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A combination of ®eld experiments and allozyme studies was used to test whether two spring-
ephemeral plants growing in eastern North America, Trillium erectum and T. grandi¯orum (Liliaceae),
exhibited an optimal outcrossing distance for fruit and seed production. Furthermore, the spatial
genetic structure of the Trillium populations was examined in light of the outcrossing results. In ®eld
experiments, recipient plants were pollinated with either self pollen or with pollen from donors
growing 1 m, 10 m, 100 m, and 1500 m away. These distances represented crosses between
individuals growing within the same population (1 m, 10 m, and 100 m crosses) and between
individuals growing in di�erent populations (1500 m crosses). Self-pollinated T. erectum and
T. grandi¯orum produced 71% and 89% fewer seeds, respectively, than all other outcrossing
treatments. However, there were no signi®cant di�erences among outcrossing treatments for fruit or
seed production. As neither T. erectum nor T. grandi¯orum exhibited an optimal outcrossing distance
for fruit or seed production, it was predicted that populations of the two would not demonstrate
strong spatial genetic structure or isolation by distance. The allozyme results only partially supported
the patterns revealed in the outcrossing treatments. Populations of T. erectum and T. grandi¯orum
showed moderate spatial genetic di�erentiation based on F-statistics, and only T. grandi¯orum
exhibited signi®cant isolation by distance based on spatial autocorrelation analyses. The lack of
optimal outcrossing distances and the patterns of allozyme variation in T. erectum and T. grandi¯orum
populations may be attributed to a number of factors, including active seed dispersal by ants, rare
long-distance gene-¯ow events, post-pollination and post-fertilization selection, and/or the severity of
inbreeding depression.

Keywords: genetic structure, inbreeding depression, optimal outcrossing, spatial autocorrelation,
spring ephemerals, Trillium erectum, Trillium grandi¯orum.

Introduction

Mating success depends, in part, on the quality of genes
contributed by each parent (Cockerham & Weir, 1977).
Optimal matings are those that produce the highest
®tness, both in number and quality of o�spring (e.g. Price
& Waser, 1979; Waser & Price, 1983; Waser, 1993). In
plant populations, where gene ¯ow via pollen and seeds is
limited and leptokurtic, genetic isolation by distance may
occur by genetic drift alone, even in the absence of
selective gradients (Wright, 1951; Kimura &Weiss, 1964;

Rohlf & Schnell, 1971; Levin & Kerster, 1974; Sokal &
Wartenberg, 1983). In these cases, neighbouring plants
are likely to be kin, and the success of matings between
kin may be compromised by inbreeding depression.
However, if individuals are too dissimilar, outbreeding
depression (MuÈ ller, 1883; Price & Waser, 1979) may
occur in matings between individuals of the same
population if the population exhibits localized gene ¯ow
(e.g. Waser & Price, 1983; Sobrevila, 1988) or between
isolated populations of the same species (e.g. Vrijenhoek
& Lerman, 1982; Sobrevila, 1988). Outbreeding depres-
sion may arise from `ecological' and/or `genetic' mech-
anisms (for a review see Waser, 1993).

Given that both inbreeding and outbreeding depres-
sion may occur within the same population, there is
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likely to be an intermediate outcrossing distance at
which plant matings produce the most o�spring with the
highest ®tness. This distance, the optimal outcrossing
distance (MuÈ ller, 1883; Price & Waser, 1979; Shields,
1982; Waser & Price, 1983; Waser, 1993), assumes a
negative correlation between the genetic similarity and
physical distance of mates (Price & Waser, 1979; Waser
& Price, 1983). Several studies provide evidence for
optimal outcrossing distances in a variety of plant
species (e.g. Price & Waser, 1979; Waser & Price, 1983,
1989; Schemske & Paulter, 1984; Sobrevila, 1988;
Fischer & Matthies, 1997; but see Redmond et al.,
1989; Oostermeijer et al., 1995; Trame et al., 1995). For
example, outcrossing distances of 10 m in the monocar-
pic angiosperm Ipomopsis aggregata produce more
o�spring with higher ®tness than outcrossing distances
of 1 m or greater than 30 m (Waser & Price, 1989;
Waser et al., 2000). In addition, studies have tested the
assumption that optimal outcrossing is due to an inverse
correlation between genetic distance and physical dis-
tance (Waser, 1987; Trame et al., 1995). However, we
know little about the expression of optimal outcrossing
distances across, as well as within, taxonomic groups
and how that expression varies with plant reproductive
biology (Waser, 1993). Furthermore, our current
understanding of optimal outcrossing distance is de®ci-
ent in studies involving spring-ephemeral, or vernal,
plant species. The spring-ephemeral plants Trillium
erectum and T. grandi¯orum (Liliaceae), both long-lived
perennial plants growing in eastern North America,
provide an ideal model system to investigate the
importance of optimal outcrossing distance in taxonom-
ically related plants with di�erent life-history strategies.
The reproductive biology and the pollen- and seed-

