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SELECTION ON A FLORAL COLOR POLYMORPHISM IN THE TALL MORNING

GLORY (IPOMOEA PURPUREA): TRANSMISSION SUCCESS OF THE
ALLELES THROUGH POLLEN
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Abstract.—The W locus, a codominant locus influencing floral pigment intensity in the tall morning glory, Ipomoea
purpurea, is polymorphic throughout the southeastern United States. Previous studies suggest that this polymorphism
is actively maintained by balancing selection, and that increased selfing accompanied by lack of pollen discounting
(“‘Fisher effect””) may act to protect the white allele when it is rare. Processes that act to protect the dark allele and
thus stabilize the polymorphism in conjunction with the Fisher effect have not been previously detected. The goal of
this study was to determine whether any of three such processes might operate in 1. purpurea. Estimates of breeding
system parameters in a large experimental population in which the white allele was in higher than normal frequency
(0.5) provided little evidence that either dark- or light-flowered plants were more successful as pollen parents than
white-flowered plants. In addition, no evidence was found for a transmission bias favoring the dark allele in the ovules
produced by light heterozygotes. In contrast, a strong transmission bias favoring the dark allele in pollen of hetero-
zygotes was observed. A simple model using parameter estimates derived from this and previous studies indicates
that a balance between the Fisher effect and biased transmission in heterozygote pollen could account for many
properties of the polymorphism.
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A major focus of evolutionary biology over the past 50 years
has been accounting for the maintenance of genetic variation
in natural populations (Hartl and Clark 1989). Evidence has
accumulated indicating that for certain traits, such as self-
incompatibility systems (Charlesworth and Charlesworth
1979; Clark 1993; Vekemans and Slatkin 1994; Richman et
al. 1995) and possibly disease resistance (Ennos 1983; An-
tonovics 1994), inherently frequency dependent selection
maintains variation. For most traits, however, selection is not
obviously frequency-dependent, and accounting for variation
in these traits has been a major challenge. Because our un-
derstanding of why organisms are so genetically variable (e.g.,
Lewontin 1974; Wright 1977; Powell and Taylor 1979; Hed-
rick 1986) is at best rudimentary, detailed examinaticn of the
selective forces acting on genetic variation in a variety of
organisms is required to determine which processes most com-
monly operate to preserve variation in nature. This report con-
stitutes a contribution toward our long-term objective of con-
ducting such an examination on genetic variation influencing
floral characteristics in the annual morning glory, Ipomoea
purpured.

Four major unlinked loci influence floral pigment hue and
intensity in I purpurea (Ennos 1981; Ennos and Clegg 1983;
Epperson and Clegg 1988). Here we concentrate on the W
locus, which affects pigment intensity and is generally poly-
morphic in populations throughout the southeastern United
States. Plants homozygous for the w allele have white flowers
with pigmented rays (whites); those homozygous for the W
allele have darkly pigmented flowers that have even more
intensely pigmented rays (darks); and heterozygotes have
lightly pigmented flowers with dark rays (lights). Frequencies
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of the white allele are typically 0-0.4, with a mean of about
0.1, in natural populations that have been surveyed (Epperson
and Clegg 1986).

Recent convergence experiments indicate that the W locus
is subject to some form of balancing selection (Subramaniam
1994). Moreover, previous studies of the selective forces acting
on the W-locus polymorphism have suggested a possible mech-
anism protecting the white allele. When white-flowered plants
are in low frequency, they exhibit increased rates of self-fer-
tilization compared to dark- and light-flowered plants (Brown
and Clegg 1984; Epperson and Clegg 1987a; Rausher et al.
1993), apparently due to reduced visitation by bumblebees,
which are virtually the sole pollinator (Ennos 1981; Brown
and Clegg 1984; Stucky 1984; Epperson and Clegg 1987a;
Rausher et al. 1993). In addition, current evidence indicates
that when in low frequency, white plants do not experience
pollen discounting (a reduction in transmission of pollen to
other plants by genotypes that exhibit increased selfing; Raush-
er et al. 1993), nor is the magnitude of inbreeding depression
more than about 10% (Pear 1983; S.-M. Chang, pers. comm.
1995). As originally shown by Fisher (1941; see also Wells
1979; Lloyd 1979; Holsinger et al. 1984), under these con-
ditions, the white allele, which is essentially an allele that
increases the rate of selfing, should tend to increase in fre-
quency. This increase, which we term the “‘Fisher effect,”
arises because white-flowered plants transmit more copies of
the white allele to the next generation through self pollen than
dark plants transmit copies of the dark allele, assuming all
three genotypes are equally successful at transmitting alleles
at the W locus through ovules and outcross pollen.

An important result of previous studies (Epperson and Clegg
1987a; Rausher et al. 1993) is that this advantage of the white
allele is frequency dependent. When the frequency of white-
flowered plants in a population reaches 0.5, bees no longer
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discriminate between color morphs and selfing rates of the W-
locus genotypes are equal. Thus, at low frequencies of the
white allele, the Fisher effect tends to cause the frequency of
that allele to increase, whereas at high frequencies of the white
allele, this effect disappears.

The Fisher effect has been observed to operate in an ex-
perimental population in which 20% of the plants were white-
flowered (Rausher et al. 1993). If the Fisher effect were the
only selective process affecting variation at the W locus, fre-
quencies of white plants in natural populations should be high-
er than 20%. Because most populations have fewer than 10%
whites (Epperson and Clegg 1986), however, it seems almost
certain that some other selective process(es) operate that favor
the dark allele. This inference is consistent with an observed
increase in the frequency of the dark allele in experimental
populations when that allele is at low initial frequency (Sub-
ramaniam 1994).

The frequency dependence of the Fisher effect suggests that
any factor that provides an advantage to the dark allele, wheth-
er that advantage is frequency dependent or not, may act in
concert with the Fisher effect to stabilize the W-locus poly-
morphism. This stabilization can occur because at high fre-
quencies of the white allele, only the dark-allele advantage
would operate, thus tending to protect the dark allele. At low
frequencies, by contrast, the Fisher effect could protect the
white allele, as long as the Fisher effect is stronger than the
dark-allele advantage when the white allele is rare.

Previous investigations of selection acting at the W locus
have found no evidence of any mechanism that might provide
such a dark-allele advantage. In particular, Rausher and Fry
(1993) found no evidence of a dark-allele advantage either for
viability or for seed production, though there was some in-
dication that there might be overdominance in seed size. Here,
we consider three other possibilities that have been insuffi-
ciently investigated.

Superiority of Darks to Whites in Success as Pollen Par-
ents.—If, when white plants are in relatively high frequency,
darks have higher net success as pollen parents than whites,
this would tend to reduce the frequency of the white allele,
potentially stabilizing the polymorphism in conjunction with
operation of the Fisher effect when whites are in low fre-
quency. Although two previous studies have compared the
success of darks and whites as pollen parents, neither found
evidence for superiority of darks (Schoen and Clegg 1985;
Rausher et al. 1993). Both studies, however, were based on
small arrays of potted plants that were grown in the green-
house, trimmed to have equal numbers of flowers, and exposed
to pollinators for a single morning. Such artificial conditions
may not allow full expression of differences between the ge-
notypes that could affect their success as pollen parents under
more natural conditions, such as differences in frequency of
flowering.

Superiority of Lights to Whites in Success as Pollen Par-
ents.—If, when white plants are in high frequency, lights have
greater success as pollen parents than whites, this could also
protect the dark allele. No study has examined the success of
lights as pollen parents, although Brown and Clegg (1984)
showed that lights and darks apparently do not differ in selfing
rate. It is also possible that lights are superior to darks as

pollen parents; like the Fisher effect, such a difference would
tend to protect the white allele.

A Non-Mendelian Transmission Bias Favoring the Dark Al-
lele in Pollen Produced by Heterozygotes, and/or a Similar Non-
Mendelian Bias in Ovules of Heterozygotes.—Clegg and Ep-
person (1988) mention unpublished observations of departures
from Mendelian ratios at the W locus. As we will show below,
a transmission bias favoring the W allele, in conjunction with
the Fisher effect, could stabilize the polymorphism.

To determine whether any of these processes are operating,
we analyzed the breeding system of an experimental popu-
lation of I purpurea. In this population, the frequency of
whites (= 0.33) was by design higher than that observed in
the vast majority of natural populations. We therefore antici-
pated that the Fisher effect would be weak or absent and that
the only important processes acting on the W locus would be
those affording a dark-allele advantage. We also conducted
observations on pollinator visitation, which potentially provide
insight into any differences in breeding-system parameters we
may observe between the W locus genotypes. These obser-
vations also permit a simplification of the estimation of breed-
ing system parameters, as described below.

MATERIALS AND METHODS

Experimental System

The tall morning glory, 1. purpurea (L.) Roth is a weedy
annual that is common in agricultural fields and other disturbed
sites throughout southeastern North America. Plants typically
germinate between late May and August, depending upon tim-
ing of soil disturbance and rainfall, and are killed by the first
frost, which ranges from late September through early De-
cember in the piedmont of North Carolina. The showy flowers
open at dawn and close and wither by late morning of the
same day.

Experimental Plants

The experimental population used in this study was the same
as that described in Rausher and Fry (1993; see this reference
for details of crossing and planting designs). In this experi-
ment, equal numbers of dark (WW), light (Ww), and white
(ww) plants (over 2600 in all) were planted at the seedling
stage in a randomized-block array in early July 1990. To fa-
cilitate progeny analysis, the experimental plants were bred
so that all dark and white plants were homozygous for the fast
allele of an electrophoretically detectable esterase polymor-
phism (Ennos and Clegg 1983), and all light experimental
plants were homozygous for the slow esterase allele. This
arrangement allows unambiguous identification of the paternal
genotype of progeny of the experimental plants in most cases
from their esterase and W-locus genotypes (Fig. 1; the one
ambiguous case is genotype 6, the double heterozygote pro-
duced on light seed parents). The crossing scheme (Rausher
and Fry 1993) should have effectively randomized the genetic
background of the experimental plants with respect to genes
not linked to either the W locus or the esterase locus. All of
the plants in the experiment had the blue (P-) and nonintense
(I-) phenotypes described by Ennos and Clegg (1983). During
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Pollen Parent

D L W
FF SS FF
D FF WWFF (1) | WWFSQ2) | WwFF (4)
WwFS (3)
Seed WWES (5) | WWSS () WwFS (6)
Parent L SS WwE'S (6) WwSS (8) | wwFS(10)
wwSS (9)
W FF | WwFF(11) | WwFS (12) | wwFF (14)
wwkFS (13)

Fic. 1.

