





NATURAL SELECTION THROUGH MALE FITNESS

TaBLE 1. Allele frequencies at isozyme loci in Raphanus raphan-
istrum, arranged from most to least common within each locus.

Alleles
Locus 1 2 3 4 5 6
1991:
FOR 0.55 0.45
IDH 0.94 0.06
LAP 0.43 0.25 0.18 0.09 0.04 0.01
PGI 0.53 0.28 0.14 0.05
PGM-1 0.65 0.35
PGM-2 0.57 0.17 0.14 0.12
PGM-3 0.77 0.13 0.10
TPI 0.77 0.21 0.02
1992:
FOR 0.64 0.36
IDH 0.87 0.12 0.01
LAP 0.42 0.20 0.17 0.15 0.05 0.01
PGI 0.61 0.27 0.09 0.03
PGM-1 0.77 0.23
PGM-2 0.39 0.32 0.17 0.12
PGM-3 0.69 0.20 0.11
TPI 0.72 0.26 0.02
1993:
FOR 0.73 0.27
IDH 0.93 0.05 0.02
LAP 0.50 0.22 0.17 0.05 0.04 0.02
PGI 0.65 0.22 0.11 0.02
PGM-1 0.68 0.32
PGM-2 0.47 0.21 0.17 0.15
PGM-3 0.71 0.15 0.09 0.05
TPI 0.72 0.28

spring sampled from each plant was weighted by that plant’s
total seed production. Therefore, more offspring were sam-
pled from field plants that produced more seeds. In 1991, 16
of the plants flowered late and were unable to complete seed
development before the first frost. Therefore, paternity was
based on the offspring of the other 41 plants only; these plants
produced 97% of the total number of seeds in the population.
The total numbers of offspring genotyped were 1866 from
1991, 2092 from 1992, and 2750 from 1993.

1139

Standard starch-gel electrophoretic techniques were used
(Murphy et al. 1990; for details, see Conner et al. in press).
Eight polymorphic loci with a total of 27 alleles (Table 1)
were scored: formate dehydrogenase (FDH, EC 1.2.1.2), iso-
citrate dehydrogenase (IDH, EC 1.1.1.42), leucine aminopep-
tidase (LAP, EC 3.4.11.1), phosphoglucose isomerase (pG1, EC
5.3.1.9), phosphoglucomutase (3 loci; PGM, EC 2.7.5.1), and
triose phosphate isomerase (TpI, EC 5.3.1.1). These marker
loci all exhibit Mendelian inheritance and are not tightly
linked (Conner et al. in press). No parents shared the same
multi-locus genotype within a year.

Analyses

Male fertility, defined as the proportion of offspring of
each female that was fathered by each male, was estimated
using maximum likelihood methods (Roeder et al. 1989). The
empirical exclusion probabilities were 0.88 in 1991, 0.89 in
1992 and 0.85 in 1993. This means that the average number
of nonexcluded males for each offspring was 6.8 in 1991,
6.6 in 1992, and 2.4 in 1993. All possible fathers were ex-
cluded for some of the offspring (120 or 6.4% in 1991; 116
or 5.5% in 1992; and 290 or 10.5% in 1993), so these off-
spring were not included in the fertility estimates. The higher
percentage of excluded offspring in 1993 could be due to
seeds fathered by the dummy array plants (see above), and/or
to the smaller number of possible fathers in that year.

As an index of the variation in these male fertility esti-
mates, the maximum-likelihood variance of each was divided
by the fertility estimate itself (fertilities < 1% not included).
This number was multiplied by 100 to give a percentage. The
median of this percentage was 3.9% in 1991, 4.2% in 1992,
and 5.3% in 1993. Therefore, the male fertility estimates
appear to be accurate.

The estimates of each male’s fertility on a particular female
were multiplied by the number of seeds produced by that
female (viable seeds only in 1991 and 1992, all seeds fer-
tilized in 1993; see Conner et al. 1996) to estimate the number
of offspring sired by each male on that female. These numbers
were summed over all females to give an estimate of the total
number of seeds sired by each male. To estimate the total

TaBLE 2. Standardized selection gradients for the floral traits based on male fitness only. The results for each year represent a separate
multiple regression of relative total male fitness on the variables listed below. The fitness estimate (dependent variable) was lifetime
number of viable seeds sired in 1991 and 1992, and the total number of seeds sired in the six days of pollination in 1993. Significance
levels and R? in 1991 and 1992 are from a regression using In-transformed fitness values, but selection gradient values are from
untransformed relative fitness. Per-flower pollen number was measured in 1992 and 1993 only. The flower production variable was
number of days flowering in 1991, the total number of flowers produced over the plant’s lifetime in 1992, and the total number of flowers
open on the six days of pollination in 1993. The anther exsertion? and flower size? rows give the quadratic terms testing for stabilizing/

disruptive selection on these traits.

