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Genetic drift and the maintenance of the
style length polymorphism in tristylous
populations of Eichhornia paniculata
(Pontederiaceae)
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We investigated whether stochastic processes influence the frequency of mating types within
populations of tristylous Eichhornia paniculata in northeastern Brazil. The importance of genetic
drift as a result of small populations was evaluated using survey data on spatial and temporal
variation in style morph frequencies in natural populations. The patterns expected when morph
variation is due entirely to stochastic forces in finite populations were determined by computer
simulation of tristylous populations, for various sampling schemes. Surveys of a total of 167
populations, censused during 1982-1989, indicated that morph structure was negatively correlated
with population size. Populations with three style morphs were significantly larger than those
containing two or one morph, suggesting that evolutionary processes in small populations may
account for morph loss. In 88 populations surveyed for either 2 or 3 consecutive years, 33 per cent
showed significant changes in morph frequency. There were no consistent patterns in the direction
of morph frequency change and the magnitude of change was largest in small populations (N <50).
Among the 12 trimorphic populations that lost morphs during the survey period, the L, M and S
morphs were lost 2, 6 and 11 times respectively, a pattern consistent with stochastic morph loss
under the two-locus inheritance pattern for tristyly. Simulation results indicated that the observed
proportion of populations with significant morph frequency change and the magnitude of this
change could be accounted for by random processes alone. Collectively, these findings are consis-
tent with the hypothesis that genetic drift plays an important role in influencing morph frequencies
in populations of E. paniculata.
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Introduction

Small populations are an important feature of many
plants and animals that colonize ephemeral and patch-
ily distributed habitats. Low numbers of individuals
may result when suitable habitats are restricted in size
(Moran & Hopper, 1983; Hanski, 1985; McClenaghan
& Beauchamp, 1986; Billington, 1991), populations
are geographically isolated with low immigration
(Harrison et al., 1988) or when populations are main-
tained in the early stages of establishment due to fre-
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quent extinction and recolonization (Olivieri e al.,
1990). These demographic processes have important
genetic  consequences because inbreeding and
stochastic loss of variation is most likely in small
populations (Lande & Barrowclough, 1987; Barrett &
Kohn, 1991). While the theoretical consequences of
genetic drift are well understood, particularly for
neutral genes (Wright, 1931; 1951), there have
been few empirical studies on its role in the main-
tenance of conspicuous polymorphisms in natural
populations, particularly when they may be of adaptive
significance (Epling & Dobzhansky, 1942; Wright,
1943; Oxford & Shaw, 1986; Eckert & Barrett, 1992).

Eichhornia paniculata (Pontederiaceae) is a self-
compatible, annual aquatic that occurs in seasonal



pools and wet ditches in northeastern Brazil and the
Caribbean islands of Jamaica and Cuba (Barrett,
1985a). In Brazil, these habitats are patchily distri-
buted, depending on the location and duration of rain-
fall in any particular year. As a result, populations
usually contain a small number of individuals. Surveys
in northeastern Brazil have revealed that, within a
given year, about 50 per cent of populations contain
less than 100 individuals, and size fluctuates widely in
time (Husband, 1992). Moreover, genetic studies
indicate that effective population size (N,) is about 10
per cent of these values, primarily because of annual
fluctuations in number and large variances in repro-
ductive capacity among individuals (Husband &
Barrett, 1992a). Because of this population biology,
it has been suggested that stochastic processes in small
populations of E. paniculata may have a significant
effect on the maintenance of its tristylous breeding
system, resulting in unequal style morph frequencies
and the loss of morphs from populations (Barrett,
1985b; Barrett et al., 1989).

Populations of E. paniculata usually contain three
mating types or morphs, distinguishable primarily by
their style length (long-, mid- and short-styled morphs;
hereafter L, M, S morphs). In theory, the style morphs
in tristylous species are maintained near equal fre-
quencies in large populations by frequency-dependent
selection, a consequence of strong disassortative
mating (Fisher, 1944; Heuch, 1979; Barrett et al,
1987). However, surveys in natural populations of E.
paniculata indicate that morph frequencies are often
unequal and that in a significant number of populations
(29 per cent) either one or two morphs are absent
(Barrett et al., 1989). Simulation studies of the main-
tenance or tristyly in finite populations have indicated
that morph loss due to genetic drift can occur in
populations with less than 30-40 individuals and that
the S morph is most commonly lost (Heuch, 1980).

