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reproductive isolation, as well as the interactions between
genetic and ecological features of differentiated populations
(Barton and Hewitt 1989; Arnold 1992; Harrison 1993). De-
spite the widespread use of hybrid zones for studies of evo-
lutionary processes, little is actually known about the early
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stages in hybrid zone formation. Two scenarios have been
proposed. First, hybrid zones may form as the result of sec-
ondary contact between populations that have differentiated
in allopatry (Mayr 1942). Second, hybrid zones could arise
from primary intergradation due to differential selection
along an environmental gradient (Endler 1977). These two
scenarios are extremely difficult to distinguish once a hybrid
zone has been established because both can result in identical
patterns of variation (Endler 1977). These opposing views,
notwithstanding, little experimental work has been performed
to define the initial stages of either of these scenarios. The
relative ease of experimental manipulation of plants affords
the opportunity to study the initial stages of secondary con-
tact between species through transplantation, monitoring of
particular genotypes, and measuring parameters such as gene
flow and natural selection (Cruzan and Arnold 1993).

The Louisiana irises are a well-studied group of hybrid-
izing species (Viosca 1935; Riley 1938; Anderson 1949) that
include three species with widespread distributions overlap-
ping in southern Louisiana (Iris fulva, 1. hexagona, and L
brevicaulis) and the rare, endemic species I. nelsonii. The
widespread distributions of 1. fulva, I. hexagona, and I. brevi-
caulis suggest that they may have previously been allopatric
and then, through range expansion, come into secondary con-
tact (Viosca 1935). Presently, numerous hybrid populations
occur in the area of overlap (Riley 1938; Anderson 1949;
Arnold et al. 1990a, 1991) and therefore it is surprising that
the formation of natural F| hybrids appears to be a rare event
(Arnold 1993b). For instance, though numerous hybrid pop-
ulations between I. fulva and I. hexagona have been examined
genetically, no identifiable adult F| hybrid plants have been
found (Arnold et al. 1990b, 1991; Arnold 1993b). Further-
more, when 200 I. hexagona rhizomes were planted into an
I. fulva population, very low rates of F, hybrid formation
were detected over several years of flowering (Arnold et al.
1993). These observations have led to the suggestion that the
formation of F, hybrids between these two species, though
a rare event in itself, subsequently results in a much greater
frequency of advanced generation hybrid production (Arnold
1993b).

To test the hypothesis that the rate of advanced generation
hybrid production is greater than the rate of initial F, hybrid
formation, we planted small patches of F, hybrids near I.
fulva and 1. hexagona plants to simulate the earliest stage of
hybrid zone formation. We then monitored flowering and
collected fruits produced by both the F; plants and the nearby
parental plants. By genotyping seeds of these fruits for two
allozyme loci with fixed differences between the species, we
determined the frequency of conspecific, F,, F,, and back-
cross progeny produced.

MATERIALS AND METHODS

F, plants were produced by controlled hand pollinations
between I. fulva and I. hexagona in the Botany Department
greenhouses at the University of Georgia. Rhizomes of F,
individuals were planted in the fall of 1993 into the Talbot
population (Arnold et al. 1993) that contained both pure /.
fulva and I. hexagona individuals. This population was orig-
inally a natural population of I. fulva individuals into which
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a single block of 200 I. hexagona rhizomes was planted in
1989 (Arnold et al. 1993). Molecular genetic evidence sug-
gests that initial hybridization does not occur due to seed
dispersal of one species into the habitat of the other followed
by hybridization, but rather that F, hybrids are formed due
to pollen dispersal from one species into a population of the
other (Arnold et al. 1993). Thus, five blocks, each consisting
of 20 F, rhizomes, were planted into the population in the
following manner: one block was placed near each of three
separate patches of I. fulva individuals and two blocks were
placed on opposite sides of the large I. hexagona patch (Fig.
1).

Throughout the 1994 flowering season, each flower pro-
duced on F, plants was tagged and the date of anthesis noted.
Over 1500 flowers were also tagged on the I. fulva and I
hexagona individuals near the F, patches. Natural pollination
was allowed to occur and mature fruits were collected in June
before the fruits dehisced.

