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ABSTRACT: Because seed dispersal influences the environment ex-
perienced by seeds, that environment can change as dispersal evolves.
The evolutionary potential of dispersal can in turn change as dispersal
evolves, if its expression of genetic variation depends on the post-
dispersal environment. We examined whether seed dispersion pat-
terns have a detectable genetic basis (and therefore evolutionary po-
tential) and determined whether that genetic basis changed
depending on one postdispersal environmental factor: conspecific
density. We grew replicates of 12 ecotypes of Arabidopsis thaliana at
high and low density and measured seed dispersion patterns and
maternal traits associated with dispersal under controlled conditions.
We found density-dependent ecotypic variation for maternal traits
that influence dispersal. Significant genetic variation for postdispersal
sibling density was detected only when plants were grown at high
density, suggesting that if dispersal evolves to result in lower post-
dispersal densities, the expression of genetic variation for dispersal
would be reduced. This dynamic could lead to a plasticity-induced
constraint on the evolution of dispersal. The ability of organisms to
alter the environment they experience and the ability of that envi-
ronment to evolve can alter evolutionary dynamics by augmenting
or reducing evolutionary potential and thereby facilitating or con-
straining evolutionary responses to selection.
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The ability of organisms to alter the environment they
experience has been termed “niche construction” (Odling-
Smee et al. 1996). Niche construction can occur through
direct habitat modification, habitat choice, or resource gar-
nering and depletion. Plants can alter the environment
they experience through resource use, architectural re-
sponses to environmental cues, germination cueing, and
seed dispersal (Bazzaz 1991; de Kroon and Hutchings 1995;
Huber et al. 1999; Donohue 2003).

Seed dispersal is the most mobile stage in a plant’s life
history, excepting pollen dispersal in outcrossing species,
and for many species, it is the only mobile stage. It thereby
provides plants the opportunity to change the environ-
ment experienced in the next generation, enabling, for
example, escape from pathogens associated with maternal
plants (Burdon and Chilvers 1975; Augspurger 1983), es-
cape from adverse environmental conditions or predators
at the maternal home site (Janzen 1971, 1972; Wilson and
Janzen 1972; Liew and Wong 1973; Peroni 1994; Lott et
al. 1995), or escape from sibling competition (Baker and
O’Dowd 1982; Rees and Brown 1991; Augspurger and
Kitajima 1992; Gibson 1993b; Donohue 1997). Directed
dispersal, especially by animals, can effectively provide
seeds with nurturing conditions more favorable than sur-
rounding environments (e.g., Beattie and Lyons 1975; Gib-
son 19934; reviewed in Howe and Smallwood 1982; Will-
son and Traveset 2000). Thus, traits of plants that influence
their dispersal ability influence the environment experi-
enced by offspring and thereby contribute to niche con-
struction.

One fundamental question is whether niche construc-
tion itself has evolutionary potential in natural plant sys-
tems. The environments that plants inhabit are typically
considered to be purely ecological and beyond the control
of the plants. If niche-constructing characters of plants
have a genetic basis and can evolve, however, then the
propensity of plants to experience specific environments
can evolve (Donohue 2003). We examined the genetic basis
of one niche-constructing plant character: seed dispersal.
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Seed dispersal is a complex, composite character that is
notoriously difficult to quantify, and it has therefore eluded
genetic investigation in a comprehensive manner. To our
knowledge, no quantitative genetic study has yet attempted
to examine the genetic basis of seed dispersion patterns
themselves, although some admirable studies have ex-
amined specific plant characters demonstrated or hypoth-
esized to be associated with dispersal ability (Erskine 1985;
Venable and Burquez 1990; Robertson et al. 1997; Liljegren
et al. 2000). It is important to measure the evolutionary
potential of niche-constructing characters such as dispersal
because if dispersal and niche-constructing characters in
general have a genetic basis and can evolve, then their
evolution can influence the evolutionary dynamics of other
traits and even of themselves.

Niche construction alters evolutionary dynamics in
three ways. First, it can alter the agents of natural selection
that an organism is exposed to. If niche construction
causes greater consistency in environmental conditions
over time, then it can also promote adaptation and spe-
cialization (Levins 1968; Holt 1987; Rosenzweig 1987;
Brown 1990).

Second, plastic phenotypes can change according to the
environment that an organism creates for itself. For ex-
ample, in annual mustards, dispersing to low density
caused plant morphology to change significantly because
plant morphology is highly plastic in response to density
(Donohue 1999; Wender et al. 2005). Similarly, the timing
of dispersal influenced fundamental life-history expression
in Campanula americana, with early dispersal leading to
an annual life history and later dispersal leading to a bi-
ennial life history (Galloway 2002). Therefore, niche con-
struction can influence patterns of morphological and life-
history expression in a general manner.

Third, niche construction has the potential to influ-
ence the expression of genetic variation. Environment-
dependent genetic expression is extremely common (e.g.,
Mazer and Wolfe 1992; Dorn et al. 2000; Munir et al.
2001). Therefore, the ability of organisms to alter the en-
vironment they experience can alter their evolutionary po-
tential. If niche construction alters the environment in a
manner that enhances the expression of genetic variation,
then it can increase the ability to respond to natural se-
lection, but if the environment reduces the expression of
genetic variation, niche construction can impose genetic
constraints on the response to selection. Therefore, niche
construction can facilitate or constrain adaptive evolution
by influencing the expression of genetic variation.

We investigated the genetic basis of the niche-
constructing character of seed dispersal and how its genetic
basis changes depending on the postdispersal environ-
mental factor of conspecific density. Dispersal ability can
influence the conspecific density experienced by seeds (re-

viewed in Howe and Smallwood 1982; Willson and Trav-
eset 2000). Postdispersal density in turn influences plant
fitness, frequently with natural selection favoring dispersal
to lower density (e.g., Burdon and Chilvers 1975; Aug-
spurger and Kitajima 1992; Donohue 1997). By examining
the genetic basis of dispersal at different densities, we ex-
amined the potential for dispersal to influence its own
genetic basis as it evolves in response to selection, and we
tested whether its evolution could constrain or augment
its evolutionary potential over time.

The necessary first step to characterizing the genetic
basis of seed dispersion patterns is to test whether a genetic
basis of this complex trait is detectable at all using ge-
netically variable material. If a genetic basis can be de-
tected, then we can examine which maternal traits con-
tribute to that genetic basis and how the genetic basis varies
with environmental conditions. In this study, we delib-
erately increased our ability to detect a genetic basis for
seed dispersion patterns so we could detect maternal char-
acters that are genetically associated with seed dispersion
patterns and increase our ability to resolve how the genetic
component of variation in dispersal changes with density.