dispersal strategies of T. erectum and T. grandi¯orum
generate interesting predictions about the potential
occurrence and length of optimal outcrossing distances.
Trillium erectum has a mixed mating system (tm� 0.42;
Broyles et al., 1997). The red ¯owers of T. erectum
produce a decaying odour that attracts dipteran pollin-
ators (Irwin, 2000). Furthermore, the elaiosome-bearing
seeds of T. erectum are dispersed by ants, although
the average seed-dispersal distance is unknown. In
contrast, T. grandi¯orum is predominantly outcrossing
(tm� 0.76±1.0; Broyles et al., 1997; Kalisz et al., 1999).
The white ¯owers of T. grandi¯orum may produce
nectar that attracts hymenopteran pollinators (Irwin,
2000). In general, hymenopterans exhibit higher con-
stancy and longer pollen carryover than dipterans
(i.e. Herrera, 1987; Olesen & Warncke, 1989; see Proctor
et al., 1996 for a review) so that gene ¯ow through
pollen movement may be more extensive in T. grandi-
¯orum than T. erectum. In addition, T. grandi¯orum
seeds also bear elaiosomes, and ant-mediated seed

dispersal a�ects the patterns of T. grandi¯orum related-
ness within populations and reduces the probability of
siblings growing next to each other (Kalisz et al., 1999).
Taken together, features of the reproductive biology of
the two Trillium species predict stronger spatial genetic
structure and isolation by distance in T. erectum than
T. grandi¯orum populations due to higher relative levels
of sel®ng and limited pollen and seed movement in
T. erectum. As such, the life history attributes of
T. erectum could result in a short within-population
optimal outcrossing distance. Conversely, as T. grandi-
¯orum potentially disperses both its pollen and seeds
over many metres, it may experience outbreeding
depression only in among-population crosses.
The objective of this study was to use ®eld and

allozyme methods to test whether the two sympatric
spring-ephemeral plants T. erectum and T. grandi¯orum
exhibit an optimal outcrossing distance. In the ®eld
study, recipient plants were hand-pollinated with donors
growing at various spatial distances and subsequent
fruit and seed production weremeasured. These distances
included crosses between individuals growing within the
same population and between individuals growing in
di�erent populations. In addition, the underlying spatial
genetic structure of the Trillium populations was exam-
ined to test the a priori hypothesis that there is a
negative correlation between genetic similarity and
physical distance. In particular, the following questions
were asked. (1) Do T. erectum and T. grandi¯orum
exhibit an optimal outcrossing distance for fruit and
seed production? (2) Do T. erectum and T. grandi¯orum
exhibit genetic isolation by distance, and do the spatial
patterns of allozyme variation explain the outcrossing
results? (3) How do T. erectum and T. grandi¯orum
compare in optimal outcrossing distance and spatial
genetic structure?

Materials and methods

Study system

Two sympatric populations of T. erectum and T. gran-
di¯orum were studied, located around the Indian Brooke
Reservoir in Chittenden County, Vermont, U.S.A. in
mesic, deciduous woods. Each population contained
>100 individuals of each Trillium species. Trillium
erectum and T. grandi¯orum bloom from late-April to
early June in the study populations. Mature plants of
both species usually consist of one stem emerging from a
tuber-like rhizome. Each stem bears a whorl of three
leaves and a single terminal ¯ower with three petals. The
¯owers of both species have six anthers and one
tripartite stigma. Pollen receipt limits fruit and/or seed
production in both species in the populations studied
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here (Irwin, 2000), although pollen limitation of fruit
and seed production of T. erectum and T. grandi¯orum is
not universal andmay vary both spatially and temporally
(Kalisz et al., 1999; L. Lalupine and S. Gri�n, personal
communication). Trillium erectum and T. grandi¯orum
¯owers produce a single fruit with three locules. Because
each Trillium plant usually produces only one ¯ower in a
given year, each plant produces only one fruit. Thus,
`seeds per fruit' and `seeds per plant' in a given year are
synonymous. On average, open-pollinated T. erectum
produce (mean � 1 SE) 50.64 � 11.01 seeds/plant and
T. grandi¯orum, 18.13 � 2.64 seeds/plant, in the Ver-
mont populations.

Optimal outcrossing in T. erectum
and T. grandi¯orum

To examine whether there is an optimal outcrossing
distance for T. erectum and T. grandi¯orum, in April
1998 and April 1999, groups of ®ve neighbouring plants
(hereafter referred to as blocks) were chosen for each
species based on similar plant morphologies and phe-
nologies. Plants within each block were in close physical
proximity to control for variation in resource levels
among individuals within blocks. For each species, each
block was at least 8 m from all other blocks, and blocks
were distributed along a transect. All blocks of plants
were in the same population. In 1998, 10 blocks of
T. erectum and 10 blocks of T. grandi¯orum were
chosen, whilst in 1999, 18 blocks of T. erectum and 14
blocks of T. grandi¯orum were chosen. All study ¯owers
were emasculated before they opened, except for those
in the self-pollination treatment, by gently opening the
¯ower buds with ®ne-tipped tweezers and pinching
o� the anthers. To deter pollinating insects from
entering ¯owers, ¯owers were bagged whilst at the bud
stage with bags made of bridal veil. Each plant in each
block was randomly assigned to one of ®ve outcrossing
treatments.

