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STYLE MORPH RATIOS IN TRISTYLOUS
DECODON VERTICILLATUS (LYTHRACEAE): SELECTION VS.
HISTORICAL CONTINGENCY!

CHRISTOPHER G. ECKERT? AND SPENCER C. H. BARRETT
Department of Botany, University of Toronto, Toronto, Ontario, Canada M5S 3B2

Abstract. Tristylous plant populations should exhibit equal frequencies of the three
style morphs at equilibrium. In contrast, New England and central Ontario populations of
Decodon verticillatus (Lythraceae) show a marked deficiency of the mid-styled (M) morph.
This pattern was also evident in an independent sample of 30 populations from eastern
Ontario; all nine cases of morph loss involved the M morph, and this morph also occurred
at low frequencies, especially in large trimorphic populations. The hypothesis that a fitness
disadvantage to the M morph accounts for its low frequency was not supported by data
from a series of field and glasshouse experiments. Measures of reproductive success from
two populations showed no disadvantage to the M morph, but revealed substantially higher
seed set in the mid- (M) and short-styled (S) morphs than in the long-styled (L) morph. A
pollen addition experiment showed that low seed set in the L morph can only partly be
explained by reduced pollen receipt. Comparison of morph frequencies between adult plants
and their open-pollinated progeny in three populations failed to reveal any morph-specific
fitness differences. Analysis of growth and flowering of open-pollinated progeny from three
populations in a 2-yr glasshouse experiment revealed differences among morphs for some
parameters in some populations, but no consistent patterns were evident. The deficiency
of the M morph may have resulted from an historical accident during post-glacial colo-
nization of parts of the northern range. Computer calculations examining the return of
morph frequencies to equilibrium after major perturbations indicated that populations of
long-lived clonal species like D. verticillatus may preserve skewed morph ratios for >10 000
yr. Moreover, the distribution of fossil seeds indicates that this species has occurred in its
post-glacial range in southern Ontario for only =~5000 yr. It is important to distinguish
between ecological and evolutionary time scales when testing selective interpretations of
microevolutionary patterns involving clonal taxa in glaciated regions.

Key words: aquatic plants; Decodon; eastern North America; ecological genetics; glaciation;
morph-ratio variation; natural selection; non-equilibrium populations; sexual polymorphisms; tristyly.

INTRODUCTION

Conspicuous polymorphisms have provided model
systems for evolutionary analysis and, in several cases,
have been the focus of considerable debate over the
relative importance of selective and random evolution-
ary forces (Wright 1978, Provine 1986, Gould and
Woodruff 1990, Bierzychudek and Schemske 1992,
Turner 1992). Plant sexual polymorphisms such as
dioecy, gynodioecy, and heterostyly are of particular
significance because the factors affecting these poly-
morphisms directly influence mating patterns and con-
sequently the evolutionary dynamics of populations.
Also, because sexual polymorphisms are often simply
inherited, explicit genetic models may be used to gen-
erate testable predictions as to how various evolution-
ary forces affect mating type frequencies.

Fisher (1941, 1944) first suggested that disassorta-
tive mating among style morphs in tristylous plant pop-
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ulations should lead to a single equilibrium with the
three morphs at equal frequencies. Further theoretical
studies have confirmed this prediction and have shown
that it holds under different modes of inheritance (Fin-
ney 1952, 1983, Fisher 1965, Spieth and Novitski 1969,
Spieth 1971, Heuch 19794, b, Heuch and Lie 1985).
In contrast to Fisher’s equilibrium prediction, large-
scale surveys of morph frequencies have revealed sig-
nificant deviations from equal frequencies in several
tristylous species. These departures from the simple
equilibrium are generally interpreted as reflecting the
ecology and life history of particular species (Barrett
1992). Yet, in contrast to the burgeoning empirical
work on the ecological forces affecting sex ratios in
dioecious (reviews in Lloyd and Webb 1977, Cox 1981,
Meagher and Antonovics 1982, Bierzychudek and Eck-
hart 1988, Delph 1990) and gynodioecious species (re-
viewed in Gouyon and Couvet 1987), detailed inves-
tigations of the factors underlying morph-frequency
variation in tristylous taxa are few (Oxalis alpina: Wel-
ler 1979, 1981a, b, 1986; Pontederia cordata: Barrett
et al. 1983, Morgan and Barrett 1988; and Eichhornia
paniculata: Barrett et al. 1989, Husband and Barrett
1992).
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This paper presents results from a series of studies
investigating the causes underlying uneven style morph
ratios in tristylous Decodon verticillatus (L.) Ell. (Lyth-
raceae), a clonal perennial that inhabits wetland hab-
itats in eastern central North America. (Hereafter the
long-, mid-, and short-styled morphs are referred to as
the L, M, and S morphs, respectively.) A survey of
morph frequencies in four geographical regions indi-
cated striking deviations from equilibrium expectations
(Eckert and Barrett 1992). Up to two-thirds of the pop-
ulations in a given region lacked at least one morph
and morph ratios showed wide variation among pop-
ulations as well as significant overall departures from
equality. While genetic drift has probably contributed
to some of the observed variation among populations,
stochastic forces are unlikely to be responsible for the
clear biases in average morph ratios seen in particular
regions.

Computer simulations (Heuch 1980) and empirical
studies of small populations of tristylous Eichhornia
paniculata (Husband and Barrett 1992) and Lythrum
salicaria (Eckert and Barrett 1992) indicate that the
stochastic loss of style morphs from populations usu-
ally involves the short-styled morph because of a ge-
netic constraint associated with the inheritance of tri-
styly. This expectation contrasts sharply with the
pattern of morph loss observed for D. verticillatus in
some northern parts of its geographical range. In New
England, 82% of the 33 non-trimorphic populations
surveyed lacked the M morph, compared to only 30%
expected from stochastic morph loss alone. Computer
simulations also indicate that stochastic forces should
not consistently bias morph frequencies within popu-
lations. However, frequent loss of the M morph in New
England was also associated with sizeable deficiencies
of this morph in populations including all three morphs
(average frequency: L, 33%; M, 22%; S, 45%; n = 17
populations). Reduced frequencies of the M morph
were also evident in a sample of 21 populations from
central Ontario, and were reflected in morph ratios de-
rived from herbarium specimens collected in this re-
gion (Eckert and Barrett 1992). The failure of the sto-
chastic model to account for the deficiency of the M
morph in D. verticillatus raises the possibility that se-
lection may play a role in influencing the pattern of
morph ratio variation in parts of the species’ range.

Deficiencies of the M morph are not restricted to D.
verticillatus but occur elsewhere in the Lythraceae and
in other tristylous families. Ontario populations of re-
lated Lythrum salicaria exhibit reduced frequencies of
the M morph (Eckert and Barrett 1992) and this trend
is more exaggerated in geographically marginal pop-
ulations in northern Sweden (L, 45%; M, 14%:; S, 41%;
n = 3156 plants, 23 populations; J. Agren, unpublished
data). Studies in distylous Pemphis acidula, the likely
sister group to Decodon (Graham et al. 1993), suggest
that distyly has arisen from tristyly through the evo-
lutionary loss of the M morph (Lewis and Rao 1971,
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Lewis 1975). Other cases where the M morph is rare
or lost altogether include Oxalis alpina, O. priceae
(Weller 1992), and Narcissus triandrus (S. C. H. Bar-
rett, D. G. Lloyd, and J. Arroyo, unpublished data).
These examples suggest that the M morph may be par-
ticularly prone to deficiency in a variety of tristylous
taxa, implying that M deficiencies are probably a prod-
uct of natural selection (Charlesworth 1979).