We used Arabidopsis thaliana for this study. A related
article (Wender et al. 2005) identified morphological traits
associated with dispersal at high and low density in A.
thaliana. Here we present a genetic analysis of those traits,
their genetic correlations with dispersal, and a genetic anal-
ysis of seed dispersion patterns themselves in high and low
density. The previous study also documented that high
density resulted in lower fitness, suggesting that, all else
being equal, natural selection may favor lower postdis-
persal density, but of course, field studies are required to
test that hypothesis. For illustrative purposes, however, we
can ask here whether dispersal has the genetic variation
required to respond to selection, and if so, how the genetic
basis of dispersal would change if dispersal did evolve to
create lower postdispersal density.

We addressed the following specific questions: Are ma-
ternal traits that influence dispersal genetically variable,
and does the degree of genetic variation for these traits
depend on density? Are maternal traits genetically corre-
lated with dispersal at high and low density? Is there de-
tectable genetic variation for seed dispersion patterns
themselves, and does this genetic variation vary with den-
sity? Can density-dependent genetic expression of plant
traits and dispersal constrain or facilitate the evolution of
dispersal?

Methods

To increase our resolution of the genetic basis of seed
dispersion patterns, we deliberately increased the chance
of sampling genetically diverse material and minimized



environmental variance in dispersal. We sampled ecotypes
in a manner likely to increase the genetic component of
phenotypic variation by selecting ecotypes that differ in
phenotypic characters hypothesized to be associated with
dispersal ability. The morphological variation increased the
statistical power to detect associations between plant phe-
notypes and seed dispersion patterns and to characterize
patterns of plasticity of diverse genotypes. After we iden-
tified plant characters associated with dispersal in the di-
verse ecotypes, we measured these same characters on a
sample of genotypes collected from one natural population
in order to quantify the genetic variation for these char-
acters within a population.

We reduced environmental variance by measuring seed
dispersion patterns under controlled conditions. Studies
under controlled conditions enabled us to precisely ma-
nipulate density to determine its effect on specific plant
characters, on seed dispersion patterns, and on the genetic
variation for seed dispersion patterns. Such studies would
have been prohibitively difficult in the field because the
seeds of Arabidopsis thaliana are tiny, making their recov-
ery nearly impossible, and seedling distributions would be
almost equally difficult to quantify under a natural canopy.
In addition, many seedlings die very soon after germi-
nation (K. Donohue, unpublished data), and such early
mortality would confound estimates of seed dispersion
patterns with environment-dependent seedling mortality.
These studies of seed dispersal under controlled conditions
are therefore the necessary first step toward identifying
relevant mechanisms of dispersal variation in A. thaliana
for future studies under more ecologically realistic envi-
ronments and for characterizing environment-dependent
genetic expression.

Study System

Arabidopsis thaliana, a weedy mustard (Brassicaceae),
displays a winter annual, spring annual, and autumn-
flowering life history (Napp-Zinn, 1976; Thompson 1994;
Nordborg and Bergelson 1999; Griffith et al. 2004). Native
to Western Eurasia, it has successfully populated much of
North America, Asia, Europe, and North Africa (Sharbel
et al. 2000; Hoffman, 2002). Like many related pest and
crop species of the Brassicaceae, A. thaliana has dehiscent
siliques, and its seeds are passively dispersed by wind or
are transported with soil. A. thaliana is autogamous and
exhibits a high rate of self-fertilization in the field (Abbott
and Gomes 1989) leading to high homozygosity in natural
populations (Todokoro et al. 1995; Berge et al. 1998; Ber-
gelson et al. 1998). Broad-sense heritability estimates
therefore accurately estimate the genetic variance that con-
tributes to responses to selection in inbred lineages.
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Experimental Treatments

We measured seed dispersion patterns of replicates of 12
ecotypes grown at high and low density under controlled
conditions. Five of the ecotypes were supplied by the
Arabidopsis Biological Resource Center at Ohio State
University (BAUK-CS952, BUR-CS1028, EDI-CS1122,
TAD-CS929, and TEO-CS1550). Seven additional eco-
types were collected from North America by K. Donohue
(one each from Rhode Island, Tennessee, and Michigan;
two each from Massachusetts and Kentucky; see Griffith
et al. 2004 for more information on these populations).
We also grew replicates of 16 genotypes of one ecotype
collected from Montague, Massachusetts, under high and
low density and measured traits associated with seed dis-
persion patterns.

We grew all plants in a common greenhouse environ-
ment for two generations before the experiment to min-
imize random maternal effects on plant traits. Ten repli-
cates of each ecotype were grown in two density
treatments. The low-density treatment had one plant per
2.5-inch pot. The high-density treatment consisted of a
single plant of a given ecotype in a 2.5-inch pot, sur-
rounded by 19 yellow-seeded, “transparent testa” mutants
(“ttg” stock no. CS3128 on a Landsberg ecotype back-
ground). Seeds from the nonmutant ecotype could be dis-
tinguished from seeds from the neighboring mutants so
we could characterize the seed dispersion pattern of a spe-
cific individual within a matrix of common competitors.
Plants in high density flower sooner, so they were planted
1 month later than plants at low density to enable all plants
to flower within the same span of time.

Plants were grown in a Conviron E7/2 growth chamber
in a randomized block design on a 12L : 12D photoperiod
of full-spectrum light at 22°C. All plants received a 7-week
vernalization period at 4°C to synchronize flowering. After
vernalization, plants were grown in a randomized block
design in a greenhouse with a 12L: 12D photoperiod at
22°C.

To minimize variance in the developmental state of
plants during dispersal trials, the flowering date of each
individual was recorded, and dispersal trials were con-
ducted an average of 51 days after the day of first flowering.
After that interval, most siliques were mature, and some
had already dehisced. To standardize any variation in hy-
dration across plants, each plant was dried, undisturbed
in the pot, by withholding water for 10 days before the
dispersal trial.

At the time of the dispersal trials, architectural traits of
each plant and fruit characters were measured. See Wender
et al. (2005) for a complete list of the measured traits.
Based on that phenotypic study, we identified several plant
characters that significantly influenced different compo-
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nents of seed dispersion patterns. These characters were:
the total number of fruits produced; the height of the
primary stem; the total number of branches; the length of
the longest branch off the primary stem (branch length);
the average angle between the main stem and the adaxial
surface of three inflorescence branches if they existed
(branch angle); the average silique length, based on a sub-
set of 10 siliques randomly located on each plant (silique
length); and the total proportion of mature fruits that had
dehisced during the dispersal trail (proportion dehisced;
this does not include those that dehisced before the dis-
persal trial).

