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ANT-MEDIATED SEED DISPERSAL ALTERS PATTERN OF RELATEDNESS
IN A POPULATION OF TRILLIUM GRANDIFLORUM
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Abstract. Seed dispersal creates the initial spatial distribution of individualsin a pop-
ulation and in conjunction with the mating system influences spatial patterns of relatedness.
This spatial template of related individuals sets the stage for all subsequent density-de-
pendent and frequency-dependent interactions. In this study we document how ant-mediated
seed dispersal affects the number and relatedness of seedsin both dispersed and undispersed
aggregations and how these patterns influence seedling emergence in the long-lived pe-
rennial, Trillium grandiflorum. Experimental hand-pollinations in two years demonstrated
that selfing is extremely rare and suggested that self-incompatibility (Sl) is alikely expla-
nation. Our multi-locus outcrossing estimate (t,, = 1.05 = 0.056) confirms this result and
also suggests that seeds within a fruit are likely to have the same pollen parent. Thus a
highly outcrossing mating system is the initial determinant of relatedness among seeds
within afruit. We tracked uniquely coded, radiolabeled seeds from 30 and 40 fruitsin 1991
and 1992, respectively, to determine how dispersal alters this initial relatedness of seeds.
Of the 335 and 876 seeds labeled in these two years, we recovered 63% and 76% of the
seeds postdispersal and found that 19% and 23% of the recovered seeds were dispersed
>10 cm from the maternal parent in the first and second years, respectively. In both years,
ant-mediated dispersal reduced the number of seeds near the maternal parent. However, the
effect of seed dispersal on the number of seeds in aggregations varied among years. Ant-
mediated dispersal increased the number of seeds in dispersed aggregations in the first year
and decreased the number in the second year. The average seed dispersal distance also
differed between years: 2.41 m (£0.33) vs. 0.53 m (£0.06) in years 1 and 2, respectively.
Ant-mediated seed dispersal decreased the probability of a seed having a sibling as its
nearest neighbor postdispersal by between one-third and one-half. In contrast, seedling
emergence was related to neither dispersal nor seed aggregation size in our study. However,
the fitness effects of dispersal may be important later in the life cycle of this long-lived
species and as such were undetected. One scenario isthat plants derived from seedsdispersed
out of their sibling relatedness group may gain minority advantage both in terms of mating
success (if the population is Sl) and other frequency-dependent processes like disease
resistance.

Key words: ant-mediated dispersal; dispersal distances; genetic structure; mating system; out-
crossing rate; radiolabeled seeds; seed dispersal; self-incompatibility; Trillium grandiflorum.

INTRODUCTION

The dispersal pattern of seeds and the genetic prop-
erties of those seeds produce theinitial population tem-
plate that defines the context of future ecological, de-
mographic, and genetic interactions of emerging co-
horts of seedlings. Since seed dispersal plays a central
ecological and evolutionary role, it is not surprising
that the majority of terrestrial plants have seedsor fruits
that are modified for dispersal, with animal dispersal
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being especially common (van der Pijl 1972, Howe and
Smallwood 1982). From the plant’s perspective, dis-
persal agents can be viewed as moving seeds from the
ecological neighborhood of the maternal plant (the site
occupied following seed release), to another in which
the seed must ultimately germinate, establish, and
grow. The maternal neighborhood into which the seeds
are initially released and the site into which seeds are
subsequently dispersed can differ ecologically in sev-
eral ways. These ways include the density of conspe-
cific seeds (e.g., Janzen 1970, Howe and Primack
1975), the density of inter- and intra-specific compet-
itors, including competition with the maternal parent
(e.g., Handel 1978, Beattie 1985), the microhabitat
conditions such as nutrient or light levels, and/or the
presence of predators or pathogens (e.g., Augspurger
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After Seed Dispersal

Fic. 1. Possible ecological and genetic patterns generated as a result of seed dispersal by ants. Each type of symbol

represents seeds from a single maternal plant.

1983, Slingsby and Bond 1985, Kitijima and Aug-
spurger 1989). Since dispersal changes the ecological
conditions in which plants must establish, seed dis-
persal is expected to directly influence density-depen-
dent components of plant fithess such as germination
and survivorship (e.g., Handel 1978, Culver and Beat-
tie 1980, Clark and Clark 1981, Davidson and Morton
1981, Horvitz 1981, Howe et al. 1985, Horvitz and
Schemske 1986a, Hanzawa et al. 1988, Bergelson and
Perry 1989).

In addition to moving seeds from one ecological en-
vironment to another, animal-mediated dispersal has
the potential to move seeds from the genetic environ-
ment of the maternal parent to another, thus changing
the degree of relatedness between conspecific seeds
that are aggregated in space (Loveless and Hamrick
1984, Hamrick and Loveless 1986, Hamrick et al.
1993). Dispersal-mediated change in the genetic en-
vironment of seeds is important, because it can alter
plant fitness through the operation of frequency-de-
pendent selection. Examples of such frequency-depen-
dent effects on the genetic environment have been
found in studies of pathogen resistance (e.g., Jaenicke
1978, Augspurger 1983, Antonovics and Alexander
1986, Kitijimaand Augspurger 1989), susceptibility to
insect damage (e.g., Schmitt and Antonovics 1986),
and performance under competitive conditions (e.g.,
Antonovics and Ellstrand 1984, Wilson et al. 1987,

Tonsor 1989). No studies have addressed how animal
dispersal specifically changes both the ecological and
genetic environments of seeds.

In addition to seed dispersal, the mating system will
determine the degree of relatedness of seeds within a
sibship and will interact with seed dispersal to deter-
mine the spatial distribution of related vs. unrelated
individuals. Thus the mating system and seed dispersal
jointly determine the evolutionary unit and the spatial
scale over which gene flow and natural selection op-
erate. Three possible changes in sib aggregations after
animal dispersal that alter the genetic neighborhood
and ecological neighborhood are given in Fig. 1. In
panel A (Fig. 1), the foraging ranges of dispersal agents
do not overlap, and each foraging range contains only
one plant. In this case, neither the local genetic envi-
ronment nor the conspecific seed numbers per aggre-
gation are altered by dispersal, but ecological condi-
tions may change. If most seeds are produced by selfing
and dispersal by ants occurs at a low frequency, the
relatedness of emerging seedlings in clusters will be
as full sibs or higher. In panel B, the foraging ranges
of dispersal agents do not overlap, and each contains
>1 maternal parent. Dispersal causes an increasein the
local seed number because multiple fruits within asin-
gle foraging range are aggregated. The local genetic
environment diversifies as seeds from several sibships
are mixed, and there is potential for changes in the
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ecological environment as well. If seeds are produced
by selfing and the probability of dispersal to multiple
ant nests is high, then full sibs will be less likely to be
interacting as seedlings. Conversely, if seeds are pro-
duced by outcrossing, the relatedness of emerging seed-
lings will be lower, owing to the potential for multiple
paternity within fruits relative to selfed sibships. The
relatedness of seedlings in aggregates will be further
decreased if seeds are dispersed by ants to multiple
nests. In panel C, the foraging ranges of dispersal
agents overlap extensively, and each contains >1 ma-
ternal plant. Dispersal in this case results in a decrease
in both local number per seed aggregation and in the
relatedness of seeds in postdispersal aggregations. Ag-
gregations of seeds contain individuals from multiple
sibships, and seeds from any one sibship are likely to
be dispersed to multiple sites. Again, the ecological
environment islikely to be altered. These three patterns
of seed aggregations (A—C) could be superimposed
upon each other if multiple species are dispersing a
single plant species. Clearly, both the spatial distri-
butions of seeds post dispersal and their relatedness to
other seeds within the aggregation can be expected to
have significant consequences for events later in the
life cycle.