The first goal of this study was to assess the prev-
alence of the M deficiency in northern populations of
D. verticillatus. As discussed, a previous survey re-
vealed striking deficiencies in populations from central
Ontario. To determine whether or not this pattern oc-
curs in other parts of the province, we surveyed morph
ratios in an independent sample of 30 populations from
eastern Ontario. The results revealed a reduced fre-
quency of the M morph, thus confirming patterns seen
elsewhere in Ontario and New England.

We then examined two general hypotheses to account
for the deficiency of the M morph. First, skewed morph
ratios or the consistent loss of a morph from popula-
tions could be accounted for by fitness differences
among morphs (Charlesworth 1979, Heuch and Lie
1985, Barrett et al. 1989). In D. verticillatus, for in-
stance, the deficiency of the M morph might result from
a reduction in its viability or reproductive success re-
sulting from pleiotropic effects of the genes controlling
the polymorphism and/or the direct effects of the floral
polymorphism on mating success. To investigate
whether or not the deficiency of the M morph was
associated with a fitness disadvantage, we compared
components of fitness among morphs in a series of field
and glasshouse studies.

An alternative hypothesis for the deficiency of the
M morph in D. verticillatus involves a stochastic his-
torical reduction in its frequency over a large geo-
graphical area. This would not involve contemporary
stochastic processes examined in previous studies (Bar-
rett et al. 1989, Eckert and Barrett 1992), but rather
historical accidents from which populations of this
long-lived clonal plant would be very slow to recover.
The possibility of historical contingency was, there-
fore, explored with computer calculations examining
the speed at which morph ratios return to equilibrium
after major perturbations.

METHODS
Population surveys

Morph frequency variation in eastern Ontario.—
During August 1988 and 1989, morph frequencies were
estimated for 30 populations of D. verticillatus located
in the Rideau Lakes area of Leeds and Grenville and
Frontenac Counties in eastern Ontario, Canada (Fig. 1;
details in Eckert 1993). Our sampling strategy followed
methods used in previous surveys (see Eckert and Bar-
rett 1992): A population was defined as a group of
plants separated from other groups by =1 km. Plants
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FiGg. 1. Location and representation of the M morph in
30 populations of Decodon verticillatus sampled from Leeds
and Grenville and Frontenac Counties in eastern Ontario. Tri-
morphic, dimorphic, and monomorphic populations are
shown as open triangles, squares, and circles, respectively.
The frequency (%) of the M morph is shown beside the sym-
bol for each trimorphic population. All dimorphic and mono-
morphic populations lack the M morph. Towns (solid circles)
are shown as landmarks.

were sampled throughout each population using a spa-
tial interval that maximized the number of ramets sam-
pled while minimizing the possibility of sampling the
same ramet more than once. In populations of D. ver-
ticillatus, individual ramets range in size from those
consisting of a single branch to those composed of
many branches spreading up to 3 m in diameter. Ac-
cordingly, plants were sampled at 3-m intervals. Pop-
ulation size was estimated by inspection as the number
of flowering and non-flowering ramets.

Temporal variation in morph frequencies.—The
morph frequencies of a given population may fluctuate
throughout a growing season and from year to year,
even in perennial species (Gilbert and Lee 1980, Barrett
et al. 1983). Hence frequencies estimated at one time
may not reflect those of the population in general. To
assess the importance of these sources of variability,
two populations (EO-T3 and EO-T6, where EO = east-
ern Ontario; T = trimorphic) were sampled in each of
three years (1988, 1989, and 1992) and two (EO-T1
and EO-T3) were sampled in 1988 at the beginning and
end of the flowering season, which lasts for 2-3 wk in
August.

Adult reproductive success

Field experiment.—To compare components of re-
productive success among morphs, flower and fruit pro-
duction as well as plant size and clonal propagation
were estimated for 20 plants per morph in each of two
populations with a deficiency of the M morph (EO-T6
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and EO-T3) in 1988. Plants were selected for study by
tagging a randomly chosen plant of the M morph and
its nearest L and S morph neighbors. To minimize the
likelihood of sampling the same clonal genet more than
once, the groups of three were separated by =5 m. Data
on allozyme variation at the same spatial scale indi-
cated high levels of clonal diversity in both populations
(Eckertand Barrett 1993a), suggesting that most tagged
plants were probably different genotypes. On each
tagged plant, we selected one branch coming into flow-
er and followed the fate of all flowers produced on the
main branch and all lateral branches. The 120 plants
were visited at weekly intervals from the onset of flow-
ering in early August until all fruits had matured in
mid-December. At each visit, other flowering and non-
flowering branches on the same plant were counted and
the production of clonal shoots through adventitious
rooting at the branch tips was recorded. Fruits were
collected when mature (i.e., splitting along the valves),
and seeds were counted for a random subsample of 2—
9 fruits (median = 5) per plant. Seeds from each fruit
were weighed as a group to 0.1 mg and average seed
mass was calculated. In all, 10 variables including total
number of branches, number of clonal branches, num-
ber of flowering branches, flowers per branch, flowers
per plant, fruits per branch, fruits per flower, seeds per
fruit, seed mass, and seeds per plant were analyzed
using mixed model ANOVA with population (random)
and morph (fixed) as main effects.

Other reproductive measures.—Considerable vari-
ability among individuals in the onset of flowering was
observed in populations of D. verticillatus. Conse-
quently, reproductive differences among morphs not
detected in a group of plants sampled at the onset of
flowering might occur in cohorts flowering later in the
season. To assess this possibility, we randomly sampled
branches from 15 to 26 flowering ramets per morph
(mean = 21) in EO-T3 at both the beginning and end
of the flowering season in 1988. For each branch, we
counted leaf axils producing flowers, buds, flowers in
anthesis (i.e., those retaining petals), and developing
fruits. The number of flowers not developing into fruit
could also be counted since abscised flowers leave a
conspicuous scar in the leaf axil. Leaf axils were clas-
sified as ‘reproductively active’ if they included at least
one receptive flower, developing fruit, or flower scar.
Reproductive output was calculated for each branch as
the number of receptive flowers plus developing fruits
and flower scars.

Pollen addition experiment.—Individual flowers of
D. verticillatus contain =100 ovules, but the number
of seeds produced is usually much lower (=45) and
may vary widely. Part of this variation may be due to
the quantity and quality of pollen received on stigmas
(Eckert 1993). To assess the importance of pollen re-
ceipt in contributing to potential differences in seed
production among morphs, we performed a pollen ad-
dition field experiment in two populations (EO-T3 and
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EO-T6) during 1988. In each population, we randomly
selected 36—46 pairs of flowers (average = 43) from a
total of 8—10 plants per morph (an average of 4.7 pairs
per each of 55 plants). Members of each pair were
located in opposite leaf axils but at the same floral
position. Shortly after flowers opened, one was hand-
pollinated with excess pollen from an individual of a
different morph growing =5 m away; the other was
left to experience insect pollination (open pollination).
All pollinations were performed on two consecutive
days (1 d for each population). The weather during this
time was warm and sunny.

Viability of open-pollinated progeny

Seed collection.—Germination, growth, and flow-
ering of open-pollinated progeny from the three morphs
were compared over a 2-yr period under uniform glass-
house conditions. During the fall of 1988, 21-46 (mean
= 38) seed families were randomly collected from each
style morph in three trimorphic populations from the
eastern Ontario study area (EO-T3, EO-T6, EO-T7).
Four dimorphic populations were also sampled in the
same fashion and included in the progeny performance
experiment. However, for the sake of brevity, only the
results from trimorphic populations are presented here.
A full analysis including all seven populations is pre-
sented in Eckert (1993).