We investigated both spatial and temporal variation
in morph frequencies in natural populations of
Eichhornia paniculata in northeastern Brazil to deter-
mine whether genetic drift is likely to influence the
maintenance of tristyly in small populations. First, we
established whether there was a statistically significant
inverse relationship between morph structure and size
among 167 populations. The underlying cause of such
a relationship and specifically the role of stochastic pro-
cesses was then evaluated by examining the magnitude
and direction of temporal change in morph frequencies
through surveys of a large sample of populations for
2-3 consecutive years. Empirical data from population
surveys were then compared with expectations based
on the effects of drift, developed using computer simu-
lations.
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Materials and methods

Population survey

We sampled morph frequencies and estimated popula-
tion size in 167 populations of Eichhornia paniculata
in northeastern Brazil. Populations were sampled along
most major roadways in May and June during 1982,
1987, 1988 and 1989. In each survey, we attempted to
sample virtually all populations encountered, including
those previously examined. As most habitats are
ephemeral, many populations did not persist over the
7-year sampling period. Of the 167 populations, 76
populations were censused over a 1-year interval (i.e.
two consecutive years), including some populations
surveyed in two different intervals (1987-1988,
1988-1989), 32 populations were sampled over a
2-year interval (1987-1989), four populations over 5-
and 6-year intervals and three populations sampled
over a 7-year interval. Populations sampled over
greater than a 2-year interval were not used in tem-
poral analyses because sample sizes were too small.
The average morph frequencies surveyed in 1982 and
1987 have been reported previously by Barrett
(1985b) and Barrett er al.(1989), respectively.

M

Fig. 1 Triangle plot on which indices of morph diversity and
morph diversity change are calculated for tristylous popula-
tions. The solid dot represents the point of equal morph
frequencies (isoplethy). Morph diversity is measured as the
Euclidean distance between a population, plotted on the
triangle, and isoplethy (O index). Change in morph diversity
in time is the distance between a population plotted at two
different census times (P index). See methods for details.
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Population size. The number of reproducing individ-
uals was estimated for all populations surveyed. Each
estimate was the average of at least two independent
estimates. In populations less than 250 individuals, size
was determined by complete census. In populations
sampled over more than 1 year, population size was
based on the harmonic mean (Wright, 1938). The mean
size of populations containing one, two and three
morphs was reported using both the geometric and
arithmetic mean. Because of the skewed distribution of
population size, the geometric mean best approximated
the 50th percentile. To examine associations between
population size and morph structure, populations were
grouped into seven size classes: 1-25, 26-50, 51-100,
101-200, 201-500, 501-1000, and greater than
1000.

Style morph frequencies. We estimated the frequency of
L, M and S morphs in each population. In large popula-
tions, the frequency of style morphs was estimated
from at least 100 randomly sampled inflorescences. In
small populations (N<250), a complete census of
individuals was taken. As E. paniculata grows pri-
marily as an annual in Brazil, with no clonal growth,
there was no difficulty in distinguishing genets.

Morph frequencies within populations were
reported as a single measure of diversity described by
the position of a population on a triangular plot (Fig.
1). The triangular plot has been used previously by
Morgan & Barrett (1988) to illustrate morph fre-
quencies in populations of tristylous Pontederia
cordata. Each side of the triangle represents a different
style morph and the distance a population is plotted
from a given side is in direct proportion to the fre-
quency of that morph within a population. Here,
morph diversity was described as the Euclidean
distance between a given population and the point of
equal frequency (isoplethy) on the triangular plot (Fig.
1; O Index). To be consistent with previous measures
of morph diversity (Barrett er al.,, 1989), this distance
was normalized by the maximum distance possible
(0.6667) such that the diversity of monomorphic
populations was 0, and diversity in populations with
three morphs at equal frequency was 1.