1992 1992 1993

Bory P Bory P Bory P
Flower size 0.10 0.49 —-0.20 0.24 0.01 0.80
Flower size? 0.09 0.38 -0.23 0.11 0.06 0.52
Anther exsertion —0.11 0.13 0.04 0.78 0.09 0.05
Anther exsertion? -0.17 0.52 0.08 0.22 0.04 0.61
Pollen #/flower — — 0.16 0.22 0.07 0.14
Flower production 0.50 < 0.0001 0.56 0.0008 0.10 0.04
Total R? 0.40 0.0001 0.34 0.006 0.19 0.05
N 57 49 112
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fitness of these hermaphroditic plants, this estimate of male
fitness was added to the number of seeds produced (female
fitness) by the same plant.

Standardized selection gradients (Lande and Arnold 1983)
were calculated by regressing relative male fitness and rel-
ative total fitness on the floral traits after standardizing the
floral traits to mean = zero and variance = one. The first
principal component of all six floral morphological mea-
surements was used as a measure of overall floral size (Con-
ner et al. 1996). Linear and quadratic terms in the regressions
were used to test for directional and stabilizing/disruptive
selection respectively. In the male fitness analyses, both di-
rectional and stabilizing selection on floral size and anther
exsertion were measured (see introduction), as well as di-
rectional selection on total flower production and pollen pro-
duction per flower. Quadratic terms were not fit for these
latter variables because of limited sample size and because
there were no specific hypotheses of stabilizing or disruptive
selection on these traits. In the total fitness regressions, these
traits plus stigma exsertion and ovule number were included.
There were no significant correlations among the floral traits
(predictor variables), and all variance inflation factors (Neter
et al. 1985) were less than two; therefore, there was little
collinearity. See Conner et al. (1996) for further details of
the analyses.

To determine whether mating opportunities affected male
fitness (Nakamura et al. 1989), the initial 1991 and 1992 male
fitness regressions included the number of seeds produced
by the four closest neighbors of each plant as an additional
variable. These were not significant, so were not included in
final regressions. Neighbor effects were controlled in 1993
by rerandomizing positions on each field day.

A categorical variable for the seven plant groups was in-
cluded in the 1993 analyses. None of the interactions between
group and the other variables were significant and thus were
not included in final regression models.

In 1992, pollen was collected from single flowers on only
49 of the 60 plants, so the selection analyses based on male
fitness included only these 49 plants. Removing pollen num-
ber as a variable and therefore including all 60 individuals
did not change the results for the remaining variables. Pollen
production was not included in the total fitness regressions,
because it was not significant in the male fitness regressions
and the larger number of independent variables required the
full sample of 60 plants.

RESULTS
Male Fitness Selection Gradients

The selection gradients based on male fitness were con-
sistent across the three years. This was particularly true for
the first two years that were based on total lifetime fitness
(Table 2), in spite of the fact that plants in these two years
were planted at different times of the year and had different
pollinators (see Methods). The traits together explained a
significant proportion of variance in total male fitness in all
years, but the R? values were greater in 1991 and 1992. This
greater R? was due to the stronger selection on flower number
in those two years as compared to 1993. There was significant
selection for increased flower number in all years, but the
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Fic. 1. Frequency distributions of flower production in the three
years. Variables are In-transformed to facilitate comparisons across
years.

standardized selection gradients were five times larger in the
first two years than in 1993. It is possible that the lower slope
in 1993 could be due to the lower variation in flower number
in that year, but the variation was also low in 1991 (Fig. 1).

In contrast to the predictions of the two hypotheses out-
lined in the introduction and the expectations of a large body
of theory, there was little evidence for selection on floral
morphology or per-flower pollen production through differ-
ences in male fitness. There was evidence for weak directional
selection for increased anther exsertion in 1993, but the sig-
nificance level was marginal and there was no corroborating
evidence for this selection from the other two years. Most of
the other selection gradients were not close to significance
(Table 2).
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TABLE 3.
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Standardized selection gradients for the floral traits based on total lifetime fitness. The results for each year represent a

separate multiple regression of relative total fitness (seeds sired + seeds produced) on the variables listed below. Pollen number per
flower was excluded from the 1992 analysis so that all 60 individuals would be included (see Methods). See Table 2 for further details.