Germination.—In May 1989, after 5 mo of cold stor-
age at 5°C, two lots of 50 seeds per family were
weighed to 0.1 mg. Each was sown out on a standard
mixture of three parts Pro-Mix (soil-less mix) to one
part sandy loam contained in a 5.7-cm plastic pot set
in a Perma-Nest tray (37 cm long X 30 cm wide X 8.5
cm deep), 30 pots per tray. In total, 688 pots (repre-
senting 344 seed families) were randomly arranged on
a single glasshouse bench illuminated 14 h/d by two
400-W high-pressure sodium lamps. Throughout ger-
mination, water levels were kept at or just below the
soil level, and temperatures ranged between 25° and
35°C. Two months later, emerging seedlings were
counted. Average seed mass and proportion of seeds
germinated were calculated for each family by aver-
aging the two replicates. These variables were entered
in a fixed-effects two-way ANOVA with population
and parental morph as main effects. Unlike the field
experiment, population was considered a fixed effect
in the glasshouse experiment since the choice of pop-
ulations was not random but represented the array of
morph frequencies observed in this region (see Neter
et al. 1990: 660).

Growth and flowering.—Growth and flowering of
offspring derived from the germination experiment
were examined using a factorial randomized block ex-
perimental design. One of the drawbacks of glasshouse
experiments is that fitness differences among individ-
uals expressed in natural environments may not be ex-
pressed in a benign glasshouse environment (e.g., As-
souad et al. 1978, Dudash 1990). To assess the
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importance of environment, the experiment was rep-
licated under both high- and low-nutrient growing con-
ditions. Four seedlings from each of 30 families per
morph per population (except in EO-T7, where only
22 families were available for the S morph) were trans-
planted singly into 5.7-cm pots containing standard soil
mix. The four seedlings per family were allocated one
into each of four randomized blocks and all 1044 plants
were placed on a single glasshouse bench under natural
light. Two weeks after transplanting, seedling height
(to 0.1 cm) and number of leaves (excluding cotyle-
dons) were recorded for each plant. A week later, and
for 2-wk intervals thereafter, plants were fertilized with
a solution of 20:20:20 (N:P:K) fertilizer. Two blocks
received 80 mg dry mass of fertilizer per plant (here-
after high-nutrient treatment). The other two received
half that (low-nutrient). Regular fertilization stopped
in early October, at which point plants started to enter
dormancy. On 20 October, they were moved to a resting
house and kept at 5°~10°C under natural light.

In April the following year, plants emerged from
dormancy and on 10 May, they were moved to two
glasshouse benches (one block per nutrient treatment
per bench), kept under natural light, and fertilized ev-
ery 2 wk. On 22 May, plants were scored as alive or
dead and plant height and number of leaves were re-
corded. Throughout the summer, individuals were
tagged as they flowered, and the number of leaf nodes
producing flowers was recorded. On 19 September, af-
ter growth and flowering had ceased, the above-soil
portion of each plant was harvested, dried at 60°C for
4 d and weighed to 0.1 g.

Pre-nutrient treatment measurements were entered in
a fixed-effects three-way ANOVA with population,
morph, and block (four blocks) as main effects. None
of the interactions with block was significant, hence
they were removed from the model (a conservative
procedure in a fixed-effects analysis; see Neter at al.
1990: 909-935). Post-nutrient treatment variables were
entered in a four-way ANOVA with population, morph,
nutrient, and block (two blocks) as main effects. Again,
interactions involving block were not significant and
were removed from the model. For both pre- and post-
nutrient treatment measurements, plant height and
number of leaves were highly correlated; thus only
plant height was used in the analysis.

Since a considerable proportion of the plants in-
volved in the progeny performance experiment flow-
ered and were scored for style morph, we also examined
the effect of progeny morph on growth and flowering.
Sample sizes for each combination of population,
morph, and nutrient treatment ranged from 15 to 62
(average = 30) and were generally twice as large in
the high as in the low nutrient treatment.

Comparison of morph ratios
between generations

Differences in male fitness among morphs, occurring
as a result of inequalities in pre- or post-pollination
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siring ability, may be detected by comparing morph
frequencies between parents and their open-pollinated
progeny (Fisher and Mather 1943). In populations with
low frequencies of the M morph, disassortative mating
among morphs gives it a siring advantage, thereby in-
creasing its frequency in the progeny generation. In
contrast, a male fitness disadvantage to the M morph
will result in an underrepresentation of the M morph
in the progeny generation, or will at least maintain
skewed parental morph frequencies. Morph frequencies
in the progeny generation were estimated in three pop-
ulations from the open-pollinated families included in
the progeny performance experiment. Parental morph
frequencies were estimated for each population during
the summer before seed collection. To supplement the
sample of progeny included in the growth experiment,
five to 10 seedlings from a random subset of about 25
families per morph per population were transplanted
from the germination experiment and grown under
glasshouse conditions. By December 1990, between
398 and 466 offspring per population (1283 in all) had
flowered.

Morph frequencies in the progeny generation were
estimated by weighting the morph frequencies of prog-
eny from each parental style morph by the frequency
of that parental morph in the population (following
Weller 1986). For example, L,, L, Lg are the frequen-
cies of L morph progeny in seed families from L, M,
and S parents, respectively, and L, M, and S are the
parental morph frequencies. Thus the frequency of the
L morph in the progeny generation is: L' = (L,)(L) +
(Ly)(M) + (Lg)(S). Parental and progeny morph fre-
quencies were compared for each population by enter-
ing raw parental morph counts (i.e., the number of each
morph, nl, nM, and nS, from which parental morph
frequencies were derived) and adjusted progeny counts
(e.g., nL' = L'[number of progeny scored]) in two-way
contingency tables (Sokal and Rohlf 1981).

Computer calculations

We used a mathematical formulation of mating in
tristylous populations modified from Barrett et al.
(1989) to examine the effect of life history and mating
parameters on the speed at which morph ratios in large
populations return to equilibrium after a major pertur-
bation. A vector g contained the frequencies of 10 pos-
sible genotypes at the two loci controlling style morph
(double heterozygotes in coupling and repulsion were
treated as distinct genotypes). Each genotype g, seg-
regated the j® possible gamete type (sm, sM, Sm and
SM) with probability A; included in a 10 X 4 matrix
A. Vectors s and d contained genotype-specific values
for the rates of self-fertilization (s;), and disassortative
mating (d;, where s, + (1 — s)d, + (1 — s)(1 — d) =
1). The frequency of matings between maternal and
paternal gamete types was calculated following Barrett
et al. (1989) to give a normalized vector g containing
genotype frequencies among sexually-produced off-
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spring. A normalized vector of genotype frequencies
among individuals surviving from the previous year g,.
was equivalent to g (no differences in mortality among
genotypes). A normalized vector of genotype frequen-
cies among clonal offspring g, was also the same as
g (no differences in clonal propagation among geno-
types). Finally, the genotype frequencies in the next
year were calculated as:

g =1Ig, + (1 = D(Cgc + [1 — Clgs),

where I and C are the population-wide rates of year-
to-year survival and clonal recruitment, respectively.
Note that this modification assumes that all individuals
flower each year, regardless of when they were re-
cruited into the population (i.e., no age-specific mor-
tality or reproduction). Hence, this mathematical model
may underestimate the time required to reach equilib-
rium in perennial populations. In the calculations pre-
sented hereafter, all genotypes had equal fitness and the
style morph loci were unlinked (Eckert and Barrett
1993b).

Statistical analyses

In all ANOVA analyses, expected mean squares were
derived using the general linear model routines in JMP
(version 2.0, SAS Institute 1989), unless otherwise in-
dicated. For significant effects, means were contrasted
using Tukey-Kramer multiple comparisons (Tukey
1953, Kramer 1956). Analysis of categorical variables
(e.g., probability of flowering) was performed by fitting
linear models to a logistic response function using the
maximum likelihood routine in JMP. Final models were
obtained by eliminating unimportant (i.e., P > 0.10)
effects based on the significance of the Wald x2. A more
robust test of significance of the remaining factors was
then performed using the likelihood ratio (LR), which
is derived by applying the log-linear model both with
and without the effect being examined and calculating:

LR = 2{—LogLikelihood[with effect]
— (—LogLikelihood[without effect])}.