The role of seed dispersal is central to the devel-
opment of population genetic structure because it pro-
duces the original spatial distribution of individuals
within populations (e.g., Furnier et al. 1987, Williams
and Guries 1994, Gibson and Wheelwright 1995, L oi-
selle et al. 1995, Peakall and Beattie 1995). Determin-
ing the effect of animal dispersal on the spatial pattern,
density, and genetic neighborhood of seeds requires
that the movement and subsequent fate of individual
seeds be followed. Thisis logistically difficult in most
natural systems (Winn 1989, Bossard 1990) and as a
result has rarely been attempted. Thus, ecological and
genetic patterns apparent in many plant populations are
assumed to be the consequence of seed dispersal, with-
out data on the actual, initial seed dispersion pattern.

Myrmecochory, seed dispersal by ants, isadominant
dispersal syndrome in the understory of temperate de-
ciduous forests (Beattie and Culver 1981, Handel et al.
1981), in the Australian scrub (Berg 1975, Hughes and
Westoby 1992), South Africa (Milewski and Bond
1982), and elsewhere (see Beattie 1985, Handel and
Beattie 1990). Ants are attracted to a lipid-rich body
attached to the seed, termed the elaiosome, which is
characteristic of myrmecochorous systems. In the act
of dispersing seeds, ants first carry the seeds to their
nest, where the elaiosome is removed. Afterward, the
intact seed is deposited with other nest waste either in
a nest midden or outside the nest. In this supposed
mutualism, the ants receive elaiosomes as food. It has
been suggested that the plants benefit from dispersal
by ants because soil characteristics of ant nests provide
asuperior germination and establishment site for seeds
(Culver and Beattie 1980, Beattie and Culver 1983,
Hanzawa et al. 1988, but see Horvitz and Schemske
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1986a). Dispersal may lower predation risks for seeds
removed from the parent site (Bond and Slingsby 1984,
Smith et al. 1989, but see Horvitz 1981). Since ants
are relatively unaffected by the presence of experi-
menters and most ants have relatively small foraging
ranges, myrmecochory is a highly tractable system for
studying seed dispersal. We employed Trillium gran-
diflorum as a model system for studying the effect of
animal dispersal on the pattern, seed aggregation size,
and genetic structure of seed and seedling assemblages
from the time of seed release through their secondary
deposition and seedling establishment.

The major goal of this study was to determine the
extent to which the original population structure tem-
plate represented by the seeds within afruit is changed
by animal dispersal in the species Trillium grandiflo-
rum. T. grandiflorum has been previously described as
a highly selfing species based on two lines of evidence:
little variation in chromosomal banding patterns (Fu-
kuda and Grant 1980), and low observed pollinator
visitation rates (L ubbers and L echowicz 1989), but this
has recently been disputed by Broyles et al. (1997). If
seeds within fruits are indeed the products of self-pol-
lination, the relatedness of seeds within fruits should
have an outcrossing rate (t) close to zero, and the un-
dispersed seedling aggregations around the maternal
plant should be related as full siblings. Thus, the actual
level of selfing sets our expectation for the genetic
structure of seed aggregates prior to seed dispersal by
ants. To quantify the degree of selfing in the natural
population, we conducted controlled pollination ex-
periments to test for the ability to self pollinate, and
quantified the outcrossing rate using electrophoretic
variation at five allozymeloci. To quantify changes due
to ant dispersal in numbers of seeds in aggregations
and relatedness of seed and seedling aggregations, we
used a radiolabel to track the natural pattern of seed
movement after release from their parents (70 fruiting
plants, 875 total seeds, over two field seasons). We also
determined the subsequent survival rate of seedlings
derived from dispersed and undispersed seeds 2 yr post
dispersal. We found that while patterns of seed dis-
persal varied between years in this highly outcrossing
population, on the whole seed dispersal by ants de-
creased the average size and decreased the average de-
gree of genetic relatedness of postdispersal aggrega-
tions of seeds.

MATERIALS AND METHODS
Study species

Trillium grandiflorum (Liliaceae) is a native, her-
baceous perennial that occurs in the understory of de-
ciduous forests throughout the Great Lakes region of
North America and south through the Appalachian
Mountains into Georgia and North Carolina (Gleason
and Cronquist 1991). Trillium plants consist of asingle
stem (rarely two) 15-45 cm high, arising from a short,
tuber-like rhizome. The stem bears a whorl of three
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leaves and a single flower in May. We regularly ob-
served large bumblebees visiting flowers. The solitary
fruit, a fleshy capsule, matures, passively drops to the
ground within 10 cm of the parent plant, and splits
open, exposing the seeds. In our study population, the
number of seeds within a single fruit averaged 16
(range = 3-60), and fruit and seed release occurred in
early July. Gates (1940, 1941) first recorded seed dis-
persal by antsin Trillium grandiflorum. Two additional
sources of long-distance seed dispersal noted in other
Trillium species are harvestmen, Arachnida: Opiliones
(Gunther and Lanza 1989) and yellow jackets, Vespula
vulgaris (Jules 1996). In Trillium, the conspicuous
elaiosome (Berg 1958) is attractive to insects because
of a high lipid content and an abundance of oleic acid
(Lanza et al. 1992). This fatty acid induces corpse-
carrying behavior in ants, and its presence in the elaio-
somes is the likely cause of ants' picking up and car-
rying Trillium seeds to their nest sites (Lanza et al.
1992). In the context of this study, we define theinitial,
passive drop of the fruit from the plant and the exposure
of the seeds as seed release. We define secondary seed
movement by ants after seed release as seed dispersal.
Sudy site

The experiments were conducted from 1991 to 1994
in Long Woods, a 9.5 hectare oak—hickory forest that
is part of the Kellogg Biological Station of Michigan
State University, Kalamazoo County, Michigan. Tril-
lium grandiflorum is patchily distributed in the under-
story of Long Woods, with patch sizes ranging from a
few to >2000 individuals. Our study population within
Long Woods occupied an area roughly 28 X 19 m in
size and contained 1855 T. grandiflorum plants, rang-
ing from seedlings to 40-yr-old reproductive-stage
plants (Hanzawa and Kalisz 1993). Other common un-
derstory species include Podophylum peltatum, Ge-
ranium maculatum, Parthenocissus quinquifolia, and
Isopyrum ternatum. For a complete site vegetation de-
scription, see Burbank et al.(1992). Invertebrates ob-
served visiting fruits in our study site include ants
(Myrmica americana, M. myrmica, M, aphenogaster,
Camponotus pennsylvanicus, Formica phenolepis),
slugs, and harvestmen (Opiliones) (F M. Hanzawa, un-
published data).

