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Historically, dichogamy, the temporal separation of male and female function in flowering plants, has been
interpreted as a mechanism for avoiding inbreeding. However, a comparative survey found that many
dichogamous species are self-incompatible (SI), indicating dichogamy evolved for other reasons. Here we
reexamined the associationbetweendichogamyandSI in aphylogenetic frameworkand tested the hypothesis that
dichogamy evolved to reduce interference between male and female function. Using paired comparison and
maximum likelihood correlation analyses, we found that protandry (male function first) is positively correlated
with the presence of SI andprotogyny (female function first)with self-compatibility (SC). In addition, estimates of
transition-rate parameters indicated strong selection for the evolution of SC in protogynous taxa and a constraint
against transitions from protandry to protogyny in SC taxa. We interpret these results as support for protandry
evolving to reduce interference and protogyny to reduce inbreeding.
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Introduction

Plant reproductive biologists have long been interested in
the adaptive significance of many aspects of floral design and
display (Darwin 1859, 1862; Lloyd and Barrett 1996). This
interest has revealed an enormous diversity of floral structures
and patterns of pollination. However, some long-standing
adaptive hypotheses of floral evolution are being revisited
with modern comparative and experimental analyses. Dichog-
amy, the temporal separation of male and female function
within a flower (Lloyd and Webb 1986; Bertin 1993), is one
such trait. There are two general forms of dichogamy, depend-
ing on the temporal order of occurrence of the sexual func-
tions. Protandry refers to anther dehiscence preceding stigma
receptivity. The converse, female function preceding male
function, is protogyny. Dichogamy is widespread throughout
the angiosperms (Bertin and Newman 1993), indicating that it
may play an important role in floral biology. However, the
functional significance of dichogamy is currently uncertain.
There are two major hypotheses for the function of dichog-

amy. The traditional explanation has been that dichogamy
reduces inbreeding by limiting the opportunity for within-
flower pollen transfer. Given the widespread occurrence of in-
breeding depression, the reduction in fitness due to inbreeding
(Darwin 1876; Husband and Schemske 1996), inbreeding
avoidance may represent a potent selective force in floral biol-
ogy. However, the primacy of this inbreeding avoidance hy-
pothesis has been challenged (Lloyd and Webb 1986; Bertin

1993), largely based on the observation that dichogamy oc-
curs in similar frequencies in self-incompatible (SI) and self-
compatible (SC) species (henceforth, self-incompatibility,
written in full, represents the trait, while SI and SC are the
trait states). In a survey of over 4000 species, Bertin (1993)
showed that dichogamy was present in 73% of 160 SI species
(from 55 families) and 75% of 673 SC species (from 89 fami-
lies). Since SI species are incapable of self-fertilization, this
redundancy seems inconsistent with the hypothesis that
dichogamy is exclusively an inbreeding avoidance mechanism.
An alternate hypothesis for the functional significance of

dichogamy is that it reduces interference between male and
female sexual organs both within and among flowers of an
individual (Wyatt 1983; Lloyd and Webb 1986; Bertin 1993;
Harder et al. 2000; Barrett 2002). Sexual interference results
from the potentially conflicting roles of pollen import and ex-
port for female and male function and can reduce both seed
production and siring success. Interference arises from the fact
that, in many hermaphroditic species, both stigmas and an-
thers need to be presented in approximately the same position
to facilitate pollen transfer. For example, when a bee visits
multiple flowers on a single plant, stigmas can receive self-
pollen through both geitonogamy (transfer of pollen between
flowers within a plant; Lloyd and Schoen 1992; de Jong et al.
1993) and facilitated selfing (pollinator-mediated transfer of
pollen within a flower; Lloyd and Webb 1986; Lloyd and
Schoen 1992), thereby reducing the export of pollen to other
plants (pollen discounting; Harder and Wilson 1998). Simi-
larly, female success may be reduced if self-pollen preempts
ovules otherwise available for outcrossing (seed discounting).
Dichogamy may reduce such interference and, in fact, interfer-
ence avoidance has been suggested as a general mechanism
shaping many aspects of floral diversity (Barrett 2002), with
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some, albeit limited, empirical support (Griffin et al. 2000;
Harder et al. 2000; Fetscher 2001; Routley and Husband
2003).
Although protandry and protogyny are often treated to-

gether, they may in fact have different ecological advantages.
In protogynous species, stigmatic receptivity before anther de-
hiscence insures a period of stigma availability prior to the re-
lease of any pollen from the same flower (Lloyd and Webb
1986). In contrast, protandry does not necessarily ensure any
period of stigma presentation free of self-pollen, though it is
likely to reduce the abundance of same-flower self-pollen dur-
ing stigma receptivity and reduce between-flower interference
(Harder et al. 2000; Routley and Husband 2003). This differ-
ence indicates that, while both forms of dichogamy could po-
tentially reduce pollen-pistil interference, protogyny is likely
to be more effective at reducing inbreeding. If this logic is cor-
rect, protogyny is more likely to be associated with SC, where
inbreeding is not prevented by other means, while protandry
will be associated with SI, thereby avoiding interference and
inbreeding.
Bertin (1993), in his analysis of dichogamy in SI and SC spe-

