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HISTORICAL FACTORS AND ANISOPLETHIC POPULATION STRUCTURE

IN TRISTYLOUS PONTEDERIA CORDATA: A REASSESSMENT

MARTIN T. MORGAN AND SPENCER C. H. BARRETT
Department of Botany, University of Toronto, Toronto, ON M35S 141, CANADA

Abstract.—Theoretical models of floral-morph frequencies in tristylous species predict a single
equilibrium with all three morphs represented in equal proportions (isoplethy). North American
populations of Pontederia cordata exhibit considerable heterogeneity of morph frequencies between
populations, with the short-styled morph often in excess of isoplethic expectations and the long-
styled morph commonly underrepresented. In a previous study, it was proposed that anisoplethic
population structure in P. cordata is the result of differential male fertility, owing to genetic
differences in pollen production among the morphs. In this study, the influence of historical factors
on morph frequencies prior to equilibrium was investigated using a deterministic computer model.
Nonequilibrium frequencies are strongly influenced by the genotypes of founding individuals, and,
because tristyly is under the control of two diallelic loci, phenotypic equilibrium is approached
asymptotically. The model indicates that in nonequilibrium populations the short-styled morph
will be in excess and the long-styled morph will be underrepresented. This suggests that historical -
factors play an important role in determining population structure in P. cordata. Several features
of the population ecology of the species lend support to this interpretation. Historical factors should
be taken into account when interpreting data from population surveys of morph frequencies in
tristylous species and of other genetic polymorphisms not under single-locus control. '
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Tristyly is a genetic polymorphism in
which plant populations are composed of
three floral morphs. In each morph, styles
are classified as long, mid, or short (L, M,
and S, respectively), with anthers positioned
at the two levels in the flower that are not
occupied by the stigma. A concurrent phys-
iological self- and intramorph-incompati-
bility system usually enforces disassortative
mating between morphs. The most com-
mon inheritance pattern for tristyly in-
volves two diallelic gene loci, with S epi-
static to M (Fisher and Mather, 1943; Weller,
1976; Barrett, unpubl.). The L morph is of
genotype ssmm, the M morph is either ssMm
or ssMM, and the S morph is Ssmm, SsMm,
or SsMM. Polyploidy and linkage between
the two loci can result in variations of the
basic two-locus model. Homozygosity at the
S locus does not usually occur, because self-
and intramorph-incompatibility relations
prevent S _x S matings.

Theoretical interest in tristylous systems
has centered on equilibrium genotype fre-
quencies as one aspect of the general phe-
nomenon of self~incompatibility polymor-
phisms (Fisher, 1941, 1944; Finney, 1952,
1983; Karlin and Feldman, 19684, 1968b;
Spieth and Novitski, 1969; Spieth, 1971;
Imrie et al., 1972; Heuch, 1979a, 19795,
1980; Karlin and Lessard, 1986). Fisher

(1944) calculated these frequencies for pop-
ulations assumed to be at isoplethic equilib-
rium (all morphs at equal frequency) but did
not provide mathematical justification for -
the choice of this equilibrium. Heuch
(1979a) has shown analytically that, pro-
vided all morphs have equal fitness, iso-
plethy is the only possible trimorphic equi-
librium.

Evidence from surveys of natural popu-
lations of tristylous species indicate that.
many populations are not isoplethic (Hal-
dane, 1936; Schoch-Bodmer, 1938; Halkka
and Halkka, 1974; Heuch, 1979a; Barrett
and Forno, 1982; Barrett et al., 1983; Bar-
rett, 1985; Weller, 1986), and researchers
have attempted to explain the observed de-
viations. Since the morphs of heterostylous
species frequently differ in reproductive
traits that are likely to influence fitness,
workers have investigated the effect of
morph-specific fitness differences on pop-

“ulation structure, both analytically (Heuch,

19794) and by computer simulation
(Charlesworth, 1979; Barrett et al., 1983).
A second class of hypotheses used to explain
anisoplethy involves historical factors. Ge-
netic drift may result in the reduced fre-
quency or loss of the S morph from popu-
lations (Heuch, 1980; Barrett, 1985),
although stochastic simulation studies in-
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dicate that populations composed of more
than 30 individuals are likely to remain tri-
morphic. Since the allele frequencies for the
two loci controlling the inheritance of tri-
styly will approach equilibrium asymptot-
ically, anisoplethy may reflect historical fac-
tors associated with population initiation
and subsequent establishment. To date, the
importance of this alternative has not been
investigated thoroughly.