Mating system of Trillium grandiflorum

We conducted two types of experiments to examine
the initial genetic structure of seeds within fruits of T.
grandiflorum. First, we quantified the extent of natural
selfing with a field pollination experiment. In 1992, 66
flowering individuals of T. grandiflorum outside the
dispersal plot in Long Woods were randomly assigned
to one of four pollination treatments (Table 1). While
the flowers were still in bud, their anthers were re-
moved or buds opened with no anther removal, ac-
cording to their treatment assignment (see Table 1).
These flowers were then enclosed in a fine nylon mesh
bag to exclude pollinators. When the flowers were fully
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TaBLE 1. Experimental manipulations used to test for au-
tomatic self-pollination and self-compatibility in Trillium
grandiflorum (1992 and 1994).

Pollina-
Anther tors Treatment/

Treatment removal excluded pollen source
Outcrossed yes yes Hand pollinated/

mixed pollen
Selfed no yes Hand pollinated/

self-pollen
Autogamy no yes Unmanipul ated/

self-pollen
Open yes no Open pollinated
Natural no no Open pollinated

open, they received pollen from the appropriate source
listed in Table 1. Plants in the outcrossed treatment
received a mixed pollen load, obtained by mixing in a
glass vial one anther from each of 18 plants outside
the experiment. Pollen was applied to the stigma of
each flower in the outcross treatment with a paintbrush.
Pollen for plants in the selfed treatment was moved
from anther to stigma within the flower with a paint-
brush. The only pollen source available to flowers in
the autogamy treatment was self pollen that naturally
landed on the stigma. Plantsin the open treatment could
only receive pollen delivered by pollinators from out-
side sources, as the plants in that treatment had been
emasculated but not bagged. Finally, to compare seed
set in the experiment with natural seed set in control
plants, we counted seeds in all fruits in the treatments
and from the 124 naturally fruiting individuals in our
study plots.

The two cases of fruit production in the 1992 self-
treatment prompted us to suspect that self-pollination
could change with floral age, as some studies with Sl
plants have shown a breakdown of self-compatibility
with floral age (Ascher and Peloquin 1966). We re-
peated only the selfed (S) and outcrossed (O) treat-
ments in 1994, but hand pollinated at three floral ages:
when flowerswere first open, midway through the floral
life, and near the end of floral life. The unopened flow-
erswere bagged on 11 May, and pollinations were con-
ducted on 14 May (N = 3 Sand 4 O), 20 May (N =
6 S), and 27 May (N = 8 Sand 5 O). This pollination
schedule resulted in flowers that were open for 1, 6,
and 13 d, respectively.

Outcrossing rate

To determine the natural outcrossing rate in the pop-
ulation, we collected whole fruits and leaf tissue from
40 fruiting plantsin 1992. The leaf tissue was kept cold
until we returned to the lab, where it was ground and
the wicks were stored at —80°C. Seeds from the fruits
were planted into raised beds. As emergence in this
species takes 2 yr, leaf tissue samples were taken for
each maternal sibship from seedlings that emerged in
1994. Eight to 12 seedling leaf tissue samples/maternal
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sibship were individually ground and wicks stored at
—80°C. Maternal and seedling samples were subject to
starch gel electrophoresis in 1992 and 1994, respec-
tively, using protocolsdescribed in Tonsor et al. (1993).
Five polymorphic loci (number of alleles) were re-
solved: mdhl (2), mdh2 (3), gotl (3), got2 (3), and 6-
pgd (3). Thirty-six to 39 maternal families were scored
for each locus, with 246-308 samples per locus. We
used Ritland’'s multilocus estimation program, MLT
(1990), to determine t, the outcrossing rate, and r,, the
genetic correlation of mates for seeds within a fruit.
We calculated t, and t,,,, the single locus and multilocus
outcrossing rates, respectively. The means and standard
errors of the t estimates were based upon 1000 boot-
strap values obtained by resampling of the maternal
sibships. The difference between the single and mul-
tilocus estimates of outcrossing (t,, — t)) estimates the
degree of biparental inbreeding (Ritland 1990).

Seed dispersal

We selected 30 of the 154 fruiting plants in the first
year and 40 of the 127 fruiting plants in the second
year, representing 20% and 32% of the fruiting plants
in our study site per year, respectively. In mid-July each
year, the fruit from each target plant was collected on
the day it ripened and transported to thelab for labeling.
To identify sibships (defined here as all seeds from a
single parent), each target plant was assigned a unique
two-color code. All seedsin asibship wereindividually
marked with their unique color code using two dots of
Testors enamel paint placed on the seed coat opposite
the elaiosome. C. Turnbull (personal communication
to E M. Hanzawa) observed ants moving Viola seeds
marked with enamel paint spots and found no change
in the attractiveness to ants or the ants' handling char-
acteristics of these seeds relative to unpainted seeds.

To enable us to track the movement of seeds, one
color of each two-color code was mixed with aradionu-
clide, Scandium-46 HCI. Scandium-46 has been used
previously in studies tracing the movement of seeds
(Lawrence and Rediske 1960, Watkinson 1978). It isa
strong gamma-emitter, an essential property for de-
tecting buried seeds since thin layers of soil or litter
can block alpha and beta particles. Scandium-46 has a
half-life of 85 d, which allows an adequate period for
the relocation of dispersed, radiolabeled seeds, but is
not unnecessarily long. We labeled each seed with ~4
pCi of activity, which does not impair germination of
T. grandiflorum seeds (personal observation). Watkin-
son (1978) also applied 4 n.Ci of Scandium-46 to seeds
of Vulpia fasciculata and found no impairment of ger-
mination.

