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FLORAL EVOLUTION IN WILD RADISH: THE ROLES OF POLLINATORS, 
NATURAL SELECTION, AND GENETIC CORRELATIONS AMONG TRAITS 

JEFFREY K. CONNER' 

Kellogg Biological Station and Department of Botany and Plant Pathology, Michigan State University, 
3700 East Gull Lake Drive, Hickory Corners, Michigan 49060 

I review my research on the evolution of floral morphology in wild radish, Raphanus raphanistrum. A comparative 
study of patterns of phenotypic correlations among floral traits in five species indicated that selection may have acted 
to increase the correlation between filament and corolla tube lengths in wild radish and two other species. This high 
correlation maintains a similar position of the anthers relative to the opening of the corolla tube, regardless of flower 
size, which may be important for effective pollination. Quantitative genetic analysis shows that the high phenotypic 
correlation between these two traits is caused by a high genetic correlation. Preliminary results from a long-term 
random mating study suggest that this genetic correlation is a result of pleiotropy, not linkage disequilibrium. Mea
surements of the effects of anther position on pollen removal by pollinators and estimates of natural selection on floral 
morphology failed to produce evidence for selection to increase the correlation between filament and corolla tube 
lengths. In fact, there was little selection on floral morphology overall, and the only strong selection on morphology 
that occurred was through differences in female fitness, not male fitness, contrary to theoretical expectations. 

Introduction 

Humans have long been fascinated with the incred
ible diversity of sizes, shapes, colors, and scents of 
flowers found in nature. Darwin (1859) attributed 
much of this diversity to natural selection exerted by 
animal pollinators. Despite great interest in the evo
lution of floral morphology, we know remarkably little 
of the mechanisms by which natural selection exerted 
by animal pollinators drives the evolution of floral 
size, shape, and number. There is a variety of factors 
that have hampered our understanding, but here I will 
focus on two. 

The first problem was a lack of methods for mea
suring selection on continuously distributed traits. Ear
lier techniques based op. population genetics limited 
researchers to the study of discrete polymorphisms, 
that is, traits with a few distinct types. In flowers, color 
is often a discrete polymorphism, such as the purple 
and white colors in Mendel's peas. These discrete 
polymorphisms have a very simple genetic basis, usu
ally affected by only one or two genes. Unfortunately 
most traits, including flower number, size, and shape, 
are continuously distributed and therefore do not have 
distinct types. This continuous distribution results 
from two factors: the t:J,'aits are affected by several to 
many gene loci, and the traits are also affected by the 
environment. This complexity makes it difficult to es
timate the strength of selection or study the genetics 
of continuous traits. 

For decades, animal; and plant breeders used the 
techniques of quantitative genetics to study human
directed evolution of continuous traits, but is was not 
until the mid-1980s that these techniques were adapted 
in a useful way for evolutionary studies of natural pop-

'Reprints available from the author. Fax 616-671-2104; E-mail 
conner@kbs.msu.edu. 

Manuscript received December 1997; revised manuscript received 
July 1997. 

ulations (e.g., Lande and Arnold 1983; Arnold and 
Wade 1984 ). This, of course, was not a problem re
stricted to floral studies but rather to evolutionary stud
ies of all continuously distributed traits. However, 
these techniques were not applied to floral evolution 
until 1989 (Campbell 1989; Galen 1989), and we still 
have only a handful of measurements of selection on 
continuous floral traits (Schemske and Horvitz 1989; 
Campbell et al. 1991; Johnston 1991; Herrera 1993; 
Conner et al. 1996a, l996b; Conner and Rush 1997). 

The quantitative genetic approach can be summa
rized in this conceptually simple equation: 

(1) 

is the change in the mean value of phenotypic traits 
across one generation; this is short-term phenotypic 
evolution. G is the matrix of genetic variances of these 
traits and the genetic covariances among the traits, and 
~ is the vector of selection gradients for the traits that 
measure the strength of direct selection acting on each 
trait. Therefore, the rate of evolutionary change by nat
ural selection, az. is the product of the strength of 
selection and the additive genetic variances and co
variances. This makes intuitive sense because evolu
tionary change requires both natural selection and ge
netic variation for that selection to act on. For 
example, if there is both selection for increased flower 
size and genetic variation for flower size, then the av
erage flower size in the population will increase across 
generations. Much research over the last decade has 
focused on measuring the parameters in this equation 
and using this equation to study the process of evo
lution occurring in present-day natural populations. In 
this article, I will review our work estimating both G 
and ~ for floral traits. 

The second problem hampering our understanding 
of floral evolution is the difficulty of estimating male 
fitness in plants. For years, plant biologists focused 
almost exclusively on female fitness, that is, the num-
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ber of seeds produced by the plant, and largely ignored 
male fitness, the number of seeds fathered by the plant, 
mainly because male fitness was so difficult to mea
sure. But male fitness is critical for evolution because 
half of all genes that are transmitted to the next gen
eration are through pollen. 

Since the late 1970s, a number of biologists have 
argued on theoretical grounds that the majority of se
lection on floral morphology should be acting through 
differences in male, rather than female, fitness (Char
nov 1979; Queller 1983; Sutherland and Delph 1984; 
Bell 1985; Stanton et al. 1986; cf. Wilson et al. 1994). 
The argument is that female fitness in many species 
should be determined more by the resources needed to 
produce costly seeds and fruits than by differential pol
lination success. Therefore, floral traits that increase 
pollination success may be less relevant to female fit
ness. Male fitness, on the other hand, should be strong
ly determined by pollination success. 

These theoretical papers led to an explosion of stud
ies of male fitness in plants, but since total male fit
ness, that is, the number of seeds sired, was so difficult 
to measure, most researchers used components of male 
fitness instead. In particular, pollinator attraction, pol
len removal from the flowers by pollinators, and com
petition among pollen grains for the limited number of 
ovules available in a given flower have been exten
sively studied (reviewed by Snow and Lewis 1993). 
Studies of these fitness components are important in 
understanding the ecological causes of selection, but 
components of fitness may not be good indicators of 
total male fitness and thus may not provide an accurate 
picture of selection (see results for flower size pre
sented below). 

Plant biologists have recently started using molec
ular genetic markers to determine the number of seeds 
sired (e.g., Schoen and Stewart 1986; Broyles and Wy
att 1990; Meagher 1991; Devlin et al. 1992), but none 
of these has actually measured selection on continu
ously distributed floral traits using the number of seeds 
sired as the measure of male fitness. So these two im
pediments to our understanding of floral evolution, that 
is, the difficulty of measuring male fitness and the dif
ficulty of measuring selection on continuously distrib
uted traits, have not been overcome simultaneously. 
That is one of the major gaps that the work I review 
here has been designed to fill. 

