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STOCHASTIC LOSS OF STYLE MORPHS FROM POPULATIONS OF
TRISTYLOUS LYTHRUM SALICARIA AND
DECODON VERTICILLATUS (LYTHRACEAE)

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

Abstract. —Despite the theoretical importance of stochastic processes in evolution there have been
few empirical studies of the interaction between genetic drift and selection on the maintenance of
polymorphisms in plant populations. We used computer models to investigate the interaction
between drift and frequency-dependent selection in affecting style morph frequencies in populations
of tristylous species. Drift produces a distinct pattern of morph frequency variation involving: 1)
the loss of the S morph and, to a lesser extent, the M morph; 2) no consistent bias in frequencies
within populations; 3) a restricted pattern of variation involving a deficiency of one morph and
equal excesses of the other two. Morph frequencies were surveyed in 137 populations of Lythrum
salicaria from both its native range in Europe (N = 35) and recent adventive range in Ontario (¥
= 102), and 133 populations of Decodon verticillatus from four regions in eastern North America
with different glacial histories to assess these theoretical predictions. There was a negative rela-
tionship between morph loss and population size in both species; the relationship was weaker in
D. verticillatus than in L. salicaria. Morph loss was more frequent in the adventive than native
range of L. salicaria, and in populations of D. verticillatus from glaciated northern regions compared
with the unglaciated southern portion of its range. Simulations incorporating variation in life
history, regeneration strategy and mating patterns revealed that the degree of morph loss was
strongly influenced by year to year survival, clonal propagation, self-fertilization and departures
from disassortative mating. Comparing the pattern of morph frequency variation between species
supported these predictions. Morph loss was lower in self-incompatible L. salicaria (0% in Europe;
23% in Ontario), which reproduces through seed compared to self-compatible, clonal D. verticillatus
(52%). A stochastic model provides the most parsimonious explanation for observed patterns of
morph frequency variation in both species.
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Stochastic processes such as founder
events, population bottlenecks, and genetic
drift are thought to play an important role
in evolution by influencing the amount and
distribution of genetic variation within and
among populations (Wright, 1931, 1969;
Crow and Kimura, 1970; Carson and Tem-
pleton, 1984; Goodnight, 1987; Barton,
1989). Despite a growing recognition of the
evolutionary significance of random pro-
cesses (Wright, 1982), there are few empir-
ical studies demonstrating the influence of
drift on genetic variation maintained by se-
lection in natural populations (Oxford and
Shaw, 1986). This is, in part, because of the
difficulty in arriving at specific predictions
as to the patterns of genetic variation ex-
pected from the interaction between drift
and selection. For example, although sim-
ply inherited polymorphisms provide useful
experimental systems for the study of mi-
croevolution, patterns observed in natural
populations often fail to reveal the relative
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effects of drift and selection, primarily be-
cause the mode and scale of selection on
these polymorphisms is often unknown
(Jones et al., 1977; Endler, 1986; Crawford
and Jones, 1988; Ennos, 1990; Wade and
Kalisz, 1990).

Investigations of tristylous breeding sys-
tems avoid some of the difficulties inherent
in ecological genetic studies of other poly-
morphisms. In tristylous populations, fre-
quency-dependent selection occurs during
the reproductive cycle as a consequence of
disassortative mating (Barrett et al., 1987).
Theoretical models indicate that this mat-
ing system leads to a single equilibrium with
equal frequencies of the three floral morphs,
provided that no other fitness differences
occur among the morphs (Heuch, 19794,
1979b). Moreover, stochastic models have
shown that genetic drift in small popula-
tions can give rise to a characteristic pattern
of morph frequency variation because of the
common mode of inheritance found among
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TABLE 1.
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Comparison of life-history, genetic, and reproductive attributes in the herbaceous wetland perennials

Lythrum salicaria and Decodon verticillatus (Lythraceae).

Attribute Lythrum salicaria

Decodon verticillatus

Breeding system tristylous tristylous
Incompatibility self- and intramorph-incompati- self- and intramorph-compatible
ble
Ploidy level tetraploid! diploid
Primary regeneration seed clonal
strategy

North American status

introduced to northeastern North

native to eastern North America

America native to Eurasia

Typical habitat
wet meadows

disturbed wetlands, ditches and

undisturbed wetlands and lake mar-
gins

! Diploid chromosome counts have been recorded in parts of the native range.

tristylous species (Heuch, 1980; Heuch and
Lie, 1985; Morgan and Barrett, 1988; Bar-
rett et al., 1989). Frequency-dependent se-
lection and genetic drift, therefore, com-
prise the dominant forces shaping patterns
of morph frequency variation in natural
populations of tristylous plants. This simple
model provides a general expectation against
which observed patterns of morph frequen-
cy variation can be interpreted.

Surveys of morph frequencies in natural
populations of tristylous species frequently
show significant deviations from equal
morph frequencies (e.g., Ornduff, 1974;
Barrett, 1977; Weller, 1979; Barrett et al.,
1983, 1989). This variation has been inter-
preted in terms of the ecological character-
istics of species, especially their life-history
and reproductive attributes. In particular,
the occurrence of extensive clonal propa-
gation in several tristylous species has led
to the suggestion that skewed morph fre-
quencies can be accounted for by founder
events and limited sexual reproduction
(Ornduff, 1972; Barrett and Forno, 1982).
However, the extent to which ecological fea-
tures of tristylous species influence the in-
terplay of selection and drift has not been
examined in detail. Here we develop a the-
oretical model that incorporates ecological
factors in an attempt to explain the patterns
of morph frequency variation observed in
two tristylous species with contrasting life-
history traits.

Lythrum salicaria and Decodon verticil-
latus (Lythraceae) are herbaceous perenni-
als that inhabit a variety of wetland habitats
in eastern North America. Lythrum sali-
caria is native to Eurasia but has recently

colonized disturbed wetland habitats in
northeastern North America (Stuckey, 1980;
Thompson et al., 1987) whereas D. verti-
cillatus is native to undisturbed wetlands
and lake margins in eastern North America
(Graham, 1964). While the two species share
some aspects of their ecology and mor-
phology, there are several significant differ-
ences between them that could potentially
influence the patterns of morph frequency
variation (Table 1). Regeneration strategies
of the two species are markedly different; L.
salicaria reproduces exclusively through
seed, whereas D. verticillatus reproduces
clonally by adventitious rooting of stems.
Compared to L. salicaria, the recruitment
of sexual offspring in D. verticillatus is lim-
ited, although seed is produced in most pop-
ulations.