In this paper, we argue that, because of
the pattern of inheritance of tristyly, his-
torical factors can be important in deter-
mining morph frequencies, even when these
are calculated from surveys encompassing
a large number of populations. Specificially,
we 1) review data from a survey of Ponte-
deria cordata populations reported in Bar-
rett et al. (1983) and highlight features of
the data that suggest the influence of his-
torical factors in determining morph fre-
quencies; 2) demonstrate the importance of
founding genotypes in determining equilib-
rium population structure; and 3) develop
and assess the results of a deterministic
computer calculation used to follow morph
frequencies in newly initiated populations.
We conclude by reassessing the factors in-
fluencing anisoplethic population structure
in P. cordata offered by Barrett et al. (1983),
in light of our study.

Population Structure in
Pontederia cordata

Morph frequencies of 74 populations of
Pontederia cordata (reported in Barrett et
al. [1983 appendix 1]) are plotted in Figure
1. Data from the survey indicate three im-
portant features of population structure in
P. cordata. First, 69 of 74 populations are
trimorphic. Second, of the 69 trimorphic
populations, only 23.2% are at isoplethy,
based on a replicated goodness-of-fit test
(Sokal and Rohlf, 1969; see table 2 of Bar-
rettetal. [1983] for additional information).
Third, while most populations are not at
isoplethy, they are also not distributed ran-
domly throughout Figure 1. There is a pau-
city of populations represented by points
close to the S axis and a similar but less
pronounced deficiency toward the M axis.
Fifty-two of the 69 trimorphic populations
have an excess of the S morph, and 31 have
an excess of the M morph (some popula-
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Fig. 1. Morph frequencies in 74 populations of
Pontederia cordata. The distance of a point from each
axis is proportional to the frequency of the morph in
the population: points close to the L axis have a low
frequency of the L morph. See Crosby (1949) for ad-
ditional plotting information. Small triangles represent
trimorphic populations, squares represent dimorphic
populations, and open circles represent monomorphic
populations. Isoplethy (filled circle) is equidistant from
all axes. Morph frequencies and sample sizes for each
population are detailed in Barrett et al. (1983).

tions have an excess of both morphs). The
L morph was in excess in only 22 of 69
populations. Average style-morph frequen-
cies, calculated by pooling over all tristylous
populations, show a similar pattern, with
the frequency of the S morph greater than
that of the M morph and the frequency of
the M morph greater than that of the L
morph (pooled frequencies: L = 0.255,
M =0.340, S = 0.405; N = 20,199 flowering
shoots).

In their original paper, Barrett et al. (1983)
hypothesized that morph-specific differ-
ences in pollen production at mid-level an-
thers, a feature unique to Pontederia spp.,
could account for anisoplethy. A computer
calculation was used to show that observed
differences in pollen production at mid-level
anthers of the S and L morphs resulted in
an anisoplethic equilibrium. Morph fre-
quencies resulting from these simulations
were in close agreement with the observed
survey data. We note that the model ac-
counts for the pooled morph frequencies but
not for the heterogeneity of population
morph frequencies seen in Figure 1. The
importance of historical factors was dis-
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counted by Barrett et al. (1983), because the
authors postulated that, by sampling a large
number of populations, any consistent bias
toward one of the morphs would be unlike-
ly. However, historical factors will intro-
duce bias when their effect on morph fre-
quencies is nonrandom. Below, we
demonstrate that, because of the genetic ba-
sis of tristyly, nonrandom deviations from
isoplethy can be introduced during popu-
lation initiation and establishment.

Population Initiation

Populations of tristylous species that are
initiated by a limited number of genotypes
will not necessarily contain all four alleles
required for the presence of the three morphs
at equilibrium. In this section, we ask what
morphs will be present in populations ini-
tiated by different combinations of the six
genotypes present in a hypothetical refer-
ence population. We assume that this source
population is isoplethic, that it is undergo-
ing disassortative mating only, and that the
dispersal of genotypes is proportional to their
frequency in the population (Heuch and Lie,
1985). We consider two mating systems in
populations initiated in this way and as-
sume that populations may persist for long
periods of time through clonal propagation.
The first mating system consists of disas-
sortative mating only, while the second in-
volves a change in the mating system at the
time of population initiation, with a mix-
ture of disassortative, assortative, and self
mating. For brevity, we refer to the second
mating system as the “varied-mating” mod-
el. The varied-mating model assumes that
some outcrossing occurs and that matings
between plants of different morphs are more
likely to be successful than are matings be-
tween plants of the same morph. Under these
assumptions, the rate of assortative or self
mating does not affect the number of morphs
present at equilibrium.