In this work we used molecular genetic markers to 
determine male fitness and then used this information 
to make quantitative genetic measurements of selec
tion on continuous floral traits (~ in eq. [1]). Some of 
these results do not fit the theoretical prediction that 
selection on floral traits should be mainly through male 
fitness differences. Our work on the G matrix focuses 
on genetic correlations among floral traits. These tech
niques enable us to study directly the process of evo
lution by natural selection occurring in present-day 
populations. 

Study species 

Our main study species was wild radish, Raphanus 
raphanistrum, an annual weed of disturbed areas. 
Originally from Europe, wild radish is now naturalized 
on six continents and was introduced to North America 
at least 150 yr ago (on the basis of herbarium speci
mens; Panetsos and Baker 1967; J. Conner, unpub
lished data). This species is an excellent model system 
for studies of floral evolution because it offers an ideal 
balance between experimental tractability and evolu
tionary and ecological relevance. Wild radish produces 
many large self-incompatible flowers, enabling us to 
perform large numbers of controlled pollinations. The 
annual habit of wild radish means that lifetime repro
duction can be measured repeatedly in a several-year 
study. Wild radish exhibits a high degree of electro
phoretic variability (Conner et al. 1997), making pa
ternity analysis and estimation of male fitness possible. 
Raphanus raphanistrum and the closely related Raph
anus sativus have become model systems in ecology 
and evolution (e.g., Kay 1976; Stanton et al. 1986; 
Mazer 1987; Snow 1990; Marshall and Folsom 1992). 
Virtually all wild radish reproduction is a result of in
sect pollination, so floral adaptations for successful 
pollination ought to be crucial to plant fitness. 

Wild radish is pollinated by a diverse pollinator fau
na, and this fauna varies substantially over short dis
tances and brief temporal scales. Most previous studies 
of pollinator-mediated floral evolution have focused on 
more specialized plants that are pollinated by a few 
taxa of pollinators (e.g., Campbell 1989; Galen 1989; 
cf. Schemske and Horvitz 1989; Stanton et al. 1991). 
However, species that are pollinated by a diverse array 
of pollinators may be more common than more spe
cialized species (Waser et al. 1996), so studies of floral 
evolution in generalized species are important. The 
most common pollinators of wild radish in North 
America are honeybees and a variety of small bees, 
especially sweat bees in the family Halictidae. Next 
most common are syrphid flies, and some populations 
of wild radish are heavily visited by butterflies, partic
ularly the cabbage butterfly, Pieris rapae. All these 
taxa of insects are effective pollinators of wild radish 
(Conner et al. 1995). 

In England, the pollinator fauna of R. raphanistrum 
is similar to that found in North America: mainly bees, 
followed by syrphid flies and Pieris (Kay 1978, 1982). 
Honeybees (Apis mellifera) and P. rapae are important 
pollinators on both continents. The major difference 
between our populations and those studied by Kay is 
that bumblebees were common in England but sweat 
bees were not. The differences in pollinators between 
the two continents may mean that selection on floral 
traits may be different in North America than in Eu
rope, but the fact that pollinators vary over short tem
poral and spatial scales may mean that selection varies 
as much or more within continents as among conti
nents. Alternatively, wild radish may have evolved a 
suite of floral :idaptations that enable it to be pollinated 
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Fig. I Lateral cross-section of a wild radish flower, showing the 
traits measured except for petal width. Only one filament is shown, 
for clarity. The positive stigma exsertion and negative anther exser
tion are shown for illustration only; both traits range from negative 
to positive in natural populations. Redrawn from Conner et al. 
(1995). 

effectively by a wide variety of pollinators. This ap
pears to be the case (Conner et al. 1995) and is ex
pected if the taxonomic composition of pollinators is 
unpredictable. 

Traits studied 
To study floral adaptations, we focused on traits that 

are likely to be related to fitness. We measured flower 
number and size because these traits have been shown 
to be important in pollinator attraction in a variety of 
species (reviewed in Conner and Rush 1996; see be
low). Also, these traits are likely to be important de
terminants of pollen and ovule production on a whole
plant level. In addition, we studied two related aspects 
of the shape of the flower-anther and stigma exser
tion-because these traits have been shown to affect 
components of fitness such as pollen removal and de
position in several species (Galen and Stanton 1989; 
Wolfe and Barrett 1989; Murcia 1990; Kohn and Bar
rett 1992; Harder and Barrett 1993; Campbell et al. 
1994; Conner et al. 1995; see below). 

Six measurements were made on each flower by use 
of digital calipers (for details, see Conner and Via 
1993). The length and width of the outer, showy part 
(the limb) of one of the petals was measured, as was 
the length of the corolla tube (also called the claw; fig. 
1). Although wild radish does not have a true fused 
tube, the sepals and petals are held erect, forming a 
functional tube that controls access of pollinators to 
the nectaries, located at the base of the flower. Most 
members of the Brassicaceae have four long filaments 
and two short filaments; we measured the lengths of 
one of each. Finally, we measured the length of the 
entire pistil, from the base of the flower to the stigma. 

To study selection on anther and stigma position, 
we created two composite variables: anther and stigma 
exsertion (fig. 1). Anther exsertion is filament length 
minus tube length, and stigma exsertion is pistil length 
minus tube length. A positive value means that the 
anther or stigma is exserted above the corolla tube 
opening, while a negative value means it is inserted 
into the tube. 

The visits of all the pollinators of wild radish are 
similar: they land on the open part of the corolla, 
which forms a "landing platform," and collect pollen 
or nectar. In the vast majority of visits, the pollinators 
do not crawl into the narrow tube, so the pollen is 
placed on the insect's body by the anthers as the insect 
sits on top of the flower. 

The placement of the anthers at the top of the co
rolla tube is determined by the relative lengths of the 
tube and the filaments. If the filaments are too short 
relative to the tube length, the anthers might be in
serted too far into the corolla tube to contact the pol
linator's body. Conversely, if the filaments are too 
long, the anthers might be too high to efficiently con
tact the pollinator, particularly for the smaller insects. 
Therefore, there may be selection to increase the cor
relation between filament and corolla tube length to 
maintain this hypothesized proper placement of the an
thers for effective pollination. An analogous selective 
hypothesis exists for the correlation between pistil and 
tube length, since this determines the placement of the 
stigma relative to the opening of the corolla tube. 