In addition to these contrasts in life-his-
tory, several aspects of the floral biology of
L. salicaria and D. verticillatus also differ.
Lythrum salicaria possesses a self- and in-
tramorph-incompatibility system found in
most tristylous species (Darwin, 1877; Stout,
1923). Crosses between individuals of the
same style morph and self-pollinations usu-
ally fail to set seed. In contrast, controlled
self- and intramorph-pollinations in D. ver-
ticillatus are highly fertile (Blaisdell, 1974;
C. G. Eckert and S. C. H. Barrett, unpubl.
data) allowing departures from disassorta-
tive mating through both self- and intra-
morph-fertilizations. Finally, North Amer-
ican populations of L. salicaria appear to
be uniformly tetraploid whereas those of D.
verticillatus are diploid (Mulligan, 1957;
Larsen, 1965; Tobe et al., 1986).

Here we report the results of extensive
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geographical surveys of style morph fre-
quencies in natural populations of L. sali-
caria and D. verticillatus. We focus partic-
ular attention on geographical patterns of
variation in morph frequencies to assess the
importance of stochastic processes during
migration and colonization. Data from these
surveys are also tested against predictions
from theoretical models that examine the
effects of life-history, regeneration strategy,
mating system, and ploidal level on the pat-
tern of morph frequency variation.

MATERIALS AND METHODS
Computer models

We modeled the dynamics of finite tristy-
lous populations using Monte Carlo com-
puter simulations. Each population was rep-
resented by a vector of N integers
representing N individuals. At the start of
each simulation, populations were founded
by assigning each vector element 1 of 10
possible style morph genotypes (see below)
with probabilities equal to their theoretical
equilibrium frequency (Table 1 of Heuch
and Lie, 1985). In going from year to year,
N was held constant and each new popu-
lation was made up of a proportion, I, sur-
viving from the previous year and N(1 —
I) offspring, each of which was either clonal
or sexual with probabilities C and M, re-
spectively (C + M =1 and, I +(1 — I)(C
+ M) = 1). For each offspring, a maternal
parent was randomly chosen from the pre-
vious year’s population. For clonal off-
spring, parents were sampled with replace-
ment so that each could potentially produce
more than one clonal offspring. For sexually
produced offspring, maternal parents were
also sampled with replacement. The type of
mating was then determined as either self-

“fertilization or outcrossing with probabili-
ties s and (1 — ), respectively. Outcrosses
were further designated as either disassor-
tative or random with respect to morph,
with probabilities d and (1 — ). Disassor-
tative mating was achieved by randomly
choosing a male parent from among all in-
dividuals in a population of a style morph
different from that of the maternal parent.
In populations that had lost two morphs
during a simulation, all outcrossed offspring
were produced by random mating because
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disassortative mating was impossible. After
parents were chosen, genotypes of offspring
were determined by the combination of pa-
rental gametes produced through simple
mendelian segregation at the style morph
loci.

With this basic model both the indepen-
dent and joint effects of survivorship (1),
clonal propagation (C), self-fertilization (s)
and disassortative mating (d) could be ex-
amined. Each simulation applied one set of
the above parameters to 100 populations for
100 years (following Heuch, 1980). Run-
ning simulations for longer periods did not
alter the relative effects of the parameters
examined. At the end of each simulation,
populations were classified as either tri-
morphic, dimorphic, or monomorphic de-
pending on whether they contained three,
two, or one morph. In most simulations the
response variable of interest was the pro-
portion of 100 replicate populations re-
maining trimorphic at the end of a simu-
lation (7). Ninety-five percent confidence
intervals for this binomial variable were cal-
culated using Table 23 in Rohlf and Sokal
(1981). Confidence intervals for a range of
T values are provided in Table 2 and are
applicable for all simulation results involv-
ing this variable. Computer models were
coded in THINK® pascal (version 2.0) and
run on a Macintosh SE microcomputer.

The inheritance of tristyly commonly in-
volves two diallelic loci, S and M, with S
epistatic to M (Lewis and Jones, 1992). This
genetic control results in 10 possible geno-
types; with the long-styled morph (L) ssmm,
the mid-styled morph (M) ssMm or ssMM,
and the short-styled morph (S) Ssmm, SM/
sm, Sm/sM, SsMM, SSmm, SSMm, or
SSMM. Lythrum salicaria exhibits tetra-
somic inheritance at both style morph loci,
with no linkage or dosage effects (Fisher and
Mather, 1943; Fisher and Martin, 1947).
Double reduction has been estimated at 10%
for the S locus (Fyfe, 1953) and 2.5% for
the M locus (Fisher, 1949). One version of
our computer model simulated tetrasomic
inheritance with 5% double reduction at
both loci, and no linkage between them.
Preliminary genetic studies in Decodon ver-
ticillatus indicate disomic inheritance with
the S factor dominant to the M, and the M
dominant to the L. However, it is not yet
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TABLE 2. Average morph frequencies in simulated tristylous populations. Each row of data is from 100 pop-
ulations run for 100 years with d = 0.95, s = 0.01, and I = C = 0.00. T is the proportion of populations including
all three morphs. Ninety-five percent confidence intervals (CI) for T were calculated following Rohlf and Sokal

(1981). Morph frequencies are averaged over all 100
morph is denoted by L, M, and S for long-, mid-, and

populations and for trimorphic populations only. Style
short-styled morph, respectively.