The 14 combinations of seed-parent genotype and offspring genotype produced in the experimental population. FF and SS =

fast and slow esterase homozygotes, respectively. D, L, and W = dark, light, and white W-locus genotypes.

the experiment, all nonexperimental I. purpurea that germi-
nated in the vicinity of the experimental plot were removed.

Bee Observations

Pollinator activity in the experimental plot was observed
biweekly from August 29 to October 16, 1990, on a total of
15 mornings. Workers and drones of the bumblebee Bombus
pennsylvanicus accounted for > 99% of all observed insect
visits to I. purpurea flowers during this period. On the same
mornings that pollinators were observed, the numbers of flow-
ering plants of each genotype were recorded. The total number
of plants flowering ranged from 38 to 982, with the proportion
of whites among the flowering plants ranging from 0.28 to
0.37.

Bees were followed as they visited plants in the plot and
the W-locus genotype of each plant visited was recorded. Bees
were usually observed until they left the plot, except no bee
was observed for more than one-half hour; also, in a few cases,
bees remained in the plot but ceased foraging, in which case
the observer switched to another bee after five minutes. Be-
cause bees were not individually marked, the same individuals
may have been observed more than once. However, most ob-
servations on most mornings were probably of different bees,
because observations usually ended when bees flew a consid-
erable distance away from the plot, many bees were usually
simultaneously present in the plot, and the bees observed
showed marked individual variation in size (as well as con-
sisting of both sexes on most mornings: 30% of the obser-
vations were of drones).

Bees visited more than one flower on a plant only about
15% of the time. For simplicity, we ignore visits to multiple
flowers on the same plant and consider only visits to plants.
A total of 4816 such visits in 192 foraging bouts were ob-
served; the number of visits observed per foraging bout ranged
from 1 to 218.

On a few warm mornings, the pigments of dark-flowered
plants began to fade late in the morning, and it became difficult

for the observer to distinguish between light- and dark-flow-
ered plants. Data collected under these circumstances were
used for analyses in which lights and darks were pooled, but
not for analyses in which lights and darks were distinguished.

Data for Breeding-System Analysis

As the capsules matured in fall, a total of 47,462 seeds were
collected from the 2155 plants that produced seeds; seeds from
each capsule were stored separately. For the progeny analysis,
1158 seeds sampled randomly from this collection were scar-
ified and planted in seedling flats. After approximately two
weeks, a small sample of leaf tissue was taken for determi-
nation of esterase genotype (see Ennos and Clegg 1983, for
methods), and flower color was scored a few weeks later. Six
percent of the seeds failed to germinate, so that the final prog-
eny analysis sample consisted of 1087 plants, with 365 from
dark seed parents, 354 from lights, and 368 from whites.

The breeding system was analyzed using two different mod-
els, which are described in Appendix 1.

Controlled Crosses

As an assessment independent of the field experiment of
whether biased transmission occurs in either pollen or ovules
of lights (Ww), controlled crosses were conducted in the green-
house. In one set of crosses, six light pollen parents were
crossed to six white seed parents, yielding six full-sib families.
In a second set, seven white pollen parents were crossed to
seven light seed parents, yielding seven full-sib families. In
each set of crosses, the W-locus alleles of different families
were descended from different ancestral plants, which were
derived from the same population as the plants used for the
field experiment. Between 54 and 71 seeds from each family,
depending upon availability, were grown in flats in a green-
house and scored for W-locus genotype.
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TaBLE 1. Comparison of observed numbers of bumblebee visits
to light- versus dark-flowered plants with expected numbers based
on relative frequencies of the two types among plants flowering
each morning (ignoring visits to white-flowered plants). The last
two columns give the results of G-tests for heterogeneity among
bees in visit proportions to lights versus darks on each morning,
using only bees with at least 10 visits to lights and darks to avoid
low expected cell numbers, and ignoring visits to whites (thus,
results of the heterogeneity tests are given only for mornings on
which at least two bees made at least 10 visits to lights and darks).

Visits to lights Visits to darks Heterogeneity

Date

(M/D)  Observed Expected Observed Expected G (1 df) G df
8/29 52 54.2 53 50.8 0.179 1.20 2
8/31 158 148.1 141 150.9 1.319 356 7
9/4 146  149.8 171 167.2  0.187 477 7
9/7 189 182.0 190 197.0 0.523 743 5
9/11 14 17.4 18 14.6 1470 —_ =
9/14 106 106.4 92 91.6 0.003 749 4
9/18 112 112.6 102 101.4  0.006 540 7
9/21 31 29.5 31 325 0.141 —_ —
9/25 167 175.5 106 97.5 1.139 363 5
9/27 106  105.1 82 82.9 0.017 729 8

10/2 156 157.4 149 147.6  0.025 621 8

10/4 128 113.5 66 80.5 4.565* 508 4

10/9 91 81.3 47 56.7 2.865* 293 4

10/15 17 15.1 10 11.9 0.539 —_ —

20.05 < P < 0.10; * P < 0.05 (neither significant after adjusting for
multiple comparisons; Rice 1989).

REsuLTS
Bee Observations

In this section, we address two questions: (1) Did pollinators
discriminate between dark and light genotypes? (2) Did pol-
linators discriminate between white and pigmented genotypes?
In each case, we examine not only whether bees undervisited
or overvisited particular genotypes when data from all bees
are considered together, but also whether there was hetero-
geneity among bees (strictly speaking, among foraging bouts)
in visit proportions to the different genotypes. Net under- or
overvisitation of certain genotypes could cause variation in
selfing rates of the genotypes and/or variation in success of
the genotypes as outcross pollen parents. Heterogeneity among
bees in visit proportions could result in assortative outcrossing
(e.g., an excess of matings between whites and other whites
compared to the random expectation), which in turn could
effect interpretation of some of the estimates of breeding sys-
tem parameters reported below.

Lack of Discrimination between Lights and Darks

While it is clear that bumblebees often undervisit white-
flowered I. purpurea (Brown and Clegg 1984; Epperson and
Clegg 1987a; Rausher et al. 1993), it is less clear from previous
work whether bees discriminate between light- and dark-flow-
ered plants. We observed 2731 visits to lights and darks (Table
1), and used G-tests of goodness-of-fit (Sokal and Rohlf 1981)
to compare the observed total numbers of visits to lights and
darks on each morning with the expected numbers based on
the hypothesis that bees visit lights and darks in proportion
to their abundance; for this analysis, visits to whites were
ignored. For only one day of 14 was there nominally significant
(0.01 < P < 0.05) evidence for preferential visitation; if a

TaBLE 2. Comparison of observed numbers of bumblebee visits
to white- versus pigmented-flowered (light or dark) plants with
expected numbers based on relative frequencies of the two types
among plants flowering each morning. The last two columns give
the results of G-tests for heterogeneity among bees in visit pro-
portions to white versus pigmented plants on each morning, using
only bees with at least 15 total visits (thus, results of the hetero-
geneity tests are given only for mornings on which at least two
bees made at least 15 visits).

Visits to lights
Visits to whites and darks
Date  Ob- Ex-  Ob-  Ex- _ Heterogeneity
(M/D) served pected served pected G (1 df) G df
8/29 97 792 131 1489 5.98* 0.33 3
8/31 373 315.1 501 558.9 16.28**%b 2996**b 12
9/4¢ 276 264.1 482 4939 (.82 52.65%**b 10
9/7 218 189.3 379 407.7 6.23* 24, 1%**xb 5
9/11¢ 5 127 32 243 8.38%xb — —
9/14¢ 57 839 198 171.1 13.79*%*b 7424 3
9/18¢ 76  90.6 214 1994 3.55% 6.04 7
9/21 18 227 62 573 144 — —
9/25¢ 104 1063 273 270.7 0.07 11.007 5
9/27 85 79.2 188 1938 0.59 1.93 7
10/2 151 143.1 305 3129 0.63 22.10%*Db 8
10/4 113 110.8 194 196.2 0.07 1.70 4
10/9 85 79.5 138 1435 0.59 2.90 4
10/15¢ 19 157 27 303 1.00 — —
10/16 6 5.6 9 9.4 0.05 — —

10.05 < P < 0.10; * P < 0.05; ** P < 0.01; *** P < 0.001.

b Significant at tablewide 0.05 level by sequential Bonferroni test (Rice
1989).

¢ Mornings on which the earliest bee visits to the plot were observed.

sequential Bonferroni test (Rice 1989) is used to control for
multiple comparisons, however, none of the G-tests are sig-
nificant. Furthermore, the observed number of visits to lights
was greater than expected on half of the mornings and less
than expected on the other half. In addition, G-tests for het-
erogeneity among bees in their relative numbers of visits to
lights versus darks (Table 1), for each morning for which suf-
ficient data were available, gave no evidence for heterogeneity
in visit proportions (P > 0.10 in each case). We conclude that
for all practical purposes, bumblebees did not discriminate
between light- and dark-flowered plants in our experimental
plot.