Two allozyme loci (PGI-3 and ADH) have fixed allelic
differences that are diagnostic for I. fulva and 1. hexagona
and were used to genotype seeds. Electrophoretic conditions
can be found elsewhere (Arnold et al. 1990b). All seeds from
F, fruits were genotyped. Some 13-14 fruits from 1. fulva
and 1. hexagona plants were sampled near each of the F,
patches for a total of 41 I fulva fruits and 27 I. hexagona
fruits. Ten seeds from each of these fruits were genotyped.
Parental fruits were chosen for sampling if the flowers that
produced them were in their female phase when nearby F,
flowers were in male phase. Fruits from the parental species
were also chosen to span the blooming times of nearby F,
plants.

Nine two-locus genotypes at PGI-3 and ADH were possible
and the expected frequencies of these genotypes for specific
crosses (backcross to either I. fulva [B¢] or I. hexagona [By],
and F,; Table 1) were calculated. Because expected frequen-
cies for some of the nine genotypes were low (e.g., for a
cross producing F, individuals FF/HH = 0.0625), the ge-
notypes were grouped into four classes. The expected fre-
quencies of genotypes due to different second generation
crosses were then used to distinguish the types of crosses
that contributed to seeds on both F, and parental plants. Hy-
brid seeds from I. fulva and I. hexagona fruits could only be
produced from crosses between the species (producing F,
seeds) or from backcrossing with F; individuals.

Because seeds produced on F; maternal plants could be-
long to all four genotypic classes (A-D, Table 1), a maxi-
mum-likelihood model was used to estimate the percentage
of seeds produced on F; plants that were By, F,, or B,. By
iterating through different combinations of crosses, the model
estimated the expected seed genotype frequencies using the
frequencies in Table 1. Then the program computed the likeli-
hood ratio given the observed data. By maximizing this ratio,
the program estimated the combination of crosses that most
likely produced the observed genotypes.

RESULTS

Either three or four rhizomes produced a flowering stalk
within each F, patch (17 flowering stalks total). These flow-
ering stalks produced a total of 34 flowers (5-9 flowers per
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patch) over 18 d (24 March to 10 April 1994). Only four
pairs of flowers had completely coincidental flowering within
any one patch. Flowers of both I. fulva and 1. hexagona com-
pletely overlapped the flowering of the F, plants. Thirteen
fruits were produced on the F, plants (1-5 fruits per patch).
Two fruits, both from one patch (near I. fulva) were lost,
leaving seven fruits from two plots near I. fulva and four
fruits from two plots near 1. hexagona for analysis.

F, Plants.—The distribution of seeds in each genotypic
class was determined separately for seeds from F, plants near
I. fulva and I. hexagona (Table 2). These distributions were
significantly different from each other (Table 2) indicating
that distinct types of crosses occurred on F| plants when they

TaBLE 1. Expected genotype and genotypic class frequencies of
seeds for crosses that would produce pure backcross-Iris fulva (By),
F,, or backcross-1. hexagona (B}) fruits.

Genotype

Locus Locus Expected frequencies ?;;i?:' Expected frequencies
1 2 B¢ F, B, class B¢ F, By,
FF FF 0.25 0.0625

FF FH 0.25 0.125 A 075 0.3125

FH FF 0.25 0.125

FF HH 0.0625 B 0.125

HH FF 0.0625

FH FH 025 025 025 C 025 0.25 0.25
FH HH 0.125 0.25

HH FH 0.125 025 D 0.3125 0.75
HH HH 0.0625 0.25
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Map of the Talbot iris population. Iris fulva grows along the bayou and a block of I hexagona was planted into the bayou in

were near 1. fulva or I. hexagona. The distribution of seeds
from F, plants that were near I. fulva were not significantly
different from the expected distribution for pure F, progeny
though nearly so (x2 = 7.52, P < 0.10). This nearly signif-
icant result was caused by fewer than expected class C seeds
(15 versus 26 expected) and an excess of class D seeds (42
versus 32.5 expected). All second generation crosses are ex-
pected to produce the same frequency of class C seeds, but
only backcrossing to I. hexagona is expected to produce high
levels of class D seeds (Table 1). The relative contributions
of F,, By, and B; crosses were calculated to be 90%, 10%,
and 0%, respectively by the maximum-likelihood model (Ta-
ble 3). In contrast, seeds from F; plants that were near I.
hexagona were not significantly different from the expected
distribution of By, fruits (x> = 0.17, ns: tested using only
seeds that were classified in genotypic classes C and D; 56
of the 58 seeds; Table 2). The remaining two seeds in class
A could only have been produced from a B; or F, cross (Table
2). The relative contributions of F,, By, and B; crosses were

TABLE 2. Number of seeds produced in each genotypic class by
F, plants that were physically near either Iris fulva or I. hexagona.