cies, did not account for the phylogenetic relationships of the
species involved (Felsenstein 1985). Now that several family-
level phylogenies of the angiosperms are available (Chase
et al. 1993; Soltis et al. 1999, 2000), Bertin’s (1993) data can
be analyzed within a phylogenetic context (Harvey and Pagel
1991). In this study we examined the historical patterns of the
evolution of dichogamy in angiosperms. Using an expanded
version of Bertin’s (1993) database, we mapped the occur-
rence of dichogamy and self-incompatibility on a phylogeny
inferred from 18S rDNA, rbcL, and atpB sequences (Soltis
et al. 2000). Using several statistical procedures for identifying
independent evolutionary transitions on the tree, we tested for
an association between dichogamy and self-incompatibility.
We also tested two specific predictions: (1) protogyny is more
often associated with SC than SI, in support of the inbreeding
avoidance hypothesis, and (2) protandry is more often associ-
ated with SI than SC, in support of the interference avoidance
hypothesis. In addition, the analyses provide insights into the
ancestral states and the evolutionary lability of dichogamy
and self-incompatibility in the angiosperms.

Material and Methods

Source of Reproductive and Phylogenetic Data

The species data on dichogamy and self-incompatibility
that were used in this study include those from the original
survey of Bertin (1993) and Bertin and Newman (1993), and
from 389 additional species for which data were found more
recently. In total, the database contains 5641 species distrib-
uted among 244 families. From this database only species
with information on both dichogamy and self-incompatibility
were used, leaving 906 species for the analyses. To maintain
consistency with current angiosperm phylogenies, we used the
Angiosperm Phylogeny Group (APG) classification. As a re-
sult, some of the family designations in this study differed
from the earlier study by Bertin (1993). We converted the
original data set by generating a list of genera and their associ-
ated APG families with those of Stevens (2003) and Watson

and Dallwitz (1992) (see also Dallwitz 1980; Dallwitz et al.
1993, 1995, 2000) and then recategorizing the family designa-
tion for each species in the data set. The Scrophulariaceae s.l.
were split into four groups, following Soltis et al. (2000), as
follows: Scrophulariaceae 1 comprising species of Phyla and
Paulowyria; Scrophulariaceae 2 comprising species of Vero-
nica; Scrophulariaceae 3 comprising species of Verbascum and
Scrophularia; and Scrophulariaceae 4 comprising species of
Digitalis, Plantago, Callitriche, and Antirrhinum. The data set
used in this study is available by request from M. B. Routley.
For the phylogenetic relationships among families, we used

the ‘‘B series’’ tree and branch lengths of Soltis et al. (2000).
This tree, one of 8000 shortest trees, is based on 567 taxa and
three gene sequences (18S rDNA, rbcL, and atpB) and was
found in a heuristic search using the parsimony ratchet (Nixon
1999). Any phylogeny represents a hypothesis of taxon rela-
tionships (Harvey and Pagel 1991). Although the Soltis et al.
(2000) phylogeny represents a current hypothesis, it may be
revised as more traits and species are added. Nonetheless, the
general structure of the angiosperm phylogeny seems stable
(Soltis et al. 1999), and simulations suggest that ignoring phy-
logenetic relationships altogether produces much greater bias
than the use of incomplete phylogenies (e.g., Purvis et al.
1994; Martins et al. 2002; but see Price 1997). In an attempt
to measure the sensitivity of our results to the chosen phylog-
eny, we performed analyses with three different phylogenies.
Our main conclusions are based on the original Soltis et al.
(2000) phylogeny. We also analyzed two modifications to this
tree: (1) we excluded the Lamiales, due to the uncertainty of
their position in general and the four Scrophulariaceae taxa
within this group specifically (Stevens 2003); and (2) we set all
branch lengths to 1 to account for uncertainty in estimated di-
vergence between families.

Trait Coding

We used data on intrafloral dichogamy and self-incompati-
bility from Bertin and Newman (1993). In that study five
categories were used to describe dichogamy: 1 ¼ protandry,
2 ¼ protandry to adichogamy, 3 ¼ adichogamy, 4 ¼ adichogamy
to protogyny, and 5 ¼ protogyny. Here, protandry repre-
sents categories 1 and 2, and protogyny represents categories
4 and 5. A separate adichogamous category was not included
because the analyses used can only compare two traits each
with two trait states. In addition, the sample size for adichoga-
mous taxa was too small for statistical testing, likely as a result
of reporting bias against adichogamy. Species were scored as
SI if so designated in the original sources or if data presented
in these sources showed that self-pollinations yielded fewer
than one-half as many seeds as cross-pollinations. All other
species were considered SC. This 50% criterion was adopted
because it was a convention for recording the original data
(Bertin andNewman 1993). A reexamination of original litera-
ture sources for a random sample of 92 species did not reveal
any species scored as SI in which the success of self-pollinations
was more than 13% as high as that of cross-pollinations.
For this analysis, we used families as phylogenetic units.