For tests of individual terms, the likelihood ratio is
distributed as x? with one degree of freedom. For all
types of analyses involving simultaneous tests of sig-
nificance, the experimentwise error rate (agy) was held
at 5% using Sidék’s (1967) correction for non-orthog-
onal contrasts: error rate per contrast (ape) = 1 — (1
— agw)'C, where C is the number of contrasts or si-
multaneous tests.

RESULTS
Morph frequencies in eastern Ontario

Results from population surveys indicated a marked
deficiency of the M morph in eastern Ontario. Of the
30 populations sampled, 70% were trimorphic, 20%
dimorphic, and 10% monomorphic (Fig. 1). All cases
of morph loss involved the M morph, resulting in a
substantial reduction in its average frequency (20%)
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Average morph frequencies in populations of Decodon verticillatus from eastern Ontario. Both average frequencies

and frequencies weighted by estimated population size are presented. Of the 30 populations sampled, 21 were trimorphic,
6 were dimorphic and 3 were monomorphic. L, long-styled; M, mid-styled; and S, short-styled morphs.

Morph frequency (mean * 1 SE)

L M S

Average frequencies

All populations 0.45 = 0.05 0.20 + 0.05 0.35 = 0.05

Trimorphic populations 0.43 + 0.05 0.28 = 0.06 0.29 = 0.04

Dimorphic populations 0.57 = 0.10 0.43 + 0.10
Weighted frequencies

All populations 0.49 = 0.03 0.16 = 0.04 0.35 + 0.03

Trimorphic populations 0.49 + 0.04 0.18 = 0.05 0.33 = 0.03

Dimorphic populations 0.40 + 0.07 0.60 = 0.07

compared to the L (45%) and S (35%) morphs (Table
1). Morph loss appears to have occurred independently
several times, since dimorphic and monomorphic pop-
ulations were geographically dispersed throughout the
study area (Fig. 1). As in the regions previously sur-
veyed, there was a negative relationship between es-
timated population size () and morph loss (Eckert and
Barrett 1992). Trimorphic populations were on average
four times larger (N = 910 + 175 (mean + 1 SE);
range 25-3000) than non-trimorphic populations (N =
223 + 268 (mean * 1 SE); range 15-800; Wilcoxon
signed-ranks test: Z = —2.48, P = 0.013).

In addition to the frequent loss of the M morph,
trimorphic populations exhibited major departures
from even morph frequencies. Replicated goodness-of-
fit tests (Sokal and Rohlf 1981) revealed significant

TABLE 2. Year-to-year and seasonal variation of style
morph frequencies in populations of Decodon verticillatus.
Data are from four populations censused in separate years
and two populations censused at different times during the
1988 flowering season (EO, Eastern Ontario; MA, Mas-
sachusetts; T, trimorphic). The per-test a was adjusted to
1.69% for three simultaneous tests of year-to-year varia-
tion, and to 2.53% for two tests of seasonal variation. Con-
tingency table analysis indicated that morph frequencies
varied significantly among years only in EO-T3. This in-
volved variation in the relative frequencies of the L and S
morphs but not the M morph.

Morph frequency

Popula- Sample

tion Census date L M S size
Year-to-year variation
EO-T3 1988 0.48 0.16 0.36 200
1989 0.51 0.14 0.25 297
1992 0.45 0.14 0.41 287
EO-T6 1988 0.35 0.12 0.53 245
1989 0.39 0.11 0.50 357
1992 0.32 0.17 0.51 379
MA-T4 1963* 0.56 0.41 0.03 114
1990 0.60 0.38 0.02 440
Seasonal variation (1988)

EO-T3 2 August 0.48 0.15 0.37 100
16 August 0.48 0.18 0.34 100
EO-T1 4 August 0.69 0.01 0.30 123
22 August 0.58 0.01 0.41 91

* Data from Ornduff (1993).

deviations for all populations pooled (Gpyoeq = 523, df
= 2, P < 0.001) as well as within individual popula-
tions (Gro = 2423, df = 42, P < 0.001). Trimorphic
populations exhibited, on average, a large excess of the
L morph and more or less equal deficiencies of the M
and S morphs (Table 1). However, there was significant
heterogeneity among populations in the direction of
skew (Gyeterogeneiy = 1900, df = 40, P < 0.001). There
was no obvious geographic pattern to this variation;
neighboring populations differed in the frequency of
the M morph as much as did those farther away (Fig.
). In addition to masking considerable heterogeneity
among populations, average morph frequencies ob-
scure a negative relationship between the frequency of
the M morph and population size. Of the 10 largest
trimorphic populations, seven showed a large deficien-
cy of the M morph (i.e., frequency of the M morph <
20%), compared to only three of the remaining 11 pop-
ulations. When population frequencies were weighted
by estimated population size, average frequencies
showed a marked deficiency of the M morph (18%)
associated with an excess of the L morph (49%) and a
moderate frequency of the S morph (33%).
Substantial variation in morph frequencies among
populations was not associated with much seasonal or
year-to-year variation within populations (Table 2).
Morph frequencies in EO-T1 and EO-T3 did not change
during the flowering season in 1988 (EO-T1: 2 X 3 x2
= 2.7,df =2, P = 0.260; EO-T3: x> = 0.4, df = 2,
P = 0.819). Morph frequencies estimated in three suc-
cessive years also showed no significant variation in
EO-T6 (3 X 3 x2 = 8.3, df = 4, P = 0.081). In EO-
T3, frequencies showed small, marginally significant
variation among years (x> = 11.5, df = 4, P = 0.021).
However, this involved variation in the relative fre-
quencies of the L and S morphs (x2 = 11.0, df = 2, P
= 0.004), but no variation in relative frequencies of
the L and M morphs (x? = 0.01, df = 2, P = 0.788)
or the M and S morphs (x? = 3.8, df = 2, P = 0.150).
In all cases, the frequency of the M morph remained
low. There was anecdotal evidence that morph fre-
quencies may be stable over even longer periods of
time. Frequencies estimated in 1963 by Ornduff (1993)
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tyle morphs in two populations of Decodon verticillatus. Data

are from 20 plants per morph per population (except as noted) monitored for an entire reproductive season in 1988.

Morph performance (mean * 1 SE)

Reproductive parameter Population L M S*
Flowering branches EO-T6 32 +0.6 4.6 = 1.1 47 0.8
EO-T3 24+04 23 +04 2.8 £ 0.6
Clonal branches EO-T6 1.5 £ 0.5 1.9 = 0.9 1.7 £ 0.7
EO-T3 0.4 £ 0.1 1.2 + 0.5 0.9 £ 0.3
Total branches EO-T6 52 *0.8 6.5+ 1.4 7.0 £ 1.2
EO-T3 42 =09 52+1.2 5.1 £ 1.0
Flowers per branch EO-T6 95 + 12 127 = 14 91 = 8
EO-T3 75 =7 76 =7 87 £ 9
Flowers per plantt EO-T6 318 = 87 576 = 133 463 + 108
EO-T3 195 + 45 178 + 33 329 = 106
Fruits per branch EO-T6 64 =9 98 = 10 68 = 7
EO-T3 52+6 59 £ 6 61 £7
Fruits per flower EO-T6 0.66 + 0.03 0.73 = 0.03 0.74 = 0.04
EO-T3 0.69 = 0.04 0.79 + 0.03 0.70 = 0.04
Seeds per fruiti EO-T6 30.7 £ 1.2 38.1 £ 1.3 382 £ 1.2
EO-T3 313 £ 14 428 = 14 380+ 14
Seed mass (mg)i EO-T6 0.81 + 0.02 0.80 = 0.02 0.76 = 0.01
EO-T3 0.75 = 0.02 0.68 = 0.02 0.70 = 0.02
Seeds produced per plant (X10-2) EO-T6 63 £ 17 147 = 30 144 = 37
EO-T3 43 £ 9 62 + 13 89 + 31

* Only 19 plants of the S morph were monitored in EO-T6.