F, plants near

Genotypic

class I fulva I. hexagona
A 33 2

B 14 0

C 15 13

D 42 43

X? = 31.0, P < 0.001.
4
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TABLE 3. Percentage of seeds that were attributed to specific types
of crosses based on their genotype. Values for Iris hexagona and I.
fulva maternal plants are direct calculations, while those for F,
maternal plants are estimated from the maximum-likelihood model.

Maternal parent

F, plants near

Paternal (1. hexa-

parent I. hexagona I fulva gona) (1. fulva)
1. hexagona 93.1 0.03* 95 10
L fulva 0.74* 98.3 5 0
F, 6.9 1.70 0 90

* Arnold et al. 1993; J. Hamrick and M. Arnold unpubl. data.

calculated to be 0%, 95%, and 5%, respectively by the max-
imume-likelihood model (Table 3).

Parental Plants.—Only five fruits from parental plants had
seeds with genotypes distinguishable as hybrids: two of the
41 fruits sampled from I fulva and three of the 27 fruits
sampled from I. hexagona. Iris hexagona produced signifi-
cantly more hybrid seeds than I. fulva (Table 4). The 19 seeds
sampled from the two I. fulva fruits that contained detectable
hybrid seeds had a significantly different genotypic class dis-
tribution than expected for pure By fruits (x2 = 3.95, P <
0.05) due to an excess of parental-like seeds. Thus, these
seeds were likely a result of fertilization by a mixture of I.
fulva and F| pollen. In contrast, the 29 seeds sampled from
the three I. hexagona fruits that contained detectable hybrid
seeds did not have a significantly different genotypic class
distribution than expected for pure By, fruits (x2 = 1.39, ns).

Seeds produced on either of the parental species with dou-
ble heterozygote genotypes (class C) could have been pro-
duced either by crosses between the two species (100% ex-
pected frequency) or by backcrossing with F, plants (25%
expected frequency, Table 1). None of the fruits that con-
tained hybrid seeds in either species had only class C seeds.
Furthermore, each of these fruits also contained seeds that
could only be produced through backcrossing with F; indi-
viduals. Thus it is likely that the class C seeds in these fruits
were produced through backcrossing.

DiscussioN

This study demonstrates how the formation of F, hybrids,
even if a rare event, can nonetheless be a catalyst for higher
rates of advanced generation hybrid production and also that
the evolutionary pathway of these hybrids is context depen-
dent. The initial formation of F, hybrids between I. fulva and
I. hexagona appears to be a rare event (Arnold 1993b) even
though these hybrids can be produced with ease by controlled
pollinations. Despite numerous genetic surveys of Iris pop-
ulations, no adult F; hybrids have yet been identified (Arnold
et al. 1990b, 1991; Arnold 1993b). In addition, when a block
of 200 I. hexagona rhizomes were introduced into the Talbot
population of I. fulva, low rates of F, seed formation occurred
over multiple years of flowering. In three years of monitoring,
over 5000 seeds were genotyped and less than one percent
were found to have an F, genotype (Table 3; Arnold et al.
1993; J. Hamrick and M. Arnold unpubl. data). Furthermore,
a directionality to F| formation was detected with I. hexagona
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TABLE 4. Number of seeds that had hybrid or parental genotypes
for all seeds sampled from Iris fulva and 1. hexagona.

Parental plants

Genotype I. fulva I. hexagona
hybrid 7 19
parental 407 258

X? =12.32, P < 0.01.

plants serving as maternal plants more often than I. fulva
plants (Table 3; Arnold et al. 1993).

Though the formation of natural F; hybrids between . fulva
and I. hexagona is a rare event, the parental species produce
offspring with F; individuals at much higher rates. In . hex-
agona, backcross-seed formation is nearly an order of mag-
nitude greater than F, seed formation, and in I. fulva, back-
cross-seed formation is nearly 60-fold greater than F, seed
formation (Table 3). In addition, the F, plants themselves
produced F, and backcross progeny and thus the numbers of
hybrid seeds and the range of genotypes produced in the
population were vastly increased once F, hybrids were es-
tablished. Therefore, when an F; hybrid does become estab-
lished in a population, it serves as a bridge for the founding
of advanced generation hybrids and possibly, new evolu-
tionary lineages.