Discrimination between Whites and Nonwhites

The conclusion that bees did not discriminate between lights
and darks means that visits to these two forms can be pooled
into a single category. Comparing the observed numbers of
visits to whites versus nonwhites with the expected numbers
based on the hypothesis that bees visit the two categories in
proportion to their abundance indicates that the bees that were
observed on some mornings showed significant overvisitation
of whites, while the bees observed on other mornings showed
significant undervisitation (Table 2). It cannot be concluded
that the (statistical) population of bees as a whole showed net
over- or undervisitation of whites on the mornings for which
these G-tests are significant, however, because there was highly
significant heterogeneity among bees in visit proportions to
whites on four of 11 mornings for which tests could be con-
ducted (Table 2). Furthermore, for two of the other mornings,
the heterogeneity tests approached significance, and the morn-
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ings for which the heterogeneity tests were not significant
tended to be those on which fewer total visits and/or smaller
numbers of bees were observed. Thus bees were heterogeneous
in their visit proportions to whites versus nonwhites, and the
significant over- or undervisitation of whites on some morn-
ings may have resulted from the observer happening to watch
one or a few bees showing strong over- or undervisitation.
Nonetheless, the G-tests comparing observed and expected
numbers of visits make it clear that at least some bees over-
visited whites, while others undervisited whites.

Further insight into whether the (statistical) population of
bees as a whole showed net undervisitation or overvisitation
of whites requires different analytic methods. One factor that
needs to be taken into account is time of morning. Rausher et
al. (1993) found evidence that bees tended to undervisit whites
before 9:00 A.M. on mornings in July, but not later in the same
mornings. Time of morning is of particular interest because
the first pollen deposited on a stigma is likely to result in the
majority of fertilizations (Epperson and Clegg 1987b), and
most pollen is removed from the anthers by the first few visits
(Fry and Rausher, unpubl. obs.). Thus the earliest visits are
probably responsible for the majority of pollination events.

Because in our study, the timing of first bee activity varied
considerably (from ca. 7:00 aA.M. to ca. 10:00 a.M.), a simple
partition of the data into visits observed before and after a
certain time would be inappropriate. Furthermore, the number
of observations on any one day was too small to allow realistic
detection of anything but very strong time effects. To provide
an analysis that uses data from all days, but nonetheless takes
into account the relative timing of visits within days, we fitted
the following linear model to the data:

vy —fi= i + B @y — ty) + error. @)

Here, v; is the observed proportion of visits to whites made
by the jth bee on the ith day, f; is the observed proportion of
whites among plants flowering on the ith day, ¢ is the midpoint
of the time interval during which the jth bee was observed
(thus, ¢; is the time of observation of the first bee on the ith
morning), B is the change in mean proportion of whites visited
per hour, and p; is the average (population) deviation of the
actual proportion of visits to whites from the proportion of
whites among flowering plants at the time of observation of
the first bee on the ith day. Thus if bees tend to undervisit
whites early in the morning but increase the proportion of
visits to whites as the morning wears on, the estimates of p;
should be negative (at least for the mornings in which the
earliest visits to the experimental plot were observed; see be-
low) and the estimate of B should be positive. The statistical
properties and limitations of this model are discussed in Ap-
pendix 2.

Applying this model showed that the proportion of visits to
whites tended to increase over time within mornings. The es-
timate of B *+ SE was 0.0224 + 0.0098 per hour in the analysis
in which observations were weighted by the number of visits
a bee made (see Appendix 2 for rationale), and 0.0291 =
0.0169 per hour in the unweighted analysis. The weighted
estimate was significantly different from zero (F) |74 = 5.30,
P = 0.023; these and subsequent F-statistics were calculated
using the general linear model methodology described by Net-
er et al. 1990), but the unweighted estimate was not quite
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TaBLE 3. Estimated difference between the mean proportion of
visits that bees made to whites and the proportion of whites among
flowering plants, at the time that the first bee was observed on each
morning ([i;; see eq. 1 in text). The {i; are compared to zero by ¢-
tests (Neter et al. 1990).

Date fi; (SE). fi; (SE),
(M/D) weighted analysis unweighted analysis
8/29 0.074 (0.036)* 0.066 (0.094)
8/31 0.024 (0.026) 0.038 (0.050)
9/4¢ —0.056 (0.037) —0.082 (0.057)
9/7 0.021 (0.025) —0.098 (0.056)#
9/11¢ —0.240 (0.090)** —0.275 (0.065)***.b
9/14¢ —0.137 (0.036)***b —0.151 (0.060)*
9/18¢ -0.086 (0.035)* —0.137 (0.050)**
9/21 —0.074 (0.061) —0.090 (0.057)
9/25¢ —0.049 (0.033) —0.106 (0.056)*
9/27 —0.001 (0.034) —0.009 (0.043)
10/2 —0.007 (0.027) —0.065 (0.055)
10/4 —0.010 (0.032) 0.017 (0.055)
10/9 0.004 (0.037) —0.001 (0.051)
10/15¢ 0.057 (0.080) 0.142 (0.077)*
10/16 0.025 (0.139) —0.145 (0.094)

2 Difference from zero: 0.05 < P < 0.10; * P < 0.05; ** P < 0.0]; ***
P < 0.001.

bSignificant at tablewide 0.05 level by sequential Bonferroni test (Rice
1989).

¢ Mornings on which the earliest bee visits to the plot were observed.

significant (F 7, = 2.95, P = 0.088). Nonetheless, the two
estimates are in good agreement, and both are in the direction
previously observed (Rausher et al. 1993). The estimates mean
that on average, the proportion of visits that bees made to
whites increased by about 0.02-0.03 per hour. While signifi-
cant, the time effect accounts for only 2.4% and 1.3% of the
total variance in visit proportions in the weighted and un-
weighted analyses, respectively, and does not explain all of
the heterogeneity among bees in visit proportions (JDF, unpubl.
calc.).

Estimates of p; for each of the 15 mornings are shown in
Table 3. On six of the 15 mornings we were confident that we
observed the earliest visits of bees to the plot, as judged by
the fact that no bees were present when the observer arrived
and pollen on anthers was undisturbed. Because the earliest
visits are likely to result in the majority of pollinations, the
estimates from these six mornings are of particular interest.
In both the weighted and unweighted analyses, the ; estimates
for three of these six mornings are significantly negative, in-
dicating undervisitation of whites early in the morning, while
none of the estimates are significantly positive. In both the
weighted an unweighted analysis, one of the p; estimates re-
mains significantly negative after a sequential Bonferroni test
to take into account the 15 tests being performed (if instead
the Bonferroni test is based on only the six mornings when
the earliest visits were observed, two remain significant in
each case). Considering all mornings, in only one case was
the p; estimate significantly positive (8/29, weighted analysis);
it may be notable that this was a day when observations began
relatively late (9:20 A.M.) compared to when bee activity prob-
ably started (because this was a warm morning in August, bee
activity probably began by 7:00 a.Mm.).

Transition Matrix of Plant-to-Plant Flights

A likely consequence of the observed heterogeneity among
bees in visit proportions to whites is assortative pollen move-
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TaBLE 4. Matrix of observed plant-to-plant transitions by bum-
blebees in the experimental plot, summing data from all days.

Flights originating at:

Darks Lights Whites
Flights Darks 411 437 412
arriving at: Lights 466 552 462
Whites 376 482 518

ment, the magnitude of which may be roughly assessed by
examining the matrix of observed plant-to-plant flights by pol-
linators, pooling data from all days (Table 4). Overall, there
is a highly significant dependence of genotype visited on the
genotype previously visited (G = 17.83, df = 4, P = 0.001).
Considering only flights between lights and darks, however,
there is no such dependence (G = 1.34, df = 1, P = 0.25).
In contrast, if lights and darks are pooled to examine transitions
between whites and nonwhites, there is still highly significant
dependence (G = 13.41, df = 1, P = 0.0003), with an excess
of like-to-like transitions. These results are exactly what one
would expect from the observations that pollinators did not
discriminate between lights and darks, but varied in the pro-
portion of visits to whites.

In summary, the results of the bee observations indicate that
(1) pollinators did not discriminate between dark and light
genotypes; (2) pollinators did discriminate between white and
nonwhite genotypes; (3) pollinators on average undervisited
whites early in the morning, when most pollination takes place;
and (4) pollinators exhibited an excess of transitions between
whites and whites, and between nonwhites and nonwhites,
compared to the random expectation.

Breeding System Analysis

In this section, we report the results of analyses of the breed-
ing system. The purpose of these analyses was to estimate and
compare breeding-system parameters for each of the W-locus
genotypes. These comparisons allow us to determine whether
lights and/or darks are more successful as pollen parents than
whites, and whether dark alleles are transmitted with greater
frequency than white alleles in the successful pollen and/or
ovules of light parents. Any of these results would provide
evidence for a dark-allele advantage.

Estimation of Proportion of Seeds Sired by Each Genotype
(Model 1)

Using this model (see Appendix 1), we estimated the pro-
portions of seeds sired by each genotype in the experimental
population as a whole, without distinguishing between selfed
and outcrossed offspring (Table 5). Because plants of the three
W-locus genotypes were initially equally abundant and sur-
vival did not differ among the genotypes (Rausher and Fry
1993), the expectation, if all genotypes are equally successful
as male parents, is that each genotype should sire one-third
of the seeds. The estimate for darks is somewhat lower than
one-third, that for lights is somewhat higher than one-third,
and that for whites is almost exactly one-third. Testing the
hypothesis of equal proportions of seeds sired by each ge-
notypes gives —2irn A (twice the difference in log-likelihoods

TABLE 5. Estimates of the proportion of seeds sired by each W-
locus genotype in the experimental population as a whole (8.p, etc.;
see Appendix 2).

Genotype Estimate SE

Darks 0.306 0.015
Lights 0.360 0.014
Whites 0.334 0.015

between constrained and unconstrained models) = 4.86, df =
2, P = 0.088. Even though this result approaches significance,
the near significance arises mostly from the difference between
darks and lights. (Constraining the proportion of seeds sired
by darks and lights to be equal, without constraining the pro-
portion of seeds sired by whites, gives —2ln A = 4.82, df =
1, P = 0.028; in contrast, constraining both the proportions
sired by whites and lights, or by whites and darks, to be equal
gives P > 0.25). Thus, there is no compelling evidence that
either darks or lights were more successful as pollen parents
than whites.