We conducted the dispersal trials in a wind tunnel at a
mean wind speed of 4.9 m/s (SD = 0.09). The wind speed
is a realistic estimate of wind speed during summer dis-
persal season, and the speed minimized dispersal beyond
the length of seed collection in the wind tunnel (10 m
long). We also imposed a standardized mechanical dis-
turbance to facilitate dehiscence during the trial. A wooden
dowel passed through the plant, in an arc from the base
of one side of the plant to the top of the other side, at a
constant speed one minute after the plant had been placed
in the wind tunnel, and the plant remained in the wind
tunnel for four minutes after the disturbance. This se-
quence was repeated once. This routine was established
during preliminary trials that quantified the proportion of
siliques that had dehisced during the trial, and our goal
was to estimate the dispersion pattern of at least 25% of
the siliques on the plant. The method frequently exceeded
this goal.

The wind tunnel was lined with gridded sheets covered
with petroleum jelly. The petroleum jelly prevented further
movement of the seeds after they reached the base of the
tunnel, enabling accurate assessment of primary dispersal.
We quantified seed dispersion patterns of individual plants
by recording the position of each seed on the sheet, based
on the printed grid of 0.25 cm x 0.25 cm. Subsampling
was necessary for some plants that dispersed a large num-
ber of seeds (more than 4,000 seeds, in many cases). When
subsampling, we recorded the position of all seeds in every
other 2.5-cm strip extending the length of the seed sheets.

We calculated six measurements of dispersal for each
plant: the average distance dispersed, the standard devi-
ation of that distance, the kurtosis of the distribution, the
average density of seeds measured on two scales, and the
proportion of seeds dispersed beyond recovery. The first
density scale (small-scale density) was that of the
0.25 x 0.25-cm grid marks, representing the spatial scale
of interactions between individual germinants. The second
scale (large-scale density) was that of a 2.5 x 2.5-cm area,
which represents a spatial scale of interaction among adult
plants and approximates the scale that we used when we
imposed different densities at the pot level. Density was

measured as the “mean crowding index” or the mean num-
ber of neighbors a seed had within each unit area (Lloyd
1967). For the high-density plants, we estimated dispersal
based only on seeds from the focal ecotypes, not those
from the yellow-seeded mutants (but see Wender et al.
2005 for measures of background dispersal by the yellow-
seeded mutants); the background density would be similar
across all ecotypes because the same genotype was used
as the competitor for all focal ecotypes. Consequently, the
postdispersal density measurements estimate sibling den-
sity, not total density, and we thereby investigated the com-
ponent of progeny density that is determined by the traits
of the focal maternal plant. Most seeds were dispersed
within 2 m of the maternal plant, and the detailed quan-
tifications of dispersal just described were based on those
seeds. To quantify the proportion of seeds that was dis-
persed beyond this distance, we first counted the number
of siliques that dehisced during the dispersal trial and mul-
tiplied that number by 36.9 (seeds per silique; SD = 5.9)
for plants grown in low density and 29.3 (seeds per silique;
SD = 8.7) for plants grown at high density. The estimates
of seeds per silique were based on a sample of 10 siliques
from 10 plants from each density treatment (100 siliques
total per treatment). The estimated proportion of seeds
dispersed beyond recovery (percent beyond) was 1— [(the
total number of seeds recovered)/(estimated number of
seeds dispersed)].

To determine the degree of genetic variation observed
within a single population for traits that influence seed
dispersion patterns, we grew 10 replicates of 16 geno-
types, collected from a single natural population, at high
and low density using the same design and growing pro-
tocols as described above. Seeds were collected as open-
pollinated (and presumably highly selfed) sibships from
random plants in the field from a population in Mon-
tague, Massachusetts. Each sibship was grown in a green-
house for two generations before the experiment, with
selfed seeds being collected from one individual of each
original sibship (i.e., single-seed descent). Seeds were col-
lected from the second-generation plants, and 10 seeds
of each inbred line were planted in high and low density,
as described above. The same plant characters were mea-
sured at the same developmental stage as was used for
the diverse ecotypes.

Statistical Analysis

To test for significant effects of density, ecotype, and the
interaction between density and ecotype on maternal char-
acters and dispersal measures, a MANOVA (Proc GLM in
SAS; SAS 1999) was performed for maternal traits and for
dispersal measures. Variables were transformed to nor-
mality when appropriate. Density was a fixed factor, eco-
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Figure 1: Ecotypic means of maternal plant traits at high and low density. Each line connects the mean value of an ecotype at each density. Boxes
present the F ratios and significance levels of the effects based on mixed-model ANOVA, as described in “Methods.” Plus sign, P < .1; one asterisk,
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Figure 2: Ecotypic means of dispersal measures at high and low density. Each line connects the mean value of an ecotype at each density. “Small-
scale density” indicates the postdispersal mean crowding index at the 0.25 x 0.25-cm scale. “Large-scale density” indicates the postdispersal mean
crowding index at the 2.5 x 2.5-cm scale. Boxes present the F ratios and significance levels of the effects based on mixed-model ANOVA. Plus sign,

P < .1; one asterisk, P < .05; three asterisks, P < .001.

type was a random factor, and ecotype and density effects
were tested over the interaction term. Individual ANOVAs
(Proc GLM in SAS) using the same model structure were
then performed on each trait and dispersal measure sep-
arately. We also quantified ecotypic differences in maternal
traits and dispersal measures within each density. Most
residuals were normally distributed, but residuals for some
dispersal measures were slightly leptokurtic. Therefore,
Kruskal-Wallis tests also tested for ecotypic differences
within each density for some measures of dispersal.

We estimated genetic and environmental variance com-
ponents and tested for significant differences in genetic
and environmental variances in high and low density using
restricted maximum likelihood (REML) analysis (Proc
Mixed in SAS). Differences between the —2Log residual
likelihood between the unconstrained model and the mod-
els in which the genetic or environmental variances were
constrained to be equal were compared with a x* distri-
bution with one degree of freedom. We also computed the
correlation between the trait when expressed in high and
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Table 1: Ecotypic-level genetic and environmental variances of maternal traits in high and low density
i . .
gh density Low density v, = V. = o=
Character Ve Vi Hy Vor Vi, H; Taw ) Vo Vi H GxE
Fruits .0007 .83 .00 .082 1.07 .07* —1.00 NS * * *
(.006) (11)  (.02) (.083) (.15)  (.04) (NE)
Branches .022 297 .07 .064 119 .35% —.39 NS bl * ek
(022)  (.041) (.10) (032)  (017) (.17) (.48)
Height 20.85 65.70 2400 29.67 58.01 .33% .99* NS NS NS *
(11.87)  (9.25)  (.08) (15.45)  (8.54)  (.11) (.13)
Branch 6.18 34.78 15* 31.68 30.03 540 A41° e NS o e
length (4.28) (4.94)  (.07) (14.92) (4.23)  (.15) (.35)
Branch 30.81 37.92 480 72.27 27.87 73%* 1.00° bl NS i *
angle (1541)  (5.85)  (.10) (32.19)  (4.19)  (.09) (.00)
Silique 27 4.18 .06 1.24 .45 73 1.007 NS et el *
length (.24) (.56)  (.06) (.55) (.07)  (.13) (.00)
Proportion .006 .034 14* .008 .028 230 .63 NS NS NS *
dehisced (.004) (.005)  (.07) (.005) (.004) (.12) (.35)

