowers
use red color to form a mimicry ring, so that each species will be identif-
able s a suitable food source by hummingbirds using experience gained
on flowers of different species (Healy & Hurly, this volume).

In general, we expect sharper discontinuities between syndromes
where classes of pollinators differ strongly in morphology (so that one
type of pollinator transfers pollen substantially better than another) and
in sensory system (so that, for example, a particular color is poorly detect-
able by one type of pollinator, but conspicuous for another). Red hum-
mingbird flowers fit these prerequisites, but we stress that pollinator
segregation achieved by red coloration is nowhere near exclusivity. We
suspect that this observation extends beyond red flowers. The concept of
“private channels” in sensory biology may apply to spectacular specializa-
tions such as ultrasonic hearing. However, in many cases, the ranges of
sensory systems will overlap, sometimes heavily. In such cases, interac-
tions between signals and signal receivers will not follow a simple crypsis
vs. conspicuousness dichotomy. We may have to look for more subtle
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diffcrences in clicctiveness of diflerent signals tor ditlcrent reccivers, and
in their actual fitness cilects.

There is also the possibility of an cvolutionary “arms race”, If, for
example, red hummingbird flowers are so profitable that bumble bees
might significantly improve their fitness by exploiting them, then bees
mightbe selected to improve their sensory skills to detect such flowers. As
we discuss below, this might have happened in Bombus occidentalis, a bee
species known for extensively robbing hummingbird flowers (Irwin &
Brody 1999).

How do we explain the diversity of flower colors whose major reflec-
tance falls within the visual range of practically all pollinators, such as UV,
violet, blue, pink, white (typically UV-absorbing), or yellow (with or
without UV-reflectance)? Some scientists have extended the syndrome
concept to such flowers as well, but if partitioning by syndromes is the
major selective pressure that drove floral color diversification, why do we
not see stronger segregation? More bluntly, why are not all bumble bee
flowers blue, all butterfly flowers orange, and all fly flowers white, for
example? In many phylogenetic lineages, switches from one flower color
to another occur without an associated morphological adaptation to a dif-
ferent class of pollinator (W.S. Armbruster, unpublished data). In one
study on a nature reserve near Berlin, we did not find any differences
among the colors of flowers visited by large and small bees, butterflies,
flics, and beetles (Waser et al. 1996). In a phylogenetic analysis of the distri-
bution of flower colors within two plant genera, Armbruster (unpub-
lished data) found that all the variation occurred in association with bee
pollination {see below). Thus, direct selection by pollinators in the sense
of an innate affinity (as suggested by some adherents of pollination syn-
dromes) surcly cannot explain all the existing variation in floral color
(Gegear & Laverty, this volume). In the following paragraphs, we high-
light alternative explanations for why floral colors might diverge. Not all
of these involve pollinators.

Flower constancy and flower similarity

An alternative view to floral syndromes is that flowers differ in color as a
strategy to promote flower constancy. Such fidelity by pollinators favors
an efficient and directed polien transfer between conspecifics (Chittka et
al. 1999). Conversely, pollinators straying between flowers of different
species may lose pollen during interspecific flights (Feinsinger 1987) or
cven reduce seed set by clogging stigmas with forcign pollcn (Waser 1978).
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In somc closcly related species, hybrids may be produced that arc some-
times less viable than the parental specics, thereby increasing sclective
pressures to diverge in floral advertising (Levin & Schaal 1970).

To understand the kind of diversity that can be expected to evolve as
a strategy to promote constancy, it is critical to know the range over
which pollinator-subjective color difference is correlated with flower
constancy. For example, if a barely distinguishable contrast between
two flower colors can produce 100% constancy, then flower constancy
may drive only small-scale color differences, such as between two
similar, but just distinguishable, shades of blue. However, character dis-
placement across color categories, such as from blue to yellow, would be
harder to explain by pollinator constancy if this were the case. Previous
work allows us to predict how color discrimination improves with color
distance (Chittka et al. 1992), but flower constancy and discrimination
are unlikely to increase with color difference in the same way. In measur-
ing flower constancy as a function of floral color difference, we do not
ask: “How well can bees distinguish colors?” Instead, the appropriate
question is: “How readily do bees retrieve memories for different flower
types, depending on how similar they are to the one currently visited?”
Discriminability sets the upper limit for constancy, but there is no a
priori reason to assume that constancy is directly determined by discri-
minability.

In order to measure flower constancy as a function of color distance
between flower types, we tested six species of apid bees on 15 pairs of plant
species or color morphs of the same species, using a paired-flower, bee-
interview protocol (Thomson 1981). We did not use the traditional
Bateman’s Index (Bateman 1951), because this index has a number of com-
plications: it cannot be calculated if animals arc completely constant,
because the denominator in the formula becomes zero. Additionally,
Bateman’s Index always yields maximum constancy if the frequency of
inconstant transitions from one of the flower types is 0, even if pollinators
are inconstant when starting from the other flower type. Therefore, we
quantified constancy using a new formula which ciccumvents these diffi-

culties:
cons=0.5[(A — B)/(A +B)+(C—D)/(C+D)|

where A represents the number of constant flights from X to X, B the
flights from X to Y, C the flights from Y to Y, and D the flights from Y to X.
Constancy calculated in this way can range from 1 (complete constancy)
through 0 (random flights between species) to —1(complete inconstancy).
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Fig. 6.2. Flower constancy in several species of bees as a function of color
distance between pairs of flower types. For each pair of flower typces, we
recorded at least 8o choices. Flower constancy data are calculated as ex plaincd
in the text.