In 1998, as ¯owers entered the pistillate phase, they
were either left unpollinated (to control for bags failing
to deter pollinators) or pollinated with pollen from two
donor plants growing the appropriate distance away in a
randomly chosen direction. Pollen was collected from
the two donor plants by rubbing a toothpick against
newly dehisced anthers. The pollen was then mixed in a
small plastic vial and transferred immediately to the
recipient stigma. All hand-pollinated stigmas were
saturated with pollen. The distances between the donor
and recipient plants were: 0 m (self-pollinated), 1 m
(near neighbours), 10 m (distant neighbours within the
same population), and 100 m (remote neighbours within
the same population and unlikely to interact via
pollination). Therefore, all crosses of these distances

represented crosses between donors and recipients
within the same population. In the self-pollination
treatment, only three anthers were emasculated from
¯owers to allow hand-pollination with self-pollen from
the three remaining anthers.

In 1998, none of the ¯owers in the emasculated,
unpollinated control treatment produced fruits, indica-
ting that the bags deterred all insect pollinators from
entering study ¯owers. Therefore, in 1999 this control
treatment was removed and replaced with an outcross-
ing distance of 1500 m. All recipient plants in the
1500 m treatment were pollinated with a donor plant
growing in a di�erent Trillium population from the
recipient.

Once fruits matured (approximately six weeks after
hand pollination), all fruit capsules were collected, and
the mature seeds and aborted ovules in each fruit were
counted.

The numbers of successfully initiated fruits among
outcrossing treatments were compared using a chi-
squared test. Further, the number of seeds per fruit and
the seed: ovule ratio (number of mature seeds produced
divided by the total number of ovules per fruit) were
compared among outcrossing treatments using a
randomized-block ANOVAANOVA. To achieve normality and
homogeneity of variances, the number of seeds per
fruit was natural-log transformed and the seed : ovule
ratio was arcsine-square root transformed. For both
T. erectum and T. grandi¯orum, ¯owers in 1999 pro-
duced signi®cantly more fruits and seeds than those in
1998 (P < 0.05 in all cases); therefore the data from
1998 and 1999 were analysed separately for each species.
In all analyses, bagged, unpollinated control ¯owers
were not included because they did not produce seed-
bearing fruits.

Sample collections and electrophoresis

In May 1999, two 150 m transects were established, one
in each of the two Trillium populations described above
(the focal Trillium population in 1998 and 1999 and the
donor population for the 1500 m outcrossing treatment
in 1999). The starting points of the two transects were
approximately 1500 m apart, and sampling points were
established every 10 m along each transect. Leaf samples
from three ¯owering T. erectum and T. grandi¯orum
were collected within 1 m of each sampling point, and
the geographical coordinates for each plant were noted.
If no T. erectum and/or T. grandi¯orum were growing
within 1 m of the sampling point, no leaf samples were
collected. In total, leaf samples from 74 T. erectum and
94 T. grandi¯orum individuals were collected.

Leaf samples were stored at 0°C until enzyme
extraction. A small piece of each leaf was ground in a
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Tris±HCl±PVP extraction bu�er (Bournival & Korban,
1987) and absorbed onto ®lter-paper (Whatman no. 3)
wicks. Horizontal starch-gel electrophoresis was per-
formed on 12% gels cooled in a refrigerator. A total of
seven enzymes were scored for T. erectum and eight
for T. grandi¯orum. A morpholine±citrate bu�er sys-
tem (pH 6.1; Clayton & Tretiak, 1972) was used to
resolve isocitrate dehydrogenase (IDH, EC 1.1.1.41),
malate dehydrogenase (MDH-1, MDH-2, MDH-3, EC
1.1.1.37), phosphoglucomutase (PGM, EC 5.4.2.2),
6-phosphogluconate dehydrogenase (6PGD-1, 6PGD-2,
EC 1.1.1.44), and shikimate dehydrogenase (SKDH, EC
1.1.1.25). MDH-3 was not scored for T. erectum because
it was poorly resolved.