Temporal changes in morph diversity, relative to iso-
plethy, were measured as the difference between
indices of morph diversity in two different sampling
periods (0,-0,). A positive value indicates that morph
frequencies have shifted away from isoplethy; a nega-
tive, towards isoplethy. Alternatively, absolute changes
in morph diversity, irrespective of the theoretical
expectation of 1:1:1, were calculated as the Euclidean
distance between the two samples of the same popula-
tion (P Index). The latter measure was used when

examining changes in morph diversity as a function of
population size. As the S morph is most commonly
absent in dimorphic populations of E. paniculata,
particular attention was also given to temporal changes
in frequency of the S morph.

For each population sampled for over 1- or 2-year
intervals, a chi-square test of homogeneity was calcu-
lated to test the hypothesis that morph frequencies did
not change with time. The percentage of populations
with a significant change in morph frequency was com-
pared to expectations based on drift alone, calculated
using computer simulations (see below). Chi-square
tests were also used to test whether changes in morph
frequency were random in direction and whether they
were a function of initial morph frequencies. In addi-
tion, the null hypothesis that variation in morph fre-
quency is caused by stochastic processes was tested by
examining the magnitude and direction of temporal
changes in morph diversity as a function of population
size using the Kruskal-Wallis test. The magnitude of
morph frequency change observed, calculated for five
size classes (1-25, 26-50, 51-150, 151-500 and
501-1500), was compared to theoretical expectations
generated from computer simulations that incor-
porated the same sampling schemes.

Genetic models of temporal variation in morph
frequency

Monte Carlo simulations were used to determine the
changes in morph frequency expected from stochastic
processes (genetic drift and sampling error) in small
tristylous populations. Specifically, we determined the
percentage of populations that would exhibit statisti-
cally significant changes in morph frequency during a
1-year interval. In addition, we determined the average
change in morph frequency in populations of different
size, corresponding to the five size classes used to
examine temporal variation in natural populations
(1-25, 26-50, 51-150, 151-500, 501~1500). Simula-
tion results were based on genetic estimates of effective
population size from an earlier study (Husband &
Barrett, 1992a) and sample sizes used in field surveys
of E. paniculata.

Populations of size N were initially founded by geno-
types chosen randomly from an infinite tristylous
population at equilibrium. Equilibrium frequencies for
the nine possible style morph genotypes were reported
by Heuch & Lie (1985). Each year the genotypes were
replaced by N offspring, each generated by randomly
sampling gametes from a maternal and a paternal
parent. Maternal parents were selected at random from
the population. We used a mating algorithm similar to
that used by Barrett er al. (1989) and Eckert & Barrett



(1992) to select the paternal parent, where a propor-
tion s of the offspring are derived from self-fertilization
and the remainder, 1 — s, from outcrossing. Of the out-
crossed progeny, a proportion d result from disassorta-
tive mating (between morphs) and a proportion r
(r=1—d) from random outcrossing. In this study,
average estimates of these mating parameters from
natural populations (see Barrett ez al., 1987; Barrett &
Husband, 1990) were used in the simulations (s=0.15,
d=0.95,r=0.05).

Changes in morph frequency were monitored in
populations that were trimorphic in the first sampling
period. We determined the change in morph fre-
quencies by sampling genotypes from the mating
population in generations three and four. Populations
were sampled in these generations to increase the
number of populations with all three morphs. Sampling
later required many more replicate populations and
had no noticeable effect on the magnitude of morph
frequency change. To simulate the sampling protocol
used in field studies, the number of genotypes sampled
depended on population size but did not exceed 100 in
populations larger than 250.