If new populations founded by two in-
dividuals chosen randomly from the refer-
ence population are maintained through
disassortative mating only, 35.0% will be
monomorphic, 32.6% dimorphic, and
32.4% trimorphic. The value for mono-
morphic populations assumes that they will
persist through clonal propagation. Because
only one morph is present in these popu-
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lations, no sexual reproduction is possible
under the disassortative-mating model. If
the varied-mating model is assumed, 11.2%
of the populations are monomorphic, 48.5%
are dimorphic (33.2% L and M, 15.1% L
and S, 0.2% M and S), and 40.4% are tri-
morphic. Trimorphic populations can be
initiated by seven different pairs of geno-
types when only disassortative mating is
permitted and by eleven pairs under the
varied-mating model. Increasing the num-
ber of genotypes initiating a population de-
creases the probability of monomorphic and
dimorphic populations and increases the
probability of the population’s becoming
trimorphic. This is shown in Table 1 and is
particularly apparent under the varied-mat-
ing model.

Table 1 indicates the frequency with which
monomorphic and dimorphic populations
consisting of different morphs should be ob-
served when gene flow between populations
is rare. Under the disassortative-mating
model, monomorphic populations must be
maintained through vegetative propagation
and are likely to be of limited duration.
These populations would consist of the L,
M, or S morph with approximately equal
probability. However, when varied mating
is assumed, over 99% of the monomorphic
populations consist of the L morph. Di-
morphic populations containing only the M
and S morphs should be rare (less than 0.5%),
regardless of the mating system. Popula-
tions composed of the L and M morphs are
expected to be approximately twice as fre-
quent as populations with the L and S
morphs.

The proportion of populations with all
three morphs will be influenced by the ex-
tent of gene flow between populations.
Monomorphic and dimorphic populations
were infrequently encountered in the survey
by Barrett et al. (1983), suggesting that gene
flow is common in P. cordata. Furthermore,
the frequency of these populations is con-
sistent with the above predictions, with di-
morphic populations containing only the L
and M morphs (L-M populations) more fre-
quent than L-S populations, which in turn
are more frequent than M-S populations.
However, because only five dimorphic pop-
ulations were encountered in the survey, it
is not possible to test these observations
statistically. More extensive sampling is re-
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The influence of different patterns of mating and number of initiating individuals on equilibrium

population structure in a tristylous species. Values are the percentages of populations with a particular structure
when all combinations of initial genotypes are drawn from an isoplethic source population.

Disassortative-mating model:
Initial number of individuals

Varied-mating model:
Initial number of individuals

Population structure 2 3 4 2 3 4
Monomorphic 350 11.96 4,10 11.2 3.69 1.23
L 11.1 3.69 1.23 11.1 3.69 1.23
M 12.7 4.55 1.63 0.1 0.00 0.00
S 11.2 3.72 1.24 0.0 0.00 0.00
Dimorphic 32.6 3047 22.36 48.5 35.60 24.08
LM 20.6 21.30 16.82 33.2 25.80 18.44
LS 11.9 9.16 5.54 151 9.72 5.64
M, S 0.1 0.01 0.00 0.2 0.01 0.00
Trimorphic 324 57.57 73.54 40.4 60.72 74.68

quired to verify the predictions of the mod-
el.

Approaches to Isoplethy

This section describes a computer cal-
culation used to investigate the dynamics of
trimorphic-population establishment in
greater detail. We assume that the parental
generation is determined by selection of ge-
notypes from an ancestral population as de-
scribed in the previous section. Genotype
frequencies of successive generations are
calculated from the expected segregation of
genotypes resulting from a fixed rate of prior
selfing (denoted as 1 — ¢) and outcrossing.
Outcrossed matings occur in proportion to
genotype frequencies and are either assor-
tative or disassortative. Only a fraction a
(less than 1) of the assortative matings are
successful. This parameter reflects the de-
creased probability of successful pollen
transfer and fertilization associated with as-
sortative mating in a tristylous breeding sys-
tem, All genotypes of a given morph are
assumed to have identical mating systems,
and progeny from all classes of mating have
equal fitness. In some instances, we use a
simple modification that incorporates over-
lapping generations but maintains discrete
reproductive intervals. This modification of
the calculation can be written as