We summarized the dichogamy and self-incompatibility trait
states of species within each family using protandry and self-
incompatibility indices, respectively. The protandry index
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measures the number of protandrous species relative to the
total number of dichogamous species in the family. Conse-
quently, it ranges from 0 (exclusive protogyny) to 1 (exclu-
sive protandry). The self-incompatibility index represents the
number of SI species relative to the total number of species
with self-incompatibility data. In this case, 0 represents ex-
clusive SC and 1 exclusive SI. We converted these values into
discrete categories. A protandry index >0.8 was classified
as protandrous and <0.2 as protogynous. Similarly, a self-
incompatibility index >0.8 was classified as SI and <0.2 as SC.
Since the paired comparison and maximum likelihood analy-
ses cannot accept variable coding, we removed families with
variable trait states (i.e., 0:8 > index > 0:2) from the analy-
sis. Although the 0.8 criterion is somewhat arbitrary, it repre-
sents a reasonable compromise between conservative trait
state assignment and sufficient sample size (in terms of the
number of families). Our choice of criterion is also more con-
servative than similar studies of families or higher groups
(i.e., 20%–60%, Barraclough et al. 1995; 50%, Vamosi et al.
2003). The use of families as phylogenetic units neglects
structure at lower taxonomic levels. However, such structure
would add random variation to the family-level coding and
not bias our demonstrations of trends and correlations. In
fact, such variation would reduce the power of our tests
(higher Type II error rates) making significant correlations
more difficult to detect. We explored these concerns further
with simulations of phylogenetic structure.

Phylogenetic Simulations

To test the robustness of the 0.8 criterion used to code
families for self-compatibility and dichogamy, we performed
simulations of phylogenetic topology and trait distributions.
A family comprised of 20 species was constructed with three
different traits. Each trait was coded as a categorical variable
with two states: 0 and 1. Trait A was 80% trait state 1, trait
B 65% trait state 1, and trait C 55% trait state 1. The simu-
lations began by generating a random tree topology for the
species of the family. Each species was then randomly as-
signed a trait state for all three traits. This assignment was
repeated 1000 times to generate 1000 trees with the same to-
pology but with different trait states at the terminal nodes.
Five different tree topologies were generated, each with 1000
random terminal node states to yield a total of 5000 random
trees. We inferred the ancestral state of the family from both
the frequency of trait states at the terminal nodes and by
maximum likelihood ancestral-state reconstructions (Schluter
et al. 1997; details below) using the ‘‘trace-over trees’’ feature
of Mesquite (Maddison and Maddison 2003a, 2003b), with
uniquely best states used as the counting criterion. Compar-
ing the results of these two types of analyses allowed us to
infer the reliability of our trait-coding criteria. If both the
maximum likelihood and frequency-based analyses infer the
same ancestral state the majority of the time (e.g., >90%),
then the chosen frequency criterion is a reliable description
of the family. For example, trait A corresponds to our 0.8
criterion. If the maximum likelihood reconstruction estimates
trait state 0 as the ancestral state for a high number of the
random trees, our use of the frequency-based approach with

the 0.8 criterion is biased toward inferring the incorrect trait
state 1.

Phylogenetic Analyses of Trait Correlation

Initially, we examined the evolution of dichogamy and self-
incompatibility in the angiosperms with maximum likelihood
ancestral-state reconstructions (Schluter et al. 1997) using
Mesquite (Maddison and Maddison 2003a). This method cal-
culates the probability distribution of each trait state at every
node in the phylogeny based on the distribution of trait states
at the terminal taxa. Appropriate statistical tests are not cur-
rently available to compare the likelihoods of different re-
constructions (Schluter et al. 1997). Consequently, we present
proportional likelihood scores for each ancestral state and
only consider general patterns of trait evolution. We used the
Markov k-state 1 parameter model as the model of evolution
for these reconstructions. This model assumes that trait transi-
tions in either direction are equally likely. We are not aware of
any evidence indicating that one form of dichogamy is intrin-
sically less likely to evolve than the other. In self-incompatibil-
ity, there are two lines of evidence supporting the use of an
unweighted analysis: (1) based on molecular genetic research,
SI likely evolved multiple times (Nasrallah et al. 1985; Anders-
son et al. 1986; Foote et al. 1994); and (2) although data indi-
cate that RNase genes responsible for pollen rejection in
gametophytic systems may trace deep into the phylogeny of the
nonmonocot angiosperms (Igic and Kohn 2001), the pheno-
typic expression of SI has varied greatly since then, perhaps
from the action of modifier genes. Consequently, gains and
losses of SI may be equally likely a priori.
We tested for correlated evolution between dichogamy and