Even if F, hybrids suffer a reduction in fitness, the evo-
lutionary consequences of hybridization may be significant
(Anderson 1949; Stebbins 1950; Grant 1971). For instance,
crosses between Helianthus annuus and H. petiolaris yield
F, progeny that have extremely low pollen fertility and seed
production (means of 14% and 2%, respectively, Heiser et
al. 1969). However, molecular genetic analyses suggest that
hybrids between these two species have resulted in at least
three independent lineages (Rieseberg 1991). Furthermore,
Grant (1966) showed that despite strong sterility barriers be-
tween Gilia malior and G. modocensis, some advanced gen-
eration hybrids regained their fertility and were reproduc-
tively isolated from their parental species without becoming
polyploid. Arnold and Hodges (1995) found that among both
animal and plant taxa F; hybrids tend to be less fit than
parental-like hybrids. Thus, it may be common that the initial
formation of F| hybrids is rare with subsequent hybrid gen-
erations forming at greater frequency.

Several factors may limit the formation of natural F, hy-
brids between I. fulva and I. hexagona despite the ease of F,
formation in controlled crosses. Though the two species have
coincident flowering phenologies (Arnold et al. 1993), they
have different major pollinators: hummingbirds visit I. fulva
and bumblebees visit I. hexagona (Viosca 1935). However,
these pollinator classes do make interspecific movements that
may result in interspecific pollen transfer (Carney, Cruzan,
and Hodges, pers. obs.). Even when interspecific pollen trans-
fer occurs, pollen competition experiments suggest a repro-
ductive barrier that may explain differences in seed formation
among parental and hybrid classes (Arnold et al. 1993; Car-
ney et al. 1994, 1996). First, when 50:50 mixtures of 1. fulva
and 1. hexagona pollen are used to pollinate I. fulva or I.
hexagona flowers, F, seeds are produced at a lower rate than
expected (Arnold et al. 1993; Carney et al. 1994, 1996). This
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barrier to F, formation apparently is stronger for I. fulva
plants than I. hexagona plants (Carney et al. 1994, 1996) and
therefore may explain the more than 20-fold difference in F,
seed formation between I. fulva and 1. hexagona plants in
nature (Table 3). If I. fulva plants can also discriminate be-
tween I. fulva and F; pollen tubes to a greater extent than
can I. hexagona plants, then pollen-tube growth rates may
also explain the greater extent of backcrossing into I. hexa-
gona (Table 3). Furthermore, I. fulva pollen tubes grow more
slowly than either I. hexagona or F| pollen tubes when placed
on F; stigmas (Carney et al. 1994). Thus, pollen competition
may also explain the rarity of backcross-seed formation on
F, plants near I. fulva (Table 3).

The apparent difficulty in establishing initial F, progeny
indicates that these hybrids may act as a genetic bottleneck
for hybrid populations, particularly when near 1. fulva. As
such, the combination of genes in an initial F, plant and its
subsequent hybrid offspring will be some fraction of all pos-
sible combinations between the parental species. As with
founder events (Mayr 1942), this scenario would allow cer-
tain gene combinations that may be advantageous to become
established in a population. For instance, the F, plants near
I. fulva apparently did not backcross with I. fulva, but instead
produced predominately F, progeny. If the pollen-tube
growth data described above contributes to this pattern of
mating, then the F, generation may also form few backcrosses
with I fulva because I. fulva pollen produce significantly
shorter pollen tubes than F, pollen on F, flowers (Carney et
al. 1994). Thus, the initial advanced-generation hybrids
formed near I. fulva plants may be largely reproductively
isolated, which could, in turn, allow the establishment of
advantageous gene combinations and a new evolutionary lin-
eage (Arnold and Hodges 1995).

The above model suggests that new lineages may be more
likely to form when I fulva is the dominant plant in the
vicinity of the initial hybridization. It is therefore significant
to note that /. fulva has played a major role in two examples
of hybrid differentiation. First, I. nelsonii, appears to be a
diploid level hybrid derivative from three Iris species (I. ful-
va, I. hexagona, and I. brevicaulis; Arnold 1993a). While this
species contains genetic markers from all three of these Iris
species, both the chloroplast DNA marker and the vast ma-
jority of nuclear DNA markers are indicative of I. fulva (Ar-
nold 1993a). Additionally, Cruzan and Arnold (1994) con-
cluded that I. fulva likely discriminates against 1. brevicaulis
pollen in an I fulva/l. brevicaulis hybrid zone. Cruzan and
Arnold (1993) also found that I. fulva-like hybrids in the I.
fulva/l. brevicaulis hybrid zone had ecological affinities that
were different from either of the parental species or I. brevi-
caulis-like hybrids. Again, this indicates the ability of I. fulva-
like hybrids to become differentiated relative to their parents.