Average morph frequencies

All populations

Popl;lation

Trimorphic only

size T 95% CI for T L M S L M S

15 0.03 0.01-0.08 0.48 0.32 0.20 0.40 0.29 0.31
20 0.32 0.23-0.42 0.43 0.34 0.23 0.33 0.35 0.32
25 0.62 0.52-0.72 0.37 0.34 0.29 0.32 0.33 0.35
30 0.74 0.64-0.82 0.36 0.35 0.29 0.32 0.34 0.35
35 0.85 0.77-0.91 0.34 0.34 0.33 0.31 0.33 0.35
40 0.91 0.84-0.96 0.34 0.32 0.34 0.33 0.31 0.36
50 0.98 0.93-1.00 0.35 0.32 0.33 0.34 0.33 0.33
70 1.00 0.97-1.00 0.34 0.33 0.33 Same as all populations

90 1.00 0.97-1.00 0.34 0.34 0.32 Same as all populations

clear whether style morphs are controlled
by one triallelic locus or by two diallelic loci;
and if by two, the degree of linkage between
them (C. G. Eckert and S. C. H. Barrett,
unpubl. data). For the diploid case, varia-
tions of the computer model were used to
simulate both one- and two-locus patterns
of inheritance, and examine the effect of
linkage. Neither the number of loci or de-
gree of linkage had any significant effect on
morph frequency variation. Accordingly,
simulation results are only reported for the
two-locus model with no linkage.

Population surveys

We estimated style morph frequencies for
a total of 102 populations of L. salicaria
from Ontario, and 133 populations of D.
verticillatus from four different regions of
eastern North America. In L. salicaria, we
sampled 51 populations from each of two
separate geographical areas corresponding
to the historically older portion of the ad-
ventive range in eastern Ontario (Stuckey,
1980) and more recently colonized areas in
south-central Ontario. Data from these ar-
eas were compared to a sample of 35 pop-
ulations from the native European range re-
ported in Haldane (1936), Schoch-Bodmer
(1938) and Halkka and Halkka (1974). This
sampling strategy allowed us to examine the
effects of colonization history on morph fre-
quency variation at both regional and con-
tinental scales.

Populations of D. verticillatus were sam-
pled from four regions in eastern North

America: 21 from Ontario; 30 from the low-
er peninsula of Michigan; 50 from New En-
gland; and 32 from the southeastern United
States. These four regions were chosen to
include areas with contrasting glacial his-
tories. All three northern regions were gla-
ciated during the Quaternary period, thus
D. verticillatus is likely to have had a shorter
history in these areas compared to the un-
glaciated southeastern region. The effects of
stochastic processes are likely to be more
pronounced in more recently established
populations. Over time, morphs lost from
populations during colonization may be re-
patriated through immigration, and morph
frequencies perturbed by stochastic events
will return towards equilibrum levels. Ac-
cordingly, we predicted that the more recent
migration of D. verticillatus to these north-
erly areas may be associated with greater
morph frequency variation.

Style morph of flowering plants was easily
determined by inspection in both species.
Plants were sampled at regular intervals
chosen to maximize the number of ramets
sampled while minimizing the possibility of
sampling the same ramet more than once.
Here we define a ramet as a group of branch-
es originating from a common rootstock. In
populations of L. salicaria, ramets varied
in size from single stems to clumps of up to
50 stems approximately one meter in di-
ameter, thus style morph was scored at one
meter intervals (following Haldane, 1936,
and Halkka and Halkka, 1974). In D. ver-
ticillatus, ramets exhibited a greater range
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The effect of genetic drift on morph fre-
quency variation in simulated tristylous populations,
with strong (d = 0.95), weak (d = 0.10), very weak (d
=0.05), and no (d = 0.00) disassortative mating among
style morphs. Population size (N) is given above each
figure. Otherwise, parameters were constant; s = 0.01,
and I = C = 0.00. Each point represents the morph
frequencies of one population after 100 years. The dis-
tance of a point from an axis is proportional to the
relative frequencies of morphs (L, M, and S) in the
population. Trimorphic, dimorphic, and monomor-
phic populations are represented by triangles, squares
and circles, respectively.

of size; from those consisting of a single
branch to those composed of many branch-
es spreading up to three meters in diameter.
Accordingly, style morph was scored at three
meter intervals. For both species the min-
imum distance between populations sam-
pled was about 1 km, though most were
separated by much larger distances.
Populations of both species varied greatly
in size from three to tens of thousands of
ramets. Population size was estimated by
inspection as the number of ramets, both
flowering and nonflowering. For graphical
and categorical analyses, populations were
grouped into six size classes: 3-50, 51-100,
101-200, 201-500, 501-1,000, and greater
than 1,000. Pooling or dividing these classes
had no significant effect on the results. The
relationship between population size and
morph loss was examined using two ap-
proaches. First, heterogeneity in the pro-
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portion of populations lacking at least one
morph among the six size classes was as-
sessed using 2 X 6 contingency tables. Sec-
ond, estimated population size was entered
as explanatory variable in predicting pop-
ulation status (trimorphic or nontrimor-
phic) in a logistic regression model. Model
parameters were estimated using the max-
imum likelihood routine of PROC CAT-
MOD in SAS/STAT® (SAS Institute Inc.,
1988).

RESULTS
Computer Models

General Results. —Basic results obtained
using our models were comparable to those
reported by Heuch (1980) and Barrett et al.
(1989), and confirm three basic features of
finite tristylous populations. First, morphs
were lost rapidly through drift in small pop-
ulations. The proportion of populations that
still included all three morphs (7)) decreased
linearly with time. Second, the S morph,
and to a lesser extent, the M morph were
most vulnerable to loss by drift. The L
morph was rarely lost (Fig. 1). The propor-
tion of dimorphic populations that lost the
S morph (LM) compared to the M morph
(LS) varied among runs, but did not covary
with any life-history or mating parameter
examined, or with the overall strength of
drift (i.e., 1 — 7). In general, the LM:LS
ratio commonly varied between 80:20 and
60:40 but it was not unusual to find more
extreme ratios. Finally, there was only a
narrow range of population sizes in which
morphs were lost. The proportion of pop-
ulations remaining trimorphic (7) increased
quickly with N so that populations of size
50 or more were essentially resistant to los-
ing morphs over the time scale considered
(Table 2).