After the paint dried, the radiolabeled seeds were re-
turned to the field (within 2 hr of fruit collection) and
were placed within their fruit capsule on the soil surface.
The capsules were placed within 10 cm of the maternal
plant since, on average, T. grandiflorumfruits land with-
in a 10-cm radius of the maternal parent during initial
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fruit release (unpublished data). Natural seed dispersal
was alowed to occur. Since 80—100% of Trillium seed
dispersal occurs within 3 d of seed release (Smith et al.
1989), we waited for 1 wk after the last seeds were
radiolabeled to begin the search. At that time, we sys-
tematically surveyed the 32 X 23 m search zone (Fig.
2A) using a5 X 5 cm Nal scintillation probe attached
to a Bicron Analyst rate meter (Bicron Corporation,
Newbury, Ohio, USA). Working in 10-cm? sections at
a time, we identified all radioactive locations, flagged
them, and determined their coordinates within the search
zone by triangulation. Radioactive sites were considered
distinct if they were =10 cm apart. We classified seeds
remaining within the 10-cm radius of their maternal par-
ent as undispersed. Dispersed seeds were those found
to be =11 cm from the parent plant.

At each radioactive location, we searched the soil
surface for seeds, subsequently excavated the soil in
2-cm depth increments and sieved it to find seeds of
T. grandiflorum. Recovered seeds were placed into la-
beled plastic containers and moved 20 m from the
flagged site to improve our ability to detect |abeled
seeds. Further excavation at each flagged location con-
tinued until radioactivity readings returned to back-
ground levels. Seeds recovered at radioactive deposi-
tion sites were identified as to maternal sibship using
the two-color code, then returned to the soil at the
flagged location where they were found. This search-
ing, excavation, and identification required daily effort
for ~21 d each year. We mapped the spatial locations
and recorded the stages (seedling, nonreproductive, and
reproductive) of all T. grandiflorum in our study pop-
ulation. Mapping was done by triangulation from two
fixed points on the study site. The locations of radio-
active sites for both undispersed (<10 cm from ma-
ternal plant) and dispersed seeds were mapped on this
same coordinate system for the study site.

When ants dispersed seeds, the labeled seeds were
commonly found with other T. grandiflorum seeds that
were not radiolabeled. These unlabeled seeds were in
al likelihood produced by nontarget plants during the
same season as those that were radiolabeled. This is
likely because, first, a severe drought during summer
1989 led to nearly total reproductive failure in that
year; second, prior to 1989, sampling of the T. gran-
diflorum soil seed bank on this site showed that there
were few seeds that persisted in the soil (Hanzawa and
Kalisz 1993); and third, during 1990, as part of a dif-
ferent study, we removed most of the seeds that were
produced in the study site. Thus, it is probable that the
unlabeled seeds were produced in the current season
by the remaining 68% (1991) or 80% (1992) of the
population that were not radiol abel ed and were not dor-
mant seeds produced in previous years.

Distance

The distance that dispersed seeds were carried was
determined by subtraction of the Cartesian coordinates
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Fic. 2. (A) Schematic of zone searched for radiolabeled
1991 and 1992 indicate the areas in which seed sibships wer
Pattern of seed movement for 1991. Boxes indicate location

seeds (32 X 23 m). Within that search zone, the areas marked
e radiolabeled and later recaptured in each of the two years. (B)
s of the target plants whose seeds were radiolabeled. The value

within each box is the number of seeds left undispersed near the target plant. Lines from boxes ending in asterisks indicate
seed dispersal. Asterisks denote the seed recapture sites. Each line represents one seed. (C) Details of seed movement for

1992. Symbols are as in panel (B).

of the maternal location from the coordinates for each
flagged radioactive location. All undispersed seeds
were scored as having a dispersal distance of zero.
Distance values for the dispersed seeds in each year
were l0g,, transformed to normalize the distributions,

and mean distances seeds were dispersed among years
were compared with asingle factor analysis of variance
model log,, (distance) = year. Analyses were con-
ducted both with and without outliers. Removal of out-
liers did not alter the significance or statistical infer-
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TaBLE 2. Experimental pollination results for 1992 testing for self-pollination ability in Tril-

lium grandiflorum.

Treatments
Variables Outcrossed Selfed  Autogamy Open Natural
No. flowers tested 18 18 15 15 176
No. fruits producedt 18 (17) 2 (2) 0 15 (11) 176 (152)
Fruit set (%) 100 11 0 100 81
No. seeds/fruit (1 sp)f  16.9 (9.3) 21.0 (9.9) 0 20.7 (6.8) 15.5 (6.9)8

Notes: Treatments are as in Table 1. Since each reproductive plant produces a single flower,
the number of flowers tested also indicates the number of replicates of each treatment.

T Numbers in parentheses are the number of fruits harvested. The decrease in the number of
fruits is due to loss of flowers and fruits to deer browsing.

F No significant difference in seeds/fruit among treatments.

8§ Based on 124 fruits.

ences. Thus, distance analyses presented include out-
liers. Thisand all other analyses were performed using
SAS (1989).

Aggregation size

To estimate the effects of dispersal on the average
local number of seeds in a postdispersal aggregation,
we summed the number of radiolabeled and unlabeled
seeds in each aggregate. For each recovered seed, we
compared the numbers in the aggregation before dis-
persal (i.e., the number of seeds in its sibship) with the
numbers in the aggregation in which it was found after
dispersal. Two types of aggregations existed: 1) un-
dispersed seeds that remained singly or in aggregations
of sibs near the maternal parent, and 2) dispersed seeds
that were deposited singly or in aggregations at de-
position sites. Mean sizes of the aggregations were
compared with Type Il ssfrom an analysis of variance:
model (Aggregation size = DState + Year + [DState
X Year]) where DState is the dispersal state of recap-
tured seeds (undispersed or dispersed).

Relatedness

To estimate the number of families that were dis-
persed to a site when both unlabeled seeds and radio-
labeled seeds were found together, we scored all un-
labeled seeds as the contribution of a single maternal
plant. Thisis a conservative estimate of the number of
sibships present at a deposition site and is likely in
some instances to underestimate greatly the number of
sibships actually present. The number of sibships per
radioactive site was used to determine the proportion
of sibs vs. nonsibs in postdispersal aggregations. The
unlabeled seeds were also included in analyses of ag-
gregation size after dispersal.

To estimate the effects of dispersal on the average
relatedness among seeds in an aggregation, we calcu-
lated the proportion of seeds that shared the same ma-
ternal family as the labeled seed dispersed into that
aggregation. We term this the proportion of sib near-
neighbors (PSNN). Before dispersal, all aggregations
contained only sibs; thus, all predispersal aggregations
had a PSNN of 1.0. Dispersal could decrease the value

of PSNN if seeds were dispersed into sites with only
nonsibs, or if seeds were deposited singly (some ag-
gregations in Fig. 1C). Conversely, dispersal could
maintain the predispersal value of PSNN if seeds from
only one sibship were dispersed to any one location
(Fig. 1A). We calculated the PSNN for each labeled
sibship represented in a postdispersal aggregation and
took the average over all sibships. These means were
compared with a't test.