g=0-Dg., + Ig n

where I is the proportion of plants surviving
from generation ¢ to generation ¢ + 1, g, is
the vector describing genotype frequencies
after ¢ generations, and g',,, is the vector
describing genotype frequencies following

disassortative, assortative, and self mating
in the tth generation. Populations were fol-
lowed until the square of the deviation from
isoplethic expectation summed over all
morphs in all populations was less than
0.001. For brevity, we discuss general re-
sults obtained with the varied-mating mod-
el only.

Trajectories of Morph Frequencies During
Population Establishment. —Two geno-
types arriving simultaneously will result in
trimorphic populations for eleven different
genotype pairs. Changes in morph frequen-
cies in the four most likely populations over
time are presented in Figure 2a, with ¢ =
0.9, a = 0.0, and 7 = 0.5. Lines in the figure
connect successive generations of a given
population following initiation. The lines
represent 81% of all possible trajectories;
remaining populations follow similar paths.
As predicted by Heuch (19794), all paths
lead to populations at isoplethic equilibri-
um. The number of generations required for
a population to reach isoplethy is dependent
on the founding genotypes. Inspection of
Figure 2a indicates that all combinations of
founding genotypes result in paths in which
the S morph is overrepresented, with fre-
quencies greater than 33%. Understanding
the genetic basis of this result rests on the
observation that trimorphic populations
must include the S morph among the initial
genotypes, as this is the only morph that
carries the dominant S allele. As the source
population was assumed to be maintained
through disassortative mating only, the S
morph will be heterozygous at this locus.
Thus the ratio of short-styled to non-short-
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Fic.2. Changes in morph frequencies of populations initiated by genotypes selected from an isoplethic source
population. Lines in each figure connect frequencies in successive generations following initiation. a) Paths
followed by four initial genotype combinations leading to trimorphic populations, assuming varied mating with
t=0.9,a =00, and I = 0.5. b) Paths followed by a population initiated with genotypes ssMm and SsMm
when each genotype is represented at different initial frequencies; ¢ = 0.9, a = 0.0, and 7 = 0.0. ¢) Path followed
by a dimorphic population containing the L and M morphs, when a third genotype, containing an S allele, is
introduced; t = 0.9, a = 0.0, and I = 0.0. The solid circle represents isoplethy.

styled progeny from an S morph that mates
disassortatively will be 1:1. When selfing
occurs, the ratio will be 3:1. For this reason,
the S morph predominates in the early gen-
erations of population establishment. In-
creasing levels of assortative or self mating
or increasing the proportion of individuals
surviving between generations tends to de-
crease changes in morph frequencies be-
tween successive generations and to in-
crease the time required to reach isoplethy.

Simultaneous arrival of two genotypes is
one method by which a trimorphic popu-
lation can be initiated. Alternatively, two
genotypes might arrive sequentially or a di-
morphic population might be invaded by a
genotype carrying the allele necessary for
the population to become trimorphic. The
sequential arrival of two genotypes can be
simulated in the model by constructing pop-
ulations with each genotype of the initiating
pair originally represented at different fre-
quencies. Lines in Figure 2b trace paths fol-
lowed by populations initiated by an illus-
trative pair of genotypes, assuming ¢ = 0.9,

a = 0.0, and I = 0.0. Each line represents
the establishment of a single population. The
collection of lines in the figure indicates
paths followed by populations when the two
genotypes are represented at nine different
initial frequencies. After very few (2-5) gen-
erations, morph frequencies under this
model are indistinguishable from those ob-
served when populations originate with the
simultaneous arrival of two genotypes. Cal-
culations for cases in which dimorphic pop-
ulations are invaded by a third genotype,
resulting in trimorphic populations, can re-
sult in novel paths. For instance, when the
third genotype to enter the population con-
tains the .S allele, the population will ap-
proach equilibrium with the L and M
morphs at equal, but decreasing, frequen-
cies. This is shown in Figure 2c.
Expected Morph Frequencies. —Tri-
morphic populations approach isoplethy
following paths such as those in Figure 2a.
The expected morph frequencies at a given
time after population initiation can be cal-
culated by determining the weighted mean
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Fic. 3. Changes in the weighted mean morph frequencies of all pairs of initiating genotypes resulting in
trimorphic populations, from population initiation to isoplethy, with ¢t = 0.9, @ = 0.0, and 7 = 0.0.