Although stochastic processes have a pre-
dictable effect on the distribution of morphs
among populations, average frequencies in
populations that remained trimorphic at the
end of a run revealed no consistent bias
within populations (Table 2). Frequencies
averaged among all populations in a given
run were skewed towards an excess of the
L morph and a deficiency of the S morph.
However, this is simply because the S morph
is most often lost and the L morph is least
often lost from populations.
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Fig. 2. The effects of year to year survival (A),
clonal propagation (B), self-fertilization (C), and disas-
sortative mating (D) on stochastic morph loss. The
ordinate is the proportion of 100 populations remain-
ing trimorphic after 100 years. When not being varied,
the rates of survival (J), clonal propagation (C), and
self-fertilization (s) were set at 0.00, disassortative mat-
ing (d) at 0.95, and population size (N) at 30.

Genetic drift leads to a characteristic pat-
tern of variation in morph frequencies
among populations. This pattern can be ob-
served in Figure 1 as a marked deficiency
of populations within vertices of the triangle
plots. Rather than varying over the full range
of possible morph frequencies, populations
tended to develop a deficiency of one morph
and even frequencies of the other two. Bi-
ases involving an excess of one morph and
even deficiencies of the other two, or an
excess of one morph and a deficiency of one
other morph were rarely seen. This result
was obtained over a wide range of popula-
tion sizes and levels of disassortative mat-
ing. Only when the rate of disassortative
mating was very low (<1%) did populations
exhibit the full range of morph frequencies
(Fig. 1D).

Life History.—The survival of individu-
als from year to year is likely to preserve
population structure directly, however, our
simulations indicated that its interaction
with drift is not straightforward. All but very
high levels of I (0.05-0.80; Fig. 2A) were
associated with a decrease in 7". Only high
levels of survivorship (7 > 0.85) increased
T beyond that in annual populations (I =
0). A similar effect was obtained by Heuch
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TaBLE 3. The joint effects of year to year survival and
clonal propagation on stochastic morph loss in tristy-
lous populations. Values are the proportion of 100 pop-
ulations remaining trimorphic after 100 years with N
=70, s =0.01, and d = 0.95.

Rate of

Rate of year to year survival
clonal

propagation 0.00 0.05 0.50 0.95
0.00 1.00 0.97 0.91 1.00
0.05 0.97 0.93 0.91 1.00
0.50 0.76 0.73 0.65 0.98
0.95 0.16 0.23 0.25 0.88

(1980) from his simulation of fully incom-
patible populations (s = 0, d = 1.0). Runs
in which mating was random with respect
to style morph (d = 0) showed that I must
be greater than 0.60 before trimorphism is
preserved to any significant extent by peren-
niality per se (Fig. 2A).

Clonal propagation. —Although clonal
propagation is similar to survivorship be-
cause genotypes are preserved from one
generation to the next, a high rate of clonal
propagation did not maintain trimorphism
in our simulations. On the contrary, T de-
clined in a linear fashion with increasing C
(Fig. 2B).

Joint Effects of Survivorship and Clonal
Propagation. —Clonal propagation is usu-
ally associated with perenniality in plants.
Results presented above indicate that both
influence the probability of morph loss from
populations. However, varying these pa-
rameters jointly revealed that their effects
were not additive. Increasing C in annual
populations (I = 0) resulted in a greater de-
crease in 7 than in populations with some
degree of perenniality (Table 3). In popu-
lations with high rates of survivorship, clon-
al propagation had little effect on morph
loss.

Mating System.—Both the rate of self-
fertilization and departures from disassor-
tative mating had strong effects on the prob-
ability of morph loss from simulated
populations. Increasing the rate of self-fer-
tilization led to a linear decrease in T (Fig.
2C). Varying the rate of disassortative mat-
ing had the opposite effect, however, the
increase in T with d was one of diminishing
returns for all but the smallest population
size investigated. Rates of disassortative
mating above 0.70 resulted in uniformly
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FiG. 3. The relationships between population size
and region, and population size and morph loss in
Lythrum salicaria and Decodon verticillatus. Height of
the bars shows the distribution of population size with-
in each region. The shaded portion of each bar rep-
resents the proportion of nontrimorphic populations
within each size class. In D. verticillatus, northern pop-
ulations include those sampled in Ontario (N = 21),
Michigan (N = 30), and New England (N = 50).

high levels of T for populations of more
than about 50 individuals (Fig. 2D).

Ploidy Level. —Wright (1969) showed that
polysomic inheritance should reduce the
strength of genetic drift by increasing effec-
tive population size. Our simulation results
indicated, however, that autotetraploidy did
not lead to a substantially decreased prob-
ability of losing morphs through drift. We
compared results of diploid and autotetra-
ploid models over much of the parameter
space explored above and found no consis-
tent difference between ploidal levels. Fur-
thermore, comparison of Heuch’s (1980)
autotetraploid simulations with diploid
simulations from Barrett et al. (1989) also
revealed no major difference in the rate of
stochastic morph loss between ploidal lev-
els.

Empirical Results

Results of our simulation studies lead to
several predictions with respect to the pat-
terns of morph frequency variation result-
ing from stochastic processes operating in
natural populations of tristylous Lythrum
salicaria and Decodon verticillatus. 1) The
frequency of morph loss should decrease
with increasing population size. There are
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two straightforward extensions of this re-
sult. First, colonization may be associated
with morph loss through founder events.
Second, because trimorphism can be re-
stored in populations over time through im-
migration of lost morphs, the frequency of
morph loss is likely to be higher in more
recently colonized areas. 2) Differences in
life history between L. salicaria and D. ver-
ticillatus should be reflected in contrasting
patterns of morph frequency variation. In
particular, morph loss may be more fre-
quent in clonal, self-compatible D. verticil-
latus than sexual, self-incompatible L. sali-
caria. 3) Morph loss should most frequently
involve the S morph and to a lesser extent
the M morph. 4) Frequencies within tri-
morphic populations should not be consis-
tently biased towards any particular morph.
5) The distribution of morph frequencies
among populations should be constrained
such that particular patterns of variation oc-
cur infrequently (Fig. 1). Departures from
these predictions indicate that other evo-
lutionary forces associated with morph-spe-
cific fitness differences might also be influ-
encing morph frequency variation in
populations of L. salicaria and D. verticil-
latus.