1991 1992 1993

B ory P Bory P B ory P
Flower size 0.07 0.66 0.04 0.002 0.01 0.83
Flower size? 0.15 0.03 0.08 0.87 0.05 0.31
Anther exsertion -0.10 0.15 0.06 0.46 0.04 0.20
Anther exsertion? 0.08 0.60 0.00 0.44 0.02 0.61
Stigma exsertion 0.00 0.80 -0.06 0.85 —0.04 0.14
Stigma exsertion? 0.26 0.06 —0.06 0.44 —0.02 0.54
Pollen #/flower — — — — 0.03 0.28
Ovule #/flower 0.14 0.007 0.04 0.69 0.03 0.26
Flower production 0.60 < 0.0001 0.62 < 0.0001 0.14 < 0.0001
Total R? 0.82 < 0.0001 0.80 < 0.0001 0.37 < 0.0001
N 57 60 112

Total Fitness Selection Gradients

The selection gradients based on total fitness (Table 3)
show the patterns expected from the separate male and female
selection gradients (Table 2; Conner et al. 1996). All the traits
together explained about 80% of the variance in total fitness
in 1991 and 1992, and 37% of the variance in 1993. There
was strong selection for increased flower production in all
three years, which was expected because selection for in-
creased flower production was found in all years through both
male and female fitness. Selection for increased flower size
occurred in 1992, but contrary to theoretical expectations,
this was due to selection through female fitness differences
(Conner et al. 1996) rather than male fitness differences (Ta-
ble 2). There was little evidence for other selection on floral
morphology with the exception of possible weak disruptive
selection on flower size in 1991, which was due to selection
through female fitness differences (Conner et al. 1996), again
contrary to theoretical expectations. Finally, selection for in-
creased ovules per flower occurred in 1991 through female
fitness differences.

Male and Female Fitness Variance and Covariance

One consequence of the strong relationship between flower
production and both male and female fitness in 1991 and
1992 is that male and female fitness are moderately positively
correlated in those years (Fig. 2). This correlation was much
weaker in 1993, the year in which male fitness was only
weakly determined by flower number. As further evidence
that the correlation between male and female fitness is due
at least in part to flower number, when flower number is
corrected for by performing a partial correlation analysis, all
of the resulting partial correlations between male and female
fitness are reduced relative to the uncorrected correlations
and only one is significant (1991: r = 0.49, P < 0.001; 1992:
r = 0.06, P > 0.5; 1993: r = 0.16, P > 0.05).

Patterns of variance in total male and female fitness also
differed between years and differed from theoretical expec-
tations. Female variance was greater than male variance in
both 1991 and 1992, contrary to expectations, while male
variance was greater than female variance in 1993 (Fig. 3).
The 1992 and 1993 differences are significant by Levene’s

tests (1991: F = 2.65, P = 0.11; 1992: F = 4.66, P = 0.03;
1993: F = 9.55, P = 0.002).

Functional gender (Lloyd 1980) was calculated by dividing
total seed production by total fitness (seed produced + seeds
sired; Fig. 4). The variation in functional gender was greatest
in 1991, in which three plants set no viable seeds (functional
gender = 0) and one plant fathered no seeds but did set viable
seeds (functional gender = 1). Functional gender was less
variable in 1992 and especially 1993, but even in the latter
year functional gender ranged from 0.18 to 0.89.

DiscussioN
Selection on Floral Morphology

Contrary to theoretical expectations, no strong evidence
for selection on floral morphology through differences in
lifetime male fitness was found in any of the three years of
this study, but there was strong evidence for selection on
flower size through female fitness in 1992. Floral size traits
are highly heritable (Conner and Via 1993), so populations
should respond to this selection. Contrary to predictions
based on correlation patterns (see Berg 1960; Conner and
Via 1993; Conner and Sterling 1995; Conner and Sterling
1996), there was also no evidence for stabilizing selection
on anther exsertion or floral size. More studies that measure
selection on floral traits through lifetime male and female
fitness are needed to determine the generality of these re-
sults.

There are several possible explanations for our failure to
detect selection through male fitness differences. First, since
wild radish is pollinated by a large number of different insect
species, perhaps selection on floral morphology does occur
in populations pollinated by species other than those repre-
sented in our study. However, the pollinator composition was
quite different in 1991 than in the other two years, but no
selection through male fitness occurred in any year.

Second, our study may not have had adequate statistical
power to detect weak selection, particularly if this selection
was swamped by overwhelming effects of flower number
(Snow and Lewis 1993). However, most of the P-values
were not even close to significance, indicating that much
larger sample sizes would be needed given the selection
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F1G. 2. Scatterplots depicting the relationships between total male
and female fitness for each of the three years of the study. Pearson
product-moment correlation coefficients with significance levels are
presented. Data for 1991 and 1992 were In-transformed, and data
for 1993 were the residuals after removing the effects of group (see
Methods). Removal of the 1991 outlier with zero seeds sired in-
creases the correlation coefficient to 0.65.
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gradients estimated. Also, in 1993 we had large sample sizes
for a study estimating male fitness and had weak flower
number effects, but still found little evidence for selection
on morphology. It is possible that chance incompatibilities
between plants in our small arrays in 1993 increased the
random error in the regressions, but in several thousand
random crosses of plants from the same population the fre-
quency of incompatible matings was less than 10% (Conner,
unpubl. data).