This formula can be used only when individuals are coming to the pair of
test lowers from both types of flowers.

Even though our analysis ignores differences other than color, there is
a clear relationship between bee-subjective color difference and flower
constancy (Fig. 6.2). Constancy does not deviate from chance at distances
below 0.1 (where discrimination is already 70%; Chittka et al. 1992). At
distances of about 0.z, constancy levels rise sharply in all pollinator
species and above 0.4, constancy is generally above 80%. Thus, flower
constancy is negligible at small color differences, even though bees can
differentiate these colors well; it is at its maximum only in cases of pro-
nounced differences.

Unfortunately, however, floral divergence due to benefits of constancy
is not easily proven. Some authors have taken color diversity of sympatric
Rowers itself as evidence for character displacement (Menzel & Shmida
1993), but it is critical to test an observed distribution of phenotypes
against a null model. Gumbert et al. (1999) examined several sets of sym-
patric and simultaneously flowering plants in a nature reserve near
Berlin. A color distance distribution was generated for each set of flower



Evotution of tlower color and poilinator color vision

colors by calculating bee-subjective color distances between all floral
color loci in bee-color space. To test whether the flowers differ more

strongly in color than would be expected by chance, we compared the real

distributions with those produced by a random generator.

When common plants were examined, there were no significant dif-
ferences between random sets and actual flower color distributions. The
only significant deviations were detected in rare plants, and thesc effects
varied with habitat. In one habitat, rare lowers were more similar than
expected by chance, in two they were less similar, and in two others, there
was no deviation from a random distribution. Thus, flower constancy
may have influenced plant community structure in some habitats, but we
need more research before concluding that such influences are wide-
spread (Chittka et al. 1999).

Finally, pollen flow between populations at different sites may prevent
local adaptations to conditions at those sites (Stanton & Galen 1997). In
such a situation, plants may gain fitness if gene flow between populations
is depressed. Thus, if (and only if) there is a genetic correlation between a
trait favoring constancy (such as flower color) and a trait involved in, say,
resource acquisition under different ecological conditions, floral signal
divergence may indeed be favored (Jones, this volume).

Pleiotropy, exaptation, constraint, and chance in the
evolution of lower color ‘

Biologists interested in the evolution of plant and animal signals tend to
attribute signal diversity to selective pressures exerted by the signals’
receivers (but see Newbigin 1898; Lutz 1924, for early attacks on this view).
There are alternative explanations. One is pleiotropy, or indirect selection
through genetically correlated characters (Armbruster et al. 1997).
Carotenoids, responsible for yellow to orange coloration, are essential
accessory pigments to chlorophyll in all plants (Scogin 1983). Many other
pigment classes involved in floral coloration, or the biochemical path-
ways leading to the production of such pigments, may also protect
against herbivores, UV radiation, and frost, or have unspecified effects on
plant vigor (Onslow 1920; Levin & Brack 1995; Armbruster et al. 1997;
Fineblum & Rausher 1997).

For example, Osche (1979) suggested that the yellow flavonoid colora-
tion of pollen was already present in wind-pollinated ancestors of extant
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anthophilous plants and primarily scrved as protection against muta-
genic UV radiation. Hesuggested that in the carly stages of insect pollina-
tion, many pollinators might have formed an innate preference for yellow
floral signals, and that many plants later evolved large yellow nectar
guides as supernarmal stimuli to cater to this preference (Osche 1979).
This hypothesis remains to be tested by phylogenetic tests, however.

To examine the possibility of pleiotropic effects in floral color evolu-
tion, two plant genera with great flower-color variation, Dalechampia and
Acer, were examined using phylogenctically informed analyses
(Armbruster ef al. 1997; Armbruster, unpublished data). In both, flowers
shared pigments that were also found in leaves and stems. In Dalechampia,
similar changes in flower color occurred several times independently in
evolutionary history, but these changes were not associated with pollina-
tion mode. Instead, in all species with pink or purple flowers, anthocya-
nins were also expressed in stems and leaves, where they possibly affect
plant survival in ways not related to pollination. In Acer, the evolution of
autumn leaf color actually predates changes in flower color. Again, this
suggests that evolutionary changes in flower color may have occurred
without any relation to pollination: rather, selective pressures operating
on vegetative traits may have first favored the expression of different
chemicals (see also Newbigin 1898; Onslow 1920). Then selection to
enhance floral detectability may have favored expression of the same
compounds in petals. In such cases, the use of particular pigments in the
flowers is an exaptation with respect to pollination (Armbruster et al.
1997; Armbruster, unpublished data).

Pleiotropy is not the only constraint on flower color. If the flowers of
two related species (or populations of the same species) have the same
colors, this may not reflect similar selective pressures, be they on floral or
vegetative traits. In fact, even if optimality arguments predict different
coloration of lowers blooming at two different sites (for example because
of the particular competing species in each habitat), they might still have
the same color. One type of constraint is ongoing gene flow between pop-
ulations, which might prevent flowers from local adaptation (Stanton &
Galen 1997). Positive frequency-dependent selection by pollinators
might also keep floral colors from reaching a local optimum (see
Smithson, this volume). In addition, there are phylogenetic constraints
on flower color in several plant taxa (Chittka 1997). In many species, a
change from one floral color to another may simply require an improb-
able sequence of mutation events. Finally, genetic drift can act as a kind







