1. Population Size and Morph Loss.—In
both L. salicaria and D. verticillatus, small
populations were less likely to be trimorphic
than large populations (Fig. 3). The pro-
portion of populations lacking a morph gen-
erally differed among the six size classes (L.
salicaria x* = 20.57, df = 5, P = 0.001; D.
verticillatus x* = 17.67, df = 5, P = 0.003).
However, there was some difference be-
tween species in this pattern. The increase
in the proportion of trimorphic populations
with population size was much shallower
for D. verticillatus than L. salicaria with the
former exhibiting a higher proportion of
non-trimorphic populations in all size class-
es. Moreover in L. salicaria, populations of
more than 500 ramets were uniformly tri-
morphic and most nontrimorphic popula-
tions fell in the 3-50 size class. In D. ver-
ticillatus, on the other hand, nontrimorphic
populations were found throughout the
range of population sizes, and were quite
common in the 51-100 as well as the 3-50
size class. Logistic regression of population
status (trimorphic or nontrimorphic) on es-
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timated population size supported this cat-
egorical analysis. Simple logistic regression
detected a significant effect of population
size for populations of L. salicaria (x> =
5.44, df = 1, P = 0.02) but not for D. ver-
ticillatus (x* = 2.46, df = 1, P = 0.12).

Geographical patterns of morph loss sug-
gest an increased rate of stochastic morph
loss during colonization and migration in
both species. In L. salicaria, 23 of 102 pop-
ulations sampled in the adventive range
lacked at least one morph (Fig. 4). In con-
trast, none of the 35 populations sampled
from the native range in Europe lacked a
morph. The frequency of morph loss also
differed between the sample of presumably
older populations in eastern Ontario (14%)
and more recently established populations
central Ontario (31%) (2 x 2 x2 corrected
for continuity = 3.59, df = 1, P = 0.06).
Morph loss appears to have occurred re-
peatedly since dimorphic and monomor-
phic populations are geographically dis-
persed in both areas of Ontario.

Data from population surveys of D. ver-
ticillatus suggest an increased frequency of
stochastic morph loss in northern regions
compared to the southeastern United States
(Figs. 5 and 6). Of 32 southeastern popu-
lations, 72% included all three morphs com-
pared to only 40% of 101 northern popu-
lations (x? = 8.31,df = 1, P = 0.004, Table
4). Moreover, within each northern region
surveyed, the same pattern was evident;
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A. Europe B.

FiGg. 4. Style morph frequencies in populations of
Lythrum salicaria from Europe (N = 35); and Ontario
(N = 102). See Figure 1 for details. Numbers beside
vertices indicate the number of monomorphic popu-
lations overlapping on a given vertex.

northerly populations were more likely to
be monomorphic or dimorphic than pop-
ulations further south (Fig. 5). As in L. sali-
caria, the spatial distribution of trimorphic
and nontrimorphic populations suggests that
morph loss has occurred repeatedly in each
region (Fig. 5). The geographical patterns of
morph loss observed might be explained
simply by regional differences in population
size. Regions with larger average population
sizes would be expected to show lower fre-
quencies of morph loss. However, the dis-
tribution of estimated population sizes (Fig.
3) did not differ significantly between regions
for either L. salicaria (2 X 6 contingency
table: G = 6.94, df = 5, P = 0.24) or D.
verticillatus (G = 10.04, df = 5, P = 0.07).
Hence the patterns observed are more likely
to reflect historical processes associated with

TaBLE 4. Morph structure in populations of Lythrum salicaria in Ontario, and Decodon verticillatus from four
regions in eastern North America. Tri, Di, and Mono are the proportion of populations in the total sample
which are trimorphic, dimorphic, and monomorphic, respectively. Morph structure in dimorphic and mono-
morphic populations is denoted by letters representing the morphs present, with L, M, and S for the long-, mid-,

and short-styled morph, respectively.

Proportion of Proponi‘0£1 of Proportion of Number
total sample dimorphic populations monomorphic populations 0]‘;%‘;1:1151-
Sample Tri Di Mono M LS MS L M S sampled
Lythrum salicaria
Eastern Ont. 0.86 0.12 0.02 0.67 0.17 0.17 1.00 0.00 0.00 51
Central Ont. 0.69 0.27 0.04 0.79 0.21 0.00 1.00 0.00 0.00 51
Total 0.77 0.20 0.03 0.75 0.20 0.05 1.00 0.00 0.00 102
Decodon verticillatus
Ontario 0.43 0.24 0.33 0.40 0.60 0.00 0.42 0.29 0.29 21
Michigan 0.50 0.10 0.40 0.33 0.33 0.33 0.33 0.25 0.42 30
New England 0.34 0.22 0.44 0.27 0.55 0.18 0.50 0.04 0.46 50
Southeast USA 0.72 0.25 0.03 0.50 0.25 0.25 0.00 1.00 0.00 32
Total 0.48 0.20 0.32 0.37 0.44 0.19 0.43 0.17 0.40 133
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A. Michigan
100 km

Lake
Michigan

Lake Huron

Indiana

Ohio

C. New England
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B. Ontario

migration and colonization rather than the
effect of contemporary population size.

2. Life-History Traits and Morph Loss. —
Comparing L. salicaria and D. verticillatus

D. Southeast USA
P

= ]

e

North Carolina

Atlantic
Ocean

100 km

Location and morph structure of 133 pop-

Fig. 5.
ulations of Decodon verticillatus from the Michigan
lower peninsula (N = 30), Ontario (N = 21), New En-
gland (N = 50), and the southeastern United States (V
= 32). Trimorphic, dimorphic, and monomorphic
populations are plotted as solid triangles, solid squares,
and open squares, respectively.

lends support to theoretical predictions con-
cerning the effects of various life-history
traits on morph loss. Fifty-two percent of
the 133 populations of D. verticillatus sam-
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pled lacked at least one morph (Table 4). In
contrast, none of 35 populations of L. sali-
caria sampled in its native range lacked a
morph.