Comparative study of floral correlation patterns 
As a first test of these selective hypotheses, we per

formed a comparative study of patterns of floral cor
relations in wild radish and four other species of plants 
(Conner and Sterling 1995). We measured the six floral 
dimensions described above on at least 50 individuals 
of each species and calculated the pairwise correla
tions among all the traits. 

Three of the species-wild radish, canola (Brassica 
napus), and Phlox divaricata-had filament-corolla 
tube correlations significantly greater than the overall 
level of floral correlation (fig. 2A). In wild radish, this 
pattern is consistent regardless of whether the seeds 
came from New York or Michigan, or whether they 
were grown in the greenhouse or field. In contrast, the 
filament-corolla tube correlations were not signifi
cantly greater than the rest of the floral correlations in 
Dame's rocket (Hesperis matronalis) or any of the four 
populations of black mustard (Brassica nigra). 

Therefore, the results for three of the species are 
consistent with the specific hypothesis that floral cor
relations have been altered by selection for proper 
placement of the anthers relative to the opening of the 
corolla tube. This hypothesis is rejected for the other 
two species. Except for phlox, these are all in the fam
ily Brassicaceae, and canola and black mustard are 
both in the genus Brassica; the differences in corre
lation patterns among these closely related species may 
indicate that selection has acted on the correlations. 

The selective hypothesis can be rejected across the 
board for female function, because in no case is the 
pistil-corolla tube correlation significantly greater than 
the overall levels of floral correlation (fig. 2B). If the 
selective hypothesis is true for the filament-corolla 
tube correlation in wild radish, canola, and phlox, this 
result for the pistil-corolla tube correlation indicates 
that selection is acting more strongly on the male func-
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Fig. 2 Patterns of correlations among floral traits in five plant species. Shaded bars are the averages plus one bootstrap standard deviation 
of all the correlations among the floral traits, except for the correlations between the filaments and the corolla tube and those between the 
pistil and corolla tube, that is, the traits for which our hypotheses predict higher correlations. This is intended to estimate the general level 
of correlation among floral traits. The solid bars (A) are the averages of the correlations between the corolla tube and the two filaments 
measured. The crosshatched bars (B) represent the single correlation between corolla tube and pistil lengths. Asterisks (*) denote statistically 
significant differences between the two groups using bootstrapped t-tests. Redrawn from Conner and Sterling (1995). 

tion than the female function in these species, which 
is what theory predicts. 

Measurements of genetic variances and 
covariances in wld radish 

Much of our additional work on the evolution of 
floral traits can be divided into studies of the genetic 
variance/covariance matrix, symbolized by G, and 
studies of selection on floral traits, symbolized by (3. 
Recall that these two variables determine evolutionary 
change in the phenotype (eq. [l]). First I will present 
measurements of the G matrix for the floral traits dis-

cussed above (Conner and Via 1993). I will continue 
to focus on correlations, the genetic correlations in this 
case, rather than present the raw genetic variances and 
covariances. The genetic correlations are standardized 
genetic covariances; this standardization often makes 
the correlations easier to interpret than the covariances. 

The genetic correlations are also easier to relate to 
the phenotypic correlation patterns presented above. A 
phenotypic correlation is the familiar relationship be
tween two traits measured on a number of individuals 
randomly selected from a population. Phenotypic cor
relations are important because selection acts on the 
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Fig. 3 Design of the half-sibling experiment used to estimate ge
netic correlations. 

phenotype, but if we want to understand evolutionary 
effects of correlations, we must separate the phenotyp
ic correlation into its two components. A phenotypic 
correlation is composed of a genetic correlation, which 
estimates the degree to which two traits are determined 
by the same genes or same sets of genes, and an en
vironmental correlation, which estimates the degree to 
which the two traits are affected by the same environ
mental factors (Falconer 1989). Genetic correlations 
are more important evolutionarily than environmental 
correlations because, if selection acts on one trait, any 
trait that is genetically correlated with that trait will 
also evolve in a nonadaptive way. 

The basic idea of quantitative genetics is to use phe
notypic measurements on individuals of known genetic 
relationship to estimate genetic variances, covariances, 
and correlations. Therefore, our first step was to create 
by hand pollination individuals of known genetic re
lationship. Seeds were collected from 350 plants sam
pled from a grid in a single field (fig. 3). A single 
plant was raised from each of these field mothers in 
the greenhouse; of these 350 greenhouse plants, 50 
were randomly selected to be sires, and each of these 
sires was used to pollinate six randomly chosen dams, 
for a total of 300 dams. Four offspring from each dam 
were raised for a total of 1,200 offspring in the design; 

since not all sprouted, the actual sample size was 
1,133. 

The six floral traits were measured on the offspring, 
giving us the phenotypic measurements on individuals 
of known genetic relationship. Using nested analysis 
of variance on these offspring measurements, we cal
culated the component of variance for each trait that 
results from differences among sires and, similarly, the 
sire component of covariance between pairs of traits; 
from these data, the genetic variances and covariances 
were calculated, and the genetic correlation was cal
culated from the variances and covariances by use of 
the standard formula for a correlation (Falconer 1989). 

Most of the floral genetic correlations are moderate
ly positive, ranging from 0.13 to 0.53 (table 1). Again, 
as we saw with the phenotypic correlations (fig. 2), the 
lengths of the filaments and corolla tube are very high
ly correlated, consistent with the hypothesis that se
lection has increased the genetic correlation and that 
this has caused the increased phenotypic correlation. 

We are currently repeating this half-sib mating de
sign with some modifications to estimate the genetic 
variances and covariances of these traits in the field. 
The genetic correlations (table 1) were done in the 
greenhouse, but field estimates are necessary to un
derstand fully evolution in natural populations. To my 
knowledge, only two field estimates of genetic vari
ances and covariances for floral morphology are avail
able (Schwaegerle and Levin 1991; Campbell 1996). 