In contrast to the formation of hybrids near I. fulva, when
F, hybrids were placed near I. hexagona, predominately B,
progeny were produced (Tables 1,3). The production of B,
progeny on both 1. hexagona and F, plants suggest that when
initial F; establishment occurs near I. hexagona, introgression
will occur into the I. hexagona genome. Again, these results
are consistent with pollen-tube growth experiments that show
that 1. hexagona plants are less discriminating than 1. fulva
plants among pollen genotypes (Carney et al. 1994). Addi-
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tionally, when 1. hexagona and F; pollen were placed on F,
stigmas, no differences in pollen-tube growth rates were de-
tected (Carney et al. 1994). Thus, as opposed to hybrid for-
mation near /. fulva plants, differences in pollen-tube growth
rates are unlikely to act as a barrier to backcrossing between
I. hexagona and F, plants.

In summary, this study shows that the early events in the
formation of a hybrid zone through secondary contact are
context dependent. F| hybrid establishment near I. fulva and
I. hexagona had very different outcomes in the types of hybrid
progeny produced. This context dependent result may have
strong implications for the direction of evolutionary change
in a population. Furthermore, this study demonstrates that
despite the difficulty in the establishment of an initial F,
hybrid, these rare events can be a bridge to the rapid estab-
lishment of a hybrid zone.
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Modular organs present a special problem for evolutionary
geneticists aiming to measure the genetic component of their
variation. If the phenotype of traits expressed by newly pro-
duced leaves, flowers, or fruits changes as an individual ages,
then phenotypic measurements of these traits recorded from
individuals, genotypes, and populations may confound on-
togenetic and genetic sources of variation. A number of in-
vestigators have examined the effects of plant age or flow-
ering sequence on flower size, gender expression, or gamete
production, while others have measured genetic and external
environmental (natural or experimentally imposed) sources
of variation in floral traits (Lord 1980; Thomson and Barrett
1981; Bawa and Webb 1983; Holtsford 1985; Solomon 1985;
Thomson 1985, 1989; Pellmyr 1987; Lee 1988; Thompson
and Pellmyr 1989; Mazer and Schick 1991a,b; Ashman and
Baker 1992; Emms 1993). There are few studies, however,
that evaluate both ontogenetic and genetic sources of vari-
ation in floral traits (Mazer et al. 1986; Young and Stanton
1990; Armbruster 1991; Diggle 1993). These studies and the
frequent discovery of temporal changes in seed and fruit traits
(Cavers and Steel 1984; Harder et al. 1985; Holtsford 1985;
Marshall et al. 1985; Thomson 1985, 1989; Lubbers and
Christensen 1986; Mazer et al. 1986, 1989; Pellmyr 1987;
Thomson et al. 1989; Byrne and Mazer 1990; Kang and Pri-
mack 1991, and references therein) raise concern that repro-
ductive traits in particular may show strong ontogenetic
changes. This, in turn, suggests that measures of genetic vari-
ation in floral traits may similarly be sensitive to the age at
which individuals are sampled. The studies cited above, how-
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ever, did not determine whether the magnitude of potential
sources of genetic variation (maternal families or popula-
tions) depends upon the age of the individuals from which
flowers are sampled.

The study described here is one part of a broad investi-
gation of the causes and evolutionary significance of variation
in sex allocation and gamete-packaging patterns within and
among genotypes of Spergularia marina (L.) Griseb. (sand-
spurrey; Caryophyllaceae). Below, we show that temporal,
age-related changes in floral phenotype contribute signifi-
cantly to phenotypic variation and can mask underlying
sources of genetic variation in floral traits at two levels: (a)
among maternal families within populations; and (b) among
natural populations. We detected strong week-to-week
changes in the statistical significance of both intra- and
interpopulation sources of phenotypic variation in several
primary and secondary sexual traits. We also report variation
among traits and among populations in the degree to which
this temporal variation is expressed. This study differs from
previous evaluations of the role of flowering time on floral
traits in that we carried out in a controlled environment a
hierarchical experimental design that permits the partitioning
of variance in floral phenotype into geographic, maternal
family, and ontogenetic components.

MATERIALS AND METHODS

Study Organism

Spergularia marina is a cosmopolitan, short-lived, annual
herb of coastal saltmarshes and wetlands, described in detail