Estimation of Transmission Biases, Selfing Rates, and
Contributions to Outcross Pollinations (Model 2)

As described in Appendix 1, model 2 predicts frequencies
of the 14 maternal genotype—offspring genotype combinations
in terms of nine free parameters (Table 6). The model allows
determination of whether there were departures from Men-
delian transmission in the pollen and ovules produced by light
heterozygotes. The model also allows estimation of genotype
specific selfing rates and contributions to the outcross pollen
pool, though there are some biases in these estimates.

Departures from Mendelian Ratios.—One of the main goals
of this study was to determine whether biased transmission of
alleles from heterozygous parents occurs, since a bias favoring
the dark allele could provide a dark-allele advantage. Model
2 allows testing for three types of departures from Mendelian
ratios among the progeny of light (Ww) individuals: (1) de-
partures from a 1:2:1 ratio among the selfed progeny of lights;
(2) departures from equal transmission of the two alleles when
lights act as pollen parents in outcross events; and (3) depar-
tures from equal transmission when lights act as seed parents
in outcross events.

Estimates of the proportions of WW, Ww, and ww genotypes
among the selfed progeny of lights (g, — g3, Table 7) suggest
an excess of heterozygotes. The departure from a 1:2:1 ratio
is not quite statistically significant, however (—2in A = 4.76,
df = 2, P = 0.092). In contrast, in outcross events, significantly
more W alleles than w alleles were transmitted by Ww pollen
parents (a, Table 3; —2In A = 8.39, df = 1, P = 0.004). This
bias can be observed directly in the offspring of dark and
white maternal plants known to have been sired by light pollen
parents (Table 6): of these, 116 inherited the dark allele from
the pollen parent, while only 76 inherited the white allele.
Note that the estimate of a, 0.604, equals 116/(76 + 116);
also, a standard G-test for departure of 116 and 76 from a 1:
1 ratio (Sokal and Rohlf 1981) gives the same test statistic as
above, 8.39. The estimated proportion of W alleles transmitted
by Ww seed parents in outcross events (b, Table 7) is almost
exactly one-half (—2In A = 0.006, df = 1, P = 0.94).
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TABLE 6. Probabilities of observing each of the genotypic combinations listed in Figure 1 as a function of the parameters of the general
model of genetic transmission in the experimental population, and of the simplified model (model 2) that makes use of the fact that
pollinators did not discriminate between light and dark flowers. See Appendix 2 for full model description; s; = probability ovule of
genotype i is selfed (= selfing rate); s*, =‘‘effective’ selfing rate of whites in simplified model; m; = probability outcrossed ovule of
genotype i is fertilized by pollen from genotype j (simplified model assumes m; = mg; for j = d, I, or w); q; = probability selfed seed
produced by light plant is genotype i (i = 1, 2, 3 corresponds to dark, light, and white, respectively); a = probability outcrossed pollen
of heterozygote transmits dark allele; b = probability outcrossed ovule of heterozygote transmits dark allele. Note that the probabilities

are defined conditional on the seed parent. Observed numbers of each genotype in the progeny analysis sample are also given.

Offspring Probability under simplified model Observed
genotype Probability under general model (model 2) number
1 st (1 — spmyy sqg + (1 — spymy, 174
2 (1 - sd)amd, (1 - sd)amd, 66
3 1 = s)(1— a)ymy (1 - spp(1 — aymy, 39
4 (1 — spmg, (1 = spmg, 86
5 (1 - s,)bm,d (1 - s,)bmdd 39
6 1 = splbmy, + (1 — bymy,] (1 = splbmy, + (1 — bymaql 83
7 519 + (1 - s,)abm,, 519 + (1 - s,)abmd, 43
8 sig2 + (1 — spmyla(l — b) + (1 — a)b) sigy + (1 — spmyla(l — b) + (1 — a)b] 114
9 sgz + (1 = spmy(1 — a)(1 — b) sig3 + (1 = spmgl — a)(1 — b) 40
10 (1 — s)(1 — bymy (1 = sp(1 — bymy,, 35
11 (1 = s,)myy (1 = s*,)mgy 76
12 (1 - s, )am,, (1 — s*,)amy 50
13 a-s) - am,, (1 = s* )1 — aymy 37
14 s + (1 — s,)m,, s*, + (1 — s*,)my, 205

Because there was no evidence that b differed from one-
half, this parameter was constrained to 0.5 for the subsequent
analyses. Setting b = 0.5 rather than estimating it from the
data had the effect of reducing the standard errors of the re-
maining parameters considerably, while having negligible ef-
fects on the estimates themselves. Possible consequehces of
departures of b from 0.5 are discussed in Appendix 3. In con-
trast, because there was evidence that g;,—g; and especially a
differed from their Mendelian expectations, these parameters
were left unconstrained in the subsequent analyses.

Selfing Rates.—The results of model 1 showed that white-
flowered plants were neither more nor less successful as pollen
parents than pigmented-flowered plants, when both selfed and
outcrossed offspring are considered. This result could have
arisen in two different ways. Whites may have self-fertilized
more than lights and darks, as previous studies have found
(Brown and Clegg 1984; Epperson and Clegg 1987a; Rausher
et al. 1993), while being less successful as pollen donors to
other plants than lights and darks. Alternatively, whites and
nonwhites may have been equal in both selfing rates and suc-
cess as outcross pollen parents. Model 2 gives some, albeit
limited, information to allow discrimination between these
possibilities.

TaBLE 7. Estimates of genotypic ratios produced in matings in the
experimental population involving light-flowered (Ww) plants; g,
g, and g5 are the proportions of darks, lights, and whites, respec-
tively, produced upon self-fertilization of lights; a is the proportion
of W alleles transmitted by light pollen parents in outcross events;
b is the proportion of W alleles transmitted by light seed parents
in outcross events.

Parameter Estimate SE

a 0.140 0.075
7 0.650 0.071
0 0.210 0.063
a 0.604 0.035
b 0.508 0.078

Because bees apparently did not discriminate between darks
and lights, these genotypes are expected a priori to have similar
selfing rates (see also Brown and Clegg 1984). In contrast,
previous investigations, as well as our own pollinator obser-
vations, lead to the a priori expectation that whites self more
than nonwhites. The hypothesis of most interest is thus that
the selfing rate of whites is greater than the average selfing
rate of nonwhites. Point estimates of selfing ratés of darks and
lights, and of the “effective” selfing rate of whites, which may
overestimate the true selfing rate because of assortative pol-
linator movement (see Appendix 1), are consistent with higher
selfing by whites (Table 8). A one-tailed test (Gaines and Rice
1990) of the hypothesis that the effective selfing rate of whites
is greater than the mean of the selfing rates of lights and darks
can be provided by estimating ¢ = s*, — (s; + s)/2 (c is
analogous to a ‘“‘contrast’ in analysis of variance). From Table
8, this gives ¢ = 0.108. The approximate standard error of ¢,
estimated from the large-sample variances and covariances of
the selfing rate estimates, is 0.061. A test of the null hypothesis
¢ = 0 against the one-sided alternative ¢ > O therefore gives
z = 0.108/0.061 = 1.77, P = 0.039. Thus, this result gives
evidence that either whites self-fertilized at a higher rate than

TaBLE 8. Estimates of mating system parameters in the experi-
mental population; s, and s, are the selfing rates of darks and lights,
respectively, while s*, is the “‘effective’ selfing rate of whites (see
Appendix 2); my,, my, and my,, are the proportions of outcross seeds
on dark or light seed parents that were sired by dark, light and
white pollen parents, respectively. Estimates were obtained from
model 2 with the constraint b = 0.5 added.

Parameter Estimate SE

S4 0.222 0.051
sy 0.295 0.050
s*,, 0.366 0.044
my,, 0.301 0.026
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TaBLE 9. Numbers of light (Ww) and white (ww) progeny pro-
duced in controlled crosses (Ww X ww). Results of G-tests (Sokal
and Rohlf 1981) for departure from a 1:1 ratio are given.

Light seed parents Light pollen parents

Family Ww ww G Family Ww ww G
1 31 40 1.14 1 41 31 1.39
2 28 34 058 2 39 25 3.09°
3 30 36  0.55 3 36 33  0.13
4 35 30 0.39 4 20 39 6.23*
5 25 29 0.30 5 34 37 0.13
6 27 30 0.16 6 43 22 6.91**
7 29 42 2.39

Total 205 241 2.91a Total 213 187 —

20.05 < P <0.10; * P < 0.05; ** P < 0.01.

lights and darks, or that assortative pollination mimicked the
effects of increased selfing by whites. In contrast, comparing
the selfing rates of lights and darks in similar fashion gives
no evidence that these two genotypes differed in selfing rates
(z = 0.93, two-tailed P = 0.35).

Contributions of the Genotypes to Outcross Pollinations.—
Model 2 also allows estimation of the proportion of outcross
seeds on light and dark plants that were sired by whites, lights,
and darks (my,, my, and my,, respectively). If whites were less
successful as outcross pollen parents in the population as a
whole than lights and darks (i.e., when white as well and light
and dark seed parents are considered), then we would expect
my, to be less than my and my,. (However, this result could
also be due to the effects of assortative pollinator movement,
which should cause whites to be underrepresented as outcross
pollen parents on light and dark seed parents). The estimate
of my,, is somewhat less than one-third, that of m is somewhat
greater than one-third, and that of m,, is close to one-third
(Table 8). Although the point estimates suggest that whites
may have been responsible for fewer outcross pollinations than
lights and darks, comparing log-likelihoods of the uncon-
strained model to that of a model with the constraint mg,, =
my = my, does not allow the null hypothesis to be rejected
(=2in A = 2.84, df = 2, P = 0.24). In addition, if a one-
tailed test similar to that above for selfing rates is used, i,
is not significantly lower than the mean of /i, and iy, (z =
—-1.21, P = 0.11).

Controlled Crosses

In crosses of light (Ww) seed parents to white (ww) pollen
parents, families exhibited no significant heterogeneity (G-test
for heterogeneity; Sokal and Rohlf 1981) in the proportion of
progeny that were light (Table 9; G = 2.60, df = 6, P = 0.86).
When families were pooled, the white allele was transmitted
to seeds slightly more frequently than expected under Men-
delian transmission: 54% of the progeny were light. While this
trend suggests there may be a slight transmission bias favoring
the white allele, the trend was not significant at the 0.05 level
(P = 0.09). This result is consistent with the absence of a
dark-allele transmission bias through ovules of heterozygotes
in the field experiment.