T Plant-wide measures were calculated for each plant individually as follows: flowers per plant =
= flowering branches X fruits per branch X seeds per fruit.

flowers per branch; seed production per plant

flowering branches X

} Means were calculated from a sample of 2-9 fruits (median = 5) from each plant.

for a population in Massachusetts (MA-T4) were vir-
tually identical to frequencies we obtained for the same
population 27 yr later (Table 2, x2 = 0.6, df = 2, P =
0.732).

Reproductive success of adult plants in
natural populations

Field study.—Measures of reproductive success (ex-
pressed as mean * 1 SE) obtained from marked plants
in two trimorphic populations did not reveal a repro-
ductive disadvantage to the M morph (Tables 3 and 4).
Neither plant size, as estimated by total number of
branches (5.5 + 0.4), or the number of clonal branches

TABLE 4. Analysis of reproductive

per plant (1.3 % 0.2) varied among morphs or popu-
lations. The number of flowering branches, flowers per
branch, and flowers per plant were significantly higher
in EO-T6 (4.2 + 0.4; 104.7 = 6.0; and 452 =+ 65,
respectively) than in EO-T3 (2.5 = 0.4; 79.5 + 6.0;
and 233 + 40, respectively), but did not vary among
morphs. The proportion of flowers forming fruit av-
eraged 0.72 = 0.01 and did not vary among morphs
or populations. The pattern of fruit production, there-
fore, paralleled that of flower production, differing be-
tween populations (EO-T6: 73.4 + 4.4 fruits per
branch; EO-T3: 57.4 = 4.4) but not among morphs.
The only significant difference among morphs involved

parameters in two populations of Decodon verticillatus. Values are F ratios with prob-

abilities indicated by asterisks (* P < 0.05, ** P < 0.01, *** P < 0.001). The per-test a has been adjusted to 0.5% for
the simultaneous evaluation of 10 variables. Significant tests are indicated in boldface type. Response variables have been

transformed, as indicated, to satisfy

a particular analysis. Results from nonsignificant ANOVA models obtained for total num

= 0.482), number of clonal branches (Fs,; = 1.0, P = 0.
shown. Means are in Table 3.

assumptions of ANOVA. Long dashes (—) indicate model terms that do not apply to

ber of branches (Fs,;; = 0.9, P

445), and fruits per flower (Fs,,; = 1.5, P = 0.198) are not

Source of Flowering ~ Flowers per Log,, (flowers  Fruits per Seeds (Seed Log,,
variationt branches branch per plant) branch per fruit mass)* (seeds per plant)
Population 8.8%* 8.7%:* 16.5%** 6.7* 0.7 8.2%* 11.1%**
Morph 1.5 0.6 1.0 1.9 11.0%** 1.4 6.7
M X P 0.7 2.6 1.1 1.1 0.4 0.6 0.6
Plant [M X P] — — — — 3.3k 3.9okrsk —
R? 0.10 0.13 0.16 0.11 0.48 0.49 0.16

T All two-way ANOVAs were mixed models with Populations (df = 1) as a random effect. F tests for the random effects,
therefore, used the MSg,,, (df = 113) as denominator, and those for Morph (df = 2) used MSy,; (df = 2) (Neter et al. 1990).
In the analysis of seeds per fruit and seed weight, Population, M X P, and Plant[M X P] (df = 111) were random effects.
The F test for Plant[M X P] used MSg,,, (df = 503) as denominator. Tests for all other effects used M Spinnvxcpy-
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Comparison of reproductive parameters among style morphs at two times during the 1988 flowering season in a

population of Decodon verticillatus. One-way ANOVA was used to compare means among morphs for each parameter and
sample. The per-test a was adjusted to 0.6% for eight simultaneous tests.

Morph (mean * 1 SE)
Reproductive parameter  Date of sample* L M S F P
Total inflorescences 2 August 212 £ 24 16.8 £ 2.7 14.1 £ 2.2 2.3 0.106
16 August 143 + 1.3 12.3 = 1.1 13.6 £ 1.0 0.7 0.513
Active inflorescences 2 August 8.9 = 0.7 7.6 = 0.8 6.9 = 0.6 2.1 0.134
16 August 14.1 = 1.3 12.0 = 1.1 127 = 1.0 0.8 0.439
Flowers in anthesis 2 August 6.3 = 0.6 6.9 + 1.1 6.5 £ 1.0 0.1 0.912
16 Augustf 2.0 0.8 52+12 4.0 £09 1.8 0.190
Reproductive output 2 August 199 = 3.8 17.5 £ 3.0 127 £ 1.0 1.6 0.212
16 August 532 £5.8 48.8 = 6.1 47.1 £ 54 0.3 0.724

* Samples from 2 August included 20, 15, and 20 branches from the L, M, and S morphs, respectively. Those from 16
August included 26, 19, and 25 branches from the L, M, and S morphs, respectively.
1t Only 5L, 8 M, and 12 S morph branches were still producing flowers in the 16 August sample.

a greater number of seeds per fruit in the M (40.3 +
1.5 seeds per fruit) and S (37.9 + 1.5) morphs com-
pared to the L (31.1 = 1.4) morph (multiple compar-
ison: M = S > L). This pattern was also reflected in
large but nonsignificant differences in plant-wide seed
production (i.e., the product of seeds per fruit, fruits
per branch, and number of flowering branches). Dif-
ferences in seed number among morphs were not com-
pensated for by corresponding differences in seed size.

EO-T6 EO-T3
40 n=46/10
P=20
i
_O 30 4 FE1 n=36/9 n=45/8
= = a2/10 P=17 P2
= P=01 "=
.= L, P=.10
= 7 7
o 204 n=43/9
o P=.82
~
3
o 10+
O
9p]
0 T T T
L M S L M S
Morph
1 Open-pollinated Pollen added

Fi1G. 2. Experimental investigation of pollen limitation of
seed production in two trimorphic populations of Decodon
verticillatus. Population codes appear above the bars for each.
Open bars are mean seed production in open-pollinated flow-
ers. Hatched bars are means for paired flowers supplemented
with legitimate pollen. Error bars are + 1 SE. Pollination treat-
ments were contrasted using paired ¢ tests. Probability values
(P) and sample sizes (n = pairs of flowers/maternal plants)
are given above the bars for each style morph (L, M, and S
for the long-, mid-, and short-styled morphs, respectively).
The per-test a was adjusted to 0.9% for six simultaneous tests.
Hence, the difference between treatments nears significance
only for the L morph in EO-T6.

There was a weak but significant negative relationship
between number of seeds per fruit and average seed
mass in both populations (EO-T6: F, ;3 = 4.5, P =
0.034, R? = 0.01; EO-T3: F, ,5s = 6.83, P < 0.001, R?
= 0.02). However, the slope of the relationship was
not large in either population (EO-T6: B = —0.0018
+ 0.0008 sg; EO-T3: B = —0.0020 + 0.0008) and
did not Iead to a difference in seed mass among morphs.
Seed mass varied significantly among populations (EO-
T6: 0.79 = 0.01 mg; EO-T3: 0.71 * 0.01 mg) and
among maternal plants within populations, but not
among morphs.

Differences among morphs in flower and fruit pro-
duction, undetected among the marked plants in EO-
T3, did not appear in later-flowering cohorts. Estimates
of daily flower production and reproductive output per
branch did not differ among morphs in either the early
(2 August) or late (16 August) sample (Table 5).