To determine the percentage of significant changes
in morph frequency, simulated populations were made
equivalent to the average effective population size for
E. paniculata populations involved in this study
(N,=15). This value was based on the evidence that N,
is approximately 16 per cent of the harmonic mean of
population size (N), as determined in previous studies
of effective population size (Husband & Barrett, 1992a).
Because these estimates are made retrospectively using
genetic methods, N, is the cumulative effect of all
potential demographic characteristics that could affect
the representation of genes in populations of E.
paniculata, including fluctuations in population size,
variance in reproductive output and non-random
mating. Simulations were replicated 500 times and, in
accordance with the median sample size in natural
populations, morph frequencies were generated from a
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random sample of 100. After each simulation, the sig-
nificance of temporal changes in morph frequency was
tested using a 3 X 2 contingency chi-square test with 2
df. Additional simulations were conducted using
various effective population sizes and sample sizes to
determine the sensitivity of morph frequency changes
to sampling scheme.

To examine the magnitude of morph frequency
change in populations of different size, we conducted
two sets of simulations. Population sizes used in the first
set of simulations corresponded to the midpoint of the
five size classes used in field studies (N=13, 37, 100,
350, 1000). However, because effective population
size is much smaller than the harmonic mean for each
population, we also ran simulations in which each
population size was adjusted (N, = N/6.3) to approxi-
mate n, (adjusted N=3, 6, 16, 55, 159). All genotypes
were sampled in simulated populations except if
N> 250, in which case 100 genotypes were sampled
without replacement. The mean change in morph fre-
quency (P radius) and its standard deviation was calcu-
lated from 500 replicate simulations for each population
size-class. Each simulation involved the same number
of populations as were observed in the field. The signi-
ficance of the deviation between observed and
expected mean change in morph frequency, expressed
as a standard normal deviate, was evaluated using a ¢
distribution.

Results

Population size and variation in morph structure

Population sizes among the 167 populations of E.
paniculata surveyed in northeastern Brazil ranged
from 1 to 8,000 individuals; the arithmetic mean was
416 (Table 1). Most of the populations were small, with
more than 50 per cent having less than 100 individuals.
The geometric mean of population size was 93.4. As
each population estimate is the harmonic mean of all

Table 1 Mean and range of population size for trimorphic, dimorphic and
monomorphic populations of Eichhornia paniculata from northeastern Brazil.
Differences in size among morph-structure categories was significant in a

Kruskal-Wallis three group test (H=31.9, P <0.0001)

Variable Trimorphic Dimorphic Monomorphic ~ Overall

n 118 42 7 167
Arithmetic mean  516.6 202.1 19.2 416.6
Geometricmean  146.3 38.2 10.2 934
Range 2-8000 3-4000 1-4000 1-8000




444 B.C. HUSBAND AND S. C. H. BARRETT

100
80
o
Fig. 2 Percentage of trimorphic (@) s 8O-
and non-trimorphic (0) populations of §
E. paniculata from northeastern Brazil d:_, 40}
that occur within seven population size
classes. The size classes (1-25, 26-50,
51-100,101-200,201-500, 20
501-1000, 1001-7000) were chosen
to maximize the sample sizes within

classes. A x? 2 X 6 contingency analysis 0
was conducted to test the null hypothe-

sis that morph structure and population

size were independent (see Results).

1-25 51-100

201-500 >1000

26-50 101-200 501-1000

Size class

Table 2 Population morph structure in surveys of Eichhornia paniculata from
northeastern Brazil conducted in 1982, 1987, 1988 and 1989. The percentage of
populations in each morph structure category is presented. The proportion of the n
populations sampled each year that was sampled in previous years is listed in

brackets
Dimorphic Monomorphic
Trimorphic

Year n IMS LM LS MS L M S
1982 30(0) 70.0 20.0 — - — 100 -
1987  58(6.9) 69.0 25.8 - — — 52 -
1988  85(44.7) 776 18.9 — - — 35 -
1989  79(544) 557 20.3 6.3 2.5 6.3 89 —

yearly censuses and N, is about 6.3 times less than
population size estimates, based on the harmonic mean
(Husband & Barrett, 1992a), the mean genetically
effective population size is roughly 15.