In crosses of light (Ww) pollen parents to white (ww) seed
parents, there was significant heterogeneity among families in
the proportion of progeny that were light (Table 9; G = 16.18,

df = 5, P = 0.006). It is thus not legitimate to pool families
to determine whether there is an overall bias. Instead, the
deviation of each family from the expected 1:1 ratio was as-
sessed individually. Family 6 exhibited a significant bias fa-
voring the dark allele, while family 4 exhibited a significant
bias favoring the white allele. Other families exhibited no
significant biases, although family 2 exhibited a bias favoring
the dark allele that approached significance (P = 0.08).

DiscussioN
Stabilization of the W-Locus Polymorphism

The primary objective of this study was to determine what
factor or factors provide a dark-allele advantage that, in con-
junction with the Fisher effect, could stabilize the W-locus
polymorphism in I. purpurea. We found no evidence that dark-
flowered plants had greater net success as pollen parents, con-
sidering both selfed and outcrossed offspring, than white-flow-
ered plants; the estimated proportion of seeds sired by darks
was in fact slightly lower than that for whites (Table 5). We
also found little evidence that light-flowered plants had greater
success as pollen parents than white-flowered plants; the es-
timated proportion of seeds sired by lights was slightly higher
than that for whites, but the difference was not statistically
significant. Thus, differential success of the genotypes as pol-
len parents did not appear to provide a dark-allele advantage
in our experimental population. Furthermore, we found no
evidence that the dark allele was transmitted in greater than
expected frequency through the ovules of light heterozygotes.

In contrast, analysis by model 2 revealed that, of seeds sired
by lights, approximately 60% inherited the dark allele from
the paternal parent, significantly more than the 50% expected
under strict Mendelian inheritance. In conjunction with the
Fisher effect, this type of transmission bias has the potential
to stabilize the polymorphism. Because the Fisher effect is not
expected to operate when the dark allele is at low to inter-
mediate frequencies, the transmission bias will operate to in-
crease the frequency of the dark allele, thus protecting it when
rare. When the white allele is rare, the situation is more com-
plicated: both the Fisher effect and the transmission bias pre-
sumably operate. Whether the white allele will increase when
rare will thus depend on the relative magnitudes of these two
forces. At this point, because frequency dependence of the
Fisher effect has been characterized only qualitatively, we can
not definitively say that the Fisher effect will dominate and
thus stabilize the polymorphism. However, a simple model
incorporating just these two effects and using realistic esti-
mates of parameter values suggests that this may be the case.

This model makes the following assumptions: First, we as-
sume that heterozygous Ww individuals produce pollen in
which the frequency of the W allele is a. Second, because
pollinators behave identically toward dark and light plants and
there is no evidence that the selfing rate of these genotypes
differs or shows frequency dependence, we assume both ge-
notypes have the same, constant outcross rate (probability that
an ovule is fertilized by pollen from another plant) of T,.
However, because selfing rate of whites differs from that of
darks and lights when the frequency of whites is low, we
assume that the (not necessarily constant) outcross rate of
whites is T3.



74

The recursion equations incorporating these assumptions
are:

Gi = (1 — T1XG; + 0.5G) + T1(G) + aGy)

(G, + 0.5G,) (2a)
G, = 0.5G,(1 — T)) + (G) + aGy)0.5G,T, + G5T3)

+ (G + [1 — alG,)(0.5G,T; + G,Ty) (2b)
G, = Gy(1 — T3) + 0.5G,(1 — T))(1 — )

+ (G + [1 — a]G)0.5G,T, + G5T3), (2¢)

where G;, G,, and Gj are the genotype frequencies of darks,
lights, and whites, respectively. Sufficient information is avail-
able to estimate all of the parameters of this model, though
~ admittedly the estimates are crude. In this study, we estimated
the value for « to be 0.6. Estimates of T; from four different
studies (Brown and Clegg 1984; Epperson and Clegg 1987a;
Rausher et al. 1993; this study) range between 0.70 and 0.85,
with a mean of 0.78. Estimates of T; are more problematic.
Although previous results indicate that the outcross rate of
whites declines from being equal to that of darks and lights
when whites constitute more than approximately 50% of the
individuals (e.g., Epperson and Clegg 1987a; Rausher et al.
1993), the exact form of this decline is not known. The sim-
plest assumption is that this decline is linear with slope ¢,
which may be represented by

(3a)
(3b)

T _ T] lf G3 > Y
TN -G -G ifG =y,
where v is the white-genotype frequency below which T} starts
to decline and ¢ is the slope of the decline. Although we do
not have estimates of either vy or ¢, we do have estimates of
two of the points that equation (3b) passes through (anchor
points). In two previous experiments (Epperson and Clegg
1987a; Rausher et al. 1993), in which whites constituted 20%
of the population, the average deviation between 7, and T;
(i.e., T; — T3) is 0.25; using the best estimate of T, as 0.78,
this gives the point (G; = 0.2, T; = 0.53). In the experiment
reported here, the frequency of the white genotype was 0.33.
The deviation between the mean outcross rate of lights and
darks and the outcross rate of whites is 0.11, giving the point
(G; = 0.33, T; = 0.67). Fitting equation (3b) through these
two anchor points gives v = 0.432 and ¢ = 1.077.
Substituting these values for the parameters into the recur-
sion equations and solving numerically yields a stable poly-
morphism, at which the frequency of the dark allele is 0.696
(Table 10, line 1). This result suggests that the Fisher effect
and observed transmission bias acting together are sufficient
to stabilize the W-locus polymorphism. Moreover, the equi-
librium gene frequency is within the range observed in natural
populations (0.6-1.0), though it is lower than the mean (=
0.9) of 17 populations reported by Epperson and Clegg (1986).
It should be realized, however, that not only are estimates of
the parameters «y and ¢ imprecise, but also that the form of
the relationship between T; and T, may not be linear. By al-
tering the parameters slightly and allowing for a nonlinear
relationship using the model
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TaBLE 10. Equilibrium frequencies of the dark (W) allele, p, and
of white-flowered plants, G3, for various parameter combinations
as predicted by the model in Equations (2-4). T}, v, ¢, ¥ and «
are parameters described in the text T’; and T" are the values of
T, corresponding to the anchor point frequencies of whites, G; =
0.2 and G; = 0.33, respectively. The first two rows give estimates
of equilibrium frequencies, 7’3 and 7" for linear model (¢ = 0)
using best estimates of parameters ¢ and y from available data.

T, hi ¢ P a P G, T, T
0.78 0432 1.077 © 0.6 0.696 0.142 0.530 0.670
0.78 0432 1.077 O 0.605 0.765 0.100 0.530 0.670
0.78 0.420 0400 20 0.6 0.797 0.081 0.595 0.728
0.78 0.450 0.400 1.63 0.6 0.782 0.090 0.578 0.709
0.78 0.450 0.400 1.63 0.605 0.845 0.057 0.578 0.709
0.78 0450 0.500 1.55 0.617 0.857 0.054 0.558 0.698

(4a)
ifG;=<v, (4b)

T, = T] lf G3 > Y

PN - - Gé - (v - Ge
where ¢ becomes another parameter of the model, one can
obtain slightly different relationships between T; and T, that
pass near the anchor points, but that give equilibria nearer to
p = 0.9 (Table 10). Thus, if we recognize that there is some
uncertainty in our estimates of the model’s parameters and
form, a model incorporating a balance between the Fisher
effect and a transmission bias in pollen produced by hetero-
zygotes can account for most aspects of the W-locus poly-
morphism.

Possible Mechanisms Causing Biased Transmission

The biased transmission favoring the dark allele in the pollen
of light heterozygotes could have been produced by any of
three mechanisms: segregation distortion in the pollen itself,
differential pollen-tube growth rates of pollen bearing the two
alleles, and differential abortion of seeds sired by the two
pollen types (Epperson and Clegg 1987b). Differential abor-
tion does not appear to be consistent with the data, for the
following reasons. Differential abortion determined by zygotic
genotype would lead to the prediction that a bias favoring the
W allele should occur when lights act as seed parents, as well
as when they act as pollen parents, but no such bias was
observed. Differential abortion determined by an interaction
between zygotic genotype and maternal genotype would lead
to the prediction that the bias in progeny of light pollen parents
should differ depending on maternal genotype, but a similar
bias occurred whether the seed parent was dark or white (Table
6).

The possibility that differential pollen-tube growth may con-
tribute to biased transmission by heterozygotes is suggested
by the findings that in maize (Coe et al. 1981) and petunia
(Mo et al. 1992; Taylor and Jorgensen 1992; Pollak et al. 1993),
unpigmented anthers of flowers are partially or wholly male-
sterile. In these plants, disruption of chalcone synthase func-
tion results in failure to produce flavonoids. Because certain
flavonoids (e.g., kaempferol) are required for proper pollen-
tube growth, genotypes that lack flavonoids, and that thus have
white flowers, also have reduced male fertility. It thus seems
plausible that reduced synthesis of flavonoids by white (w)
gametophytes in Ipomoea could inhibit pollen-tube growth,
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thus rendering w-bearing pollen tubes less competitive than
W-bearing tubes.

One potential problem with differential pollen-tube growth
as an explanation for the transmission bias is that if pollen
carrying the dark allele tends to outcompete pollen carrying
the white allele, we might expect darks to be much more
successful as outcross pollen parents than whites. Yet we found
no evidence for such a difference (Table 8). Epperson and
Clegg (1987b), however, demonstrated strong first-pollen pri-
macy in I. purpurea: differences of less than a minute in time
of pollen deposition onto the stigma result in much greater
success of the pollen deposited earlier. In this situation, com-
petition among dark (W) and light (w) pollen is likely to lead
to biased transmission only when the pollen arrives simulta-
neously, which would be the case if the pollen comes from a
light heterozygote. By contrast, since W and w pollen from
dark and white pollen parents are likely to arrive at the same
stigma at different times, the first-pollen primacy effect is
likely to swamp any effects of differential competitive ability
of W and w pollen. We would thus not necessarily expect
differential competitive ability of these two types of pollen to
cause darks to be more successful outcross pollen parents than
lights. We therefore believe that current evidence does not
allow us to distinguish between segregation distortion and bi-
ased pollen competition as causes of the observed transmission
bias in seeds sired by heterozygote pollen parents.