Finally, we determined the seed-dispersal-based
neighborhood area for the study population. Wright
(1946) introduced the idea of a genetic neighborhood
for populations, in that the density of offspring is a
declining function of distance from the parents. The
neighborhood area, A, was calculated using the equa-
tion Ay = 4 o3w20,, where o3 is the axial variance in
dispersal from a point source (Heywood 1991). Here,
A\ measures the neighborhood arearesulting from seed
dispersal away from the maternal parent. We used this
formulato estimate neighborhood area of T. grandiflo-
rum based only on the gene flow estimate from seed
dispersal quantified in this study. A full neighborhood
area would also include pollen-mediated dispersal
(Beattie and Culver 1979), which we did not measure.

Survival of seedlings

To determine differences in survival and emergence
of dispersed vs. undispersed seeds, in May 1994 we
surveyed each dispersed and undispersed location
where radiolabeled seeds had been found during 1992.
(Note that seedlings take 2 yr to emerge.) Seedling
numbers per location were censused and the percent
emerging was calculated.

REsuLTs
Pollination experiments

The combined results of the 2 yr of experiments
indicate that 95% of the plants (40/42) in the outcrossed
or open pollinated treatments set fruit (Tables 2 and
3). This contrasts sharply with 6% of the plants (2/32)
in the hand self-pollination or 0% autogamous selfing
treatments (0/15) (Tables 2 and 3). These data suggest
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TABLE 3. Experimental pollination results from 1994, testing for increasing selfing rate with
floral age.

14 May 20 May 27 May
Variables Outcrossed Selfed Selfed Qutcrossed Selfed
Flowers testedt 4 3 6 5 8
No. fruits 4 0 0 3 0
Fruit set % 100 0 0 60 0
Mean no. seeds (1 sb) 18.5 (3.1) 0 0 14.0 (4.6) 0

Notes: Pollinations were conducted on three dates as shown and treatments are as in Table
1. Since each reproductive plant produces a single flower, the number of flowers tested also
indicates the number of replicates of each treatment. No effect of floral age on selfing ability
is detected.

T Sample sizes reduced from 10 flowers per date/treatment due to slug herbivory of the
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flowers.

that the study population of T. grandiflorumisnot high-
ly selfing, but rather is likely self-incompatible. (Two
plants did set fruit upon hand self-pollination (Table
2). We suspect that either nonself pollen was inadver-
tently introduced to these plants, or that unobserved
pollinators invaded the two exclosure bags). In the fol-
low-up experiment, no temporal effect of flower age
on selfing ability was detected (Table 3). However, old-
er flowers have an overall decline in fruit set (100%
fruiting of O treatment pollinated on 14 May vs. 60%
fruiting of O treatment pollinated on 27 May). We see
no evidence of pollinator limitation: 100% of the flow-
ers in the emasculated, open pollinated treatment set
fruit (Table 2). Deer may have a greater effect on seed
production than pollinator limitation, as 14% of the
fruits in the Natural treatment were lost to herbivory
(Table 2).

The electrophoretic analysis of outcrossing rate mir-
rors the results of the pollination experiment. Both the
single locus estimate t, = 0.998 (se = 0.061) and the
multilocus estimate t,, = 1.050 (s = 0.056) of the
outcrossing rate indicate that this population of Tril-
lium grandiflorum is highly outcrossing. In addition,
(tn, — t9, the estimate of biparental inbreeding, is0.052.
Thisvalueis very low, indicating low levels of mating
with near relatives. The estimate of correlated matings
within a fruit, r, (sp), was 0.818 (0.133), indicating a
moderate to high probability that seeds within a fruit
share the same pollen parent. This value of r, indicates
that seeds within a fruit have a relatedness value be-
tween full and half sibs.

Dispersal

The pattern of movements of seeds for both yearsis
shown in Fig. 2B-C. In the first year, we recovered
63% of the 335 radiolabeled seeds. Of the recovered
seeds, 81% were found =10 cm distance from their
maternal parent and classified as undispersed. The re-
maining 19% were classified as dispersed. Surprisingly,
only half of the 30 maternal parents had seeds that were
dispersed; the other half had no seeds that were found
greater than 10 cm away. In the second year, we re-
covered 76% of the 876 radiolabeled seeds. Of the

recovered seeds, 77% were undispersed and 23% were
dispersed. In contrast with the first year’s dispersal,
only two out of 40 parents had no seeds dispersed.
Dispersed seeds were located at a mean of 2.5 different
sitesin year 1 and 2.8 in year 2. The maximum number
of dispersal sites scored for a single sibship was 12.
None of the deposition sites contained seeds of other
ant-dispersed species.

Distance

The distances seeds were dispersed differed signif-
icantly between years (Fig. 2B, C, Fig. 3). In year 1,
dispersal distances for seeds moved by ants ranged
from 0.12 to 10.00 m, with a mean dispersal distance
of 241 m (se = 0.33, N = 39, Fig. 3). In year 2,
dispersal distances for seeds moved by ants ranged
from 0.02 to 5.2 m, with a mean dispersal distance of
0.53 m (se = 0.06, N = 155, Fig. 3). When the un-
dispersed seeds are included, the mean distance from
the maternal plant for all recovered seeds was 0.45 m
(se = 0.09, N = 210) inyear 1 and 0.17 m (s = 0.02,
N = 485) for year 2. We calculated an identical seed-
dispersal neighborhood area estimate for both years (A
= 20.96 m?) because the standard deviation of dispersal
distance for all recovered seeds was nearly identical in
the two yr (o4 = 1.29 in year 1 and 1.28 in year 2).

Effects of seed dispersal on aggregation size

In year 1, dispersed seeds, on average, experienced
both a higher mean and a higher variance in local num-
bers than did seeds that were not dispersed. The con-
verse was observed in year 2. The largest aggregations
of dispersed seeds, containing 23, 38, and 73 T. gran-
diflorum seeds, were all found in year 1. All other dis-
persed seeds over both years were found groups of 1-7
seeds. The average number of seeds in an aggregation
post dispersal decreased relative to the average aggre-
gation size of all seeds after seed release (Table 4).
However, a comparison of seed aggregation size for
dispersed and undispersed seeds between years indi-
cates annual variation in dispersal effects on numbers.
In year 1, dispersed seeds experienced higher seed
numbers relative to undispersed seeds, while in year
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Fic. 3. Frequency distributions of Trillium
grandiflorum seed dispersal distances (in me-
ters) away from maternal plant for two years.
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2, the opposite result is seen (Table 4). The ANOVA
indicated that these differences were significant for the
main effect of year and the year by dispersal status
interaction (Table 5).

Relatedness effects of seed dispersal

To estimate the effects of dispersal on the average
relatedness between seeds in an aggregation, we cal-
culated the probability that a pair of seeds drawn from
the aggregation, at least one of which is alabeled seed
and the other drawn at random, were from the same

TaBLE 4. Size of seed aggregations prior to and after dis-
persal for seeds that were recaptured. Mean, standard error
(sE), range, and number of seeds for the 2 yr of dispersal
studied.