Of the 167 populations sampled during 1982-1989,
118 were trimorphic, 42 were dimorphic and seven
were monomorphic. The mean and range in population
size were largest in trimorphic populations and small-
est in monomorphic populations (Table 1). The differ-
ence in mean size was significant in a Kruskal-Wallis
three-group test (H,;;=31.9, P <0.0001). Populations
of different size had markedly different morph struc-
tures. There was a significant association between
population size-class and the proportion of popula-
tions with all three style morphs (x*=35.2, P<0.001,
df.=6; Fig. 2). Fifty-six per cent of all populations
containing less than 50 individuals were dimorphic or
monomorphic; 12 per cent of populations larger than
1000 were non-trimorphic.

Temporal variation in morph frequencies

The distribution of style morphs among populations in
northeastern Brazil was consistent among the four
annual population surveys (Table 2). Between 56 and
78 per cent of all populations were trimorphic and
19-29 per cent were dimorphic in any given survey.
With the exception of the 1989 survery, dimorphic
populations consisted solely of L and M morphs. In
1989, dimorphic populations with L and S morphs and
M and S morphs were found in southern regions of
northeastern Brazil not previously surveyed. In the first
three surveys, monomorphic populations were fixed
for the M morph. The loss of morphs from some pre-
viously trimorphic and dimorphic populations led to
the incidence of some monomorphic L populations in
the 1989 sample. The representation of trimorphic,
dimorphic and monomorphic populations in E.
paniculata was uniform among the four surveys based



Table 3 Summary of changes in the number of morphs in
populations of Eichhornia paniculata from northeastern
Brazil that were sampled over 1- and 2-year intervals

Change in morph number

n —2 -1 Nochange +1 +2
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Table 4 Percentage of simulated tristylous populations
sampled in 2 consecutive years with significant changes in
style morph frequency. Significance levels were based on chi-
square tests of homogeneity on 500 replicate populations.
Morph frequencies were determined from a sample (S) of
individuals. Percentages are shown for various combinations
of effective population size {N,) and sample size (.S)

One-year interval

1987-1988 36 0 2 33 1 0

1988-1989 40 6 7 27 0 0

Total 76 6 9 60 1 0
Two-year interval

1987-1989 32 4 5 23 0 0

on a chi-square test of homogeneity (x*=5.15, P> 0.1,
df.=6).

Changes in morph number. Populations surveyed for
2-3 years exhibited considerable fluctuations in morph
number. Nine (28 per cent) of the 32 populations
observed over 3 years lost one or two morphs. Of the
76 populations sampled for 2 consecutive years, 15
(19.6 per cent) lost one or two morphs, while only one
(1.3 per cent) gained a morph (Table 3). Twelve of the
populations that lost at least one morph were initially
trimorphic. After a single generation, 11 of these had
lost the S morph, six had lost the M morph and 2, the L
morph. The remaining non-trimorphic populations
(n=3), which initially contained the L. and M morphs,
all lost the L morph.

Significance levels of changes in morph frequency. Tri-
morphic populations surveyed over 2-3 years exhi-
bited marked changes in morph frequency. Thirty-two
populations were censused over three consecutive
years; 21 of these were trimorphic. Based on chi-square
tests of homogeneity, 33.3 per cent (7) showed signifi-
cant changes in morph frequency. Of the 76 popula-
tions monitored for two consecutive years, 59 were
initially trimorphic and 32.2 per cent (19) of these
populations showed significant changes in morph fre-
quency.

Computer simulations were used to determine the
percentage of significant chi-square tests expected
from drift alone in finite populations sampled for two
consecutive years. Simulations showed that the per-
centage of populations with significant changes in
morph frequency increased as the sample size (S) to N,
ratio increased. When the population sample was less
than N, none of the tests were significant; however, if
the sample size was five times greater than N, about 40
per cent of all tests were significant. For simulated
populations with an average effective population size

SN,

N, 0.5 1 2 5 6.3
15 0.0 2.1 16.7 40.8 39.6
25 0.0 2.0 14.0 44.0 48.0
50 0.0 0.0 8.0 46.0 54.0

100 0.0 0.0 16.0 28.0 58.0

200 0.0 0.0 10.0 36.0 54.0

of 15 and mean sample size of 100 individuals, as in
the empirical sample of E. paniculata, 39 per cent of
populations exhibited significant changes in morph
frequency (Table 4).