Caveats

An alternative explanation for the apparent bias in the allelic
composition of successful pollen produced by lights is gene
flow from outside the experiment. In particular, simple cal-
culations indicate that in the worst-case scenario in which all
“foreign” pollen (pollen from outside the experimental pop-
ulation) carried the dark allele at the W locus and the slow
allele at the esterase locus, an apparent bias of the magnitude
of that observed could be produced if foreign pollen was re-
sponsible for approximately 7% of all outcross events. To the
extent that the foreign pollen carried the white and fast alleles,
it would have to be responsible for a greater fraction of all
outcross events to produce the apparent bias.

We believe that this alternative explanation is unlikely for
several reasons. First, we eradicated other /. purpurea plants
from the vicinity of our experimental population. Very few,
if any, native I. purpurea plants occurred within 1 km of our
study site. Second, in our observations of foraging patterns by
bumblebees, we commonly observed bees entering our ex-
perimental population of morning glories after foraging on
other flower species nearby. It is thus likely that even if a bee
had visited a native morning glory plant prior to entering our
experimental population, it would have first visited other flow-
er species, where much of the morning glory pollen may have
been removed. Given these two considerations, we find it dif-
ficult to imagine that foreign, pollen could have accounted for
as much as 7% of all outcross pollen in our experiment. Finally,
the controlled greenhouse crosses provide convincing evidence
that biased transmission occurs in pollen produced by lights.
These results suggest that the bias observed in the field ex-
periment was real and not the result of gene flow.

An issue that is not resolved, however, is whether the ob-

served bias favoring the W allele in pollen in the field exper-
iment is typical of what occurs in most populations. Both the
field experiment and the controlled crosses involved a small
number of independently derived white and dark alleles (14
of each in the field experiment; Rausher and Fry 1993). Given
indications from the controlled crosses that pollen parents with
different copies of white and dark alleles can show bias in
different directions, the net bias favoring the dark allele in the
field experiment could be due to a chance failure to include
in the experiment white alleles that are strongly competitive,
either during meiosis or pollen-tube growth. It is thus con-
ceivable that a complete replication of our field experiment,
using independently derived dark and white alleles, could yield
a bias in the opposite direction. The crucial question raised
by our results is thus whether there is a net bias in natural
populations. Resolving this issue will require a set of con-
trolled crosses involving a large number of heterozygote pollen
parents with independently derived copies of the alleles at the
W locus.

ACKNOWLEDGMENTS

B. Morris, R. Miller, W. Watt, and an anonymous reviewer
provided helpful comments on the manuscript. This work was
supported by National Science Foundation grants BSR
8817899 and DEB 9318919.

LiTERATURE CITED

ANTONOVICS, J. 1994, The interplay of numerical and gene-fre-
quency dynamics in host-pathogen systems. Pp. 129-145 in L.
A. Real, ed. Ecological genetics. Princeton Univ. Press, Princeton,
NIJ.

Brown, B. A, AND M. T. CLEGG. 1984. Influence of flower color
polymorphism on genetic transmission in a natural population of
the common morning glory, Ipomoea purpurea. Evolution 38:796—
803.

CHARLESWORTH, D., AND B. CHARLESWORTH. 1979. The evolution
and breakdown of S-allele systems. Heredity 43:41-55.

CLARK, A. G. 1993. Evolutionary inferences from molecular char-
acterization of self-incompatibility alleles. Pp. 79-108 in N. Tak-
ahata and A. G. Clark, eds. Mechanisms of molecular evolution.
Sinauer, Sunderland, MA.

CLEGG, M. T., aAND B. K. EPPERSON. 1988. Natural selection of flower
color polymorphisms in morning glory populations. Pp. 255-273
in L. D. Gottlieb and S. K. Jain, eds. Plant evolutionary biology.
Chapman and Hall, London.

Cok, E. H., S. M. McCorMICK, AND S. A. MoDENA. 1981. White
pollen in maize. J. Hered. 72:318-320.

EpwARrDs, A. W. E 1972, Likelihood. Cambridge Univ. Press, Cam-
bridge.

ENnos, R. A. 1981. Quantitative studies of the mating system in
two sympatric species of Ipomoea (Convolvulaceae). Genetica 57:
93-98.

. 1983. Maintenance of genetic variation in plant populations.
Pp. 129-155 in M. K. Hecht, B. Wallace, and G. T. Prance, eds.
Evolutionary biology. Vol. 16. Plenum Press, New York.

EnNos, R. A., aND M. T. CLEGG. 1983. Flower color variation in
the morning glory, Ipomoea purpurea. J. Hered. 74:247-250.

EprpERSON, B. K., AND M. T. CLEGG. 1986. Spatial-autocorrelation
analysis of flower color polymorphisms within substructured pop-
ulations of morning glory (Ipomoea purpurea). Am. Nat. 128:
840-858.

. 1987a. Frequency-dependent variation for outcrossing rate

among flower-color morphs of Ipomoea purpurea. Evolution 41:

1302-1311.

. 1987b. First-pollination primacy and pollen selection in the

morning glory, Ipomoea purpurea. Heredity 58:5-14.




76 J. D. FRY AND M. D. RAUSHER

. 1988. Genetics of flower color polymorphism in the com-
mon morning glory (Ipomoea purpurea). J. Hered. 79:64—68.
FisHER, R. A. 1941. Average excess and average effect of gene

substitution. Ann. Eugen. 11:53-63.

GaAINES, S. D., AND W. R. RICE. 1990. Analysis of biological data
when there are ordered expectations. Am. Nat. 135:310-317.
HArTL, D. L., AND A. G. CLARK. 1989. Principles of population

genetics. Sinauer, Sunderland, MA.

Heprick, P W. 1986. Genetic polymorphism in heterogeneous en-
vironments: A decade later. Annu. Rev. Ecol. Syst. 17:535-566.

HoLSINGER, K. E., M. W. FELDMAN, AND E B. CHRISTIANSEN. 1984,
The evolution of self-fertilization in plants: A population genetic
model. Am. Nat. 124:446-453.

LEwoNTIN, R. C. 1974. The genetic basis of evolutionary change.
Columbia Univ. Press, New York.

LrLoyp, D. L. 1979. Some reproductive factors affecting the selection
of self-fertilization in plants. Am. Nat. 113:67-79.

Mo, Y., C. NAGEL, AND L. P. TAYLOR. 1992. Biochemical comple-
mentation of chalcone synthase mutants defines a role of flavonols
in functional pollen. Proc. Nat. Acad. Sci., USA 89:7213-7217.

NETER, J., W. WASSERMAN, AND M. H. KuTNER. 1990. Applied linear
statistical models. Irwin, Homewood, IL.

PEAR, J. R. 1983. Viability and fecundity consequences of breeding
systems in Ipomoea purpurea (L.). Master’s thesis. Univ. of Geor-
gia, Athens.

PoLLak, P E., T. Vocr, Y. Mo, anp L. P. TaAYLOR. 1993. Chalcone
synthase and flavonol accumulation in stigmas and anthers of
Petunia hybrida. Plant Physiol. 102:925-932.

PoweLL, J. R., AND C. E. TAYLOR. 1979. Genetic variation in eco-
logically diverse environments. Am. Sci. 67:590-596.

RAUSHER, M. D., anp J. D. Fry. 1993. Effects of a locus affecting
floral pigmentation in Ipomoea purpurea on female fitness com-
ponents. Genetics 134:1237-1247.

RAUSHER, M. D., D. AUGUSTINE, AND A. VANDERKOOI. 1993, Ab-
sence of pollen discounting in genotypes of Ipomoea purpurea
exhibiting increased selfing. Evolution 47:1688-1695.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43:
223-225.

RicuMaN, A. D., T.-H. Kao, S. W. SCHAEFFER, AND M. K. UYEN-
oYAMA. 1995, S-allele sequence diversity in natural populations
of Solanum carolinense (Horsenettle). Heredity 75:405-415.

ScHOEN, D. J., AND M. T. CLEGG. 1984. Estimation of mating system
parameters when outcrossing events are correlated. Proc. Nat.
Acad. Sci., USA 81:5258-5262.

. 1985. The influence of flower color on outcrossing rate and

male reproductive success in Ipomoea purpurea. Evolution 39:

1242-1249.

. 1986. Monte Carlo studies of plant mating system estimation
models: The one pollen parent and mixed mating models. Genetics
112:927-945.

SokaL, R.R., ANDE J. RoHLF. 1981. Biometry. Freeman, New York.

STUCkY, J. M. 1984. Forager attraction by sympatric Ipomoea hed-
eracea and I purpurea (Convolvulaceae) and corresponding for-
ager behavior and energetics. Am. J. Bot. 71:1237-1244.

SuBraMANIAM, B. 1994. Maintenance of the flower color polymor-
phism at the W locus in the common morning glory, Ipomoea
purpurea. Ph.D. diss. Duke Univ., Durham, NC.

TAYLOR, L. P, AND R. JORGENSEN. 1992. Conditional male fertility
in chalcone synthase-deficient Petunia. J. Hered. 83:11-17.

VEKEMANS, X., AND M. SLATKIN. 1994, Gene and allelic genealogies
at a gametophytic self-incompatibility locus. Genetics 137:1157-
1165.

WEIR, B. S§. 1990. Genetic data analysis. Sinauer, Sunderland, MA.

WELLS, H. 1979. Self-fertilization: Advantageous or deleterious.
Evolution 33:252-255.

WoLFrAM, H. 1991. Mathematica: a system for doing mathematics
by computer. Addison-Wesley, Redwood City, CA.