Note: Vg, = genetic variance at high density; Vy, = environmental variance at high density; V; = genetic variance at low density; V =
environmental variance at low density; Hi; = ecotypic-level broad-sense heritability at high density; H; = ecotypic-level broad-sense heritability at low density;
a1y = genetic correlation across density. Standard errors of the variance component estimates and correlations are given in parentheses; Vi = V, tests
for a significant departure from the null hypothesis that the genetic variances are equal in the two densities; Vi = Vi tests for a significant departure from
the null hypothesis that the environmental variances are equal in the two densities; H;; = H; tests for a significant departure from the null hypothesis that
the heritabilities are equal in the two densities, based on jackknife standard errors; G x E tests for genotype by environment interactions that indicate either
that the heritabilities differ across density or that reaction norms cross. N = 236. Significance levels of the heritability estimates are based on the significance

of ecotype main effects in ANOVA. NS = not significant; NE = nonestimable because of negative variance components.

* Significantly different from model in which the correlation across environments is constrained to be 0.
® Significantly different from model in which the correlation across environments is constrained to be 1.

T P<.l.

* P<.05.
> P<.01.
P <.001.

low density and tested for significant differences from 0
or 1 using REML and comparing likelihoods between the
unconstrained model and those in which the correlation
was constrained to be either 0 or 1, as just described. These
tests were verified with jackknife standard errors of the
variance component estimates. Broad-sense heritabilities
were estimated within each environment as the genetic
variance divided by the total phenotypic variance (genetic
plus environmental variance). Their significance was as-
sessed based on the ecotype effect in the ANOVA analysis
conducted within each density previously described (Fry
1992), and results were verified by computing jackknife
standard errors. A significant ecotype-by-density inter-
action in the ANOVA would indicate that the heritabil-
ities differed significantly between densities and/or that
the ecotypes exhibited crossing reaction norms (Fry
1992). Jackknife standard errors distinguished between
these possibilities.

At each density, we computed genetic correlations
among maternal traits and between maternal traits and
dispersal measures based on genetic variance and covar-
iance components using the Free-stat statistical package

(Mitchell-Olds 1989). Free-stat calculates genetic variances
based on variance components and tests their significance
with permutation tests. Common principal component
analysis tested whether the structure of the genetic covar-
iance matrix of maternal morphological traits differed be-
tween density treatments (Phillips 1998; Phillips and Ar-
nold 1999).

To determine how much of the observed ecotypic dif-
ference in dispersal measures was caused by ecotypic dif-
ferences in the maternal characters, we compared the
ecotype effect on dispersal, with (ANCOVA) and without
(ANOVA) the maternal traits mentioned above. For dis-
persal measures that gave nonnormal residuals, we first
calculated the residual variation in dispersal after factoring
out effects caused by maternal traits using ANCOVA, and
we then analyzed the dispersal measures and the residuals
of dispersal measures using Kruskal-Wallis tests.

We calculated genetic and environmental variances, her-
itabilities, and genotype-by-environment interactions of
the maternal traits within the single natural population
using the same methods as described above.
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Table 2: Ecotypic-level genetic and environmental variances of dispersal measures in high and low density

High density

Low density

Vou = Veu = Hj =
Character Ve Vi Hy Vo Vi H; Taw 1) Vo Vi H GxE
Distance 16.27 194.13 .08* 11.987 92.25 14 .86 NS i NS NS
(15.58) (26.92) (.08) (10.62)  (13.13)  (.08) (.46)
SD distance .35 53.26 .01 3.60 13.39 214 1.00 NS ek i NS
(.94) (7.03)  (.04) (216)  (1.90)  (.08) (.00)
Kurtosis .024 1.68 .01 .038 .067 360 —13 NS el e NS
(.09) (23)  (.04) (.02) (01)  (.12) (.947)
Small-scale density .0001 .0005  .17** .00 .0037 .00 .00 NS ook * NS
(.0003) (.0002) (.08) (.00) (.003) (.03) (.00)
Large-scale density ~ 4.93 28.31 157 5845  483.45 11 .49 NS b NS *
(3.44) (3.94)  (.06)  (48.23) (68.80)  (.06) (.48)
% beyond .013 .048 22% .023 .050 320k .56 NS NS NS *
(.009) (.008)  (.05) (013)  (.009) (.12) (.34)

Note: Column headings and statistical tests are as in table 1. N = 236. Significance levels of the heritability estimates are based on the significance of

ecotype main effects in ANOVA for “Large-scale density” and “% beyond” and on Kruskal-Wallis analysis for the other nonnormal measures. NS = not

significant.
* P<.05.
> P<.01.
P P<.001.

Results
Plasticity of Maternal Traits and Dispersal

Ecotype, density, and their interaction influenced plant
traits significantly (MANOVA, factor [nnf, ddf]; Wilks’s
N\, ecotype [77, 37], N = 2.55, P<.005; density [7, 5],
N = 35.83, P<.001; density x ecotype [77, 900], N\ =
247, P<.001; N = 239). High density resulted in shorter
plants with fewer fruits and branches, shorter and more
acute branches, and shorter siliques (fig. 1). The ecotypes
responded differently to density for most characters, as
indicated by the significant ecotype-by-density interactions
(nearly significant for fruit number, branch angle, and
dehiscence).

Density significantly influenced dispersal measures
(MANOVA, factor [nnf, ddf]; Wilks’s A, ecotype [66, 38],
A = 1.57, P = .06; density [6, 6], A = 27.29, P<.001;
density x ecotype [66, 696], N = 1.01, P>.05 N =
239), with high density being associated with shorter dis-
persal distances, higher SD of dispersal distance, and lower
postdispersal sibling (but not total) density at both spatial
scales (fig. 2). See Wender et al. (2005) for more discussion
on the plasticity of the maternal traits and dispersal
measures.