Magnitude of morph frequency change. Changes in
morph frequency observed in trimorphic populations,
and reported here as temporal variation in morph
diversity (O index), resulted in shifts toward and away
from equal frequencies. In 59 trimorphic populations
censused for 2 consecutive years, there were signifi-
cantly more changes toward uneven morph frequencies
than toward equal morph frequencies (37 away: 22
toward equality, x>=3.6, df.=1, P<0.05) (Fig. 3a).
Changes in morph diversity away from equal morph
frequencies were also more likely in populations
surveyed over a 3-year period (15 away: six toward
equality, y>=3.8, df.=1, P<0.05). However, when
only populations with significant changes in morph fre-
quency were examined there was no difference in the
number of shifts toward versus away from equality, for
censuses over a 1-year interval (13 away: eight toward
x?=1.19, df.=1, P>0.25) or 2-year interval (four
away: three toward; Binomial expansion, P= 1).
Similarly, there was no consistent direction of change
in the frequency of the S morph (Fig. 3b). That is, the S
morph increased and decreased with equal frequency
when observed over a single year (x*=0.153, df.=1,
P>0.5, n=59) as well as over a 2-year interval
(x2=0.81, P>0.25, n=29). In addition, the direction
that either morph diversity or the S morph changed,
during 2 consecutive years, was not contingent upon
initial frequency (Morph diversity: x> =3.59, df.=2,
P>0.10; S morph frequency: x*=0.199, df.=2,
P>0.75). The same pattern was revealed in analyses
of only those populations with significant morph
frequency changes.
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Fig. 3 Correlation between morph frequencies in 59 tri-
morphic populations of E. paniculata sampled in two con-
secutive years in northeastern Brazil. Morph frequency was
represented by (a) morph diversity (O index) and (b) fre-
quency of the S morph. Points located along the abscissa
represent those populations that lost (a) two morphs (n=7)
and (b) the S morph (n = 11) after 2 consecutive years. The
solid line represents a correlation of 1.

Change in morph frequency and population size, The
magnitude of morph frequency change (P index) was
inversely proportional to population size. Temporal
variation in morph diversity and the frequency of the S
morph in trimorphic populations in relation to popula-
tion size are presented in Fig. 4a and b. For both
variables, the mean change was significantly greater in
small population size-classes than large size-classes
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Fig. 4 Morph frequency variation as a function of popula-
tion size in 59 trimorphic populations of E. paniculata from
northeastern Brazil sampled over two consecutive years.
Morph frequency was represented by (a) morph diversity
index (P index) and (b) the frequency of the S morph. Popu-
lation size was the harmonic mean of all yearly censuses.

(Morph diversity; Kruskal-Wallis H=14.51, P<0.01,
df.=4: frequency of the S morph: Kruskal-Wallis
H=13.8, p<0.01, df.=4; Table 5). Whether morph
frequencies became more or less even was statistically
independent of the size-class to which a population
belonged [Morph diversity (O index); x*>=2.61,
P>0.5, df.=4: frequency of S morph; x*=3.03,
p>0.5,df.=4]

The relationship between population size and
changes in morph diversity was also evident in simu-
lated populations of comparable size (Table 5).



Table 5 Average change in morph diversity (P index)in
trimorphic populations of E. paniculata sarveyed for 2
consecutive years in northeastern Brazil. Theoretical means
(SD) due entirely to stochastic forces were generated from
Monte Carlo simulations of trimorphic populations,
replicated 100 times. The number of populations in each
simulation and their size correspond to the sample sizes (n)
and midpoints, respectively, of the observed size classes. A
second set of theoretical predictions (Expected, ;) was
generated, taking into account that effective population size
is about 6.3 times less than size estimates in this study.
Asterisks indicate a significant difference between observed
and expected values based on a two-tailed r-test

Change in morph diversity

Sizeclass n  Observed Expected Expected,;
1-25 19 040 0.19%£0.025 0.34%£0.046
26-50 10 017 0.10¥+£0.017 0.26%£0.048
51-150 14 0.13 0.07*£0.010 0.17£0.022
151-500 8 0.13 0.04*+0.008 0.10£0.016
501-1500 7 0.10 0.02*£0.007 0.06*+0.013

Although the expected changes in morph frequency
exhibited the same trend as the field observations,
values from simulations were consistently less than
field values for all size-classes. A second set of
expected values was generated after the five population
size-classes were adjusted to the genetically effective
population size, which was about 6.3 times smaller.
The expected changes in morph frequency were
statistically similar to observed values in five of the six
size-classes (Table 5).