Genetic mechanisms of correlations 

I will now turn to some work in progress on the 
genetic mechanisms underlying these correlations. 
This is the second part of our work on the G matrix. 
Theoretical results indicate that genetic correlations 
among traits can be an important constraint on evo
lution, slowing the evolution of the most adaptive 
combination of traits (Cheverud 1984; Maynard Smith 
et al. 1985; Via and Lande 1985; Barker and Thomas 
1987). Conversely, the correlations could themselves 
evolve, as I hypothesize may have happened in the 
case of the filament-corolla tube correlation in wild 
radish. The likelihood of these possible outcomes de
pends on the genetic mechanism causing the correla
tions. However, little is known empirically about the 

Table I 

GENETIC CORRELATIONS AMONG FLORAL TRAITS IN WILD RADISH 

Short Long 
Petal L Petal W Tube L filament filament 

Petal W .... 0.53 (0.13) 
Tube L ..... 0.25 (0.18) 0.23 (0.17) 
Short Fil ... 0.31 (0.18) 0.13 (0.18) 0.80 (0.08) 
Long Fil ... 0.39 (0.17) 0.17 (0.18) 0.85 (0.06) 0.91 (0.04) 
Pistil ........ 0.35 (0.16) 0.31 (0.16) 0.32 (0.16) 0.26 (0.18) 0.34 (0.17) 

Note. Correlations that differ from 0 by more than two times their standard error are in bold. 
Modified from Conner and Via (1993). Standard errors are given in parentheses. 
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mechanisms that generate genetic correlations in nat
ural populations. 

The two possible mechanisms underlying genetic 
correlations are pleiotropy and linkage disequilibrium. 
In the case of pleiotropy, a single gene locus affects 
both traits. Pleiotropy is the likely cause of correlations 
between developmentally related traits. For example, 
the moderate positive correlation among most of the 
floral traits in wild radish (table 1) is likely a result of 
pleiotropic effects of genes that affect overall flower 
size. 

When the two traits are affected by distinct loci, a 
correlation caused by linkage disequilibrium occurs 
when there is a nonrandom association among alleles 
at the distinct loci. For example, if there are two gene 
loci A and B, there is linkage disequilibrium when AB 
and ab gametes are common and Ab and aB gametes 
are rare. Therefore, the two traits will be genetically 
correlated and inherited together because A is usually 
inherited with B and a is usually inherited with b. 

A variety of processes can create and maintain link
age disequilibrium (Hedrick 1985). Since natural se
lection is one major cause, linkage disequilibrium 
might be expected to generate a correlation between 
two traits that are functionally related; a possible ex
ample is the high correlation between filament and co
rolla tube length in some species (fig. 2; table 1). In 
the absence of selection or some other force, linkage 
disequilibrium declines rapidly as a result of recom
bination between loci (Falconer 1989). 

In a study in progress, we are using this fact to 
determine whether correlations among floral traits in 
wild radish are caused by pleiotropy or linkage dis
equilibrium. Two random samples of 300 plants from 
the same natural population in which we estimated ge
netic correlations (table 1) are being subjected to 12 
generations of random mating in the greenhouse (fig. 
4). Plants are randomly paired for hand pollination, 
and one offspring from each plant is grown for the 
next generation, virtually eliminating natural selection. 

After 12 generations of random mating, the genetic 
correlations will be estimated in the two experimental 
populations and a sample of the original field popu
lation (from stored seeds). If any of the correlations 
are significantly lower in the experimental populations 
than in the original population, this result would in
dicate that the original correlation was due at least in 
part to linkage disequilibrium. Any correlations that 
are unchanged are likely to be caused solely by plei
otropy or extremely tight linkage. We should be able 
to detect linkage disequilibrium as long as the average 
recombination rate between pairs of loci affecting trait 
pairs is greater than 5%; this seems likely, since 
2n = 18 in wild radish. Phenotypic correlations after 
eight generations of random mating indicate no decline 
in any of the correlations; that is, the correlations seem 
to result from pleiotropy. 

Effects of flower size and number on pollinator attraction 
The previous sections have reviewed past and cur

rent work on the G matrix, specifically work on pat-

Re:elicate poEulations 
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1 300 plants 300 plants 

+ 
random mating 

+ 
2 300 plants 300 plants 
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+ 
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+ 

+ 
random mating 
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Then estimate correlations in both replicates and the 
original population 

If a correlation has declined: linkage disequilibrium 

If unchanged: pleiotropy or extremely tight linkage 

Fig. 4 Design of the random mating experiment to determine the 
mechanisms underlying genetic correlations. 

terns and mechanisms of genetic correlations among 
floral traits. The remainder of this review will focus 
on 13, the second term in equation (1), covering some 
studies on selection on these same floral traits. The 
first component of male fitness in animal-pollinated 
plants is pollinator attraction; a plant has to attract pol
linators to its flowers before it can transfer pollen. Two 
of the most important aspects of floral displays are 
flower number and size. A number of studies have 
examined the effects of these traits on pollinator at
traction as a surrogate for male fitness, but few of these 
studies controlled for the effects of other variables that 
could affect attraction (reviewed by Conner and Rush 
1996). In our work, we controlled for other variables 
in two complementary ways: by use of multiple re
gression and experimental manipulation (Conner and 
Rush 1996). During the 3 yr that we conducted this 
work, 80%-90% of flower visitors were small bees 
and syrphid flies, so I will concentrate on these two 
taxa. 

Multiple regression results were quite consistent 
across 2 yr but differed across taxa (table 2). Visitation 
by small bees increased strongly with increasing flow
er number in both years, but there was little or no 
effect of corolla size. In contrast, visitation by syrphid 
flies increased with increased flower number and size 
in both years, although the 1992 result for flower num
ber was only marginally significant. 

The problem with multiple regression on purely ob
servational data like these is that, even though we con
trolled for many variables, there still could be an un
measured correlated trait that is responsible for these 
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Table 2 Flower numl;ler experiment 

RESULTS FROM FOUR SEPARATE MULTIPLE REGRESSIONS OF NUMBER OF 

POLLINATOR VISITS PER PLANT ON FLOWER SIZE, FLOWER NUMBER, 

DATE, TIME, AND TEMPERATURE 

Small bees Syrphid flies 

1992: 
Corolla size .................... . 0.04 0.27** 
No. of flowers open .......... . 0.63**** 0.18# 

1993: 
Corolla size .................... . 10# 0.19** 
No. of flowers open .......... . 0.39**** 0.33**** 

Note. Data from Conner and Rush (1996). For simplicity, only 
the partial regression slopes for flower size and number are pre
sented. 

#P<0.15. 
* p < 0.05. 

** p < 0.01. 
**** p < 0.0001. 

relationships. To test for a causal relationship, we did 
experimental manipulations of flower number and size 
in 1994. 

We used paired designs for both experiments (fig. 
5). To test the effects of flower size on pollinator vis
itation, we chose plants with relatively large flowers 
and divided them randomly into two sides with equal 
numbers of flowering stalks. Flowers were trimmed 
from the side that had more flowers until both sides 
had the same number of flowers. One side of the plant 
was then randomly selected for manipulation. The 
flowers on this side were trimmed to about the size of 
the smallest flowers found naturally, while on the con
trol side only a sliver of petal was removed to control 
for the trimming. The number of pollinators visiting 
the two sides during the same observation period was 
recorded. 