self-incompatibility using two different approaches. The first
approach was a paired-comparisons analysis (Maddison
2000; Maddison 2003) using Mesquite (Maddison and Mad-
dison 2003a). This approach does not incorporate any branch
length information but has the distinction of relying on very
few assumptions. For a given tree, this analysis calculates the
maximum number of phylogenetically separate pairs of taxa
that have different trait states for the traits of interest (e.g.,
one taxon is protogynous and SI, while the other is protan-
drous and SC). For this collection of paired taxa (termed
a pairing) the number of positive pairs, those in accordance
with the hypothesis, and negative pairs, against the hypothe-
sis, are summed, and a probability value is calculated for as-
sessing the null hypothesis of no correlation between traits. In
this case, our prediction was that SI is associated with protan-
dry and SC with protogyny. Since any phylogeny can contain
many different pairings among taxa, a range of probability
values is calculated across all possible pairing arrangements.
We implemented this analysis with dichogamy as the indepen-
dent and self-incompatibility as the dependent trait. This
choice is not meant to imply any causation in the correlation
between these two traits. Identical results are obtained with
the opposite assignment.
For the second approach, we used Pagel’s maximum likeli-

hood method (Pagel 1994, 1999) as implemented in Discrete
(Pagel 2000). This method compares the likelihoods of two
models of trait evolution. The first model is the independent
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model in which each trait evolves independently of the state of
the alternate trait. This independent model calculates four pa-
rameters that describe the instantaneous rates of trait evolu-
tion (fig. 1). a1 is the rate at which trait 1 (dichogamy) evolves
from state 0 (protogyny) to 1 (protandry) and b1 is the rate
for transitions from state 1 to 0. Similar rates are calculated
for trait 2 (self-incompatibility) as a2 (SC to SI) and b2 (SI to
SC). The second model is the dependent model in which the
rate at which one trait evolves is potentially dependent on the
state of the other trait (i.e., the traits evolve in a correlated
fashion). In the dependent model, eight parameters are calcu-
lated, which can be used to construct a ‘‘flow diagram’’ of trait
evolution (fig. 2). For example, q13 estimates the transition
rate of protogyny to protandry in SC taxa, while q31 estimates
the change from protandry to protogyny in SC taxa. The de-
pendent model is accepted if it has a significantly higher likeli-
hood of fitting the data than the independent model using the
likelihood ratio test. The significance of the likelihood ratio
was evaluated with Monte-Carlo evolutionary simulations
(Pagel 1994). These simulations use the estimated parameters
of the independent model to evolve the two characters to the
tips of the phylogeny. This simulated data set is then analyzed
with the dependent and independent models, and the likeli-
hood ratio of correlated evolution calculated. This process
was repeated 1000 times to generate a distribution of null
model likelihood ratios to test the likelihood ratio of the non-
simulated data. Our analyses also implemented the branch
length scaling option (quantified with the k parameter). This
parameter estimates the tempo of trait change (Pagel 1994).
Small values (k << 1) indicate that branch lengths have little
influence on the rate that traits change. A k value of 0 means
that trait changes are independent of branch lengths (i.e., evo-
lution by punctual change at speciation).
We also calculated the statistical significance of the esti-

mated parameters in the dependent model of trait evolution
by restricting individual transition parameters to 0 and recal-
culating the likelihood ratio of the model. A comparison of
this seven-parameter model to the original, unrestricted, de-
pendent model produces a 1 df x2 test of the likelihood ratio.

A significant likelihood ratio demonstrates that the parameter
is significantly different from 0 (Cézilly et al. 2000; Vamosi
et al. 2003, for examples of these tests). Transitions were also
compared by restricting paired parameters to be equal to each
other. This seven-parameter model was also compared with
the original dependent model with a 1 df x2 test. A significant
likelihood ratio indicates that the parameters are significantly
different from each other.

Results

Phylogenetic Simulations

Considered across all 5000 trees, the percentage of trees
with trait state 1 inferred as the most likely ancestral state
with the maximum likelihood reconstruction analysis was
0.981, 0.916, and 0.608 for traits A, B, and C, respectively.
The values calculated for each of the five random topologies
show that the frequency threshold used for assigning character
states to families can have a large impact on the accuracy of
our family-based approach (table 1). A simple majority crite-
rion (i.e., >50%, trait C) will result in an incorrect assignment
ca. 60% of the time. Using 60% majority (trait B) to assign
character states improved the accuracy of the assignment
significantly. The 80% criterion (trait A), used in our data
analysis, performed very well, with slightly <2% incorrect as-
signments.