Pre Post dispersal
dispersal Undis- Dis-
All seeds All seeds persed persed
1991
Median size 13 12 9.5 6
Mean size 13.95 12.46 9.39 25.87
(1 sE) (0.33) (0.99) (0.30) (4.61)
Range of size 3-22 1-73 1-15 1-73
Number of seeds 210 210 171 39
1992
Median size 19 10 12 2
Mean size 19.92 11.09 13.64 2.57
(1 sE) (0.25) (0.28) (0.27) (0.19)
Range of size 3-30 1-23 1-23 1-7
Number of seeds 665 665 512 153

T T

T
0-1 1-2 23 34 45 56 6-7 7-8 89 9-1010-11

maternal family. In both years, all predispersal aggre-
gations had a PSNN (the proportion of sib near-neigh-
bors) of one at seed release. After dispersal in year 1
(Fig. 4), the mean PSNN for all aggregations was 0.64
(se = 0.07, N = 43). These aggregations include 27
sites of undispersed seeds, each with a PSNN of one,
and 16 sites of dispersed seeds. The dispersed seeds
had a mean PSNN of 0.22 (s = 0.08, N = 16). The
PSNN differed significantly for dispersed and undis-
persed seeds (t test: F = 104.9, P < 0.001). Six of the
deposition sites contained only one seed. Of the 11
sites that had >1 seed, all contained seeds from >1
family (one maternal parent). The mean number of fam-
ilies per deposition site was 1.94 in year 1.

In year 2, after dispersal, the mean PSNN for all
aggregations was 0.52 (se = 0.04, N = 143). Thistotal
included 52 undispersed seed sites and the 91 dispersed
sites. These secondary dispersal deposition sites had a
mean PSNN of 0.28 (se = 0.04). The PSNN differed
significantly for dispersed and undispersed seeds (t test:

TaBLE 5. Effects of year and dispersal state (dispersed or
undispersed) on the size of seed aggregations. ANOVA
performed on log-transformed data and presented with
Type |1l sum of squares, R? of the model = 0.27.

Source df ss F P
Status 1 25577 48.1 0.001
Year 1 28.4 0.5 0.47
Status X Year 1 758.7 4.3 0.0002
Error 265 14094.2
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FiGc. 4. Frequency distributions of the av-
erage proportion of sib near-neighbors in Tril-
lium grandiflorum seed aggregations following
dispersal for the two years of the study. Dis-
persed seeds (stippled bars) and undispersed
seeds (solid bars) are presented.

Number of aggregations

F = 507.3, P < 0.001). Fifty-six deposition sites (62%)
contained only one seed. Of the 35 sites that had >1
seed, 40% contained seeds from >1 family (one ma-
ternal parent). The overall mean number of families
per deposition site in year 2 was 1.16. Over both years,
seed dispersal significantly decreased the proportion of
sib near neighbors experienced by individual seeds, on
average by 75%. (Note that, if the seeds not recaptured
were also deposited singly, the PSNN would dramat-
ically decrease.) For many maternal plants, dispersal
resulted in offspring being placed in several sites: Some
remained aggregated near the parent, and others were
dispersed to one or more deposition sites. For maternal
parents that had a least one seed dispersed, their seeds
were |located at a mean of 2.5 different sites.

Emergence of seedlings

Of all the seeds recaptured in 1992, 14% of the un-
dispersed seed and 12% of the dispersed seed survived
and germinated in 1994. The difference in the fraction
emerging as a function of dispersal status was not sig-
nificant. In addition, neither the number of seeds in a
postdispersal assemblage nor the minimum number of
families in an aggregate (relatedness) was correlated
with the proportion of seedlings emerging.

SEED DISPERSAL ALTERS RELATEDNESS PATTERN
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Discussion
Proximate consequences of seed dispersal

Our study differs from previous work on seed dis-
persal in that we have determined the postdispersal
locations of seed sibships and the consequences of that
dispersal to the seeds and emerging seedlings. Overall,
seeds of T. grandiflorum that were dispersed experi-
enced lower relatedness to other seeds in the deposition
site aswell as alower average number of seedsin those
aggregations. This occurred because, before dispersal,
all seeds from one maternal parent were aggregated in
the vicinity of that parent. After dispersal, although
many seeds remained in sib aggregations, dispersal fre-
quently resulted in the mixing of seeds from different
families at sites of seed deposition, reducing the re-
latedness of the seeds in aggregates. Most plants had
only a fraction of their offspring dispersed (Fig. 2B—
C), but those offspring that were dispersed were moved
to an aggregation that was, on average, more geneti-
caly diverse (Fig. 4). These aggregations frequently
contained one or more nonsib seeds (Fig. 4). In fact,
dispersed seeds were more likely to be in an aggre-
gation with a seed from another family than with a seed
from their own family: 85% of the dispersed seedswere
in an aggregation with =1 seed from another family,
whereas only 67% of the dispersed seeds were in an
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aggregation with a seed from the same family. The
extent to which seed dispersal will actually lower the
relatedness of seed aggregations will depend on, first,
the mating system that produced the seeds and, second,
the relatedness of nonsib seeds in postdispersal aggre-
gations.

Similar to the relatedness effects, the local number
of conspecific seeds was lowered by dispersal (Table
5). The lower seed aggregation size after the dispersal
period was due to two factors: First, ants or other dis-
persal agents deposited seeds in smaller-sized seed ag-
gregations than were initially present in fruits, and,
second, after the dispersal period, undispersed seeds
near their maternal parent were left in smaller aggre-
gations. Thus, dispersal decreases the opportunity for
sib competition in both types of seed aggregates. In
our study, the overall aggregation size and genetic pat-
tern of seeds post dispersal is most similar to Fig. 1C,
with the addition of the many seeds that remain un-
dispersed and seeds that are dispersed singly.

In other plant species, decreasing density of con-
specific seeds has been associated with both reductions
and increasesin germination rate (e.g., Qadir and Abas-
si 1971, Bergelson and Perry 1989). Our expectation
was that decreases in aggregation size and relatedness
would result in enhanced numbers of seedlings emerg-
ing. Surprisingly, neither dispersal-mediated changes
in seed aggregation size nor genetic relatedness sig-
nificantly affected the probability of seedling emer-
gence.

Dispersed fractions and dispersal distances

The greatest proportion of labeled seeds of T. gran-
diflorum (45% in year 1, 52% in year 2) remained at
the location of seed release from the maternal parent
(i.e., within a 10-cm radius). In total, the proportion of
seeds moved from the parental location was 55% in
year 1 and 48% in year 2. The seed movement docu-
mented here is similar both to that quantified for other
genera of myrmecochores growing in similar habitats
(range = 14-80%, Culver and Beattie 1978, Heithaus
1981, Smith et al. 1989) and to the proportion of seeds
removed from ant-dispersed Trillium species in gen-
eral. Removal from seed depots within T. nivale and
T. grandiflorum ranged from 15 to 70% over a 3-d
period (Smith et al. 1989), while the proportions of
seeds removed after 90 minutesfor T. erectum, T. gran-
diflorum, and T. undulatum were 35%, 22%, and 27%,
respectively (Gunther and Lanza 1989) Relatively low-
er rates of removal have been found for other species
of Trillium in different habitats (Mesler and Lu 1983,
Higashi et al. 1989).