3. Which Morph is Lost?—Stochastic pro-
cesses should lead to the loss of the S morph
most frequently and the L morph least fre-
quently. Data from both Ontario samples
of L. salicaria closely fit this pattern (Table
4). Seventy-five percent of the 20 dimorphic
populations surveyed lacked the S morph,
20% the M morph, and only 5% the L
morph. All three monomorphic popula-
tions contained only the L morph. In D.
verticillatus, the frequencies with which each
of the morphs were lost did not closely match
those expected from stochastic processes in-
teracting with frequency-dependent selec-
tion alone (Table 4). Overall, 37% of the 33
dimorphic populations surveyed lacked the
S morph, 44% the M morph, and 19% the
L morph. Of the 45 monomorphic popu-
lations, 43% were monomorphic for the L
morph, 17% for the M morph, and 40% for
the S morph. Furthermore, the pattern of
morph loss varied among the four regions
surveyed (Table 4).

4. Morph Frequencies within Popula-
tions.—While there are differences in the
probability that each of the style morphs
will be lost from populations, our simula-
tions indicated that this should not be re-
flected by consistent biases in morph fre-
quency within trimorphic populations.
However, averaging morph frequencies of
trimorphic populations in both species re-
vealed some biases. In L. salicaria, data from
both Ontario samples showed an excess of
the L morph and a deficiency of the M morph
(Table 5). European samples also showed
an excess of the L morph but this is asso-
ciated with a deficiency of the S morph rath-
er than the M morph (Table 5). In D. ver-
ticillatus, average frequencies among
trimorphic populations indicated a slight
excess of the S morph and deficiencies of
the L and M morphs. However, there was
much heterogeneity in the degree and di-
rection of skew among the four regions sur-
veyed suggesting that the bias in overall fre-
quencies may have little biological
significance (Table 5).

5. Patterns of Morph Frequency Varia-
tion. —Stochastic processes alone should
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FiG. 6. Style morph frequencies in populations of
Decodon verticillatus from Michigan (N = 30), Ontario
(N = 21), New England (N = 50), the southeastern
United States (N = 32), and for all samples pooled (N
= 133). See Figures 1 and 4 for details.

produce a restricted pattern of morph fre-
quency variation, except under very low
levels of disassortative mating (Fig. 1D).
When populations are plotted in trivariate
morph frequency space the vertices of the
triangle should remain largely unoccupied
(Fig. 1A, B, and C). Inspection of the tri-
angle plots based on our population surveys
indicates that this prediction is fulfilled in
L. salicaria. The plot of morph frequencies
for the Ontario sample of L. salicaria (Fig.
4B) bears a strong resemblance to the sim-
ulation results illustrated in Fig. 1A and B.
In contrast, the pattern of morph frequency
variation observed in D. verticillatus (Fig.
6) exhibits a stronger resemblance to that
expected under negligible levels of disas-
sortative mating (Fig. 1D).

DiscussioN

The main issue that this study addressed
is whether stochastic processes influence the
frequencies of alleles under selection in nat-
ural populations. Simulation studies incor-
porating several ecological variables al-
lowed us to make predictions against which
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TaBLE 5. Style morph frequencies in population samples of Lythrum salicaria from Ontario and Europe, and
Decodon verticillatus from four regions in eastern North America. Frequencies (+ SD) have been averaged for
all populations sampled, and for trimorphic populations only.

Morph frequency Number of
pops. Number of
Sample Long Mid Short sampled plants sampled
Lythrum salicaria
All populations
Eastern Ont. 0.40 + 0.17 0.30 = 0.19 0.30 £ 0.17 51 7,474
Central Ont. 0.43 = 0.18 0.31 £ 0.18 0.26 = 0.22 51 7,941
Average 0.41 + 0.18 0.31 + 0.18 0.28 = 0.20 102 15,415
Europe 0.37 = 0.04 0.33 + 0.07 0.30 = 0.07 35 12,202
Trimorphic populations only
Eastern Ont. 0.39 + 0.12 0.29 = 0.15 0.32 + 0.14 44 7,372
Central Ont. 0.36 +£ 0.13 0.31 + 0.15 0.33 £ 0.19 35 6,775
Average 0.38 = 0.13 0.30 £ 0.15 0.33 £ 0.16 79 14,147
Europe As above
Decodon verticillatus
All populations
Ontario 0.40 = 0.36 0.28 + 0.34 0.32 + 0.37 21 5,039
Michigan 0.31 £ 0.35 0.29 + 0.37 0.41 = 0.38 30 4,863
New England 0.41 £ 0.40 0.17 £ 0.29 0.42 + 0.40 50 9,191
Southeast USA 0.33 + 0.24 0.39 = 0.22 0.28 + 0.22 32 2,942
Average 0.37 = 0.35 0.26 = 0.31 0.37 + 0.35 133 22,031
Trimorphic populations only
Ontario 0.41 = 0.26 0.30 = 0.22 0.29 £ 0.22 9 1,828
Michigan 0.26 = 0.20 0.34 + 0.31 0.39 + 0.23 15 3,053
New England 0.33 £ 0.26 0.22 + 0.23 0.45 + 0.27 17 4,795
Southeast USA 0.30 = 0.18 0.39 + 0.16 0.30 = 0.16 23 2,632
Average 0.32 + 0.22 0.32 = 0.23 0.36 = 0.22 64 12,308

surveys of morph frequency variation in
natural populations of tristylous plants could
be compared. To assess the influence of eco-
logical features on morph frequency varia-
tion we deliberately chose two tristylous
species with contrasting life-history and re-
productive traits.

Data from Lythrum salicaria provide
strong evidence for the importance of sto-
chastic forces influencing style morph fre-
quencies in populations from the adventive
range of the species. Twenty percent of pop-
ulations sampled in Ontario were dimor-
phic. An additional three percent were
monomorphic. As predicted by our model,
the likelihood ofloss varied among morphs;
the S morph was most frequently absent,
whereas the L morph was rarely lost. In
Europe, on the other hand, populations sur-
veyed were uniformly trimorphic. One in-
terpretation of this difference is that the re-
cent invasion of North America by L.
salicaria has been associated with repeated

founder events and periods of small popu-
lation size, leading to the loss of style morphs
from populations. Stochastic processes have
also been invoked to account for the loss of
the S morph from populations of tristylous
Eichhornia paniculata (Barrett et al., 1989).