Ancestral Reconstructions

Sufficient data were available to calculate protandry and
self-incompatibility indices (under the 0.8 criterion) for 55 of
the families contained in the Soltis et al. (2000) phylogeny (see
appendix). The 5641 species contained in the database were
distributed among 244 families with an average (6SE) of
23:1 6 3:7 species per family. Only 613 of the sampled species
were adichogamous with an average of 5:7 6 0:9 adichoga-
mous species in the 108 families containing adichogamy.
Based on the maximum likelihood reconstructions, protogyny

Fig. 1 Transition-rate parameters from the maximum likelihood

analysis for the independent model of trait evolution. Comparisons of

the likelihood of this model to that of the dependent model (fig. 2)
were used to test for a correlation between the evolution of dichogamy

and self-incompatibility character states.

Fig. 2 Rate parameters for the eight joint transitions involving self-

incompatibility and dichogamy in the maximum likelihood analysis
(dependent model).
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(fig. 4; proportional likelihood 0.98) was the inferred ances-
tral state for angiosperms, but SC and SI (fig. 5; proportional
likelihood 0.5) were equally likely ancestral trait states. From
the basal node, protandry evolved early, after which protog-
yny reevolved in several independent cases. Similar results
were produced with the exclusion of the Lamiales and setting
branch lengths to 1.

Paired Comparison Analysis

The paired comparison analysis revealed a significant asso-
ciation between the evolution of dichogamy and self-incom-
patibility. The analysis generated 136,680 possible pairings of
families. Under the restriction that both traits had to change
between the pair, the maximum number of pairs within a par-
ticular pairing arrangement was 10. The hypothesis of no
correlation between traits was rejected with an average one-
tailed probability of 0.011 and a range across all 136,680
pairings of 0:011 < P < 0:054. In a random sample of 10 of
the 136,680 pairings, each consisting of 10 family pairs, eight
pairings contained nine positive (i.e., protandry and SI or pro-
togyny and SC), one negative, and zero neutral pairs, and two
pairings contained eight positive, two negative, and zero neu-
tral pairs.

Pagel’s Maximum Likelihood Analysis

The dependent model of trait evolution was significantly
more likely than the independent model. For the independent
model of uncorrelated trait evolution, the final likelihood
was �65.66 with a1 ¼ 0:22, b1 ¼ 0:12, a2 ¼ 0:58, and
b2 ¼ 1:01. The branch length scale (k) was estimated as
0.003. The dependent model of correlated trait evolution had
a final likelihood of �61.2 with k ¼ 0:06 and estimated pa-
rameters (table 2). The likelihood ratio of the two models was
4.5 with P < 0:05 as estimated from 1000 Monte-Carlo simu-
lations. Estimates and statistical tests of each transition rate in
the dependent model are in table 2 and the statistically signifi-
cant transitions in figure 3. The dominant transition in the
model (q21) indicates that shifts from SI to SC occur more of-
ten in protogynous taxa than the reverse. Also, dichogamy
transitions are biased toward protandry (q13), and shifts from
protogyny to protandry occur in SC taxa. Analyses with the

exclusion of the Lamiales and branch lengths set to 1 gave
qualitatively similar results.

Discussion

This study is the first to apply current phylogenetic com-
parative methods to examine correlations between forms of
dichogamy and self-incompatibility. Based on the Soltis et al.
(2000) phylogeny and an expanded database from Bertin
(1993), we inferred ancestral states for both dichogamy and
self-incompatibility and detected a significant correlation be-
tween the states of these two characters.

Ancestral-State Reconstructions

Protogyny was inferred as the most likely ancestral state for
the angiosperms in this analysis. Willemstein (1987) also con-
ducted a family-level phylogenetic analysis of dichogamy.
Based on the presence of protandry in the Cycadeoidea, com-
bined with some theoretical arguments (pp. 209–212), he
argued that protandry may be the ancestral state for the
angiosperms, followed rapidly by the evolution of protogyny.
In addition, transitions from protogyny to protandry are rela-
tively common. These transitions, coupled with the extensive
variation below the family level (Bertin and Newman 1993),
indicate that dichogamy evolves readily in response to chang-
ing ecological conditions.
Although the ancestral state of self-incompatibility was am-

biguous in this analysis, SC was inferred as the ancestral state
of the angiosperms in a previous phylogenetic analysis of 27
families or higher groups (Weller et al. 1995) using parsimony.
Igic and Kohn (2001) inferred SI as the ancestral condition for
the majority of the nonmonocot angiosperms. However, their
analysis is based on the phylogeny of RNase genes involved in
self-pollen recognition. These genes may originally have been
involved in other cellular functions and are not necessarily
correlated with variation in the phenotypic expression of
self-incompatibility. Despite this uncertainty, neither of our

Fig. 3 Estimated transition-rate parameters from the maximum

likelihood analysis for the dependent model of trait evolution.