Allozyme data analyses

F-statistics (FIS, FST, FIT; Wright, 1943, 1951) were
calculated according to the methods of Weir &
Cockerham (1984) to characterize overall genetic sub-
division. Calculations were made using the computer
program FSTATFSTAT (version 1.2; Goudet, 1995). To combine
information over alleles and loci and to calculate sample
variances, jackkni®ng procedures were used. To calcu-
late signi®cance values of FIS, FST, and FIT over all loci,
the distribution of the null hypothesis (namely FIS or
FST or FIT not > 0) obtained by permutations was
compared to the observed distribution for each respect-
ive F-statistic (Goudet, 1995).
To determine the spatial structuring of allozyme

variation within and between the Trillium populations,
Moran's I-values, correlation coe�cients for samples
separated by a given distance interval, were calculated
using ROOKCASEROOKCASE (Sawada, 1999). Here, Moran's I
examines the genetic correspondence between pairs of
plants at a given distance interval relative to the total
sample (Sokal & Oden, 1978). Moran's I ranges
from +1 (paired individuals have the same genotype
for all enzymes sampled) to )1. Under the null
hypothesis of complete spatial randomness, the value
of I has an expected value of zero. Distance intervals
of 20 m were used; both larger and smaller distance
intervals did not signi®cantly change results. Separate
analyses were run on the most common allele at each
locus, and the mean I-value was calculated across loci
at each distance interval. To test the signi®cance of
I-values, a randomization test was used to perform
5000 permutations to estimate variances and con®d-
ence intervals.
To describe further the relationship between genetic

and geographical distance for both Trillium species,
Roger's (1972) genetic distance, D, was calculated for
each pair of transect-sampling points using the com-
puter program GENESTRUTGENESTRUT (Constantine et al., 1994).

This index allowed the incorporation of both poly-
morphic and monomorphic loci. A Mantel test was
used to compare the genetic and geographical distance
matrices for each species (Mantel, 1967). Calculations
were made using the computer program RMANTELRMANTEL

written by R. Dyer. The signi®cance of the Mantel
test statistic was quanti®ed using a randomization test.
The rows and columns of one matrix were randomly
permuted 5000 times while holding the other constant
to estimate the null distribution (Sokal & Rohlf,
1995).

Results

Optimal outcrossing in T. erectum
and T. grandi¯orum

Neither T. erectum nor T. grandi¯orum exhibited an
optimal outcrossing distance for fruit and seed produc-
tion over the spatial distances used in the experimental
crosses. For T. erectum in 1998 and 1999, self-pollinated
plants produced signi®cantly fewer fruits (1998:
v2� 9.53, P� 0.023; 1999: v2� 16.29, P� 0.0026) and
seeds (1998: F3,9� 5.89, P� 0.0035; 1999: F4,17� 22.87,
P < 0.0001; Fig. 1) and had lower seed: ovule ratios
(1998: F2,9� 7.01, P� 0.0014; 1999: F4,17� 31.63,
P < 0.0001) than plants in all other outcrossing treat-
ments. However, all outcrossed plants produced suc-
cessful fruits, and seed production (Fig. 1) and seed:
ovule ratios did not di�er signi®cantly among the
outcrossing distances. In general, fruit set and seed:
ovule ratios showed similar patterns in 1998 and 1999 to
the number of seeds per fruit (as in Fig. 1).
The same patterns also held for T. grandi¯orum. In

1998 and 1999, self-pollinated plants produced signi®-
cantly fewer fruits (1998: v2� 22.59, P < 0.0001; 1999:
v2� 41.31, P < 0.0001) and seeds (1998: F3,9� 11.04,
P < 0.0001; 1999: F4,13� 60.46, P < 0.0001; Fig. 2)
and had lower seed: ovule ratios (1998: F3,9� 9.72,
P� 0.0002; 1999: F4,13� 50.16, P < 0.0001) than out-
crossed plants. However, all outcrossed plants produced
successful fruits, and seed production (Fig. 2) and seed:
ovule ratios did not signi®cantly change with increasing
distance between the donor and recipient plants. In
general, fruit set and seed: ovule ratios showed similar
patterns in 1998 and 1999 to the number of seeds per
fruit (as in Fig. 2).
For both T. erectum and T. grandi¯orum, seed

production and the seed: ovule ratio did not di�er
signi®cantly among blocks (P > 0.05). In addition, the
bagged, unpollinated control ¯owers in 1998 did not
produce seed-bearing fruits, indicating that bags made
of bridal veil deterred all insect pollinators from entering
study ¯owers.
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Allozyme analyses for T. erectum

For T. erectum, all seven loci assayed were polymorphic,
and the mean number of alleles per locus was 2.57
(Table 1). Expected heterozygosity was slightly greater
than observed heterozygosity in ®ve out of seven cases,
indicating a slight tendency towards heterozygote de®cit
at some loci. However, averaged across loci, mean
expected heterozygosity (0.326) was nearly equal to
mean observed heterozygosity (0.324) (Table 1).

Fixation indices. The overall FST value was positive and
signi®cantly di�erent from zero (0.043 � 0.016), indi-
cating moderate di�erentiation over the small geograph-
ical area studied (Table 2a). The largest values of FST

were found at the MDH-2 and 6PGD-1 loci. In ®ve out

of seven cases, FIS was positive, which could indicate
bi-parental inbreeding and/or genetic substructuring.
However, over all loci, FIS was slightly negative,
although not signi®cantly di�erent from zero, indica-
ting, overall, no substantial inbreeding (Table 2a). The
total ®xation index, FIT, was positive but did not di�er
signi®cantly from zero (Table 2a).