Colonization episodes, however, must
also be a feature of the biology of European
populations. This suggests alternative in-
terpretations: The absence of morph loss in
the European sample may be associated with
the small number of populations involved
and/or differences in sampling strategy. The
sampling scheme we used was motivated by
our simulation studies and those of Heuch
(1980), both of which indicated that morph
loss was most likely in populations of fewer
than 50 individuals. Moreover, data from
Ontario indicated a relationship between
population size and morph loss. European
workers may have excluded very small pop-
ulations, thereby potentially underestimat-
ing the frequency of morph loss. Haldane
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(1936) and Halkka and Halkka (1974), the
source of much of the European data, both
pointed out the significance of small pop-
ulations to morph loss. However, we note
that of the 35 populations sampled in Eu-
rope only 14% were comprised of fewer than
50 plants compared to 33% of 102 sampled
in Ontario. Whether this reflects the rarity
of small populations in Europe or, more
likely, differences in the scale that various
workers sampled morph frequencies is not
known. Reliability of the European sample
also affects our conclusion that interspecific
differences in life-history and mating sys-
tem contribute to the higher rate of morph
loss in Decodon verticillatus compared to L.
salicaria. However, even if the rate of morph
loss has been underestimated for L. sali-
caria in its native range, adventive popu-
lations in Ontario show significantly lower
rates of morph loss (33%) than observed
among populations of D. verticillatus (52%,
Table 4,2 x 2x2=17.33,df=1, P=0.007).
Clearly, a sample of European populations
spanning the full range of sizes is required
to confirm the geographical patterns of
morph frequency variation revealed by our
comparison. Because the range of L. sali-
cariais rapidly expanding in North America
and elsewhere, surveys of morph frequency
in other parts of the adventive range would
be valuable in evaluating the effects of re-
peated colonization episodes on morph loss.

Patterns of morph frequency variation in
D. verticillatus exhibited considerable het-
erogeneity among the four geographic
regions sampled. Interpreting this pattern in
light of the simple model developed here is,
therefore, not straightforward. The exis-
tence of a large stochastic element in the
population biology of D. verticillatus is sug-
gested by the high frequency of monomor-
phic and dimorphic populations. This is ex-
pected to arise through repeated founder
events in a highly clonal species with limited
sexual recruitment. A similar pattern has
been observed in the widespread, clonal
weed Eichhornia crassipes (Barrett and For-
no, 1982). The frequency of morph loss was
greatest in northern populations of D. ver-
ticillatus, suggesting stochastic effects have
been especially important during postglacial
migration of the species. In contrast to the
predictions of our model, however, morph
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loss involved the M morph slightly more
often than the S morph, and a substantial
proportion of dimorphic (18.5%) and
monomorphic (57.2%) populations lacked
the L morph. The absence of the L morph,
and to a lesser extent the M morph, from
some populations may be explained by a
lack of sexual reproduction in these popu-
lations. Without recombination, recessive
style morph alleles remain hidden in het-
erozygous genotypes. Our simulations,
however, always included some degree of
sexual recruitment. Differences in morph
structure between northern and southern
populations support this interpretation.
Data from southern populations, where
conditions allowing sexual reproduction are
more likely to occur, fit the predictions of
our model fairly well; whereas at the north-
ern limits of the range, where ecological
conditions may be marginal, the data were
less in accord with the model (Table 4). This
explanation would be supported if northern
populations monomorphic for the S and M
morphs segregated missing morphs follow-
ing controlled self- and cross-pollinations.

The contrasting patterns of morph fre-
quency variation in L. salicaria and D. ver-
ticillatus may be accounted for by differ-
ences in life history and mating system
between the two species (Table 1). In our
simulations, clonal propagation, self-fertil-
ization, and deviations from disassortative
mating all increased the rate of morph loss.
This is because increases in these parame-
ters reduced the recruitment of offspring re-
sulting from disassortative mating. It is dis-
assortative mating that provides the
frequency-dependent selection that pre-
vents the loss of style morphs from popu-
lations. The combination of clonal propa-
gation and self-compatibility in D.
verticillatus is likely to result in considerable
self-fertilization, particularly in populations
composed of large continuous clones. Un-
der these conditions the strength of fre-
quency-dependent selection is likely to be
much lower than in populations of L. salica-
ria. This prediction is supported by both a
higher level of morph loss and wider morph
frequency variation in D. verticillatus com-
pared to L. salicaria.

Our computer model simulated genetic
drift in small populations of constant size.
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However, stochastic morph loss may result
from one, or some combination of, drift,
founder effect and population bottlenecks.
What are the relative contributions of each
of these processes to morph frequency vari-
ation in L. salicaria and D. verticillatus?
Simulating founder effect by using small ini-
tial population sizes in our computer model
demonstrated that morphs can be lost only
if the number of founders is quite small. A
sample of eight founders drawn at random
from a large tristylous population at equi-
librium produced a trimorphic population
949% of the time. Even a sample of only two
founders included all three style morph al-
leles 43% of the time. Trimorphic popula-
tions can even arise from a single founder
if it is heterozygous at both style morph loci
(13% of all possible founders) and capable
of some degree of self-fertilization. Similar
results were also obtained by Heuch and Lie
(1985) and Morgan and Barrett (1988). The
likelihood of losing a morph through found-
er effect will be higher if morph frequencies
in source populations are unequal (Heuch
and Lie, 1985). This effect will be amelio-
rated, however, if founders originate from
several source populations (Slatkin, 1985).