morph frequencies of all paths at that time.
Each path is weighted by the probability of
drawing the requisite initial genotypes for
the path from the source population. In Fig-
ure 3, the expected morph frequencies are
plotted against generation number follow-
ing population establishment, with ¢ = 0.9,
a = 0.0, and 7 = 0.0 and assuming that
populations are initiated by two individuals
arriving simultaneously. For all points from
population establishment to isoplethy, the
S morph is in excess of the isoplethic fre-
quency of the morph. In early generations,
this excess is substantial. The L morph, on
the other hand, is always deficient, relative
to its isoplethic frequency, until isoplethy is
reached. The M morph is initially deficient
but, by the fourth generation, becomes more
frequent than at equilibrium and reaches a
maximum frequency after eight genera-
tions. Thereafter, the frequency of the M
morph closely tracks that of the S morph.
Isoplethy is reached after 32 generations.
The model predicts an initial period during
which the S morph is in excess of isoplethic
frequency, followed by a protracted period
characterized by a less marked excess of both
the S and M morphs, which occur in ap-
proximately equal frequencies.

Similar results are obtained when param-
eters of the models are altered. Decreasing
the value of ¢ or increasing the value of a
or I lengthens the number of generations

required to reach isoplethy, as indicated in
Table 2. When two genotypes are assumed
to arrive sequentially, populations ap-
proach isoplethy along paths similar to those
followed by trimorphic populations initi-
ated by the simultaneous arrival of two ge-
notypes, as shown in Figure 2b. In all cases,
however, the pattern discussed above is re-
peated: the S morph is always in excess of
isoplethic frequencies, and the L morph is
always less frequent than at isoplethy.
Predictions of the model change if mono-
morphic and dimorphic populations are in-

TABLE 2. Number of generations until isoplethy is
reached under various patterns of mating in a tristylous
species. All pairs of individuals resulting in trimorphic
populations were included, and isoplethy was reached
when the square of the deviation from isoplethic ex-
pectation summed over each morph in all populations
was less than 0.001. Each population was weighted by
the probability of drawing the pair from an isoplethic
source population.

Ratio of
assortative :
Outcrossing disassortative Overlapping Generations
rate (7) matings (@) generations (7) to isoplethy
1.0 0.0 0.0 26
1.0 0.0 0.5 50
1.0 0.1 0.0 31
1.0 0.1 0.5 60
0.9 0.0 0.0 26
0.9 0.0 0.5 51
0.9 0.1 0.0 32
0.9 0.1 0.5 61
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cluded when calculating expected morph
frequencies. Including these populations re-
sults in an overall deficiency of the S morph
and excesses of the L and M morphs, rel-
ative to isoplethic frequencies. This follows
from Table 1, where the L and M morphs
have greater representation than the S morph
in monomorphic and dimorphic popula-
tions. However, invasion of dimorphic pop-
ulations by the third morph, resulting in
trimorphic populations, moderates this ef-
fect. Expected morph frequencies are also
sensitive to the nature of population initi-
ation. Increasing the number of genotypes
arriving before populations become well es-
tablished decreases the disparity between
initial and isoplethic morph frequencies in
trimorphic populations. The model suc-
cessfully accounts for morph-frequency de-
viations from those expected at isoplethy
when a small number of genotypes is re-
sponsible for population initiation.

DIscUSssSION

In their original paper, Barrett et al. (1983)
recognized that many of the populations of
Pontederia cordata they sampled were un-
Likely to have reached equilibrium and that
historical factors associated with popula-
tion establishment would influence morph
frequencies. However, they discounted the
possibility of a consistent bias toward any
of the morphs as a result of historical factors
alone, because of the large number of pop-
ulations involved in their survey. Instead,
they interpreted the anisoplethic population
structure of P. cordata as the result of male-
fertility differences among the fleral morphs.
In Pontederia spp. the mid-level anthers of
the S morph produce an average of two times
the amount of pollen produced by the cor-
responding anthers of the L morph. Pref-
erential fertilization of M ovules by pollen
of the S morph could lead to the consistent
excess of the S morph and deficiency of the
L morph observed in natural populations.