Nonsignificant transition-rate parameters are not shown. See table 2
for statistical details.

Table 1

Results of the Phylogenetic Simulations for Trait Coding

Tree topology Trait A Trait B Trait C

1 1.00 1.00 0.90

2 1.00 1.00 0.62

3 0.95 0.84 0.42

4 1.00 0.96 0.63
5 0.95 0.84 0.62

Note. The proportion of trees for which trait state 1 was inferred

as the most likely ancestor is presented for each tree topology. Trait
A is equivalent to the criterion used in the phylogenetic analyses and

provides assignments consistent with the maximum likelihood recon-

structions. See text for details.
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analyses of character correlations rely on ancestral reconstruc-
tions when assessing character evolution.

Character Correlations

Of importance in understanding the functional significance
of dichogamy, we found significant correlations between di-
chogamy and self-incompatibility. More specifically, the
paired comparison and maximum likelihood methods showed
that protogyny was statistically associated with SC and pro-
tandry with SI more often than expected under a random
model. Similar results were found by Willemstein (1987) and
Bertin (1993) in analyses that treated species as independent
data points.
The inbreeding-avoidance hypothesis for the evolution of

protogyny predicts that protogyny should be associated with
SC (Lloyd and Webb 1986; see Griffin et al. 2000 for an ex-
perimental test of this hypothesis). The loss of SI in proto-
gynous taxa (q21) is the largest transition rate in the model
in support of this prediction. Furthermore, SC evolves more
frequently in protogynous taxa than in protandrous taxa
(q21 > q43). This loss of SI in protogynous species could be the
result of several causes in addition to redundancy of inbreed-
ing avoidance. SC allows for reproductive assurance (Darwin
1876; Baker 1955). This is particularly true for protogynous
species in which self-pollination is likely to occur after a period
of stigma receptivity (delayed selfing; Lloyd and Schoen
1992). This allows protogynous plants to realize the optimal

balance between outcrossing (before any self-pollen is re-
leased) and delayed selfing once opportunities for outcrossing
have passed. Thus protogyny might not be evolving strictly as
an inbreeding-avoidance mechanism but also as a mechanism
to mitigate against pollen limitation (Larson and Barrett
2000). This is only possible in SC taxa. This hypothesis is con-
sistent with the transition from SI to SC in both protogynous
and protandrous species. However, experimental tests of re-
productive assurance are rare (Kalisz et al. 1999; Herlihy and
Eckert 2002; Kalisz and Vogler 2003), and this hypothesis
cannot be properly judged with current evidence. An associa-
tion between reproductive assurance and protogyny would be
useful for testing this hypothesis.
SC may also evolve as a mechanism for interference avoid-

ance in taxa that can reduce inbreeding through protogyny.
Interference caused by SI could result in reproductive losses to
either male or female function. On the male side, the deposi-
tion of self-pollen in an SI species represents a complete loss
of potential male success for this pollen, but the same is not
true in SC species. On the female side, reproductive losses in
SI species could also be greater than losses in SC species if self-
pollen on the former triggers an SI reaction that disrupts the
growth of compatible pollen tubes, the fertilization process
for compatible pollen, or the development of ovules or fruits.
In fact, several studies have shown that SI species experience
a substantial reduction in seed set when cross-pollination is
preceded or accompanied by self-pollination (Ockendon and
Currah 1977; Waser and Price 1991).

Fig. 4 Trait state reconstruction of dichogamy using likelihood ancestral reconstructions. Unfilled circles are protogynous, and filled circles are

protandrous. The proportional likelihoods of alternate ancestral reconstructions are indicated by the area shaded in each circle.
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A final explanation for the loss of SI in protogynous taxa is
that it is inherently easier to lose than gain this complex trait.
If this explanation were true, we would expect a similar pat-
tern in protandrous taxa. Although the loss of SI in protogy-
nous taxa (q21) is larger than any other transition, it is only
marginally significantly different from the loss of SI in pro-
tandrous taxa (q43). Based on this evidence, the loss of SI in
protogynous taxa is likely a combination of each of the
reproductive assurance, interference avoidance, and ease of
loss explanations.
The association between protandry and SI supports the hy-

pothesis that protandry serves an important role in interfer-
ence avoidance via effects on male function (Wyatt 1983;
Lloyd and Webb 1986; Bertin 1993; Harder and Barrett
1995). To date the experimental tests of this interference
avoidance hypothesis have also found support for a role of
floral form in reducing between-flower interference and, con-
sequently, enhancing male reproductive success (Harder et al.
2000; Fetscher 2001; Routley and Husband 2003). For ex-
ample, Fetscher (2001) demonstrated experimentally that
stigma closure reduces interference between male and female
functions in Mimulus aurantiacus, causing export of twice as
much pollen as in flowers whose stigmas are prevented from
closing. Although selection for interference avoidance also
explains the evolution of protandry in SC species (q13), the
evolution of both protandry and SI offers reductions in both
inbreeding and interference. Protandry may also be favored