Spatial autocorrelation analysis. Values of Moran's I
were ®rst compared over short distance classes (0 m±
150 m; within-population comparisons) and long dis-
tance classes (1360 m±1620 m; between-population
comparisons). Three loci (6PGD-2, IDH, SKDH) exhib-
ited higher values ofMoran's I over short distance classes
than over long distance classes (Fig. 3a), indicating that
pairs ofT. erectumwithin the same population weremore
likely to be genetically similar than pairs of T. erectum in

Fig. 2 Trillium grandi¯orum: number of seeds per fruit
(mean � 1 SE) from crosses with donors at (a) four distance
classes in 1998 and (b) ®ve distance classes in 1999. Symbols
as in Fig. 1.

Fig. 1 Trillium erectum: number of seeds per fruit (mean �
1 SE) from crosses with donors at (a) four distance classes in
1998 and (b) ®ve distance classes in 1999. Di�erent lower-case

letters indicate signi®cant di�erences among pollination treat-
ments at P < 0.05 using a Tukey's HSD test.
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di�erent populations for these loci. For all other loci,
values ofMoran's Iwere either similar between short and
long distance classes (MDH-1,MDH-2, PGM), or longer
distance classes exhibited higher values of Moran's I
(6PGD-1) (Fig. 3a). In general, however, for individual
loci and averaged across loci, values of Moran's I
¯uctuated around zero with occasional signi®cant negat-

ive and positive values, with a weak trend for more
negative values over longer distance intervals (i.e. 100 m
and above; Fig. 3a). Taken together, these results dem-
onstrate only weak isolation by distance.

Mantel test. The Mantel test, which examined the
association between the T. erectum genetic and physical
distance matrices, corroborated the results demonstra-
ted in the spatial autocorrelation analyses above. The
genetic distance matrix was not signi®cantly correlated
with the physical distance matrix (Mantel test:
Z� 0.112, P� 0.980), indicating that genetic distance
did not signi®cantly change with increasing physical
distance for T. erectum.

Allozyme analyses for T. grandi¯orum

For T. grandi¯orum, six of eight loci were polymorphic,
and the mean number of alleles per locus was 2.00
(Table 3). Observed heterozygosity was slightly greater
than expected heterozygosity in ®ve out of six cases,
indicating a slight heterozygote excess. However, mean
observed heterozygosity (0.333) did not deviate signi®-
cantly from mean expected heterozygosity (0.278)
(P > 0.05; Table 3).

Fixation indices. The overall FST value was positive and
signi®cantly di�erent from zero (0.044 � 0.027), indi-
cating moderate spatial genetic di�erentiation over the
small geographical area studied (Table 2b). The largest
values of FST were found at the 6PGD-1 and IDH
loci. FIS was negative at ®ve of six loci, indicating
heterozygote excess within individual samples, and the

Table 1 Indices of genetic variation for Trillium erectum

Locus A
Allele

frequencies Ho He

MDH-1 2 0.243 0.324 0.371
0.757

MDH-2 3 0.885 0.149 0.207
0.101
0.014

6PGD-1 3 0.196 0.784 0.608
0.534
0.270

6PGD-2 2 0.027 0.054 0.053
0.973

IDH 2 0.189 0.297 0.309
0.811

SKDH 3 0.858 0.216 0.247
0.135
0.007

PGM 3 0.068 0.446 0.492
0.655
0.277

Mean (� SD) 2.57
(0.53)

Ð 0.324
(0.239)

0.326
(0.185)

A, number of alleles; Ho, observed heterozygosity; He, expected
heterozygosity. Values in parentheses are standard deviations.

Table 2 F-statistics (means with
variances in parentheses) for
(a) Trillium erectum and
(b) T. grandi¯orum calculated by
methods from Weir & Cockerham
(1984). FST calculated by the methods
of Weir & Cockerham (1984) can give
negative values

Locus FIS FST FIT

(a) T. erectum
MDH-1 0.122 (0.155) 0.001 (0.037) 0.120 (0.140)
MDH-2 0.339 (0.306) 0.078 (0.054) 0.403 (0.319)
6PGD-1 )0.375 (0.135) 0.079 (0.069) )0.271 (0.090)
6PGD-2 )0.022 (0.015) )0.005 (0.021) )0.027 (0.017)
IDH 0.006 (0.156) 0.044 (0.040) 0.043 (0.110)
SKDH 0.125 (0.105) 0.014 (0.044) 0.135 (0.089)
PGM 0.091 (0.173) 0.023 (0.025) 0.113 (0.181)
Overall )0.038 (0.123) 0.043* (0.016) 0.005 (0.104)