Pollen addition experiment.—Lower seed produc-
tion of the L morph compared to the M and S morphs
could be due to differences in ovule production and/or
pollen receipt. The first possibility is unlikely since
estimates of ovule production from two populations in
this area (including EO-T3) did not differ among
morphs (Eckert and Barrett 1994a). The addition of
outcross pollen to stigmas (Fig. 2) increased fruit set
by 10% in EO-T6 (mean fruits per flower, pollen added:
0.75; open pollinated: 0.67; n = 126 flowers) and 2%
in EO-T3 (added: 0.73; open: 0.72; n = 134). Pollen
addition increased seeds per fruit by 7% in EO-T6 (add-
ed: 33.7 = 1.8 mean * 1 SE, n = 94 fruits; open: 31.6
+ 1.7, n = 85) and 4% in EO-T3 (added: 25.3 + 1.3,
n = 98; open: 24.4 = 1.2, n = 95). However, paired
analysis of the number of seeds produced per flower
indicated that the effect of pollen addition neared sig-
nificance only for the L morph in EO-T6. Although this
does suggest that seed set in the L. morph, at least in
EO-T6, may be limited by pollen receipt, lower seed
set in the L morph was evident even when excess pollen
was added. Thus, reduced pollen receipt cannot fully
account for lower seed set in the L morph.
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FiG. 3. Comparison of morph frequencies between pa-
rental plants and their open-pollinated progeny for three pop-
ulations of Decodon verticillatus. Population codes appear
along with sample sizes (n = number of parents/number of
progeny) above the bars for each. Populations for which there
was a significant difference between parental and progeny
morph frequencies are marked with an asterisk. The per-test
type I error rate (a) has been adjusted to 1.7% for three
different tests.

Comparison of morph frequencies
between generations

Progeny morph frequencies estimated for three pop-
ulations did not differ greatly from parental morph fre-
quencies (Fig. 3) and there was no evidence for reduced
contribution to the progeny generation by the M morph.
Small but significant differences between generations
were apparent in EO-T7 (2 X 3 x2 = 10.7,df = 2, P
= 0.005) and EO-T6 (2 X 3 x2 = 10.2,df = 2, P =
0.006). In both cases, these changes involved a shift
toward more even frequencies in the progeny genera-
tion.

Viability of open-pollinated
progeny—effects of maternal morph

Differences among morphs in growth and flowering
of open-pollinated progeny were evaluated in a 2-yr
glasshouse experiment. The results indicated that dif-
ferences in progeny viability among morphs are un-
likely to account for the low frequency of the M morph
in eastern Ontario. The proportion of seeds germinating
was moderate (0.59 = 0.01, mean * 1 sg) though once
transplanted, most seedlings (98%) survived until the
end of the 2-yr period. Survival was, therefore, not
entered as a variable in the analyses. During the second
summer of the experiment, about half of the plants
flowered. While flowering occurred more frequently in
the high (70%) than in the low (37%) nutrient treat-
ment, the overall proportion of plants flowering was
high enough to be included in the analyses. Means by
morph and population are presented in Fig. 4 and re-
sults from ANOVA in Table 6. Although main effects
were often significant, few of the ANOVA models ex-
plained much of the variance in offspring performance;
R? ranged from 1 to 31% and averaged 14%.
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Seed mass and germination.—Open-pollinated seeds
from the M morph did not germinate at a reduced fre-
quency compared to those from the L and S morphs.
Average seed mass differed among populations but not
among morphs. The proportion of seeds germinating
varied among populations, but differences among
morphs were inconsistent, resulting in a marginally sig-
nificant interaction between the effects of population
and morph. Separate examinations of each population
indicated a 19% advantage to seeds from the L morph
compared to seeds from both the M and S morphs in
EO-T3 (F,, 1; = 5.6, P = 0.004), but the same trend
was not apparent in the other two populations.

Growth and flowering.—Analyses of variation in
growth and flowering also failed to reveal reduced vi-
ability of progeny from the M morph. For height mea-
sured in July 1989 (before the nutrient treatment) nei-
ther morph nor population explained a significant
portion of variation among progeny. After application
of the nutrient treatment, plants in the high nutrient
treatment outperformed plants under low nutrient con-
ditions for all parameters measured (including proba-
bility of flowering: LR = 114, df = 1, P < 0.001);
usually by a factor of two or more. Differences among
populations were detected for all variables (including
probability of flowering: LR = 8.6, df = 1, P = 0.003)
except number of flowering nodes. Effects of morph
approached significance only for final dry mass (P =
0.047), and this was confounded by a marginally sig-
nificant (P = 0.028) interaction between morph and
population. Analysis of each population separately in-
dicated that significant differences among morphs oc-
curred only in EO-T7 (multiple comparisons: L > M
= S), where progeny of the L morph were 15% heavier
(6% in the low and 25% in the high nutrient treatment)
than progeny of the M and S morphs.

Viability of open-pollinated
progeny—effects of progeny morph

Analyses examining the effect of progeny morph on
growth and flowering among those offspring scored for
style morph did not indicate any disadvantage to the
M morph in performance during early life history
stages. Means by population and morph are presented
in Fig. 5, and statistical analyses in Table 7. The effects
of nutrient treatment and population are similar to those
reported for maternal morph. Again, most of the vari-
ation in offspring performance was not explained by
the ANOVA models used; R? ranged from 5 to 32%
and averaged 16%. The effect of morph was significant
only for dry mass. This involved a significant 11%
advantage (6% in the low and 15% in the high nutrient
treatment) to the M morph over the L morph, with the
S morph intermediate (multiple comparisons: S = M
>L =28).

Computer calculations

Calculations using a mathematical model of mating
and recruitment in tristylous populations indicated that
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life history and mating parameters greatly affect the
amount of time required for morph frequencies to reach
equilibrium (Fig. 6). Varying individual parameters,
such as the rate of year-to-year survival (/) or the levels
of self-fertilization (s) and disassortative mating (d),
delayed equilibrium for a maximum of 75 yr for ex-
treme values of / and 200 yr for extreme values of s
(Fig. 6A, B, C). However, varying parameters jointly
had a much more pronounced effect. Fig. 6D presents
calculations using estimates of self-fertilization and
disassortative mating for populations of D. verticillatus
in eastern Ontario (average s [0.29] corrected for in-
breeding depression [relative fitness of selfed progeny
=~ (0.5] = 0.17, Eckert and Barrett 1994b; average d =
0.30; Eckert and Barrett 1994¢). When these parameter
values are combined with high rates of year-to-year
survivorship and clonal reproduction, populations may
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maintain skewed morph frequencies for 5000 to 15 000
yI.

DiscuUsSION

In plant populations with sexual polymorphisms
such as dioecy, gynodioecy, or heterostyly, mating
types should eventually attain frequencies which reflect
their relative fitness. Population surveys of tristylous
D. verticillatus in eastern Ontario confirmed the skew
in style morph ratios observed in New England and
elsewhere in Ontario. The M morph was absent from
populations much more often than were the L or S
morphs, and usually occurred with reduced frequen-
cies, especially in the larger trimorphic populations.
Reduced frequencies of the M morph also appear to be
associated with high frequencies of the L morph. If
differences in fitness among morphs are responsible for

A) BEFORE NUTRIENT TREATMENT B) AFTER NUTRIENT TREATMENT
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Fi1G. 4 Comparisons among morphs in the performance of open-pollinated progeny from three populations of Decodon
verticillatus grown under uniform glasshouse conditions. The parameters estimated are separated into measurements made
(A) before, and (B) after, the application of a two-level nutrient treatment. Bars are means. Error bars are =1 SE. Significant
effects detected in factorial ANOVA appear above the bars (N, nutrient; P, population; M, morph of maternal plant; B, block;
see Table 6). Effects in parentheses are only marginally significant; NS, not significant. Sample sizes are given in the text.
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TABLE 6. Analysis of the performance of open-pollinated progeny in Decodon verticillatus under uniform glasshouse
conditions. Values are F ratios with probabilities indicated by asterisks (* P < 0.05, ** P < 0.01, *** P < 0.001). The
per-test type I error rate () was adjusted to 0.7% for simultaneous assessment of seven variables (including probability
of flowering; see text). Significant tests are indicated in boldface type. Variables were transformed, as indicated, to satisfy
assumptions of ANOVA. Long dashes (—) indicate model terms that do not apply to a particular analysis. Results from
a nonsignificant ANOVA model obtained for Log,,(height as of July 1989) (F}, 1003 = 1.5, P = 0.134) are not shown.