in SI species relative to SC species for its benefits in reducing
the wastage of self-pollen deposited within a flower or in
other flowers on the same plant. In SI species, such pollen
is effectively lost because self-fertilization is impossible,
whereas in SC species such pollen is not necessarily lost
because it may sire some selfed progeny. Consequently the
benefits in reducing the deleterious impacts of interference on
male function may be greater in SI than in SC species.
Despite these arguments, the transition to SI in protandrous
taxa (q34) was not larger than the transition to SC (q43). The
detrimental effects of SI discussed for protogynous species
may also be relevant for protandrous species. Furthermore,
protandrous plants may also benefit from the reproductive
assurance allowed by SC. However, since self-pollen is avail-
able early in protandrous taxa, reproductive assurance is
not expected to be as effective in protandrous taxa as in
protogynous taxa. Alternatively, protandry may reduce both
inbreeding and interference, as in Eichhornia paniculata
(Pontederiaceae) (Harder et al. 2000), making SI redundant.
However, in Chamerion angustifolium, protandry had no
effect on the frequency of self-fertilization (Routley and
Husband 2003).
The transition rates (fig. 3) also illustrate two apparent

constraints on the joint evolution of dichogamy and self-
incompatibility that warrant further experimental investigation.
There appears to be a constraint against transitions between
types of dichogamy in SI taxa (q24 and q42 ca. 0). In addition,

Fig. 5 Trait state reconstruction of self-incompatibility using likelihood ancestral reconstructions. Unfilled circles are self-compatible, and

filled circles are self-incompatible. The proportional likelihoods of alternate ancestral reconstructions are indicated by the area shaded in each

circle.
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once protandry evolves reversions to protogyny are uncom-
mon (q31 ca. 0 and q13 > 0). Unfortunately, we cannot demon-
strate that q31 6¼ q13, so this second putative constraint should
be investigated further. The causes of these constraints are un-
clear. However, both would have a significant influence on the
evolutionary dynamics of self-incompatibility and dichogamy.
Significant variations in ecology and selection pressures are

contained within the flow diagram (fig. 3). For example, life
history and floral attributes or pollinator availability and
composition can alter the form of dichogamy favored or the ex-
pected relationship between dichogamy and self-incompatibility.
Pollinators with negative geotactic foraging behavior might
impose selection for protogyny and SI to reduce interference
and inbreeding, respectively. Although these potential ecologi-
cal correlates are not included in this analysis, strong asso-
ciations between dichogamy and self-incompatibility were
detected. This does not indicate that ecology is irrelevant.
Rather, at broad taxonomic scales we can resolve some gen-
eral trends in the association between dichogamy and SI.
These correlations now require experimental tests conducted
at ecological scales (Griffin et al. 2000; Harder et al. 2000;
Fetscher 2001; Routley and Husband 2003; see also Baum
and Larson 1991). In particular, the apparent constraint
against changes in the type of dichogamy in SI taxa was unex-
pected. Experimental manipulations of dichogamy in SI taxa
might help determine the basis of this constraint. Another use-
ful investigation would involve the role of reproductive assur-
ance in protogynous taxa. We argued that protogynous taxa
should benefit more from reproductive assurance than protan-
drous taxa. However, this statement is essentially untested.

Comparison with Bertin (1993)

Without entering into the considerable debate concerning
the legitimacy of phylogenetic corrections (Harvey et al.
1995; Westoby et al. 1995a, 1995b), we note the consider-
able overlap between the results of this study and the previ-
ous study of Bertin (1993). In an analysis and review of the
concordance between phylogenetic and nonphylogenetic
analyses, Price (1997) demonstrated that under many circum-
stances this concordance is expected. In particular, this con-
cordance is influenced by the model of evolution considered.
For example, considering a model suitable for adaptive radia-
tions causes significant divergence between phylogenetic and
nonphylogenetic analyses. However, it is difficult to a priori
determine the appropriate evolutionary model for this study.
Conducting a phylogenetic analysis produced a mixture of