Genetic Variation for Maternal Traits and Dispersal

We detected no significant genetic variation for any ma-
ternal trait within the natural population, except for height
at low density (appendix table Al). In contrast, significant
ecotypic variation was detected for all maternal characters

at low density (table 1; fig. 1). Fruit production, branch
number, and silique length did not express significant ge-
netic variation at high density. Genetic variances and her-
itabilities were significantly greater at low density for
branch length and branch angle. The heritability of num-
ber of branches and silique length was also higher at low
density, in part because of a reduction of environmental
variance at low density. A significant genotype-by-density
interaction caused by crossing reaction norms was detected
for height. Height, branch angle, and silique length were
significantly correlated across density environments, in-
dicating that evolution of these traits in one density would
cause correlated evolution of the trait expressed in the
other density.

Significant ecotypic variation was detected for seed dis-
persion patterns (table 2; fig. 2), and the degree of ecotypic
differences in some measures depended on density. Sig-
nificant ecotypic variation for dispersal distance and the
proportion of seeds dispersed beyond 2 m was detected
at both densities. Significant ecotypic variation for the SD
of dispersal distance and kurtosis was detected only at low
density, and significant ecotypic variation for postdispersal
sibling density at both spatial scales was detected only at
high density. While the genetic variance components did
not differ significantly across density treatment for any
measure, changes in the environmental variance were pro-
nounced. In particular, for most cases in which the her-
itability estimate was greater at low density, the environ-
mental variance component was smaller at low density,
causing larger heritabilities. For the proportion of seeds
dispersed beyond 2 m, however, the genetic component



Quantitative Genetics of Dispersal

Table 3: Ecotypic-level genetic correlations among maternal traits at high (above diagonal) and low

(below diagonal) density

Branch  Branch  Silique Proportion

Fruits ~ Branches  Height  length angle length dehisced
Fruits NE NE NE NE NE NE
Branches 944%% —.05 46* —.11 —.73 .06
Height =550 — 32 90+* 550 —25 57
Branch length —.07 —.30%** T4 11 —.36 1.00***
Branch angle —.59%0F — 354 B5FXF 430x ) et 23%
Silique length —3QERE 3peee geRk g7t g ~.58
Proportion dehisced —.14 —.17 ST 60%* 21% 18"

Note: NE = nonestimable because of negative variance components. Boldface indicates correlations are significantly

different across density. Covariance matrices are not equivalent (x> = 48.33,df = 28, P = .010), they are not proportional
(x* = 43.07, df = 27, P = .026), they do not share all principal components (x* = 33.01, df = 21, P = .05), but they
share five out of six, based on the “jump-up” test of Phillips and Arnold (1999).

* P<.l.

* P<.05.
> P<.01.
¥ P<.001.

of variance was higher at low density (not significantly),
causing slightly higher heritability. The significant ecotypic
variation for postdispersal sibling density at the small spa-
tial scale, detected only at high density, was because of
higher genetic variance (not significant) and lower envi-
ronmental variance at high density. The significant heri-
tability of postdispersal sibling density at the large spatial
scale, also detected only at high density, was due entirely
to a lower environmental variance at high density because
the genetic variance was actually lower (but not signifi-
cantly) at high density. Correlations across density were
not significantly different from 0 or 1 because of high
environmental variation.

In summary, density frequently altered the evolutionary
potential (heritability) of plant traits and of different com-
ponents of dispersal ability. It did so by influencing the
expression of both genetic and environmental variance
components.

Genetic Correlations among Characters

Genetic correlations among several maternal characters
tended to be more strongly significant at low density than
at high density, and some correlations changed direction in
high density (table 3). Branch number and branch length
were positively correlated at high density but negatively cor-
related at low density. Silique length was positively correlated
with height and branch length at low density but (nonsig-
nificantly) negatively correlated at high density. In general,
ecotypes with more branches were shorter, had shorter si-
liques, and had shorter branches with more acute branch
angles. Taller ecotypes had longer siliques and branches with
more oblique angles and greater dehiscence.

Some plant traits were significantly genetically corre-
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lated to measures of dispersal at high density (table 4,
upper half). Ecotypes with fewer branches and more
oblique branching angles dispersed seeds farther. Shorter
ecotypes with acute branch angles, shorter siliques, and
greater dehiscence had higher postdispersal sibling den-
sities at both spatial scales. Greater dehiscence was also
associated with increased dispersal beyond 2 m.

At low density, many maternal characters were signif-
icantly genetically correlated to dispersal measures (table
4, lower half). Taller ecotypes with fewer fruits and fewer
but longer branches with oblique branching angles,
longer siliques, and greater dehiscence had longer dis-
persal distances, greater SD of dispersal distance, and less
kurtosis. Branch number and angle were associated with
dispersal distance in a similar manner at high and low
density. Ecotypes with higher postdispersal sibling den-
sity also were shorter, with more and shorter branches
with acute branch angles and shorter siliques. With the
exception of branch length, the maternal characters were
associated with postdispersal density in a similar manner
at both densities.

Role of Maternal Traits in Ecotypic
Differentiation of Dispersal

At low density, the ecotypic differences in maternal char-
acters appear to have accounted for the ecotypic differ-
ences in dispersal because inclusion of maternal traits left
no residual differences among ecotypes in dispersal (table
5). At high density, however, significant ecotypic differ-
entiation remained for dispersal distance and postdispersal
sibling density at the larger spatial scale, even after inclu-
sion of maternal traits. In fact, ecotypic differences in the
maternal traits may have obscured ecotypic differences in
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Table 4: Ecotypic-level genetic correlations between maternal traits and dispersal measures at high (upper)

and low (lower) density

Small-scale  Large-scale

Distance ~ SD distance  Kurtosis density density % beyond
High density:
Fruits NE NE NE NE NE NE
Branches —1.00%%* NE —.76 21 —.40" .68
Height 47 NE —.31 -.37" —.55%%* 17
Branch length 12 NE —.50 .36 .14 .77
Branch angle 52%% NE .20 —.86** — .48 17
Silique length —1.00 NE 1.00 —1.00* —1.00** —.21
Proportion dehisced 25 NE 22 99%* 62%% .94%
Low density:
Fruits —.61** —.55%* 70%* NE .34 NE
Branches —.75%%* — .87 B 1.00%* 17 NE
Height .15 7400 —.82* —.96 —.62** NE
Branch length 424+ .68+ =TT —1.00%* —.50%* NE
Branch angle 22° .36% —.69%%* —1.00** —.89%x* —.41
Silique length 17 764 —.82%** —.62% —.44%* NE
Proportion dehisced .58%* A46* —.45%%* .32 .30 NE

Note: Jackknife estimates and standard errors are available on request. NE = nonestimable because of negative variance

component.
Y P<.l.
* P<.05.
** P<.01.
P P<.001.

large-scale postdispersal sibling density because ecotypic
differences were more pronounced after factoring out their
contribution. Therefore, the measured maternal traits ac-
counted for less ecotypic variation in dispersal at high
density than at low density.