(b) T. grandi¯orum
MDH-3 )0.140 (0.005) )0.018 (0.001) )0.160 (0.005)
6PGD-1 0.050 (0.155) 0.109 (0.048) 0.151 (0.123)
6PGD-2 )0.107 (0.030) 0.025 (0.025) )0.079 (0.037)
IDH )0.064 (0.028) 0.081 (0.062) 0.024 (0.094)
SKDH )0.683 (0.063) 0.005 (0.009) )0.676 (0.065)
PGM )0.369 (0.089) 0.019 (0.020) )0.345 (0.062)
Overall )0.265* (0.153) 0.044* (0.027) )0.206* (0.176)

*P < 0.05.
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Fig. 3 Spatial autocorrelation correlo-

grams for Moran's I for the most com-
mon allele at (a) seven loci for Trillium
erectum and (b) six loci for T. grandi-
¯orum. In correlograms with two loci,

circles depict values of Moran's I at the
®rst locus (MDH-1, 6PGD-1) and
squares depict values of Moran's I at the

second locus (MDH-2, 6PGD-2). Filled
symbols indicate signi®cant values of
Moran's I at P < 0.05 after sequential

Bonferroni corrections.
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overall value of FIS was signi®cantly less than zero,
indicating dissortative mating (Table 2b). The total
®xation index, FIT, was negative at four of six loci with
an overall value of )0.206, which was signi®cantly less
than zero (Table 2b), again indicating overall heterozy-
gote excess.

Spatial autocorrelation analysis. Higher values of
Moran's I were detected over shorter distance classes
(0 m±150 m; within-population comparisons) than over
longer distance classes (1340 m±1620 m; between-popu-
lation comparisons) for all loci except 6PGD-2 and
SKDH (Fig. 3b), indicating that pairs of T. grandi¯orum
growing in the same population were more likely to be
genetically similar than pairs of T. grandi¯orum growing
in di�erent populations. Values of Moran's I for
individual loci and averaged across loci ¯uctuated
around zero with occasional signi®cant positive and
negative values with a weak trend for more negative
values over longer distance intervals, especially between
populations sampled (Fig. 3b).

Mantel test. The relationship between the genetic and
physical distance matrices showed signi®cant associ-
ation (Mantel test: Z� 0.200, P� 0.001). Therefore,
genetic distance increased with geographical distance.

Discussion

Neither T. erectum nor T. grandi¯orum exhibited an
optimal outcrossing distance for fruit or seed production

over a spatial scale ranging from 1 m to 1500 m. Self-
pollinated plants did produce signi®cantly fewer fruits
and seeds than outcrossed plants. However, there were
no signi®cant di�erences among outcrossing treatments
in fruit or seed production both for crosses between
plants growing in the same population and between
plants growing in di�erent populations. Even at the
longest distance class, 1500 m, no evidence was found of
either outbreeding depression or heterosis. Lack of
bi-parental inbreeding and outbreeding depression
and heterosis over various spatial scales has been
found in another member of the Liliaceae, Amianthium
muscaetoxicum (Redmond et al., 1989).
Optimal outcrossing theory assumes a negative

association between the genetic similarity and physical
distance of mates (Price & Waser, 1979; Waser & Price,
1983). Since neither T. erectum nor T. grandi¯orum
exhibited an optimal outcrossing distance, it was
predicted that populations of the two Trillium species
would not demonstrate strong isolation by distance. The
allozyme results did not fully support the patterns
revealed in the outcrossing treatments. The signi®cant
positive FST values demonstrated by T. erectum and
T. grandi¯orum populations (0.043 and 0.044, respect-
ively) indicate substantial spatial genetic structure over
the small geographical area sampled. Spatial autocorre-
lation analyses did not detect conclusive evidence for
genetic isolation by distance for T. erectum, as predicted
from the outcrossing results. However, T. grandi¯orum
did exhibit strong isolation by distance, as indicated by
spatial autocorrelation analyses and a Mantel test. This
result is surprising considering the mating system of
each species. Trillium grandi¯orum is predominantly an
outcrosser and would be expected to exhibit less
isolation by distance due to long-distance pollination
events compared to T. erectum, which has a mixed
mating system (Broyles et al., 1997; Kalisz et al., 1999)
and dipteran pollinators which exhibit low ¯ower
constancy and little pollen carryover (i.e. Herrera,
1987; Olesen & Warncke, 1989; see Proctor et al., 1996
for a review). Yet, T. grandi¯orum may exhibit stronger
isolation by distance than T. erectum because it is
capable of autogamy when pollinators are scarce;
whereas, T. erectum requires insect vectors for selfed
as well as outcrossed pollination (Fukuda & Grant,
1980; Broyles et al., 1997; but see Kalisz et al., 1999).
In general, the levels of allozyme variation in T. erectum
and T. grandi¯orum from Vermont populations are
similar to those reported from central New York
(Broyles et al., 1997).
Selection (e.g. Waser, 1987; Campbell & Dooley,