For the flower number experiment, two plants with 
approximately equal flower size were paired. One 
plant was randomly chosen for manipulation, and 
flowers were trimmed off this plant until it had half as 
many flowers as the control plant (fig. 5). An equal 
number of pedicels (flower stalks) from flowers that 
had recently wilted were trimmed off the control plant 
to control for the effects of trimming. The plants were 
then watched simultaneously for 10 min by a pair of 
observers; later in the same day the observers switched 
plants and watched for another 10 min. 

Larger flower size caused increased visitation by 
both small bees and syrphid flies (fig. 6); the weaker 
response in syrphids was at least in part a result of the 
low numbers of syrphids visiting during the study. The 
flower number experiment was done later in the season 
when syrphids were more abundant and small bees less 
abundant; syrphids responded strongly to increased 
flower number, but small bees did not (fig. 6). 

To summarize the results from all 3 yr (table 3), the 
experimental results agree with the multiple regression 
results for syrphid flies; clearly, increases in both flow
er size and number cause increases in syrphid visita
tion. The results do not agree for small bees; the mul-

Flower size experiment 

Fig. 5 Diagram of experimental manipulations of flower size and 
number. 

tiple regression results indicated little or no effect of 
flower size but a strong effect of flower number, while 
the experimental manipulations indicated the opposite. 
For flower size, it seems likely that the increased pow
er provided by the experimental manipulation enabled 
us to detect an effect that was too subtle to detect with 
multiple regression. The flower number difference can 
be explained in two ways. First, the strong positive 
relationship between flower number and bee visitation 

2 Cl Small bees 
D Syrphid flies 

p < 0.0001 

Petal length 

p = 0.002 

p = 0.63 

Flower# 

Fig. 6 Results of the experimental manipulation of flower size and 
number. The bars represent the difference in the number of visits to 
the control versus the experimentally reduced side so that a positive 
number means increased visitation with increased flower size or 
number. Error bars are ± 1 SEM, and P-values above each bar are 
from Wilcoxson signed-rank tests for differences between paired 
control and experimental treatments. Modified from Conner and 
Rush (1996). 



CONNER-SELECTION AND CORRELATIONS IN FLORAL EVOLUTION SI 15 

Table 3 

SUMMARY OF VISITATION RESULTS 

1992 1993 1994 

Syrphid flies: 
Corolla size ················ ** ** * 
No. of flowers open ....... # **** ** 

Small bees: 
Corolla size ················ ns # **** 
No. of flowers open ....... **** **** ns 

Note. Significance levels for effects of flower number and size on number of 
pollinator visits per plant. Results from 1992 and 1993 are from multiple regression 
on unmanipulated plants (table 2), and 1994 is from experimentally manipulated 
plants (fig. 6). ns = not significant. 

#P<0.15. 
* p < 0.05. 

** p < 0.01. 
**** p < 0.0001. 

in the regression results could have been caused by an 
unmeasured correlated variable; this would not have 
affected the manipulation results. Second, it could be 
that the lower number of bees later in the season when 
the manipulation was done prevented us from detect
ing a relationship. Clearly, the flower number manip
ulation needs to be repeated when bees are more abun
dant, to resolve this discrepancy. 

The main message from these studies is that, while 
there is some variability among different pollinators 
and perhaps among years, overall, increases in flower 
number and size increase pollinator visitation: all these 
relationships, even the nonsignificant ones, are posi
tive. On the basis of this fitness component, we would 
predict strong selection for increased flower number 
and size through male fitness differences. 

Effects of anther exsertion on pollen removal 
After the pollinator is attracted to the flower, the 

next important component of male fitness is removal 
of the pollen from the anthers by the pollinator. Re
member that the patterns of correlations suggest that 
intermediate anther exsertion may lead to the highest 
pollen removal because anthers placed too high or in
serted too far may not contact the pollinator's body 
effectively. 

To test this hypothesis, we measured the effect of 
anther exsertion on pollen removal by each of the four 
major taxa of wild radish pollinators (for details, see 
Conner et al. 1995). For syrphid flies, there was no 
relationship at all between anther exsertion and pollen 
removal (fig. 7). For honeybees there was a significant 
linear regression coefficient, indicating an increase in 
removal with increasing exsertion. For cabbage but
terflies, there were significant positive linear and qua
dratic regression coefficients, indicating that the high
est removal is with maximum exsertion, as with the 
honeybees, but there is also evidence for an interme
diate minimum. Clearly, there is no evidence for sta
bilizing selection on exsertion, that is, an intermediate 
optimum. There is some evidence for an intermediate 
optimum in the plot for small bees; the highest pollen 

removal did occur at about zero exsertion, but this pat
tern has only weak statistical support. 

Overall, the evidence supporting our hypothesis of 
proper anther placement is weak; there is some support 
in small bees but none in the other three taxa. How
ever, since pollen removal is only one component of 
male fitness, we need to examine the relationship be
tween anther position and total male fitness to under
stand selection on anther placement. 

Field estimates of selection through hfetime 
male and female fitness 

We measured selection acting on experimental pop
ulations of wild radish plants over three field seasons 
(Conner et al. 1996a, 1996b). In 1991 and 1992, we 
planted 60 plants and followed them over their entire 
lifetimes. The number 60 was chosen as a compro
mise; we needed as many individuals as possible, to 
maximize the power of the selection analysis, but we 
also needed to determine paternity of the offspring us
ing molecular markers. Even so, this represents a large 
number of possible fathers for each offspring. 

In 1993, we used a complementary approach, which 
increased the power of the selection analysis and si
multaneously increased the power of the paternity 
analysis (fig. 8). A total of 112 plants were raised in 
the greenhouse, so our sample size for the selection 
estimates was almost doubled. These plants were di
vided into seven groups of 16 plants each. Each group 
was brought to the field alone for a full day of natural 
pollination, so there were only 15 possible fathers of 
each seed, increasing the power of the paternity anal
ysis. The entire process was repeated six times, so all 
plants spent 6 d in the field, spanning most of the 
natural flowering period of wild radish. 

We measured the same traits as in the studies de
scribed above: flower number, flower size, and stigma 
and anther exsertion. In addition, we counted number 
of ovules and pollen produced per flower. 