Discussion

Ecotypes differed genetically in maternal traits that influ-
ence seed dispersal, and they differed in their seed dis-
persion patterns themselves. Heritability and ecotypic var-
iance of several of the maternal traits were higher when
plants were grown at low density, and genetic correlations
between maternal traits and dispersal distance, SD of dis-
persal distance, and kurtosis were also strong at low den-
sity. This contributed to higher heritabilities of these dis-
persal measures at low density. Indeed, ecotypic differences
in maternal traits appeared to account fully for the ecotypic
differences in dispersal observed at low density (table 5).

In contrast, ecotypic variation for postdispersal seedling
density was detected only at high density. Some genetic
correlations between maternal traits and postdispersal
density were stronger at high density, while others were
stronger at low density. While ecotypic differences in ma-
ternal traits did account for ecotypic differences in “%
beyond” and postdispersal density at the small spatial scale,
they did not account for ecotypic differences in the other

dispersal measures. In fact, they even may have obscured
ecotypic differences in postdispersal sibling density at the
larger spatial scale because ecotypic differences in this mea-
sure were more apparent after factoring out ecotypic var-
iation in maternal traits. At high density, therefore, plant
traits not measured in this study also contributed to ge-
netically based differences in dispersal.

Thus, the degree of genetic variation for dispersal that
is expressed at each density depended in large part on the
density-dependent expression of genetic and environmen-
tal variation for maternal traits that determine dispersal
and on the strength of the associations of those traits with
different measures of dispersal. Density-dependent genetic
variation has been documented for many plant characters
(Mazer and Wolfe 1992; Dorn et al. 2000; Munir et al.
2001), so this result is likely to be quite general. In ad-
dition, the effect of maternal characters on dispersal ability
has been shown to be context dependent in a few studies
(Telenius 1992; Theide and Augspurger 1996; Wender et
al. 2005), and while this phenomenon is not widely doc-
umented, it too is likely to be common because the eco-
logical mechanisms that cause it, such as neighbor inter-
ference and phenotypic plasticity, are quite intuitive.

The result that seed dispersal has a detectable genetic
basis at all means that the postdispersal environment,
which typically has been considered to be purely ecological,
has evolutionary potential and can evolve in response to
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Table 5: Contribution of maternal characters to ecotypic differences in dispersal measures

High density with  High density =~ Low density with  Low density

no traits with traits no traits with traits
Distance 21.50* 19.65* 26.71*%* 16.81
SD distance 12.28 8.75 29.44** 12.42
Kurtosis 12.43 18.95 * 38.80%** 14.56
Small-scale density 30.59** 10.77 6.44 11.92
Large-scale density 2.01* 3.18%* 1.53 1.75
% beyond 2.99%* 1.38 4.03%¢* 1.58

Note: The F ratios (“Large-scale density” and “% beyond”) or x* (other measures) for ecotype main effects
are given for models that do not include maternal traits (ANOVA or Kruskal-Wallis) and for those that do
(ANCOVA or Kruskal-Wallis on residuals). The x* values for effects of ecotype after factoring out the influence

of maternal characters were obtained by performing Kruskal-Wallis tests on the residual variation from an
ANOVA that modeled the effect of maternal plant traits on nonnormal dispersal measurements. N = 212.

* P<.l.

* P<.05.
* P<.01.
P <.001.

natural selection. The genetic component of postdispersal
sibling density is especially noteworthy. Countless studies
have demonstrated that conspecific density strongly influ-
ences plant fitness. Natural selection on postdispersal sib-
ling density is strong in many species, typically favoring
lower density (e.g., Augspurger and Kitajima 1992; Do-
nohue 1997). In Arabidopsis thaliana, high density has
been shown to lower fitness as well (e.g., Dorn et al. 2000;
Wender et al. 2005). This study shows that plants have the
genetic potential to respond to such selection evolution-
arily. In addition, the density-dependent genetic variation
of plant morphological traits indicates that the evolution-
ary potential of these traits will change as dispersal (i.e.,
postdispersal density) evolves.

The context dependency of genetic variation for dispersal
ability is important because it can lead to novel plasticity-
imposed constraints on the evolution of dispersal. For ex-
ample, plants growing at high density express significant
genetic variation for the ability to disperse to lower density.
If natural selection favors lower postdispersal density, then
the population is expected to respond to such selection,
giving lower postdispersal density in subsequent genera-
tions. At lower density, however, the genetic variation for
postdispersal density is no longer expressed because of
phenotypic plasticity. Therefore, the evolution of the en-
vironment-determining character can constrain its own
further evolution because of its environment-dependent
genetic expression. While it has long been appreciated that
character evolution can be genetically constrained over
time because of depletion of genetic variation by natural
selection, the process just described can operate even with-
out any significant depletion of genetic variation; plasticity
alone can prevent the expression of genetic variation, even
among the exact same genotypes. This genetic constraint

results from the evolution of the environment that the
organism experiences.

It should be noted, as well, that the dynamics just de-
scribed need not cause evolutionary constraints but could
conceivably facilitate evolutionary responses, depending
on the patterns of plasticity. That is, if low density had
increased the expression of genetic variation for postdis-
persal density (instead of decreasing it), then one would
expect that as dispersal evolved to give lower postdispersal
densities, the amount of genetic variation for dispersal
ability could actually increase, facilitating its further evo-
lution. Thus the ability of organisms to alter the environ-
ment they experience, and the environment-dependent ge-
netic variation for that ability, can cause novel evolutionary
dynamics that can either constrain or facilitate the evo-
lution of such characters.

These dynamics will also depend on several ecological
factors not investigated in this study. For example, the
identity of the competitors, specifically whether compet-
itive conditions are imposed by conspecific plants, related
genotypes, or dissimilar genotypes, could be important
because dispersal ability at high density is likely to depend
on attributes of plants relative to their neighbors (Telenius
1992; Theide and Augspurger 1996; Wender et al. 2005).
Furthermore, when dispersal does not effect a change in
the density experienced by seeds, as in the case of a con-
tinuous con- or heterospecific stand of competitors, then
such feedback dynamics would not occur. Nevertheless,
effects of competitors still may alter the expression of ge-
netic variation for dispersal and influence its evolutionary
dynamics. A continuous high-density stand, for instance,
could consistently constrain the evolution of kurtosis and
the SD of the dispersion pattern because the heritability
for those measures was lower at high density.