Means are in Fig. 4.

Arcsine
Average seed (ppn seeds (Height, Log,, (flowering
Source of variation (df) masst germinated)t May 1990)~'% nodes)t Log,, (dry mass)}

Nutrient (1) — — 128.9%:%* 56.7%%* 406.1%*%*
Population (2) 5.8%* 23.9%:%* 4.7%* 0.5 7. TH*E
P XN (2) — — 0.1 0.9 0.5
Morph (2) 3.9% 0.7 0.3 0.4 3.1%
M X N (2) — — 0.2 0.3 0.4

M XP @) 14 3.5% 1.5 1.2 2.7*
M X P X N (4) — — 0.1 0.2 0.7
Block (1) — — 21.9%%:* 1.3 10.6%**
R? 0.07 0.15 0.14 0.11 0.31

T For seed mass and germination, both Population and Morph were fixed effects, thus F tests used MSg,... (df = 335) as

denominator.

} For height, flowering nodes and dry mass, all factors except Block were fixed effects, thus F tests used MSg, (df =
1009 for height as of May 1990, 528 for number of flowering nodes and 1004 for dry mass).

the observed morph frequencies, our results should
have revealed a fitness disadvantage to the M morph
and a corresponding advantage to the L morph. Neither
of these predictions was supported by this study and,
therefore, we suggest that, given the large amount of
time required for morph frequencies to reach equilib-
rium after major perturbations, historical contingency
may provide an explanation for the reduced frequency
of the M morph in certain parts of the northern range
of D. verticillatus.

Reduced fitness of the M morph?

The results of the experimental studies appear to
refute the hypothesis that the M morph is rare because
of an inherent fitness disadvantage. None of the ap-
proaches used provided evidence for selection against
the M morph in any of the populations examined. Sev-
eral other studies of heterostylous species have also
failed to detect fitness differences among the floral
morphs. Components of reproductive success measured
in the field often do not vary among morphs (Weller
1981b, Price and Barrett 1982, Boyd et al. 1990). Sim-
ilarly, in cases where comparisons of parental and prog-
eny morph frequencies have been made, they have
failed to reveal mating asymmetries among morphs in
Pontederia cordata (Barrett et al. 1983), Oxalis alpina
(Weller 1986), and Eichhornia panibulata (Barrett et
al. 1987). Notwithstanding the difficulties in evaluating
fitness differences in long-lived organisms (Boyd et al.
1990) and in extrapolating the results of glasshouse
experiments to natural habitats (Schemske 1983, Du-
dash 1990), the diverse approaches used in this study
provided no compelling evidence that fitness differ-
ences are contributing to the observed deficiency of the
M morph in eastern Ontario.

Increased fitness of the L morph?

Further evidence that observed morph frequencies
are not the product of selection involves the high ob-
served frequencies of the L morph in trimorphic pop-
ulations in the absence of any apparent fitness advan-
tage. Some results, when considered individually, were
suggestive of an advantage to the L morph (e.g., ger-
mination in EO-T3, dry mass in EO-T7). Others, how-
ever, showed the opposite trend (e.g., seed set in both
EO-T3 and EO-T6; dry mass analyzed by morph of
progeny). A similar experimental analysis of offspring
viability in four dimorphic populations containing only
the L and S morphs also failed to provide any evidence
for a fitness advantage to the L morph (Eckert 1993).

Paradoxically, the most striking difference among
morphs detected in this study was the low relative seed
production of the L morph in two populations. Differ-
ences in open-pollinated seed set among morphs are
not generally observed in tristylous species (Dulberger
1970, Barrett 1977, Weller 19815, Price and Barrett
1982, Barrett et al. 1989, but see O’Neil 1992), al-
though they have been reported for several distylous
species (Richards 1986). In most cases, seed set is usu-
ally higher in the L morph than in the S morph. Results
from a pollen limitation experiment suggested that part
of the difference observed in D. verticillatus may be
explained by variation among morphs in pollen receipt.
While our examination of pollen limitation was limited
in scope, such differences among morphs are consistent
with observations of the foraging behavior of flower
visitors. In most heterostylous species, the inaccessi-
bility of stigmas in flowers of the S morph results in
smaller stigmatic pollen loads (Ganders 1979, Glover
and Barrett 1983, Wolfe and Barrett 1989) and often
lower seed set compared to the L morph (Opler et al.
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1975, Ornduff 1976, Lloyd 1979, Wyatt and Hellwig
1979, O’Neil 1992). Preliminary pollinator observa-
tions in EO-T3 and EO-T6, however, suggest the op-
posite pattern for D. verticillatus. Flowers of this spe-
cies are atypical of heterostylous species in being
nontubular and actinomorphic, with the long- and mid-
level organs projecting well beyond the hypanthium.
When insect visitors (usually Bombus spp. and Apis
mellifera) probe a flower to feed on nectar, the L stigma
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Fic. 5. Comparison of early growth and flowering among
morphs of Decodon verticillatus in a factorial experiment un-
der uniform glasshouse conditions. These data are from off-
spring which flowered and were scored for style morph in
the progeny performance experiment (see Fig. 4). Bars are
means of 15-62 (average = 30) plants per combination of
morph, population, and nutrient treatment. Error bars are =+ 1
SE. Significant effects detected in factorial ANOVA appear
above the bars for each parameter (N, nutrient; P, population;
M, morph of progeny; B, block; see Table 7). Height at July
1989 was measured before the application of the nutrient
treatment and, therefore, involves about twice as many in-
dividuals for each mean.
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TABLE 7. Analysis of early growth and flowering of open-
pollinated seedlings in Decodon verticillatus under uniform
glasshouse conditions. The data are from those plants that
flowered in the progeny performance experiment (Fig. 4).
Values are F ratios, with probabilities indicated by asterisks
(* P < 0.05, ** P < 0.01, *** P < 0.001). The per-test
type I error rate (a) was adjusted to 1.3% for simultaneous
assessment of four variables. Significant tests are indicated
in boldface type. Variables were transformed, as indicated,
to satisfy assumptions of ANOVA. Long dashes (—) in-
dicate model terms that do not apply to a particular analysis.
Means are in Fig. 5.

Height, (Height, Log, Log,,

Source of July May (flowering  (dry
variation (df) 19891 1990)~'f nodes)t  mass)T
Nutrient (1) — 49.0%%* 57 2wk 187 2%k
Population (2) 6.3%% 5 4%* 0.4 7.7 EE
P XN (2) — 0.2 0.6 0.0
Morph (2) 3.7% 1.1 0.8 4.8%:*
M X N (2) — 0.6 2.0 2.3
M X P (4) 2.3 0.4 1.2 0.3
M XP XN 4) — 0.1 0.7 1.2
Block (3;1)% 1.1 13.0%*% 1.2 8.4%*
R? 0.15 0.14 0.12 0.32

1 All factors except Block were fixed effects; thus F tests
used MSg,,, (df = 535 for height as of July 1989 and df =
528 for the other variables).

1 Plants were arranged in four blocks before application of
the nutrient treatment (df = 3) and two blocks after appli-
cation of the nutrient treatment (df = 1).

and long-level anthers often fail to contact the insect’s
body (Fig. 7). This is especially pronounced in the L
and S morphs. Whether or not this difference in pol-
lination biology among morphs leads to a reduction of
pollen loads on L stigmas will depend on the number
of visits a flower receives. It appears that levels of
pollinator activity may sometimes be insufficient for
full seed set in the L morph.