The results of the present study indicate
that historical factors can have an important
influence on morph frequencies in tristylous
populations to the extent that biases may
be evident even when large samples are em-
ployed. Excess of the S morph and a defi-
ciency of the L morph were observed in
early generations of the model when pop-
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ulations were founded by the entire range
of genotype combinations that occur under
the two-locus (S, M) model of the inheri-
tance of tristyly. This suggests that the ob-
served anisoplethy in P. cordata is attrib-
utable, in part, to the inclusion in the sample
of many populations that were not at equi-
librium.

The present study has focused on tri-
morphic populations initiated by a small
number of indivudals. However, the large
proportion of trimorphic populations ob-
served in the survey suggests that the num-
ber of individuals responsible for popula-
tion initiation is relatively high. When more
individuals are responsible for population
initiation, the difference between initial and
isoplethic morph frequencies in trimorphic
populations declines, and the ability of the
model to explain the observed anisoplethy
decreases. Several considerations help to
ameliorate this inconsistency. The survey
might have overestimated the proportion of
trimorphic populations. While virtually all
populations encountered were surveyed
(Barrettet al., 1983), it is possible that small
populations were overlooked. Smaller pop-
ulations are more likely to be recently ini-
tiated and, therefore, to be monomorphic
or dimorphic. In addition, we have assumed
that all populations were initiated by indi-
viduals drawn from an isoplethic equilib-
rium population. However, new popula-
tions can be initiated by individuals that
originate from populations that have not
reached isoplethy. Under this scenario, de-
viations from isoplethy during the early
stages of population establishment are
greater than those shown in Figure 3.

While information concerning the exact
nature of population initiation and estab-
lishment in P. cordata is not available, sev-
eral features of the population ecology of P.
cordata lend support to this interpretation.
Seedling and juvenile establishment in this
long-lived emergent aquatic are largely reg-
ulated by water depth, and recruitment is
highly episodic in nature. Qur field obser-
vations suggest that many populations, par-
ticularly those in lake shore habitats, are
initiated following bursts of establishment
as a result of low water levels. Relatively
little recruitment occurs in the intervening
periods, when higher water levels prevail.
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As aresult of the episodic nature of seedling
establishment, populations may frequently
be composed of a restricted number of ge-
notypes that are the descendants of the ini-
tial founding morphs. Subsequent clonal
growth by these genotypes increases the
physical size of populations, but, because of
restrictions on further establishment, the
progress toward equilibrium is likely to be
retarded. The sampling procedure adopted
by Barrett et al. (1983) involved the random
sampling of reproductive shoots within
populations. Although sample sizes were
generally high (mean number of shoots per
population = 273), the number of genotypes
represented in the samples may have been
considerably smaller, particularly in popu-
lations with large clone size.

Our results do not refute the hypothesis
of differential male fertility as a factor con-
tributing toward anisoplethic population
structure in P. cordata. Many of the popu-
lations sampled were large, sampling was
extensive, and a high degree of intermixing
among morphs was evident. Morph fre-
quencies in large populations (> 500 inflo-
rescences) revealed that the S morph was
overrepresented and the L morph was
underrepresented, in comparison with iso-
plethic expectations (Barrett et al., 1983). If
only historical factors were involved and we
assume that at least some of the large pop-
ulations are at equilibrium, then average
morph frequencies should be closer to iso-
plethy in the sample of large populations.
This was not the case, suggesting that male
fitness differences play a role in determining
the relative frequency of morphs under cer-
tain conditions. Extensive progeny testing
of the morphs and the use of genetic mark-
ers are required to measure the extent of
male fertility variation in P. cordata pop-
ulations.

The models developed here indicate that
a considerable range of morph frequencies
can arise owing to historical factors asso-
ciated with the number and time of arrival
of different combinations of genotypes. The
models help to explain both the observed
deviations from isoplethy and the signifi-
cant heterogeneity in morph frequencies
among populations. Morph-specific fitness
differences are more appropriately invoked
when populations show a highly consistent
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structure (Weller, 1986), when the observed
morph ratios are different from those pre-
dicted by the current model (e.g., Lythrum
salicaria; see Heuch, 19794), or when pop-
ulations can be shown through long-term
censusing to have reached an anisoplethic
equilibrium.

ACKNOWLEDGMENTS

Helpful comments on the manuscript were
made by an anonymous reviewer. This work
was supported by a grant from the Natural
Sciences and Engineering Research Council
of Canada to S.C.H.B.