Discussion

There is now considerable evidence that populations of
Eichhornia paniculata throughout northeastern Brazil
differ with respect to the frequency and number of
mating types or floral morphs. In four annual surveys
conducted during a 7-year period, between 22 and 44
per cent of populations were missing at least one
morph. Empirical studies indicate that disassortative
mating in E. paniculata is sufficiently strong to main-
tain style morphs at equal frequencies through fre-
quency-dependent selection, provided populations are
large (Barrett et al., 1987); however, less is known
about the evolutionary forces leading to the loss of
morphs from trimorphic populations, particularly
those that are small in size.

In this study we found a significant relationship
between morph structure and population size
(y*=35.2, P<0.001). Large populations of E. panicu-
lata tend to be trimorphic, while those that are
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dimorphic or monomorphic are usually small. This
association has also been described for tristylous
Lythrum salicaria (Eckert & Barrett, 1992), which
suggests that evolutionary processes in small popula-
tions can account for morph loss in tristylous species.
Morph loss from trimorphic populations may result
from genetic drift or through founder effects during
colonization (Barrett, 1977; Barrett er al., 1989). The
potential for both of these stochastic processes is likely
to be strong in E. paniculata due to its patchy distribu-
tion, small effective population size and colonizing life
history; however, more direct evidence is required to
confirm that stochastic processes cause the loss of
morphs from small tristylous populations. In this study,
evidence from temporal patterns of morph frequency
variation were used to evaluate the drift hypothesis.

Although the sampling interval over which popula-
tions were surveyed was relatively short, 20 per cent of
populations censused for 2 consecutive years and 28
per cent censused for 3 years lost at least one style
morph (Table 3). Moreover, the loss of morphs did not
appear to occur with equal probability. Among the
populations involved, the S morph was most likely to
disappear while the L morph was least likely. This
pattern is consistent with theoretical predictions of
morph frequency dynamics in finite populations
(Heuch, 1980; Barrett et al., 1989). The differential
loss of morphs is due to the two-locus mode of inheri-
tance of the style-length polymorphism (see Charles-
worth, 1979) and the fact that the S allele governing the
short-styled phenotype is not carried by genotypes of
the L and M morph.

The propensity to lose the S morph is consistent
with the morph structure of E. paniculata populations
in northeastern Brazil. Populations containing L and M
morphs but missing the S morph were the only form of
dimorphic population found in the first three surveys
and the predominant form in all surveys (Table 2).
The frequency with which style morphs were lost from
individual populations of E. paniculata observed in
consecutive years might lead to the expectation that
few trimorphic populations should exist in north-
eastern Brazil. However, the results of surveys con-
ducted over a 7-year period were remarkably constant,
with approximately 70 per cent of populations remain-
ing trimorphic (Table 2).

The observed difference between short- and long-
term patterns of morph loss in E. paniculata may be a
result of gene dispersal either in time or in space.
Depending on the overlap in time of germination
among seed cohorts from different years, seed banks
may accentuate gene frequency variation in consecu-
tive years but dampen the effects of drift over longer
time periods (Waples, 1990). In E. paniculata, a seed
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bank may cause populations that recently lost morphs
to revert to a trimorphic structure in subsequent years.
Evidence from experimental studies suggests that the
duration of seed dormancy in E. paniculata may be
limited because about 70 per cent of viable seed ger-
minates within the first year (Husband, 1992); how-
ever, the consequences of this level of seed dormancy
on style morph structure have not been fully investi-
gated. The stable average morph structure, seen over a
7-year period on a broad geographical scale in E.
paniculata, may also be explained by the movement of
genes between populations. While individual popula-
tions may change markedly in morph structure over
consecutive years, gene flow from neighbouring
sources may act to restore morph number and thereby
maintain populations in a drift-migration equilibrium.
Local extinction and recolonization of populations
may be a particularly important mechanism of gene
movement in E. paniculata (Husband, 1992), which
cannot be accounted for in short-term analyses of
morph loss.