1992), stochastic e�ects (e.g. Epperson & Clegg, 1986),
and limited gene ¯ow (e.g. Williams, 1994) have all been
proposed as factors in¯uencing population genetic

Table 3 Indices of genetic variation for Trillium
grandi¯orum. Legend as in Table 1

Locus A
Allele

frequencies Ho He

MDH-1 1 1.0 0 0
MDH-2 1 1.0 0 0
MDH-3 2 0.862 0.277 0.240

0.138
6PGD-1 3 0.505 0.489 0.566

0.420
0.075

6PGD-2 2 0.074 0.149 0.139
0.926

IDH 3 0.144 0.298 0.292
0.830
0.026

SKDH 2 0.495 0.804 0.503
0.505

PGM 2 0.403 0.649 0.482
0.597

Mean (�SD) 2.00
(0.76)

Ð 0.333
(0.294)

0.278
(0.224)
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structure and isolation by distance. The levels of spatial
genetic structure and isolation by distance exhibited by
T. erectum and T. grandi¯orum populations may be
attributed to a number of variable factors, including
active seed dispersal by ants, rare long-distance gene-
¯ow events, post-pollination and post-fertilization
selection, and/or the severity of inbreeding depression.
These factors are not mutually exclusive and are
discussed below.

Many studies have found that seed dispersal is a
primary factor in¯uencing variation in gene ¯ow and
population structure (e.g. Hamrick & Godt, 1996;
Kalisz et al., 1999). Although the average seed dispersal
distance of T. erectum seeds is unknown, ant-mediated
seed dispersal of T. grandi¯orum seeds ranges from
0.02 m to 10 m, with an average dispersal distance of
approximately 1.5 m (Kalisz et al., 1999). In T. grandi-
¯orum, seed dispersal reduces the probability of siblings
being neighbours (Kalisz et al., 1999). Thus, seed
dispersal may play a central role in genetically homo-
genizing T. erectum and T. grandi¯orum populations
over short distance intervals. In other studies demon-
strating optimal outcrossing distances, focal plants
typically had limited, leptokurtic pollen movement and
no active seed dispersal. More work is needed to address
the importance of active seed dispersal in in¯uencing the
occurrence of optimal outcrossing distances.

Ant-mediated seed dispersal may counteract spatial
patterns of relatedness within populations, but it is
unlikely to a�ect gene ¯ow between populations and
thus does not explain the spatial patterns of relatedness
exhibited by T. erectum (Kalisz et al., 1999). However,
rare long-distance gene-¯ow events via pollination or
seed dispersal could counteract genetic subdivision
within T. erectum populations and isolation by distance
among T. erectum populations (e.g. Campbell & Dooley,
1992). Although the pollinators of T. erectum, primarily
dipterans, are predicted to have low ¯ower constancy
and little pollen carryover (Herrera, 1987; Olesen &
Warncke, 1989), rare long-distance ¯ights could serve to
limit isolation by distance. Rare, long-distance pollina-
tor ¯ights can increase neighbourhood size both within
continuous populations as well as among distinct
populations in several plant species (e.g. Campbell &
Dooley, 1992). Long-distance seed-dispersal events may
also o�set localized gene ¯ow. These long-distance seed-
dispersal events, although probably not mediated by
ants, may be mediated by other biotic mechanisms in
Trillium, such as wasps (Jules, 1996), or by abiotic
mechanisms, such as water.

Further, post-pollination and post-fertilization selec-
tion may modify patterns established by mating and
gene ¯ow. For example, in mixed pollen loads on the
same stigma, pollen from longer distances might gain an

advantage due to di�erential success of pollen-tube
growth (e.g. Waser & Price, 1991, 1993). Moreover,
patterns established by pollen ¯ow may be modi®ed by
selection against certain progeny during seed matur-
ation, seed dispersal, germination, establishment, and
the prolonged juvenile stage. Furthermore, Trillium are
extremely long-lived, and individual plants can survive
for up to 40 years. Thus, proximate plants probably
have had a long time for most members of the same
kinship to die out. Therefore, plant demography may be
an important link to understanding patterns established
by mating and gene ¯ow. Work using a genetic
demography approach will elucidate the importance of
each of these mechanisms to spatial genetic structure in
T. erectum and T. grandi¯orum populations.

Moreover, the severity of inbreeding depression may
also in¯uence spatial genetic patterns in T. erectum and
T. grandi¯orum populations. Theory predicts that if self-
pollinated individuals experience greater than a 50%
reduction in seed production, then breeding systems
should evolve to be predominantly outcrossing (Lloyd,
1979; Lande & Schemske, 1985). Negative selection
against inbreeding should serve to genetically homo-
genize populations. For T. erectum and T. grandi¯orum,
self-pollinated plants experienced a 71% and 89%
reduction, respectively, in seed production for selfed
vs. outcrossed progeny. This reduction is well above the
theoretical threshold of 50% reduction in reproductive
success needed to promote outcrossing breeding sys-
tems. Therefore, the severity of inbreeding depression
may serve to increase outcrossing and decrease genetic
structure.