To measure selection on these phenotypic traits, we 
need fitness measurements of the same plants. We es
timated total lifetime male and female fitness, that is, 
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Fig. 7 Effects of anther exsertion on pollen removal. These are plots of the effect of anther exsertion, on the X-axis, on the number of 
pollen removed on the Y-axis after correcting for several other variables. These are similar to partial regression plots, but the curves are fit 
using locally weighted least squares (Chambers et al. 1983), which gives a more accurate depiction of the relationship than does regression. 

the number of seeds produced and fathered over the 
plant's lifetime, using genetic paternity analysis. We 
genotyped all the parents and a total of ca. 6500 ran
domly sampled offspring of these parents at eight loci, 
using protein electrophoresis. These loci are extremely 
variable, giving us considerable power for paternity 
analysis. It was necessary to genotype a large number 
of offspring to get a reasonable sample of the tens of 
thousands of offspring produced by our populations in 
each year. 

Using these data, selection can be estimated by re
gressing relative fitness on the phenotypic trait(s); the 
slope of this regression is the selection gradient (Lande 

7 groups of 16 plants each: 
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greenhouse: 0000 0000 0000 
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field 
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lied 

Repeat 6 times 

Fig. 8 Design of the 1993 natural selection study. Each circle 
represents one potted plant. 

and Arnold 1983). Linear regression slopes estimate 
~. the directional selection gradient, while quadratic 
regression coefficients ('y) estimate curvature in the re
lationship between fitness and the phenotype and can 
be used to test for stabilizing or disruptive selection. 

The selection gradients based on female fitness 
(seed production) show little strong evidence for se
lection on floral morphology with one exception: there 
was highly significant directional selection for in
creased flower size in 1992 (table 4). There were mar
ginally significant directional selection gradients for 
stigma exsertion in 1992 and marginally significant 
quadratic selection gradients for flower size in 1991 
and stigma exsertion in 1993. However, none of these 
was corroborated in other years of the study, so there 
is little strong evidence for selection on morphology 
other than the selection for increased flower size in 
1992. Recall that this is what is predicted by theory: 
little selection on floral traits through female fitness 
differences. 

Significant selection for increased ovule number per 
flower occurred in two of the three years of the study. 
Finally, there was extremely strong selection on flower 
number; the standardized selection gradient of 0.70 
means that an increase in flower number of 1 SD was 
associated with a 70% increase in relative fitness. 

The selection gradients based on male fitness (num-
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Table 4 

STANDARDIZED SELECTION GRADIENTS BASED ON FEMALE FITNESS (number of seeds 
produced) AS THE DEPENDENT VARIABLE 

1991 1992 1993 
13 or 'Y 13 or 'Y 13 or 'Y 

Flower size .............. 0.04 0.12*** -0.Ql 
Flower size2 ............. 0.10* 0.19 0.03 
Stigma exsertion ........ -0.02 0.02* -0.03 
Stigma exsertion2 ....... 0.10 -0.04 -0.07# 
Ovule no./flower ........ 0.23*** 0.11 0.07* 
Flower production ...... 0.70**** 0.70**** 0.17**** 

Total R2 ................ 0.81 **** 0.84**** 0.43**** 
N ....................... 57 60 112 

Note. Squared terms represent quadratic regression coefficients estimating cur
vature in the fitness function, and test for the possibility of stabilizing (negative 
coefficients) or disruptive (positive coefficients) selection. Other terms are linear 
regression coefficients testing for directional selection. Data are from Conner et al. 
(1996a). 

#P < 0.15. 
* p < 0.05. 

** p < 0.01. 
*** p < 0.001. 

**** p < 0.0001. 

ber of seeds sired through pollen) show little evidence 
for selection on any of the individual flower traits, that 
is, flower size, anther exsertion, or pollen production 
per flower (table 5). A few of these selection gradients 
are marginally significant but not consistently across 
years. Our prediction of stabilizing selection on anther 
position is not supported; neither is the prediction of 
selection for increased flower size generated by the 
pollinator visitation results. Recall that there was se
lection for increased flower size through female fitness 
differences in 1992. There was strong directional se
lection for an increase in flower number, very similar 
to the female fitness case. 

Therefore, contrary to theoretical expectations, se
lection for increased floral size occurred through dif
ferences in female fitness in one year, but there was 
little evidence for selection on floral morphology 
through differences in male fitness. These results con
tradict the widely held view that selection on floral 
traits should act more through male fitness than female 
fitness differences. There are two possible explanations 
for this contradiction. First, the theory predicting 
stronger selection through male fitness differences may 
not apply well in plants (Wilson et al. 1994). Second, 
since the pollinators in North America are not exactly 
the same as those in Europe, where wild radish orig
inated, our selection measurements may not adequately 
represent the natural situation. However, if the polli
nators in our studies really were exerting novel selec
tion on wild radish flowers, we would expect strong 
selection on morphology; we found little significant 
selection on morphological traits. The challenge now 
is to measure selection on floral traits through lifetime 
male and female fitness in more species and under dif
ferent conditions to see whether this idea needs to be 
modified. 

Current studies on anther exsertion 

What about the hypotheses of selection on anther 
position? Remember that wild radish and canola ex
hibited a high correlation between filament and corolla 
tube length, whereas black mustard and dame's rocket 
did not. Since these closely related species show dif
ferent patterns, this demonstrates that the correlation 
patterns have evolved, and natural selection on anther 
position is a plausible cause. However, the other evi
dence is negative: intermediate anther positions did not 
have maximum pollen removal (except possibly for 
small bees), and there was no evidence for stabilizing 
selection on anther position. 

The lack of evidence for an intermediate optimum 
anther position in the selection measures and pollen 
removal studies indicates that the higher correlation 
between filament and corolla tube in wild radish 
evolved for some other reason. Indeed, it is possible 
that the high correlation between filament and corolla 
tube in wild radish and canola is ancestral, caused by 
developmental links between the stamens and corolla 
(see, e.g., Hill and Lord 1989), and the lower corre
lations in black mustard and dame's rocket are derived. 
To answer this question, we have undertaken a far 
more rigorous and inclusive comparative study of cor
relation patterns in the Brassicaceae to determine 
which condition is ancestral. 

If the high correlation between filament and corolla 
tube is derived, there is an explanation for our failure 
to detect the predicted stabilizing selection on anther 
position. The high correlation means that there is little 
variation in anther position in present-day populations, 
so the consequences of having extremely high or low 
anthers in terms of pollen removal and ultimate male 
fitness are difficult to observe. This is an example of 



Sl 18 INTERNATIONAL JOURNAL OF PLANT SCIENCES 

Table 5 

STANDARDIZED SELECTION GRADIENTS BASED ON MALE FITNESS (number of seeds 
sired through pollen) AS THE DEPENDENT VARIABLE 

Flower size ............. . 
Flower size2 ••••••••••••• 

Anther exsertion ....... . 
Anther exsertion2 ••••••• 

Pollen no./flower ....... . 
Flower production ..... . 