LITERATURE CITED

BARRETT, S. C. H. 1985. Ecological genetics of break-
down in tristyly, pp. 267-275. In J. Haeck and J.
W. Woldendorp (eds.), Structure and Functioning
of Plant Populations II: Phenotypic and Genotypic
Variation in Plant Populations. North-Holland,
Amsterdam, Neth.

BARreTT, S. C. H., AND 1. W. Forno. 1982. Style
morph distribution in New World populations of
Eichhornia crassipes (Mart.) Solms-Laubach (water
hyacinth). Aquat. Bot. 13:299-306.

BARRETT, S. C. H., S. D. PRICE, AND J. S. SHORE. 1983.
Male fertility and anisoplethic population structure
in Pontederia cordata (Pontederiaceae). Evolution
37:745-759.

CHARLESWORTH, D. 1979. The evolution and break-
down of tristyly. Evolution 33:488-498.

CrosBy, J. L. 1949. Selection of an unfavourable
gene-complex. Evolution 3:212-230.

FINNEY, D. J. 1952. The equilibrium of self-incom-
patible polymorphic species. Genetica 26:33-64.

. 1983. Genetic equilibria of species with self-
incompatible polymorphisms. Biometrics 39:573-
583.

FisHER, R. A. 1941. The theoretical consequences of
polyploid inheritance for the mid style form of Ly-
thrum salicaria. Ann. Eugen. 11:31-38.

. 1944. Allowance for double reduction in the
calculation of genotype frequencies with polysomic
inheritance. Ann. Eugen. 12:169-171.

FisHER, R. A., AND K. MATHER. 1943. The inheri-
tance of style length in Lythrum salicaria. Ann.
Eugen. 12:1-23.

HALDANE, J. B. S. 1936. Some natural populations
of Lythrum salicaria. J. Genet. 32:393-397.

HAiIkKA, O., AND L. HAIkkA. 1974. Polymorphic
balance in small island populations of Lythrum sa-
licaria. Ann. Bot. Fenn. 11:267-270.

HeucH, 1. 1979a. Equilibrium populations of het-
erostylous plants. Theoret. Popul. Biol. 15:43-57.

. 1979b. The effect of partial self-fertilization

on type frequencies in heterostylous plants. Ann.

Bot. 44:611-616.

. 1980. Loss of incompatibility types in finite
populations of the heterostylous plant Lythrum sa-
licaria. Hereditas 92:53-57.

Heuch, I, ANDR. T. LIE. 1985. Genotype frequencies




504

associated with incompatibility systems in tristy-
lous plants. Theoret. Popul. Biol 27:318-336.

IMRIE, B. C., C. J. KIRKMAN, AND D. R. Ross. 1972.
Computer simulation of a sporophytic self-incom-
patibility breeding system. Aust. J. Biol. Sci. 25:
343-349.

KARLIN, S., AND M. W, FELDMAN. 1968a. Analysis
of models with homozygote X heterozygote mat-
ings. Genetics 59:105-116.

1968b. Further analysis of negative assor-
tative mating. Genetics 59:117-136.

KARLIN, S., AND S. LEssArRD. 1986. Theoretical Stud-
ies on Sex Ratio Evolution. Princeton Univ. Press,
Princeton, NJ.

ScuocH-BoDpMER, H. 1938. The proportion of long-,
mid-, and short-styled plants in natural populations
of Lythrum salicaria. J. Genet. 36:39—43.

M. T. MORGAN AND 8. C. H. BARRETT

SokaL, R. R., anp F. J. RoHLF. 1969. Biometry.
Freeman and Company, San Francisco, CA.

SeietH, P. T. 1971. A necessary condition for equi-
librium in systems exhibiting self-incompatible
mating. Theoret. Popul. Biol. 2:404-418.

SpietH, P. T., AND E. NoviTsk1. 1969. Remarks on
equilibrium conditions in certain trimorphic, self-
incompatible systems, pp. 161-167. In N. E. Mor-
ton (ed.), Computer Applications in Genetics. Univ.
Hawaii Press, Honolulu.

WELLER, S. G. 1976. The genetic control of tristyly
in Oxalis section Ionoxalis. Heredity 37:387-393.

1986. Factors influencing frequency of the

mid-styled morph in tristylous populations of Ox-

alis alpina. Evolution 40:279-289.

Corresponding Editor: D. Charlesworth