Dispersal distances recorded in this study indicated
both longer average and maximum dispersal distances
when compared to the few previous studies of myr-
mecochores in similar habitats. T. tschonoskii had a
mean dispersal distance of 0.6 m and a maximum dis-
persal distance of 2.7 m (Higashi et al. 1989). Three
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species of Viola had mean dispersal distances between
0.35 and 0.72 m, with maximum dispersal between 1.1
m and 1.5 m (Culver and Beattie 1978). The distances
over which ants disperse seeds appear to vary with ant
species and habitat. Relatively long-distance dispersal
by ants (mean >2 m, maximum >9 m) has been re-
ported for plants from the Sonoran Desert (O’ Dowd
and Hay 1980), Australian sclerophyllous heathlands
(Andersen 1988), and South African fynbos (Slingsby
and Bond 1985). It is possible that relatively long-
distance dispersal occurs in other myrmecochorous
plants growing in temperate forest habitat but has not
been noted in previous studies owing to the general
difficulty in tracking seeds the farther they are dis-
persed. Radiolabelling seeds, as was donein this study,
may provide a more accurate metric of intermediate-
distance seed movement relative to paint or fluorescent
dyes. Our methodological difference could explain the
higher average seed dispersal distances quantified in
our study.

Variance in the pattern of dispersal among years

A number of abiotic and biotic factors are likely to
influence seed removal by insects and the distances
seeds are carried. Annual differences in weather pat-
terns during the time of Trillium fruit drop may create
conditions that are either conducive or detrimental to
dispersal. Weather conditions could affect ants’ or other
dispersal agents' movements as well as the length of
time the elaiosome remains attractive to dispersers. The
summer of 1992, characterized by shorter dispersal dis-
tances, was an unseasonably rainy July in southwestern
Michigan. This rain may have decreased both the fre-
quency and length of ant-foraging bouts, and increased
slug activity. Slugs are common in our site and are
attracted to the elaiosomes of Trillium. Unlike ants,
however, slugs consume the elaiosome in situ, leaving
the seed where it was originally deposited (F M. Han-
zawa and M. Beilstein, unpublished data), rendering
them unattractive to other dispersers. Satiation of po-
tential dispersers (see Smith et al. 1989) or the presence
of alternative or preferred food sources could result in
lower rates of seed dispersal. There are no other myr-
mecochorous plant species in our study site that could
have competed for the dispersers’ attention, and we are
unaware of alternate or preferred food sources for the
ants.

Annual variation in the species composition of the
ant community and the physical location of ant nests
could significantly alter both the number of seeds re-
moved and the distances that seeds are carried. Spatial
and temporal variation in the ant community can affect
both the probability of dispersal and the mean and vari-
ance in dispersal distances of seeds (e.g., Horvitz and
Schemske 1986b). Herbers (1989), working with 14
species of forest ants in New York state, found that
nest locations are regularly moved within the annual
cycle and can even be ephemeral within a season (Her-
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bers 1989, Tables 3 and 4 in Holldobler and Wilson
1990). In our study, some of the annual variation in
dispersal is likely to be attributable to variable activity
of one ant species, Camponotus pennsylvanicus. A nest
of this large-bodied ant was observed in the southeast
corner of the study plot in the first year of this study
(Fig. 2B). The largest aggregation of seeds (N = 73)
and the longest seed dispersal distance (10 m) were in
the vicinity of that active Camponotus nest in the first
year of the study. In the second year, no seeds were
dispersed to that location (Fig. 2C). Both low ant nest
density and small colony size at the time of Trillium
seed release could also result in lowered seed removal
rates and affect average dispersal distances (e.g., Go-
mez and Expadaler 1994). We have no data on the
relative densities of nest sites or on the species in the
ant communities across the 2 yr of this study.

Foraging distances of ants will also directly affect
seed dispersal distances. In Long Woods, foraging dis-
tances of a common small-bodied, territorial ant spe-
cies, Myrmica americana were ~0.5 m (S. Uno and F
M. Hanzawa, unpublished data). These foraging dis-
tances are similar to those of other small-bodied, north-
ern temperate forest ant species (J. Herbers, personal
communication), while Camponotus foraging range is
in excess of 6 m (J. Herbers, personal communication).
It is likely that we have located all seeds dispersed by
small ants in our study area (Fig. 2). It is possible,
however, that other long-distance dispersers, including
Camponotus, whose nests were located outside our
search area, moved the marked seeds to remote loca-
tions.

Only 18 and 24% of the labeled seeds were unam-
biguously classifiable as dispersed in each year. The
remaining 37% in year 1 and 24% in year 2 were never
relocated. It is possible that some unrecovered seeds
were eaten by seed predators or otherwise destroyed.
Two instances of soil contaminated with radioactivity
were found with no intact seeds present, suggesting
seed predation. However, Smith et al. (1989:1653-54)
in a 3-yr study found “‘virtually no predation of seeds
of T. grandiflorum,”” despite the fact that the study was
conducted in a site where high predation on another
myrmecochorous plant, Jeffersonia diphylla, had been
detected (Smith et al. 1986). We consider predation an
unlikely outcome for the missing seeds in this study.
It isalso unlikely that the unrecovered seeds were pres-
ent in surface middens but overlooked. In general, tem-
perate forest ant species do not have nests or middens
deeper in the soil than would be detectable by our
radiolabel and probe (J. Herbers, personal communi-
cation). The combination of the high level of signal
from the B-emitting radiolabel and the thorough search
protocol makes the probability of missing seeds in the
search area low. However, seed dispersal by harvest-
men or yellow jackets, which also feed on dead insects,
may explain the high proportion of seeds that were
dispersed singly and the seeds presumed to have been
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dispersed longer distances. If the 37 and 24% unre-
covered seeds were in fact dispersed singly by highly
mobile insects beyond the borders of our 34 X 23 m
search area (Fig. 2A), our calculations of postdispersal
relatedness and aggregation size would be significant
overestimates, and dispersal distance values would be
significant underestimates.