Stochastic processes are implicated not only in the
pattern of morph loss from trimorphic populations but
also in the magnitude of morph frequency variation
within populations. Morph frequencies fluctuated
markedly within trimorphic populations of E.
paniculata, with about 32 per cent of populations
examined for 2-3 years exhibiting significant changes.
This is a substantially larger level of significance than
the level expected by chance alone (5 per cent). How-
ever, these significance levels are not necessarily evi-
dence for non-random forces because drift alone can
lead to a high percentage of significant results. The
probability of a significant result in finite populations is
largely determined by the ratio of sample size (§) to
effective populations size (N,) (Waples, 1989). If S/N,
is small, the probability of a significant test result is not
much different than the nominal level (5 per cent), even
after many generations of drift; however, if S/N, is
large, the probability of a significant change in morph
frequency increases. In E. paniculata, effective popula-
tion size is considerably less than the census number of
individuals. Because most populations contain less
than 100 individuals, it is often possible to sample the
entire population, in which case sample size exceeds
effective size. Simulations of E. paniculata populations
indicated that under such a sampling scheme, the
probability of a significant result through stochastic
processes alone ranged from 30 to 50 per cent. There-
fore, the observed percentage of tests with significant
results is not inconsistent with patterns expected based
on drift alone.

If stochastic processes have an important influence
on style morph dynamics, morph frequencies should

not only vary with time but should also change ran-
domly in direction. Observed changes in morph fre-
quency in E. paniculata populations were consistent
with this expectation. The frequency of the S morph
increased or decreased with equal frequency among
populations censused for 1- and 2-year intervals.
Morph diversity, however, tended to shift away from
equal frequencies more often than towards. This most
likely reflects a statistical constraint on the direction of
change, rather than a non-random force acting on
morph frequencies because approximately 50 per cent
of all populations in the sample were at equal morph
frequencies to begin with. Moreover, many of the
changes in morph diversity away from isoplethy were
statistically insignificant. When only populations with
significant changes in morph frequency were included
in the analysis, only 25 per cent were initially isoplethic
and morph diversity changed with no bias in either
direction.

An additional result in support of the role of
stochastic forces in finite populations was the relation-
ship between the magnitude of change in morph fre-
quency and effective population size. The mean
temporal change in morph diversity observed in tri-
morphic populations and the variance among popula-
tions was contingent upon the size class to which
populations belonged. Morph diversity changed by an
average of 35 per cent of the maximum in populations
containing between 1 and 25 individuals, but only
about 9 per cent in populations larger than 500 indivi-
duals. These values are in accord with the results of
simulations of drift in tristylous populations with com-
parable effective population sizes and approximately
the same levels of sampling error.

Collectively, our results are consistent with the
hypothesis that genetic drift plays a dominant role in
influencing the relative frequency of style morphs in
finite populations of E. paniculata in northeastern
Brazil. This is not to say, however, that deterministic
factors may not influence style morph frequencies in
tristylous populations of E. paniculata. Earlier field
studies indicated that the S morph may experience
reduced seedset in populations where long-tongued
specialist bees are absent (Barrett et al., 1989). How-
ever, because selective pressures related to pollinator
availability are likely to operate episodically (see
Husband & Barrett, 1992b), their consequences may be
too irregular to be detected within the time interval
used in this study. In forming his definition of genetic
drift, Wright (1931) recognized that inconstant selec-
tion may also be an important component of stochastic
variation. While selective forces of a more constant
nature may also contribute to the existing patterns of
morph structure in E. paniculata, the strong stochastic



component to temporal variation in style morph fre-
quencies suggests these forces may be small enough to
be ignored in many trimorphic populations.
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