WRIGHT, S. 1977. Evolution and the genetics of populations. Vol.
3. Experimental results and evolutionary deductions. Univ. of
Chicago Press, Chicago.

Corresponding Editor: R. Shaw

APPENDIX 1

In this appendix, we describe the statistical analysis used to estimate
breeding system parameters. Data were analyzed according to each of
two models. Model 1 estimates the proportion of seeds sired by each
genotype in the experimental population, without regard to whether the
seeds were the product of self-fertilization or outcrossing. This model
requires relatively few assumptions (see below). Model 2 was formulated
to estimate transmission biases in pollen and ovules of heterozygotes, as
well as the selfing rate of each genotype and the proportional contribution
of each genotype to the outcross pollen pool. For reasons that will be
described below, however, the estimated selfing rate of whites from this
model (but not those of lights and darks) is likely to be an overestimate
of the true selfing rate, and the estimates of the proportional outcross
contributions of all three genotypes are likely to be biased to some extent.

For both models, likelihood methods (Edwards 1972; Weir 1990) were
used to obtain parameter estimates and their standard errors and to conduct
hypothesis tests. The use of likelihood methods requires the assumption
that the genotype of each sampled progeny is independent of that of every
other sampled progeny. This assumption is violated when different prog-
eny are the result of fertilizations resulting from the same pollinator visit
sequence. While this type of nonindependence may have an important
effect on the estimates obtained from some designs (Schoen and Clegg
1984, 1986), it is unlikely to have had a major effect in this study, for
two reasons. First, I. purpurea flowers remain open for only one morning,
and the seeds used for the progeny analysis were derived from plants
that flowered over a two-month period; therefore most seeds came from
flowers that were open on different days. Second, the large number of
plants in the experimental population means that even seeds derived from
flowers open on the same day were unlikely to have been fertilized in
the same visit sequence. Of the 1087 progeny analyzed, only 37, or 3%,
were from the same capsule as another progeny analyzed.

The observed numbers of the 14 possible maternal genotype-offspring
genotype combinations in the progeny sample are given in Table 6.

Estimation of Proportion of Seeds Sired by Each Genotype (Model 1).—
We will denote the (true) proportion of seeds on genotype i that were
sired by genotype j by 6; for example, the proportion of seeds on dark
seed parents that were sired by light pollen parents is §p,;. For dark and
white seed parents, the paternal genotype of each seed can be determined
unambiguously (Fig. 1); thus, maximum-likelihood estimates of the 8;s
are given directly by the sample proportions (Weir 1990). (For example,
the estimate of 8p,, 6p;, is [N; + N31/Np o, Where N, and N; are the
observed numbers of progeny of genotypes 2 and 3, and Np, ,is the total
number of analyzed progeny of dark seed parents; the estimated variance
of 8p, is 6p, [1 — 0p.)/Npor). 6. can similarly be estimated directly.
The situation for 8, ;, and 8,y is a bit more complicated, however, because
genotype 6 could have been sired by either darks or whites (Fig. 1). If
light seed parents are assumed to transmit W and w alleles in equal
proportions, it can be shown (by differentiating the likelihood expression
for light seed parents with respect to two of the 9,5 and setting the
resulting expressions equal to zero) that the maximum-likelihood estimate
of 8;p is

6, = N5(Ns + Ng + Ny)
= s T e ” 0]
N5 + NioNp o

The estimated variance of 8, obtained from inverting the expected
information matrix (Weir 1990), is

8,002 + 8081 — 208,15 + 8,00
(1 - BLL)NLM ’

The formulae for 8, are analogous. Although we have found suggestive
evidence from greenhouse crosses that light seed parents may transmit a
slight excess of w over W alleles (see text for details), allowing for this
excess does not change the conclusions from model 1. In addition, a
model in which the proportion of W versus w alleles transmitted by light
seed parents in the field experiment was estimated jointly with the 8
gave only a slightly higher log-likelihood than the model assuming equal
proportions (twice the difference in log-likelihoods ~x? = 0.52, P =
0.47).

Because the three W-locus genotypes produced approximately equal
numbers of seeds (Rausher and Fry 1993), the estimated proportion of
seeds sired by a given genotype in the population as a whole, é.j, is
simply the average of the 6,5 for that paternal genotype over the three

(A1)

(A2)
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maternal genotypes. The variance of this estimator is one-ninth the sum
of the variances of the three component 8,5, because the latter are sta-
tistically independent. Of particular interest is whether the three genotypes
sired equal proportions of seeds in the population as a whole. The hy-
pothesis 8, = 6; = 8y = 1/3 can be tested by comparing the log-
likelihood of a model with this constraint introduced to that of the model
without the constraint (Edwards 1972; Weir 1990). If the hypothesis is
true, the test statistic —2In A, which is equal to twice the difference in
log-likelihoods between the unconstrained and constrained models,
should have an approximately chi-square distribution with two degrees
of freedom (because in this case two parameters are being constrained).
The likelihood of the entire dataset can be written as the product of the
likelihoods for each seed parent genotype: L = LpL;Ly, where

Lp = Copp092™ (1 — 6pp — 0p)™, (A3a)
Ly = G801 — 8, )Ny ™ (1 — 8,5 — 0,,)M0  (A3b)
and

Ly = C0WBOW"2(1 = 8up — Bu)™s;

‘here, the Cs are constants that do not depend on the parameters. 6; =

1/3 implies that 8y, = 1 — 8p; — 8,; (because 8; = [Op; + 8;; + Oyl
3); thus, the constraints 8 , = 6; = 0 = 1/3 can be introduced into the
likelihood expressions by making the substitutions 8yp = 1 — 6pp —
0.p and 8y, = 1 — 8p, — 6, (because the three 8;s for a given maternal
genotype must sum to one, the constraint Oyw = 1 — Opy — Oy is
implied by the above two constraints). Maximizing In L with the con-
straints introduced requires numerical methods; we used the “Find-
Minimum’’ routine in Mathematica (Wolfram 1991). For this case and
the cases described below, several widely different starting points within
the parameter space were used, and these always resulted in the same
estimates.

Estimation of Transmission Biases, Selfing Rates, and Proportional Con-
tributions to Outcross Pollinations (Model 2).—To introduce model 2, we
first consider a general model of patterns of genetic transmission in the
experimental population. The model is based on the following parameter
definitions: (1) seeds on darks, lights, and whites are the products of self-
fertilization with probabilities sg, s;, and s, respectively; (2) outcross
seeds produced by the ith genotype (i = d, [, or w) are sired by the jth
genotype with probability m;; (thus 2;m; = 1 for each /); (3) when lights
self-fertilize, they produce dark, light, and white offspring with proba-
bilities g,, ¢, and g3 (= 1 — g — gq,), respectively; (4) when lights act
as pollen parents in outcross events, they transmit W and w alleles with
probabilities a and 1 — a, respectively; (5) when lights act as seed parents
in outcross events, they transmit W and w alleles with probabilities b and
1 — b, respectively.

Given these definitions, the probabilities of observing each of the ge-
notypic combinations shown in Fig. 1, conditional on the seed parent,
can be written as in Table 6 (second column). Under this general model,
there are more parameters than can be estimated from the data: the model
has 13 free parameters, versus only 11 degrees of freedom in the dataset
(viewing the total number of seeds sampled from each maternal genotype
as given). Thus some simplifying assumptions need to be made before
the model can be useful. We have used a set of simplifying assumptions
about pollen transmission based on our observations of pollinators for-
aging on morning glories in the experimental population. These obser-
vations indicate that the following two constraints may reasonably be
placed on the my;

Constraint 1: my; = my; for j = d, I, or w, that is, pollen arriving at
dark seed parents and light seed parents should have the same set of
frequencies of the three pollen parent genotypes. This follows from the
observation that bees do not discriminate between darks and lights. As
a consequence of this constraint, we can substitute mg,, my, and my,, for
my,, my, and my, into the expressions for the probabilities of observing
genotypes 5-10 in Table 6.

Constraint 2: m,/m,, = mylmg,. In words, the ratio of pollen arriving
from lights to pollen arriving from darks should be the same regardless
of seed parent. This follows because bees did not vary in their relative
probabilities of visiting lights versus darks, even though they did differ
in their probabilities of visiting whites versus lights or darks (see text).
Therefore, we can substitute mym, /m,; for m,, into the expression for
genotypes 12 and 13 in Table 6. Furthermore, note that m,,, = 1 — m,,

— m,,,. From constraint 2, we have m,,. = 1 — mgmy mg; — m,q = 1
- m,A1 + my/myy). This may be substituted into the expression for
genotype 14.

The above constraints would be violated by spatial clumping of lights
and darks in the experimental plot, even if pollinators fail to discriminate
between them; however, in our study, the genotypes were planted at
random locations in the plot.

The above substitutions reduce the number of parameters from 13 to
10. Although there are 11 degrees of freedom in the dataset, it is still
not possible to estimate two of the remaining parameters, s,, and m, .
Rearrangement of the expressions for the probabilities of observing ge-
notypes 11-14 show that these two parameters are confounded, always
occurring in the combination (1 — s,)m,,. As an alternative to estimating
s, and m,,,, we define what we will call the effective selfing rate of
whites, s5°,:

sy =1 — (myglmgg)(1 — s,). (A4)

Rearranging, the actual selfing rate of whites can be expressed in terms
of the effective rate:

s = 1 = (maalm,)(1 = 5%). (AS5)

This can be substituted into the expressions for genotypes 11-14 in Table
6.

Making all of the substitutions and simplifying results in the expres-
sions in the third column of Table 6. Note that the only m;s that now
appear are my,, mg, and myy, the proportions of the donor genotypes in
the pollen arriving at dark or light seed parents. The proportions arriving
at white seed parents have disappeared; these are encompassed in the
composite parameter, s*,,, which depends on both s,,, the true selfing rate
of whites, and the ratio m, /my;. The expressions in the third column of
Table 6 also reveal why the term “‘effective selfing rate” is appropriate
for s”,: these expressions are identical to those that would be derived
under a model in which s*, was the true selfing rate of whites, but in
which outcrossing took place randomly with respect to flower color (with
whites, lights, and darks making proportional contributions to the outcross
pollen pool of my,, my, and my,, respectively).