Differences in pollen receipt cannot fully account
for low seed set in the L morph, however, since lower
seed number per flower was also observed after ad-
dition of excess legitimate pollen. Moreover, similar
differences in seed set among morphs were observed
after hand pollination in a uniform glasshouse envi-
ronment (Eckert 1993, Eckert and Barrett 1994a). This
suggests that low seed set may be a consequence of
morphological or physiological characteristics of lon-
ger styles rather than strictly ecological factors. Stigma
size decreases with style length in D. verticillatus (Eck-
ert and Barrett 1994a) and it is possible that the size
of the stigmatic surface or diameter of the style may
restrict the number of pollen tubes reaching the ovary
in the L morph. Detailed studies of pollen tube growth
and zygote maturation are needed to evaluate the mech-
anisms responsible for the low seed fertility of the L
morph.

Local selection on morph frequencies?

Thus far we have considered a deterministic hy-
pothesis in which fitness differences among morphs are
constant in all populations and thus produce biases in
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average morph frequencies. However, it is possible that
if morph-specific selection occurs in D. verticillatus, it
would be highly localized and, hence, variable among
populations. In this regard, our results revealed several
instances in which a particular component of fitness
varied among morphs in one population but not in oth-
ers. For example, seeds from the L morph germinated
at a higher rate than those from the M or S morphs in
EO-T3, but not in EO-T6 or EO-T7. Variation in
morph-specific fitness among populations may occur if
local disequilibria between the genes controlling style
morph and the genes determining fitness were gener-
ated by founder effect and genetic drift (Eckert and
Barrett 1992). Also, variation in morph-specific selfing
rates may affect variation in progeny viability if in-
breeding depression is strong (Eckert and Barrett
19945, ¢).

Taken together, however, the results of this study
provide no clear evidence that local selection can ex-
plain the biases in morph frequencies of individual pop-
ulations. Most of the differences among morphs were
not reflected in either population morph frequencies or
progeny morph frequencies. Experimental comparisons

A. d=0.95,0.71,0.47, 0.24,
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of offspring viability in four dimorphic populations
further support this conclusion (Eckert 1993).

Although the series of experimental and field studies
presented here detected significant differences among
morphs in some components of fitness, there is little
evidence that these differences have shaped morph fre-
quencies at the population level or can explain the
marked regional deficiencies of the M morph in Ontario
and New England.

The effect of historical contingency

In the absence of major fitness differences among
morphs, what is responsible for the marked deficiency
of the M morph observed in populations of D. verti-
cillatus from New England and Ontario? It is possible
that the deficiency of the M morph reflects an historical
accident during post-glacial migration from which
northeastern populations of this long-lived, highly
clonal species have yet to recover. First, results of com-
puter calculations indicated that the return of morph
frequencies to equilibrium may be slowed by peren-
niality, limited sexual recruitment, and clonal repro-
duction. These factors have been shown to greatly re-

B. 5§=0.00,0.25, 0.50, 0.75, 0.90
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FiG. 6. The effect of life history and mating parameters on the return of morph frequencies to equilibrium in tristylous
populations. The top of each panel represents even morph frequencies. The two other morphs (not shown) are always equally
common. In three of the four panels, a single parameter has been varied: (A) the rate of disassortative mating (d); (B) the
rate of self-fertilization (s); and (C) the rate of year-to-year survival (I). Varying the rate of clonal recruitment (C) has the
same effect as varying /. In the fourth panel (D), mating parameters (d and s) are held constant while I and C are varied
jointly. Note that the abscissa on this panel is scaled by two orders of magnitude compared to the other three panels. Parameter
values as listed correspond to the curves in each panel from left to right.
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Fic. 7. Differences among floral organs in frequency of
physical contact with flower visitors in tristylous Decodon
verticillatus. Data are shown for the two principle flower vis-
itors: bumble bees (Bombus spp.) and honey bees (Apis mel-
lifera). Solid bars are contacts with stigmas (for L, M, and
S styles); open bars, contacts with anthers (for I, m, and s
anther levels). Numbers of observations (n) are given below
the bars for each morph.

tard the approach of gynodioecious populations toward
equilibrium sex ratios (Stevens and Van Damme 1988).
In D. verticillatus, the combination of reproductive and
life history parameters and weak disassortative mating
(Eckert 1993, Eckert and Barrett 1993b, 1994b) may
preserve historically skewed morph ratios for very long
periods of time. Second, an historical perturbation of
morph ratios may be particularly likely to have oc-
curred in D. verticillatus. Judging by the distribution
of fossils, Decodon was distributed widely throughout
Europe, Northern Asia, and North America during most
of the Tertiary period (Graham and Graham 1971, Do-
rofeev 1977, Tiffney 1981). Since then, its range has
been severely reduced. After the Wisconsin glaciation,
D. verticillatus returned only to eastern central North
America. The oldest fossil seeds deposited after gla-
ciation at seven locations in southern Ontario date from
between 2800 and 8000 yr BP (average = 5000 yr BP;
McAndrews 1984; J. H. McAndrews, unpublished
data).

Post-glacial migration has had a large effect on the
population structure of many long-lived plant species
(Ritchie 1984, Cwynar and MacDonald 1987), and has
been suggested as an important factor shaping contem-
porary patterns of genetic variation in several herba-
ceous taxa from eastern North America (e.g., Loveless
and Hamrick 1988), especially clonal aquatic species
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(e.g., Les 1986, 1991, Philbrick and Crow 1995). Ran-
dom historical events also appear to have contributed
to the marked heterogeneity in morph frequencies ob-
served in the highly clonal waterweed Eichhornia cras-
sipes (Barrett and Forno 1982) and in sex ratios of
several dioecious clonal aquatic plants (Sculthorpe
1967, Hutchinson 1975, Barrett et al. 1993). A com-
parison of morph-frequency variation between northern
and southern populations of D. verticillatus revealed a
reduction in morph diversity in northern populations
consistent with the effects of historical factors (Eckert
and Barrett 1992). If by chance the M morph were
underrepresented among individuals recolonizing de-
glaciated habitats, then the M deficiency could have
become more pronounced through ‘‘stepping-stone”
colonization (Kimura and Weiss 1964), leading to low
frequencies and loss of the M morph from northern
populations in Ontario and New England.

The hypothesis that the deficiency of the M morph
is due to post-glacial sampling error may be difficult
to test directly. Support for the hypothesis would be
provided if further population surveys were to show a
latitudinal cline in the frequency of the M morph along
the eastern coastal plain. If, however, the glacial history
of the coastal plain were heterogeneous (Pielou 1991)
this pattern might not occur. Additional support might
be furnished by comparing morph-frequency variation
in the eastern and western parts of the species’ range.
The distribution of fossil pollen for several aquatic an-
giosperms suggests that the post-glacial return of
aquatic plants to eastern and central North America
after the Wisconsin glaciation appears to have occurred
via two distinct routes separated by the Appalachian
mountains (Vesper and Stuckey 1976). Consequently,
regional variation in the genetic structure of aquatic
plants, such as D. verticillatus, in eastern North Amer-
ica may have arisen from the occurrence of two sep-
arate founder events. In this regard, it is worth noting
that a sample of 30 populations of D. verticillatus in
Michigan does not show a similar deficiency of the M
morph (Eckert and Barrett 1992), perhaps because
these populations were derived from a separate se-
quence of post-glacial colonization not involving a low
frequency of the M morph. Comparisons of large-scale
patterns of morph-frequency variation, as well as ge-
netic differentiation in morphological features or mo-
lecular markers, may help to substantiate this historical
scenario. Interpretations of microevolutionary patterns
in clonal plants occurring in glaciated regions must
recognize both ecological and evolutionary time scales
in evaluating the relative importance of selective and
stochastic processes.
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