Total R2 •••••••••••••••• 

N ...................... . 

1991 
~or 'Y 

0.10 
0.09 

-0.11# 
-0.17 

0.50**** 
0.40**** 

57 

1992 
~or 'Y 

-0.20 
-0.23# 

0.04 
0.08 
0.16 
0.56*** 
0.34** 

49 

1993 
~or 'Y 

0.01 
0.06 
0.09* 
0.04 
0.07# 
0.10* 
0.19* 

112 

Note. See table 4 for details. Data are from Conner et al. (1996b). 
#P < 0.15. 
* p < 0.05. 

** p < 0.01. 
*** p < 0.001. 

**** p < 0.0001. 

a central problem in evolutionary biology: attempting 
to reconstruct what may have happened in the past by 
studying present-day populations. 

We are currently attempting to create more vari
ability in anther position by artificial selection. This is 
an attempt to "tum back the evolutionary clock" to 
what may be the ancestral condition. We are selecting 
for increased anther exsertion in two lines and de
creased anther exsertion in another two lines and have 
two randomly mated lines as controls. Results after 
one generation indicate responses to selection in the 
predicted directions: anther exsertion increased in the 
two lines selected to increase and decreased in the two 
lines selected for a decrease. If this trend continues 
over several generations, it will suggest that the strong 
filament-corolla tube correlation is not a strong con
straint to the independent evolution of filament and 
corolla tube length, even though this correlation is 
likely to be caused by pleiotropy (see above). In ad
dition, the plants resulting from these selection exper
iments will be used in studies of pollen removal and 
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Evolutionary change in 
the phenotype 

Az 
Fig. 9 Schematic diagram of a quantitative genetic approach to 

the study of evolution by natural selection. 

male fitness similar to those described above, to de
termine the fitness consequences of more extreme an
ther positions than exist in present-day populations. 

Conclusions 
One of my goals in this review is to show how an 

integrated approach can provide new insights into an 
old problem, that is, what are the mechanisms and pro
cesses underlying the evolution of floral traits? The 
main features of the approach can be summarized in 
a diagram (fig. 9). Ecological factors-for example, 
pollinators--can cause fitness differences among phe
notypes; this relationship between fitness and the phe
notype is natural selection (estimated as ~). For 
example, plants with larger flowers attract more pol
linators and might therefore have higher fitness. This 
natural selection combined with the G matrix, the ge
netic variances and covariances of the traits, causes 
evolutionary change in the phenotype (dz). This 
change in the average phenotype of the population can 
then feed back to affect the ecology of the organism. 
For example, selection by pollinators might lead to the 
evolution of larger flowers across generations, which 
could then increase the overall levels of pollinator vis
itation to the population. 

One key to an empirical understanding of this pro
cess is the combined use of ecological studies of the 
selective agents, molecular genetic studies to estimate 
male fitness, and quantitative genetic studies to mea
sure selection and understand genetics in continuously 
variable traits. I believe that this kind of integrated 
approach can provide a better understanding of the 
mechanisms and processes of evolution of most phe
notypic traits in a wide variety of species. 

Acknowledgments 
I thank all of my coauthors of the articles reviewed 

here, without whom this work could not have been 
done. I particularly thank Sara Via for stimulating dis
cussions of many of the ideas described here and for 



CONNER-SELECTION AND CORRELATIONS IN FLORAL EVOLUTION Sl 19 

teaching me how to do quantitative genetics. Buffy 
Silverman also contributed many ideas and countless 
comments on manuscripts, including this one. Two 
anonymous reviewers made very useful comments on 
a previous version of this article. This research was 

supported by the Research Board of the University of 
Illinois, National Institutes of Health NRSA grant GM 
13066, and National Science Foundation grant DEB 
93-18388. 

Literature cited 

Arnold SJ, MJ Wade 1984 On the measurement of natural and 
sexual selection: theory. Evolution 38:709-719. 

Barker JSF, RH Thomas 1987 A quantitative genetic perspective on 
adaptive evolution. Pages 3-23 in V Loeschcke, ed. Genetic con
straints on adaptive evolution. Springer, Berlin. 

Bell G 1985 On the function of flowers. Proc R Soc Lond Ser B 
224:223-265. 

Broyles SB, R Wyatt 1990 Paternity analysis in a natural population 
of Asclepias exaltata: multiple paternity, functional gender, and 
the "pollen-donation hypothesis." Evolution 44:1454-1468. 

Campbell DR 1989 Measurements of selection in a hermaphroditic 
plant: variation in male and female pollination success. Evolution 
43:318-334. 

--- 1996 Evolution of floral traits in a hermaphroditic plant: 
field measurements of heritabilities and genetic correlations. Evo
lution 50: 1442-1453. 

Campbell DR, NM Waser, MV Price 1994 Indirect selection of 
stigma position in lpomopsis aggregata via a genetically corre
lated trait. Evolution 48:55-68. 

Campbell DR, NM Waser, MV Price, EA Lynch, RJ Mitchell 1991 
Components of phenotypic selection: pollen export and flower co
rolla width in lpomopsis aggregata. Evolution 45:1458-1467. 

Chambers JM, WS Cleveland, B Kleiner, PA Tukey 1983 Graphical 
methods for data analysis. Duxbury, Boston. 395 pp. 

Charnov EL 1979 Simultaneous hermaphroditism and sexual selec
tion. Proc Natl Acad Sci USA 76:2480-2484. 

Cheverud JM 1984 Quantitative genetics and developmental con
straints on evolution by selection. J Theor Biol 110: 155-171. 

Conner JK, R Davis, S Rush 1995 The effect of wild radish floral 
morphology on pollination efficiency by four taxa of pollinators. 
Oecologia 104:234-245. 

Conner JK, S Rush 1996 Effects of flower size and number on 
pollinator visitation to wild radish, Raphanus raphanistrum. Oec
ologia 105:509-516. 

--- 1997 Measurements of selection on floral traits in black 
mustard, Brassica nigra. J Evol Biol 10:327-335. 

Conner JK, S Rush, P Jennetten 1996a Measurements of natural 
selection on floral traits in wild radish (Raphanus raphanistrum). 
I. Selection through lifetime female fitness. Evolution 50: 1127-
1136. 