One caveat to the interpretation of the outcrossing
results presented here is that the present data only show
that an optimal outcrossing distance does not exist for
fruit or seed production over a spatial scale of 1 m to
1500 m. However, an optimal outcrossing distance may
still exist for one or both species for numerous reasons
(Waser, 1993), three of which are described here.

First, outcrossing distance may a�ect not only the
number of seeds produced but also the germination,
survival, and subsequent ®tness of those o�spring
(e.g. Waser & Price, 1985, 1989; Lynch, 1991), and the
de®nitive importance of inbreeding and outbreeding
depression may only become apparent in F2 and
subsequent generations (Lynch, 1991). For T. erectum
and T. grandi¯orum, selfed progeny experience strong
negative selection pressures and high mortality during
seed dispersal, germination, establishment, and the
prolonged juvenile stage (Davis, 1981; Kawano et al.,
1986; Hanzawa & Kalisz, 1993; Kalisz et al., 1999).
Therefore, to assess the ultimate importance of optimal
outcrossing distance for T. erectum and T. grandi¯orum,
long-term studies are needed to measure o�spring
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survival and fecundity from crosses at various spatial
distances (Lynch, 1991). Since Trillium species are long-
lived perennials, this work would involve numerous
decades of study.
Second, spatial and temporal variation in gene ¯ow

and selection regimes may in¯uence the probability of
detecting an optimal outcrossing distance in a given
year. Spatial genetic structure in a plant population
depends on past gene-¯ow events via seeds and pollen
and on selection patterns, all of which may vary
spatially and temporally. Since T. erectum and T. gran-
di¯orum are long-lived species and individuals switch
from reproductive to non-reproductive stages numerous
times during their life-times and there is new recruitment
of individuals into reproductive stages each year,
reproductive individuals separated at a distance class
of 100 m in a given year may be very di�erent
genetically from individuals separated by that same
distance class in the next year. Indeed, the e�ects of
spatial and temporal variation on the intensity of
inbreeding depression, outbreeding depression, and
heterosis are well documented (see Waser et al., 2000
for a review). Rather than using discrete distances
classes, future studies in optimal outcrossing may need
to treat distance class as a continuous variable to
incorporate variation in both shorter and longer dis-
tance ranges to detect optimal outcrossing in popula-
tions of spatially and temporally variable species.
Finally, the ability to detect an optimal outcrossing

distance may be compromised by low statistical power.
In Delphinium nelsonii, a signi®cant trend towards an
intermediate optimal outcrossing distance was only
detected after 11 years of experimental pollinations,
many individual years of which often showed no
signi®cant e�ect (Waser, 1993). In the two years of
experimental pollinations performed here, 10 plants per
outcrossing treatment were used in 1998 and 18 and
14 plants for T. erectum and T. grandi¯orum, respect-
ively, in 1999. Statistical power increases with experi-
mental repetition; therefore, larger sample sizes over
multiple years may be needed to detect a signi®cant
result. Indeed, a power analysis indicates that, in a given
year, at least 112 T. erectum and T. grandi¯orum per
treatment would be needed to ®nd a signi®cant di�erence
among outcrossing treatments in seed production at
a� 0.05. However, increased sample sizes and statistical
signi®cance do not equate to biological relevance.
Ultimately, the biological importance of small or mod-
erate e�ects of outcrossing on fecundity may be most
applicable if detected consistently over multiple years
(Waser, 1993).
In summary, understanding the phenomenon of

optimal outcrossing and its relationship to plant repro-
ductive biology and plant taxonomy is still in its infancy.

In the work presented here, neither T. erectum nor
T. grandi¯orum exhibited an optimal outcrossing
distance for fruit or seed production over a spatial scale
of 1 m to 1500 m. Populations of T. erectum and
T. grandi¯orum exhibited moderate spatial di�erenti-
ation, and T. grandi¯orum exhibited stronger isolation
by distance than T. erectum. Patterns of allozyme
variation in T. erectum and T. grandi¯orum may be
attributed to a number of factors, including active seed
dispersal by ants, rare long-distance gene-¯ow events,
post-pollination and post-fertilization selection, and/or
the severity of inbreeding depression. Knowledge of
inbreeding and outbreeding depression has important
evolutionary implications for plant mating systems,
pollen- and seed-dispersal strategies, and speciation as
well as conservation implications for rare and endan-
gered plants. However, truly understanding the biologi-
cal relevance of optimal outcrossing in plants requires
knowledge of its e�ects in F2 and subsequent genera-
tions (Waser & Price, 1989; Lynch, 1991; Waser, 1993).
The next step in this system is to conduct long-term ®eld
and allozyme studies at both shorter and longer spatial
scales to determine the ultimate importance of outcross-
ing distance and spatial genetic structure to o�spring
success in the long-lived spring ephemerals T. erectum
and T. grandi¯orum.
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