It is difficult to infer the relative contri-
butions of each kind of stochastic process
to morph frequency variation from popu-
lation survey data alone. However, both
founder effects and genetic drift are likely
to have been important in L. salicaria and
D. verticillatus. Many populations of both
species were small enough (N < 50) to lose
morphs through drift (33.3% and 9.8% in
L. salicaria and D. verticillatus, respective-
ly). In addition, negative correlations be-
tween population size and the proportion
of populations lacking a morph bolsters the
interpretation that drift is a major cause of
morph loss. However, such a correlation,
though supportive, is neither necessary nor
sufficient evidence for the operation of drift.
Drift during early population growth may
not result in a negative correlation, because
population size at the time of surveying may
not accurately reflect the size when morphs
were lost. Similarly, morph loss by founder
effect could produce a negative correlation
between population size and morph loss if
the smallest of the populations surveyed
were also the youngest and, consequently,
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had less opportunity for immigration of
morphs absent when populations were
founded. While founder effect has undoubt-
edly contributed to morph loss in both L.
salicaria and D. verticillatus, it should have
more profound consequences on population
structure in the latter species because the
genetic composition of founders can be pre-
served by clonal propagation.

Although the three morphs differ in the
likelihood of being lost from populations,
our simulations indicated that this asym-
metry was not associated with a consistent
bias in frequencies of trimorphic popula-
tions. Survey data from trimorphic popu-
lations of L. salicaria and D. verticillatus,
however, showed some biases in both spe-
cies. In L. salicaria, trimorphic populations
sampled in both eastern and central Ontario
showed, on average, an excess of the L
morph and a deficiency of the M morph.
Uneven morph frequencies within popula-
tions may stem from natural selection in-
volving other fitness differences among
morphs (Charlesworth, 1979; Barrett et al.,
1983). For example, in L. salicaria both
Darwin (1877) and Stout (1923) provide ev-
idence for weak self-incompatibility in the
M morph compared to the L or S morphs.
A higher selfing rate in the M morph com-
bined with strong inbreeding depression
could explain low frequencies of this morph
observed in some Ontario populations (see
Charlesworth, 1979). Although estimates of
the relative reproductive success of each
morph are required to directly test a selec-
tion hypothesis, the wide variation in morph
frequencies among populations with no
consistent skew suggests that if fitness dif-
ferences among morphs do occur, they are
likely to be weak relative to stochastic ef-
fects.

Biased morph frequencies may also result
from stochastic processes operating on a lo-
cal scale within populations (Heuch, 1980).
Large populations may be subdivided such
that drift leads to the loss of morphs within
subpopulations. Morph frequencies esti-
mated at the population level would com-
bine these stochastic effects among subpop-
ulations and result in an excess of the L
morph and deficiencies of the S morph and,
to a lesser extent, the M morph. Average
morph frequencies in the European sample
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are consistent with this explanation (Heuch,
1980). However in Ontario populations, an
average excess of the L morph was associ-
ated with a deficiency of the M morph not
the S morph, suggesting interactions be-
tween “‘micro-stochastic” forces and selec-
tion.

In D. verticillatus, heterogeneity in aver-
age morph frequencies among regions com-
plicates an interpretation involving selec-
tion because it requires regional variation
in morph-specific fitnesses. Regional vari-
ation in ecological conditions, particularly
pollinator service, is likely in this wide-
spread species. In addition, disequilibrium
between style morph alleles and loci affect-
ing fitness generated through drift and in-
breeding in small populations may result in
fitness asymmetries among morphs. As of
yet, we have no evidence to assess these
possibilities. Alternatively, this variation in
morph frequencies may be the result of sam-
pling error owing to the relatively few pop-
ulations surveyed within each region. Morph
frequencies of herbarium specimens (Table
6), however, mirror the pattern of variation
revealed by population surveys (Table 5),
suggesting that the particular biases detect-
ed may be a real feature of populations in
each region. These regional biases may be
accounted for by stochastic processes op-
erating on a geographic scale. Because high-
ly clonal, perennial populations will pro-
gress very slowly towards any deterministic
equilibrium, populations or groups of pop-
ulations that acquire skewed morph fre-
quencies through founder effect may bear
the imprint of historical accident for a long
time. The founding of new populations from
skewed source populations may further am-
plify the initial founder effect.

Although conspicuous, simply inherited
polymorphisms are easily studied, Wright
(1978) pointed out that their usefulness is
compromised by ‘““their somewhat periph-
eral role in evolution.” Polymorphisms
controlling the mating system, however, are
an obvious exception to this generalization
because patterns of mating greatly affect the
distribution of genetic variation in popu-
lations and hence their evolutionary dy-
namics (Robertson, 1952; Allard, 1975;
Hamrick and Godt, 1990; Charlesworth,
1992). Stochastic morph loss may have most

1027

TABLE 6. Morph frequencies from herbarium speci-
mens of Decodon verticillatus collected in Ontario, New
England, the southeastern United States and the entire
species’ range. Replicate sheets from a single collection
were counted as one record. Herbarium specimens are
from CAN, DAO, DUKE, FLAS, FSU, GH, MO, NY,
TRT, and US.

Morph frequency No. of

locali-  No. of

Sample Long Mid Short ties records
Ontario 0.44 0.17 0.39 82 82
New England 0.34 0.24 0.42 57 66

Southeast

USA 0.30 041 0.29 47 61
Entire range 040 0.25 039 399 430

evolutionary significance when it is associ-
ated with long-distance dispersal events.
Geographical isolation restricts opportuni-
ties for the reestablishment of floral poly-
morphism, leading to the potential for evo-
lutionary modifications in the breeding
system. The stochastic loss of the S morph
appears to have initiated such modifications
in tristylous Eichhornia paniculata (Barrett
et al., 1989), and may have also influenced
the course of floral evolution in New World
Lythrum section Euhyssopifolia. North
American members of this section are uni-
formly distylous and likely derived from a
tristylous Eurasian ancestor. Comparative
morphological evidence suggests that the
morphs in distylous taxa correspond most
closely to the L and M morphs of a tristylous
species (Ornduff, 1979) implying that the S
morph has been lost during the migration
of Lythrum to North America. Phylogenetic
analysis of this group would be useful in
assessing whether this interpretation is cor-
rect. If true, it would suggest that the inter-
action of stochastic processes with con-
straints imposed by inheritance has guided
macroevolutionary pathways of floral evo-
lution that have occurred within the genus.
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