Conner JK, S Rush, S Kercher, P Jennetten l 996b Measurements 
of natural selection on floral traits in wild radish (Raphanus ra
phanistrum ). II. Selection through lifetime male and total fitness. 
Evolution 50:1137-1146. 

Conner JK, A Sterling 1995 Testing hypotheses of functional re
lationships: a comparative survey of correlation patterns among 
floral and vegetative traits in five insect-pollinated plants. Am J 
Bot 82:1399-1406. 

Conner JK, D Tjhio, SH Berlocher, SL Rush 1997 Inheritance and 
linkage relationships of nine isozyme loci in wild radish. J Hered 
88:60-62. 

Conner JK, S Via 1993 Patterns of phenotypic and genetic corre
lations among morphological and life-history traits in wild radish, 
Raphanus raphanistrum. Evolution 47:704-711. 

Darwin C 1859 The origin of species by means of natural selection. 
John Murray, London. 478 pp. 

Devlin B, J Clegg, NC Ellstrand 1992 The effect of flower pro
duction on male reproductive success in wild radish populations. 
Evolution 46: 1030-1042. 

Falconer DS 1989 Introduction to quantitative genetics. 3d ed. 
Longman, New York. 438 pp. 

Galen C 1989 Measuring pollinator-mediated selection on morpho-

metric traits: bumblebees and the alpine sky pilot, Polemonium 
viscosum. Evolution 43:882-890. 

Galen C, ML Stanton 1989 Bumblebee pollination and floral mor
phology: factors influencing pollen dispersal in the alpine sky pi
lot, Polemonium viscosum (Polemoniaceae). Am J Bot 76:419-
426. 

Harder LD, SCH Barrett 1993 Pollen removal from tristylous Pon
tederia cordata: effects of anther position and pollinator special
ization. Ecology 74:1059-1072. 

Hedrick PW 1985 Genetics of populations. Jones & Bartlett, Bos
ton. 629 pp. 

Herrera CM 1993 Selection on floral morphology and environmen
tal determinants of fecundity in a hawk moth pollinated violet. 
Ecol Monogr 63:251-275. 

Hill JP, EM Lord 1989 Floral development in Arabidopsis thaliana: 
a comparison of the wild type and the homeotic pistillata mutant. 
Can J Bot 67:2922-2936. 

Johnston MO 1991 Natural selection on floral traits in two species 
of Lobelia with different pollinators. Evolution 45: 1468-1479. 

Kay QON 1976 Preferential pollination of yellow-flowered morphs 
of Raphanus raphanistrum by Pieris and Eristalis spp. Nature 
261 :230--232. 

--- 1978 The role of preferential and assortative pollination in 
the maintenance of flower colour polymorphisms. Pages 175-190 
in AJ Richards, ed. The pollination of flowers by insects. Aca
demic Press, New York. 

--- 1982 Intraspecific discrimination by pollinators and its role 
in evolution. Pages 9-28 in JA Armstrong, JM Powell, AJ Rich
ards, eds. Pollination and evolution. Royal Botanic Gardens, Syd
ney. 

Kohn JR, SCH Barrett 1992 Experimental studies on the functional 
significance of heterostyly. Evolution 46:43-55. 

Lande R, SJ Arnold 1983 The measurement of selection on corre
lated characters. Evolution 37:1210-1226. 

Marshall DL, MW Folsom 1992 Mechanisms of nonrandom mating 
in wild radish. Pages 91-118 in R Wyatt, ed. Ecology and evo
lution of plant reproduction. Routledge, Chapman, & Hall, New 
York. 

Maynard Smith J, R Burian, S Kauffman, P Alberch, J Campell, B 
Goodwin, R Lande, D Raup, L Wolpert 1985 Developmental 
constraints and evolution. Q Rev Biol 60:265-287. 

Mazer SJ 1987 The quantitative genetics of life history and fitness 
components in Raphanus raphanistrum L. (Brassicaceae): ecolog
ical and evolutionary consequences of seed-weight variation. Am 
Nat 130:891-914. 

Meagher TR 1991 Analysis of paternity within a natural population 
of Chamaelirium luteum. II. Patterns of male reproductive success. 
Am Nat 137:738-752. 

Murcia C 1990 Effect of floral morphology and temperature on 
pollen receipt and removal in lpomoea trichocarpa. Ecology 71: 
1098-1109. 

Panetsos CA, HG Baker 1967 The origin of variation in "wild" 
Raphanus sativus (Cruciferae) in California. Genetics 38:243-
274. 

Queller DC 1983 Sexual selection in a hermaphroditic plant. Nature 
305 :706-707. 

Schemske DW, CC Horvitz 1989 Temporal variation in selection 
on a floral character. Evolution 43:461-465. 

Schoen DJ, SC Stewart 1986 Variation in male reproductive in
vestment and male reproductive success in white spruce. Evolu
tion 40:1109-1120. 

Schwaegerle KE, DA Levin 1991 Quantitative genetics of fitness 
traits in a wild population of Phlox. Evolution 45:169-177. 



Sl20 INTERNATIONAL JOURNAL OF PLANT SCIENCES 

Snow AA 1990 Effects of pollen-load size and number of donors 
on sporophyte fitness in wild radish (Raphanus raphanistrum). 
Am Nat 136:742-758. 

Snow AA, PO Lewis 1993 Reproductive traits and male fertility in 
plants: empirical approaches. Annu Rev Ecol Syst 24:331-351. 

Stanton ML, AA Snow, SN Handel 1986 Floral evolution: attrac
tiveness to pollinators increases male fitness. Science 232: 1625-
1627. 

Stanton ML, HJ Young, NC Ellstrand, JM Clegg 1991 Conse
quences of floral variation for male and female reproduction in 
experimental populations of wild radish, Raphanus sativus L. Evo
lution 45:268-280. 

Sutherland S, LF Delph 1984 On the importance of male fitness in 
plants: patterns of fruit-set. Ecology 65:1093-1104. 

Via S, R Lande 1985 Genotype-environment interaction and the 
evolution of phenotypic plasticity. Evolution 39:505-522. 

Waser NM, L Chittka, MV Price, NM Williams, J Ollerton 1996 
Generalization in pollination systems, and why it matters. Ecology 
77:1043-1060. 

Wilson P, JD Thomson, ML Stanton, LP Rigney 1994 Beyond floral 
batemania: gender biases in selection for pollination success. Am 
Nat 143:283-296. 

Wolfe LM, SCH Barrett 1989 Patterns of pollen removal and de
position in tristylous Pontederia cordata L. (Pontederiaceae). Biol 
J Linn Soc 36:317-329. 