Ultimate fitness consequences of animal-mediated
seed dispersal in Trillium grandiflorum

Seeds of Trillium clearly are modified for dispersal
by ants or other insects. Therefore, our expectations
are that afitness advantage will be gained that balances
the cost of elaiosome production. Positive long-term
effects of ant-mediated dispersal have been quantified
in only one species, the biennial Corydalisaurea (Han-
zawa et al. 1988). Getting results similar to ours, Han-
zawa et al. (1988) found no difference in seed or seed-
ling survival for seeds dispersed by ants relative to
those undispersed. However, both survival through the
first growing season and total reproductive output dif-
fered significantly between the two groupsin C. aurea.
Final fecundity of ant-dispersed seeds was 90% higher
than that of the control group. Although no early life
history benefit of seed dispersal was detected in the
present study, long-term fitness benefits may accrue for
those seeds dispersed away from the maternal parent.
Both changes in density and relatedness of neighboring
individuals have been shown to affect plant perfor-
mance at different life stages. For example, in a 2-yr
study Augspurger (1984) showed that long dispersal
distance was positively correlated with survival of
seedlings and that the dispersal-mediated decreases in
seedling density lowered mortality from fungal patho-
gensin awind-dispersed tropical tree. In arelated study
with two sibships of the tree Tachigalia versicolor,
Augspurger and Kitijima (1992) found that decreased
relatedness (i.e., with sibs from the same mother or
mixed with sibs from another mother) significantly in-
creased the period of survival from germination to 2-
mo-old seedlings in general and germination to 2-yr
survival at one site. We expect that, over the long term,
a fitness benefit should be accrued by dispersed seeds
if thismutualism isto be maintained in Trillium. Given
that T. grandiflorumindividuals are long lived, we ex-
pect that the positive effects of seed dispersal may ap-
pear later in the life history.

Because we only have data through seedling emer-
gence for 1 yr that indicated that low numbers of seed-
lings were present, we can say little about the long-
term demographic consequences of dispersal-mediated
changes in the density or genetic environment of seed-
lings. In the present snapshot, dispersed and undis-
persed seedlings emerge with equal frequencies, and
the density of seeds in a postdispersal aggregate is
uncorrelated with seedling emergence and survival in
the first season. Individuals of T. grandiflorum in our
study population live =40 yr and have a prereproduc-
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tive period of 16 yr (Hanzawa and Kalisz 1993). The
frequency of recruits into the populations on an annual
basis is clearly low, and their subsequent probability
of survival to join the reproductive class is also low
(S. Kalisz and F M. Hanzawa, unpublished data). In a
companion study in this population, we examined the
spatial genetic structure expressed at different life his-
tory stages: one-leaved plants, three-leaved nonrepro-
ductive plants, and three-leaved reproductive plants.
The degree of spatial genetic relatedness as a function
of distance between plants at each stage was cal culated
using electrophoretic data. The results indicate that the
seedling stage showed no genetic structure at any spa-
tial distance interval. Because seeds in postdispersal
aggregates werelikely to have some sib near neighbors,
thisindicates that average nearest-neighbor relatedness
drops from postdispersal aggregations to juvenile
plants and closely adjacent seedlings were no more
related to each other than those that were far apart.
This could result from selection against sib near neigh-
bors or simply be due to areduction in density’sleaving
one or fewer individuals from a given aggregation that
survive to the juvenile stage. Average near-neighbor
distance drops from postdispersal seed aggregates to
the one-leaf plant stage (unpublished data), corrobo-
rating the second interpretation.

The mating system generates the initial degree of
relatedness among offspring within fruits. The results
of our mating system study indicated that this T. gran-
diflorum population is highly outcrossing (t > 99%)
and is likely to be self-incompatible. The actual relat-
edness of seeds within fruits will be a function of the
number of pollen donors present in a pollen load that
sire seeds within that fruit. Although the number of
polymorphic loci used in our study is not sufficient to
conduct a paternity analysis, the presence of a self-
incompatibility system would decrease the probability
that mating occurs among close relatives, as they are
likely to share incompatibility alleles. Self-incompat-
ibility thus could create negative assortative mating
(Hartl and Clark 1997). Correlated mating estimates,
r,, suggest that fruits are sired by one or a few pollen
donors. Therefore, offspring from asinglefruit arelike-
ly to be related as half to full sibs. As a consequence
of the mating system, seedlings emerging from undis-
persed aggregates will be genetically similar and would
share self-incompatibility alleles. In contrast, dispersed
seeds are with nonsibs and thus would not share self-
incompatibility alleles. The pattern of seed dispersal
and seedling mortality described in this study sets the
stage for minority advantage at the adult stage (e.g.,
Antonovics and Ellstrand 1984, Schmitt and Antonov-
ics 1986, Wilson et al. 1987, Tonsor 1989).

The original purpose of Wright's genetic neighbor-
hood was to estimate rates of inbreeding from effective
population sizes, based on neighborhood areas and den-
sities. As defined by Wright (1946), roughly 87% of
an individual’s relatives are found within the genetic
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neighborhood determined by the dispersal distance. For
T. grandiflorum, the seed dispersal mediated area of
relatedness is 21 m2. Without information on mating
structure for a population, such inferences about in-
breeding cannot be drawn. The ‘‘neighborhood’” area
calculated with our data estimates only the area or
neighborhood of relatedness. The only previous study
that calculated neighborhood areas resulting from seed
dispersal by ants found neighborhood areas for three
species of Viola that were an order of magnitude lower
(Beattie and Culver 1979) than those reported here. In
Beattie and Culver’'s study, pollen movement was
deemed the more important mechanism of gene flow
relative to seed dispersal. The relative importance of
seed vs. pollen flow is likely to differ for T. grandiflo-
rum. If Sl alleles are responsible for the lack of seed
set upon selfing in our study, individuals within the A
would share Sl alleles in direct proportion to their re-
latedness. Thus, if undispersed, seeds will share S| al-
leles and suffer reduced fecundity. It follows that seeds
that are dispersed away from their maternal parent’'s
genetic neighborhood and that survive to flower may
have higher average fitness with respect to both male
and femal e functions than those that remain within the
relatedness neighborhood of their parent. An Sl mating
system could therefore confer a fitness benefit, select-
ing for the maintenance of ant-mediated dispersal;
however, this benefit is not seen until plants reach re-
productive status. Thus, if Sl alleles are present, the
long-term interaction of the Sl system and ant-mediated
seed dispersal may explain both the pattern of genetic
structure and the maintenance of the mutualism.
Previous studies of animal-mediated seed dispersal
have focused on the ecological consequences of the
interactions. The results of our study demonstrate that
the consequences of seed dispersal can be influenced
by the specific pattern of movement of seeds. Seed
dispersal by ants or other insect vectors clearly has the
potential to affect plant fitness through frequency-de-
pendent selection. This disperser-specific pattern of
seed movement can also contribute to development and
maintenance of genetic structure in the plant popula-
tions (Loveless and Hamrick 1984). Our results indi-
cate that detailed studies of the interaction between
disperser behavior and the spatial genetic character-
istics of the reproductive plant popul ation are necessary
better to understand the demographic and population
genetic consequences of various dispersal syndromes.
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