548 The American Naturalist

Finally, while we detected genetic differences among
ecotypes in their dispersal ability, we detected almost no
genetic variation within a population for traits associated
with dispersal. Importantly, the stocks used for this portion
of the study were collected from the field, and distinct
genotypes were preserved during culturing through single-
seed descent. The lack of genetic variation observed here
is therefore not a culturing artifact and represents a true
lack of genetic variation expressed under the conditions
of the experiment. Because the ecotypic variance for ma-
ternal characters was more easily detected than the eco-
typic differences in dispersal measures, this result indicates
that genetic variation for dispersal is likely to be unde-
tectable within this natural population. This is especially
true for plants in low density, where genetic variation in
the traits fully accounted for genetic variation in dispersal.
The lack of genetic variation within a single population is
not surprising because populations of Arabidopsis thaliana
are known not only to be highly homozygous but also to
be not genetically variable at the molecular level (Todokoro
et al. 1995; Bergelson et al. 1998), although some studies
have detected significant genetic variation for quantitative
traits within natural populations (Dorn et al. 2000).

The lack of genetic variation within populations and the
presence of genetic variation between populations for
characters associated with population processes, such as
dispersal and colonization, are noteworthy. The results
suggest extremely limited evolutionary potential for local
dispersal ability on the spatial scale of interacting geno-
types within a population but significant evolutionary po-
tential for dispersal through higher-level selection pro-
cesses such as differences between populations in their
colonization frequency after long-distance dispersal. It is
perhaps the case that evolutionary responses to selection
on dispersal in some species can occur only through

higher-level, interdemic selection as opposed to individual
mass selection operating within populations. Much more
research is needed to investigate how small-scale dispersal
patterns of genotypes reflect their long-distance dispersal
ability. Indeed, this is likely to be one of the most im-
portant questions concerning the evolution of dispersal,
namely, to determine how the evolutionary dynamics of
local dispersal within populations influences the evolution
of long-distance dispersal and colonization ability of dif-
ferent populations.

In conclusion, we found a significant genetic basis of
seed dispersion patterns that depended on the postdis-
persal environment. Dispersal, therefore, not only can
evolve in response to natural selection, but its evolution
will influence the phenotypic expression and evolutionary
potential of plant morphology and of dispersal itself. The
evolutionary potential of niche-constructing characters has
the potential to facilitate or constrain evolutionary re-
sponses in a general manner.
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APPENDIX

Table Al: Within-population genetic and environmental variances of maternal traits in high and low density

Character Vey Ve  Hioo vy Vo Hi o . Vee=Va Viu=Ve GxE
Fruits .025 339 .07 .00 .066 .00 .00 NS i NS
Branches .00 257 .00 .00 .046 .00 .00 NS el NS
Height 1.06 27.62 .04 225 3.95 .05 —1.00 NS ek +
Branch length .00 813 .00 .00 7.98 .00  —1.00 NS NS NS
Branch angle .006 .190 .03 .0006 .039 .02 1.00 NS et NS
Silique length NE 4.98 NE NE .621 NE .16 NE NE NS
Proportion dehisced  .0016 .033  .05" .0002  .0084 .02 .095 NS oex *

Note: See legend of table 1 for explanation of the column headings and statistical procedures. N = 236. No heritability estimates differed

significantly across density treatments. NE = nonestimable because of negative variance component.

T P<.l.
* P<.05.
P <.001.



Literature Cited

Abbott, R. J., and M. E. Gomes. 1989. Population genetic structure
and outcrossing rate of Arabidopsis thaliana L. Heynh. Heredity
62:411-418.

Augspurger, C. K. 1983. Seed dispersal of the tropical tree, Platy-
podium elegans, and the escape of its seedlings from fungal path-
ogens. Journal of Ecology 71:759-771.

Augspurger, C. K., and K. Kitajima. 1992. Experimental studies of
seedling recruitment from contrasting seed distributions. Ecology
73:1270-1284.

Baker, G. A., and D. J. O’'Dowd. 1982. Effects of parent plant density
on the production of achene types in the annual Hypochoeris gla-
bra. Journal of Ecology 70:201-215.

Bazzaz, F. A. 1991. Habitat selection in plants. American Naturalist
137(suppl.):S116-S130.

Beattie, A. J., and N. Lyons. 1975. Seed dispersal in Viola (Violaceae):
adaptation and strategies. American Journal of Botany 62:714—
722.

Berge, G., I. Nordal, and G. Hestmark. 1998. The effect of inbreeding
systems and pollination vectors on the genetic variation of small
plant populations within an agricultural landscape. Oikos 81:17—
29.

Bergelson, J., E. Stahl, S. Dudek, and M. Kreitman. 1998. Genetic
variation within and among populations of Arabidopsis thaliana.
Genetics 148:1311-1323.

Brown, J. S. 1990. Habitat selection as an evolutionary game. Evo-
lution 44:732-746.

Burdon, J. J., and G. A. Chilvers. 1975. Epidemiology of damping-
off disease (Pythium irregulare) in relation to density of Lepidium
sativum seedlings. Annals of Applied Biology 81:135-143.

de Kroon, H., and M. Hutchings. 1995. Morphological plasticity in
clonal plants: the foraging concept reconsidered. Journal of Ecol-
ogy 83:143-152.

Donohue, K. 1997. Seed dispersal in Cakile edentula var. lacustris:
decoupling the fitness effects of density and distance from the
maternal home site. Oecologia (Berlin) 110:520-527.

. 1999. Seed dispersal as a maternally influenced character:

mechanistic basis of maternal effects and selection on maternal

characters in an annual plant. American Naturalist 154:674—689.

. 2003. Setting the stage: plasticity as habitat selection. Inter-
national Journal of Plant Sciences 164(suppl.):S79-S92.

Dorn, L. A., E. Hammond-Pyle, and J. Schmitt. 2000. Plasticity to
light cues and resources in Arabidopsis thaliana: testing for adaptive
value and costs. Evolution 54:1982-1994.

Erskine, W. 1985. Selection for pod retention and pod indehiscence
in lentils Lens culinaris. Euphytica 34:105-112.

Fry, J. D. 1992. The mixed-model analysis of variance applied to
quantitative genetics: biological meaning of the parameters. Evo-
lution 46:540-550.

Galloway, L. E. 2002. The effect of maternal phenology on offspring
characters in the herbaceous plant Campanula americana. Journal
of Ecology 90:851-858.