confirmation and refinement of the earlier results of Bertin
(1993). The congruence between this study and the earlier
ahistorical ones suggests that these results are biologically
significant. This may be a result of the large size of the earlier
analysis. Furthermore, this may be a reflection of some tran-
sitions (e.g., SI to SC, protogyny to protandry, and protandry
to protogyny) being frequent enough that a considerable
amount of independence occurs in the earlier analysis, reflect-
ing the different ecological circumstances to which different
species are exposed. The primary conclusion of Bertin (1993)
that protandry does not play a strong role in inbreeding
avoidance still holds. In addition, the analyses further sup-
ported the role of protogyny in inbreeding avoidance. Per-
haps more significantly, the rate parameters of the likelihood
model indicate specific experimental tests that could be per-
formed on the relationship between dichogamy and self in-
compatibility. These experiments are important for moving
from the correlations uncovered here and in Bertin’s (1993)
study to more explicit causal mechanisms for the correlated
evolution of dichogamy and self-incompatibility. A final en-
hancement provided by the likelihood analysis is an estimate
of the tempo at which dichogamy and self incompatibility
evolve. The low magnitudes of the most likely branch length
scalings and multiple transitions in the phylogeny indicate
that these two traits can evolve rapidly and may be associ-
ated with speciation events. This is also supported by the fact
that many families and genera contain combinations of pro-
tandry, protogyny, and adichogamy (Bertin and Newman
1993). This tempo, coupled with their functions, suggests
that dichogamy and self-incompatibility may be capable of
responding to changes in ecological circumstances and may
play an important role in floral function.
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Table 2

Values and Statistical Significance of the Transition-Rate Parameters

Trait transition (from/to) Parameter Likelihood ratio

Protogyny and SC/

protogyny and SI q12 ¼ 2.01 4.13

Protogyny and SC/

protandry and SC q13 ¼ 0.14 3.83
Protogyny and SI/

protogyny and SC q21 ¼ 10.69 6.56

Protogyny and SI/
protandry and SI q24 ¼ 0.00 0.06

Protandry and SC/

protogyny and SC q31 ¼ 0.00 0.42

Protandry and SC/
protandry and SI q34 ¼ 0.22 8.41

Protandry and SI/

protogyny and SI q42 ¼ 0.18 0.35

Protandry and SI/
protandry and SC q43 ¼ 0.11 6.78

q21 ¼ q43 3.47

q12 ¼ q34 3.53

q43 ¼ q34 0.89
q21 ¼ q12 4.95

Note. Estimated from maximum likelihood analysis for the de-
pendent model of trait evolution. Likelihood ratios >3.81 indicate

significant parameters in the dependent model and are indicated in

figure 3. SC ¼ self-compatible; SI ¼ self-incompatible.
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Appendix

Table A1

Trait States for the Families Used in the Phylogenetic Analyses

Family
Number of
species

Dichogamy
state

Self-incompatibility
state

Agavaceae 12 1 1
Alstroemeriaceae 2 1 0
Amaranthaceae 22 1 1
Anacardiaceae 4 0 0
Anthericaceae 4 0 0
Araceae 96 0 0
Araliaceae 56 1 0
Aristolochiaceae 7 0 0
Balsaminaceae 26 1 0
Blandfordiaceae 1 1 0
Bromeliaceae 5 1 1
Butomaceae 1 1 1
Cactaceae 12 1 1
Campanulaceae 137 1 0
Caryophyllaceae 181 1 0
Chloranthaceae 4 0 1
Coriariaceae 16 0 0
Cornaceae 4 1 1
Cucurbitaceae 22 0 0
Cyperaceae 108 0 0
Datiscaceae 1 0 0
Dilleniaceae 1 0 0
Dipsacaceae 7 1 0
Eupomatiaceae 2 0 0
Fabaceae 291 1 1
Frankeniaceae 2 1 1
Gentianaceae 100 1 0
Gesneriaceae 10 1 0
Haloragidaceae 4 1 0
Hippocastanaceae 3 0 0
Icacinaceae 1 1 1
Illiciaceae 2 0 1
Juncaceae 53 0 0
Lamiaceae 132 1 0
Lauraceae 18 0 1
Limnanthaceae 8 1 0
Lythraceae 20 1 0
Melanthiaceae 12 1 1
Melastomataceae 8 1 0
Menispermaceae 2 1 0
Myrsinaceae 3 0 0
Nelumbonaceae 1 0 0
Nymphaeaceae 30 0 0
Orchidaceae 35 1 0
Passifloraceae 12 1 1
Piperaceae 15 0 0
Plumbaginaceae 6 1 1
Rhamnaceae 15 1 1
Rutaceae 28 1 1
Santalaceae 5 1 1
Sapindaceae 14 1 1
Stylidiaceae 33 1 1
Tecophilaeaceae 1 1 0
Tropaeolaceae 2 1 0
Valerianaceae 13 1 0

Note. The number of species indicates how many species were used to calculate the dichogamy and self-

incompatibility indices for each family. The dichogamy state column describes the inferred dichogamy status for
each family (0 ¼ protogyny, 1 ¼ protandry). The self-incompatibility state column describes the inferred self-

incompatibility status for each family (0 ¼ self-compatible, 1 ¼ self-incompatible).
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