Finally, there may have been selection in the past but the
population may now be at equilibrium. For example, the high
correlation between filament and tube lengths means that
variance in anther exsertion is relatively low. Studies that
use populations with experimentally increased variation in
phenotypic traits could be used to test for this possibility
(Schluter 1988).

Selection on Flower Number

We found strong selection for increased flower number
through both male and female fitness in all years except male
fitness in 1993, when this selection was weak (Conner et al.
1996; Table 2). Studies on a variety of species have also
shown that flower number is the major determinant of female
fitness in plants (see discussion in Conner et al. 1996). While
there are much fewer studies of total male fitness, and almost
none that have examined the relative importance of flower
number and other floral traits together, the pattern thus far
is the same as for female fitness: increased flower number
leads to increases in male fitness (Schoen and Stewart 1986;
Broyles and Wyatt 1990; Devlin and Ellstrand 1990; Devlin
et al. 1992; but see Meagher 1991). In contrast, there was
no evidence that per-flower pollen production affects male
fitness. Therefore, while more studies of total lifetime male
and female fitness are certainly needed, it seems likely based
on studies to date that flower number in many or perhaps
most species will be the principal determinant of total her-
maphroditic fitness. Likely exceptions to this pattern include
species that produce few flowers; in these species floral mor-
phology and per-flower pollen and ovule production may be
more important determinants of fitness than total flower num-
ber.

While the causal connection between flower number and
both male and female fitness should be strong, the possibility
that at least some of the strong selection on flower number
could be due to correlations with unmeasured traits cannot
be ruled out. In particular, environmental correlations be-
tween flower number and fitness need to be considered (Price
et al. 1988; Rausher 1992; for a discussion of the possible
effects of environmental correlations on selection through
female fitness, see Conner et al. 1996). In 1993, when plants
were raised in pots in the greenhouse, these environmental
correlations should have been small, because pot position in
the greenhouse and field was changed frequently. The re-
duction or elimination of environmental correlations might
explain why the selection on flower number was weaker in
1993, but it is not obvious what environmental variable would
affect both flower number and male fitness in the same di-
rection.
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Future work will measure selection through lifetime fe-
male fitness on breeding values for the same traits to de-
termine the effects of environmental correlations (Rausher
1992). Unfortunately, measuring selection on breeding val-
ues through male fitness is difficult or impossible with cur-
rent molecular genetic technology, because the large sample
sizes needed to estimate breeding values accurately would
mean that there were far too many possible fathers for pa-
ternity analysis.
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Frequency distributions of total male and female fitness in the three years.

400

Male and Female Fitness Variance and Covariance

We found a moderately strong positive correlation between
male and female fitness in 1991 and 1992, and a weakly
significant positive correlation in 1993. To our knowledge,
only two other studies have examined the correlation between
total male and female fitness in a hermaphroditic plant, and
both found significant correlations of about 0.4 (Broyles and
Wyatt 1990; Devlin and Ellstrand 1990). Therefore, our re-
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sults show the strongest correlations found to date, but clearly
more studies are necessary. Even in our case, accurate pre-
dictions of male fitness could not be made from female fitness
estimates alone. In 1991 and 1992, the years with the strong
correlations, the R? value was only 30%.

Male fitness variance was not greater than female fitness
variance in the two years for which lifetime data were avail-
able, in contrast to theoretical predictions (Bateman 1948;
Trivers 1972). Biologists have been interested in the relative
amount of variance in fitness across the sexes as a way to
determine the relative strength of selection on males and
females, or male and female function in hermaphrodites. Rel-
ative fitness variance, however, may not be a good indicator
of the strength of selection on any particular trait (Sutherland
1985a,b; Sutherland 1987; Conner 1988; Wilson et al. 1994),
and therefore is not a very useful or interesting measure. This
is particularly true when actual measurements of selection
on traits are available, as in our study.

Conclusions

Our results contradict some widely held views in evolu-
tionary biology. The only significant selection on floral mor-
phology was caused by differences in female fitness, not male
fitness. Furthermore, variance in lifetime female fitness was
greater than male fitness in both years that lifetime fitness
was measured. Further studies that measure selection on floral
traits through differences in lifetime male and female fitness
are necessary to determine how general these results are, and
whether these widely held views are in need of modification.
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