The important feature of the simplified model (model 2) is that all of
the parameters in it are estimable by standard likelihood methods. Esti-
mates of 5; and s; are estimates of the true selfing rates of lights and
darks, respectively. In contrast, an estimate of s, is likely to be an
overestimate of the true selfing rate of whites, for the following reason.
Our observations of pollinator behavior (see text) indicate that when
whites and nonwhites are contrasted, there was net assortative movement
of pollinators, so that a bee on a white was more likely to make its next
visit to a white than a bee on a nonwhite. Such assortative movement
implies m, /myy < 1; that is, the frequency of dark pollen arriving at
whites is lower than that arriving at darks or lights. From (A4), therefore,

w > 5, In intuitive terms, assortative pollinator movement mimics the
effects of increased selfing by whites.

The parameters my,, my, and my; estimated under model 2 are the
proportions of outcross seeds on light and dark seed parents sired by each
of the three genotypes. Model 2 does not allow estimation of the pro-
portions of outcross seeds on white seed parents sired by each genotype,
nor of the proportions in the population as a whole sired by each genotype;
the latter proportions are the weighted average of the proportions of
outcross seeds sired on all three seed parent genotypes, weighted by the
outcrossing rate of the genotype. If the proportions of outcross seeds sired
by each genotype in the population as a whole are denoted by m ,, m,,
and m 4, respectively, the observed pattern of assortative outcrossing im-
plies that m,, > my,,, m; < mg, and m 4 < my,. In words, my,, underes-
timates the overall outcross contribution of white pollen parents, and m;
and mg,,; overestimate the overall outcross contributions of light and dark
pollen parents.

If the probabilities in the third column of Table 6 are denoted by P;,
where i is the genotype number, then the likelihood of the entire dataset
is given by

L=C]]P¥ (A6)

here, C is a constant that does not depend on the parameters being es-
timated, and the N; are the observed numbers of each genotype in the
progeny sample. Parameter estimates that maximized /n L for the un-
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constrained and various constrained models (see text) were found nu-
merically. In addition, standard errors of the parameter estimates, as well
as of linear combinations of the estimates, can be calculated from the
large-sample variance-covariance matrix of the estimates, which is found
by inverting the expected information matrix evaluated at the maximum-
likelihood estimates (Weir 1990). With large samples, the estimates
should have an approximately multivariate normal distribution, a fact that
allows testing hypotheses that cannot be tested by comparing log-like-
lihoods of constrained and unconstrained models. For example, to test
the hypothesis ¢ = 5"y — (s4 + 5)/2 = 0 against the one-sided alternative
¢ > 0, one can use the fact that ¢/SE(¢) should be approximately dis-
tributed as a unit normal random variable if the hypothesis is correct.

The unconstrained version of model 2 has nine free parameters, com-
pared to 11 degrees of freedom in the dataset. This means that two degrees
of freedom are available for testing the fit of the model, which can be
done by comparing In L from model 2 to /n L from a ‘‘saturated”” model
in which all observed and expected frequencies are equal. One degree
of freedom of this test can be viewed as being used to test the assumption
that the parameter a is homogeneous among dark and white seed parents;
that is, that P,P; = P;,P;; (see Fig. 1). The hypothesis tested by the
other degree of freedom is less simple to express in either mathematical
" or biological terms; however, certain forms of nonrandom outcrossing
could lead to lack of fit with regard to this last degree of freedom (but
not that caused by assortative pollinator movement of the type observed).
Comparing the log-likelihood of model 2 to that of the saturated model
gives no evidence for lack of fit (~2/n A = 1.10, df = 2, P = 0.58).
Thus, insofar as can be determined by this test, the data appear to conform
to the assumptions of model 2.

The results in Table 4 also permit direct tests of constraints assumed
in mode! 2. According to constraint 1, pollen arriving at dark seed parents
and light seed parents should have the same set of frequencies of the
three pollen parent genotypes. This can be tested by determining whether
there is significant dependence of genotype visited on the genotype pre-
viously visited within the 2 X 3 matrix obtained by deleting the last row
of Table 4. Such a test gives G = 2.03, df = 2, P = 0.36. According to
constraint 2, the ratio of pollen arriving from lights to pollen arriving
from darks should be the same on all three seed parents. This can be
tested by determining whether there is significant dependence within the
3 X 2 matrix obtained by deleting the last column of Table 4. Such a
test gives G = 3.74, df = 2, P = 0.15. Therefore there is no evidence
to reject either constraint.

APPENDIX 2

In this appendix, we describe the statistical properties, limitations, and
assumptions of the statistical analysis based on equation (1). There are
two statistical difficulties in applying this model. First, the observed visit
proportions are in many cases based on small numbers of visits; thus,
errors cannot be normally distributed. Simulations of data with the same
structure as the actual data, however, showed that non-normality of errors
should not have greatly affected Type I error rates (JDE unpubl. data).
More importantly, the large range in the number of visits per bee means
that the data are severely heteroscedastic. One solution to this problem
is to weight the observations by the numbers of visits each bee made,
on the logic that the variance of a sample proportion is inversely pro-
portional to the sample size. This solution is not entirely satisfactory,
however, because if bees show true interindividual variability in visit
proportions that is not entirely described by the linear effect in equation
(1), the error variance will be the sum of two components: the variance
of a binomial proportion, which is inversely proportional to the number
of visits, and the true interindividual variance, which is independent of
the number of visits. The ideal set of weights, however, must lie some-
where in between weighting the observations by the number of visits and
giving all observations equal weight, because the former corresponds to
the case where the error variance is entirely due to the binomial com-
ponent, and the latter to the case where the error variance is entirely due
to the interindividual component. For this reason, we performed both the
weighted and unweighted analysis and compared the results; agreement
between the two analyses should allow confidence that the conclusions
are robust.

Another assumption of the above analysis is that there was a simple
linear relationship between time and the average proportion of visits bees
made to whites, with the same slope on different days. This assumption

would be violated if the slope of the relationship was different on different
days, or if the relationship was nonlinear. To check the first possibility,
we examined a model containing a day by time interaction. The F-test
for this interaction was not significant in the weighted analysis (Fy4 62
= 0.75, P = 0.72) but approached significance in the unweighted analysis
(Fi4.162 = 1.63, P = 0.075). However, the near significance of the in-
teraction in the unweighted analysis was apparently caused by the undue
influence of points based on small numbers of visits: when the unweighted
analysis was repeated after deleting points based on four or fewer visits,
the interaction was nonsignificant (Fy3 ;5 = 0.64, P = 0.81), while the
other conclusions were hardly effected. To check the linearity assumption,
we added a square term involving time to the model described by equation
(1); the square term was nonsignificant in both the weighted (F; ;75 =
0.11, P = 0.74) and unweighted analyses (F, ;75 = 0.004, P = 0.95).
Thus the simple linear model described by (1) appears to adequately
describe the dependence of the mean proportion of visits to whites on
time.

A more serious caveat regarding the above analysis is that because
bees were not individually marked, we may have observed the same
individuals more than once. To the extent that individuals show consistent
differences in visit proportions to whites, observing the same individuals
more than once would violate the assumption of independent errors and
lead to liberal significance tests. It is difficult to evaluate the effects that
such nonindependence may have had on our conclusions. Nonetheless,
as pointed out in the text, it is likely that most observations on most
mornings were of different bees. Furthermore, the conclusions of the
analysis are consistent with the results of previous work showing net
undervisitation of whites early in the morning, when whites are in mi-
nority (Brown and Clegg 1984; Epperson and Clegg 1987a; Rausher et
al.1993), and an increase in the proportion of visits to whites over time
within mornings (Rausher et al. 1993).

APPENDIX 3

In this appendix, we describe the effects of setting b = 0.5 on the
estimates of the other parameters in model 2. The parameter b (the pro-
portion of W vs. w alleles transmitted by light seed parents) plays an
important role in the analyses of selfing rates and outcross pollinations
by model 2. This role arises because b influences the probability that a
seed in the ambiguous class (genotype 6, Fig. 1) was sired by a dark
versus a white parent. Higher values of b make it relatively more likely
that such a seed was sired by a white individual, while lower values have
the opposite effect. The estimate of b was close to its Mendelian expec-
tation of 0.5, so for the analysis of selfing rates and proportional con-
tributions to the outcross pollen pool reported above, b was set to 0.5.
The standard error of the estimate of b was fairly large (Table 7), however,
so it is important to examine the influence that departures of b from 0.5
could have.

Two lines of evidence suggest that if b departs from 0.5, it is likely
to be in the direction of a bias in favor of the w allele (i.e., b < 0.5).
First, in greenhouse crosses between light seed parents and white pollen
parents, there was a slight, though nonsignificant, bias in favor of the
white allele (see text). The second line of evidence comes from using a
slightly different model for the progeny analysis, in which the proportions
of the three genotypes produced when light individuals self-fertilize are
assumed to equal those produced when two different light individuals
cross. In terms of the parameters of model 2, this assumption means
setting ¢, = ab and g, = a(l — b) + b(1 — a). The estimate of b from
this model is 0.42, much lower than before (although still not significantly
different from 0.5: —2In A = 2.56, df = 1, P = 0.11). (Because the
above constraints on the gs may not be biologically realistic, we have
preferred to report estimates of the other parameters based on a model
in which the constraints were not present.)

Because lower values of b make it relatively more likely that genotype
6 progeny were sired by dark rather than white individuals, repeating the
model 2 analyses after setting b to a value less than 0.5 (e.g., b = 0.45)
increases the estimate of mg; and decreases that of mg,, while having
little effect on the standard errors (results not shown). In parallel fashion,
the estimate of s, decreases, while that of s*, increases. Thus, given the
evidence that b < 0.5, the tests reported above (i.e., using b = 0.5) are
conservative, because using an overestimate of b should make it less
likely to detect higher selfing and lower contribution to outcross polli-
nations by whites compared to the other genotypes.