Gibson, W. 1993a. Selective advantages to hemi-parasitic annuals,
genus Melampyrum, of a seed-dispersal mutualism involving ants.
I. Favorable nest sites. Oikos 67:334—344.

. 1993b. Selective advantages to hemi-parasitic annuals, genus
Melampyrum, of a seed-dispersal mutualism involving ants. IL
Seed-predator avoidance. Oikos 67:345-350.

Griffith, C., E.-S. Kim, and K. Donohue. 2004. Life-history variation

Quantitative Genetics of Dispersal 549

and adaptation in the historically mobile plant, Arabidopsis tha-
liana (Brassicaceae), in North America. American Journal of Bot-
any 91:837-849.

Hoffman, M. H. 2002. Biogeography of Arabidopsis thaliana (L.)
Heynh. (Brassicaceae). Journal of Biogeography 21:125-134.

Holt, R. D. 1987. Population dynamics and evolutionary processes:
the manifold roles of habitat selection. Evolutionary Ecology 1:
331-347.

Howe, H. E, and J. Smallwood. 1982. Ecology of seed dispersal.
Annual Review of Ecology and Systematics 13:201-228.

Huber, H., S. Lukacs, and M. Watson. 1999. Spatial structure of
stoloniferous herbs: an interplay between structural blue-print,
ontogeny and phenotypic plasticity. Plant Ecology 141:107-115.

Janzen, D. H. 1971. Escape of Cassia grandis L. beans from predators
in time and space. Ecology 52:964-979.

. 1972. Escape in space by Sterculia apetala from the bug
Dysdercus fasciatus in a Costa Rican deciduous forest. Ecology 53:
350-361.

Levins, R. 1968. Evolution in changing environments. Princeton Uni-
versity Press, Princeton, NJ.

Liew, T. C., and E. O. Wong. 1973. Density, recruitment, mortality,
and growth of Dipterocarp seedlings in virgin and logged forests
in Sabah. Malayan Forester 36:3—15.

Liljegren, S. J., G. S. Ditta, Y. Eshed, and M. E Yanofsky. 2000.
SHATTERPROOF MADS-box genes control seed dispersal in Ar-
abidopsis. Nature 404:766-770.

Lloyd, M. 1967. Mean crowding. Journal of Animal Ecology 36:1—
30.

Lott, R. H., G. N. Harrington, A. K. Irvine, and S. McIntyre. 1995.
Density-dependent seed predation and plant dispersion of the
tropical palm Normanbya normanbyi. Biotropica 27:87-95.

Mazer, S. J., and L. M. Wolfe. 1992. Planting density influences the
expression of genetic variation in seed mass in wild radish
(Raphanus sativus L.: Brassicaceae). American Journal of Botany
79:1185-1193.

Mitchell-Olds, T. 1989. Free-stat users manual. Technical bulletin 101.
Division of Biological Sciences, University of Montana, Misssoula.

Munir, J., L. Dorn, K. Donohue, and J. Schmitt. 2001. The influence
of maternal photoperiod on germination requirements in Arabi-
dopsis thaliana. American Journal of Botany 88:1240-1249.

Napp-Zinn, K. 1976. Population genetical and geographical aspects
germination and flowering in Arabidopsis thaliana. Arabidopsis
Information Service 13.

Nordborg, M., and J. Bergelson. 1999. The effect of seed and rosette
cold treatment on germination and flowering time in some Ara-
bidopsis thaliana (Brassicaceae) ecotypes. American Journal of Bot-
any 86:470—475.

Odling-Smee, E J., K. N. Laland, and M. W. Feldman 1996. Niche
construction. American Naturalist 147:641-648.

Peroni, P. A. 1994. Seed size and dispersal potential of Acer rubrum
(Aceraceae) samaras produced by populations in early and late
successional environments. American Journal of Botany 81:1428—
1434.

Phillips, P. A. 1998. CPC: common principal components analy-
sis. University of Oregon. Software available at http://darkwing
.uoregon.edu/~pphil/software.html.

Phillips, P. C., and S. J. Arnold. 1999. Hierarchical comparison of
variance-covariance matrices. I. Using the Flury hierarchy. Evo-
lution 53:1506-1515.

Rees, M., and V. K. Brown. 1991. The effect of established plants on




550 The American Naturalist

recruitment in the annual forb Sinapsis arvensis. Oecologia (Berlin)
87:58-62.

Robertson, L., B. Ocampo, and K. Singh. 1997. Morphological var-
iation in wild annual Cicer species in comparison to the cultigen.
Euphytica 95:309-319.

Rosenzweig, M. L. 1987. Habitat selection as a source of biological
diversity. Evolutionary Ecology 1:315-330.

SAS. 1990. SAS/STAT user’s guide. SAS, Cary, NC.

Sharbel, T. F,, B. Haubold, and T. Mitchell-Olds. 2000. Genetic iso-
lation by distance in Arabidopsis thaliana: biogeography and post-
glacial colonization of Europe. Molecular Ecology 9:2109-2118.

Telenius, A. 1992. Seed heteromorphism in a population of Sper-
gularia media in relation to the ambient vegetation density. Acta
Botanica Neerlandica 41:305-318.

Theide, D. A., and C. K. Augspurger. 1996. Intraspecific variation in
seed dispersion of Lepidium campestre (Brassicaceae). American
Journal of Botany 83:856—866.

Thompson, L. 1994. The spatiotemporal effects of nitrogen and litter
on the population dynamics of Arabidopsis thaliana. Journal of
Ecology 82:63-68.

Todokoro, S., R. K. Terauchi, and S. Kawano.1995. Microsatellite
polymorphisms in natural population of Arabidopsis thaliana in
Japan. Japanese Journal of Genetics 70:543-554.

Venable, D. L., and M. A. Burquez. 1990. Quantitative genetics of
size, shape, life-history, and fruit characteristics of the seed het-
eromorphic composite Heterosperma pinnatum. 1. Correlation
structure. Evolution 44:1748-1763.

Wender, N. J., C. R. Polisetty, and K. Donohue. 2005. Density-
dependent processes influencing the evolutionary dynamics of dis-
persal: a functional analysis of seed dispersal in Arabidopsis thaliana
(Brassicaceae). American Journal of Botany (forthcoming).

Willson, M. E, and A. Traveset. 2000. The ecology of seed dispersal.
Pages 85-110 in M. Fenner, ed. Seeds: the ecology of regeneration
in plant communities. CAB International, Wallingford.

Wilson, D. E., and D. H. Janzen. 1972. Predation on Scheelea palm
seeds by bruchid beetles: seed density and distance from the parent
palm. Ecology 53:954-959.

Acting Editor: Tia-Lynn R. Ashman



