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FITNESS CONSEQUENCES OF MATING SYSTEM, SEED WEIGHT, AND
EMERGENCE DATE IN A WINTER ANNUAL, COLLINSIA VERNA

SusaN KaALisz
W. K. Kellogg Biological Station, Michigan State University, Hickory Corners, MI 49060
and Department of Botany and Plant Pathology and Department of Zoology,
Michigan State University, East Lansing, MI 48824

Abstract. —Selfed and outcrossed progeny of 60 maternal parents were produced to investigate the
joint and individual effects of mating system, seed weight, and emergence date on the expression
of characters related to fitness and adult fecundity. A series of analyses of variance investigated
these effects through time and indicated that 1) mating system explained 56% of the variance in
seed weight, 2) seed weight explained 51% and mating system explained 38% of the variance in
emergence date, and 3) mating system explained 71% and seed weight explained 15% of the variance
in fecundity. Outcrossed-seed means differed significantly from selfed-seed means for all traits
measured. On average, outcrossed seeds were larger, germinated earlier, had higher percentage
emergence, and produced plants that were more fecund than selfed seeds. The coefficient of in-
breeding depression increased through time in this study, from 0.05 for seed weight to 0.23 for
fecundity. Seed weight and emergence date were positively correlated, both phenotypically and
genetically, for both mating systems. Genetically, this indicates that genes that increase the value
of seed weight also increase the value of emergence date and vice versa. Phenotypically, the positive
correlation indicates that larger seeds germinate later. Outcrossed seeds were significantly larger
but germinated earlier than selfed seeds, suggesting that mating system has an overriding effect in
influencing fitness. In light of the selection on emergence date quantified in a previous study, seed
weight, emergence date, and mating system may be functioning as a cluster of characters on which
selection acts jointly in this species.
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Selection on characters that are expressed
early in a species’ life cycle has the potential
to influence the evolution of life histories in
two main ways: by affecting the amount of
phenotypic variance available for natural
selection at later stages in the life cycle and
by causing indirect responses in genetically
correlated characters. If selection acts early
in the life cycle on a character that is phe-
notypically correlated with a trait expressed
later in the life cycle, then selection on the
early character will cause a change in the
phenotypic variance available to selection
in the character expressed later. If selection
is stabilizing, the variance in such later char-
acters will be decreased. Selection on early
characters may thus constrain subsequent
evolutionary change by limiting the amount
of later phenotypic variance on which se-
lection can act. An ecological correlate of
this idea can be found in the “critical age
classes” of demographic analyses referred
to by Charlesworth (1980). Conversely, if
selection acts disruptively on the early char-
acter, then phenotypic variance in the phe-
notypically correlated later character will
increase, resulting in more phenotypic vari-

ance available to selection later in the life
cycle. Second, if there are genetic correla-
tions between characters expressed early and
late in the life cycle (e.g., Roach, 1986), then
genetic covariance between traits can tie the
response to selection of one trait to that of
another. If the traits are highly genetically
correlated, the success or failure of whole
suites of characters can occur if selection is
acting early on one trait. The type of mating
that produces a seed (i.e., selfed or out-
crossed) and seed characters (such as weight
and emergence date) are some of the earliest
phenotypic traits of plants upon which se-
lection can act. However, the influences of
mating system (Charlesworth and Charles-
worth, 1987) and seed characters (Roach
and Wulff, 1987) on fitness and the evolu-
tion of plant life histories are poorly under-
stood in natural plant populations.

The positive and negative genetic and
ecological consequences of selfing in plant
populations and the conditions under which
selfing could evolve have been discussed ex-
tensively in the literature (e.g., Stebbins,
1957; Jain, 1976; Solbrig, 1976; Charles-
worth and Charlesworth, 1978; Lloyd, 1979;
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Schoen, 1983; Holsinger et al., 1984; Wal-
ler, 1984; Mitchell-Olds and Waller, 1985;
Lande and Schemske, 1985; Schemske and
Lande, 1985; Charlesworth and Charles-
worth, 1987). Despite the wealth of theo-
retical treatments of these topics, fewer
studies have investigated the fitness effects
for progeny produced by selfing or outcross-
ing in the field or greenhouse (reviewed by
Charlesworth and Charlesworth [1987]). The
conclusion from these investigations is that
mating system does significantly affect prog-
eny fitness, with outcrossed progeny gen-
erally exhibiting higher fitness than progeny
produced by selfing (henceforth, “selfed
progeny”). While all of these studies ad-
dressed the percentage germination of seeds
produced by the two mating systems, few
addressed the relationship between mating
systems and seed weight or emergence date
in terms of influencing fitness at later stages
(but see Waller [1985]).

Some of these studies were conducted with
species having separate chasmogamous and
cleistogamous flowers. This morphological
distinction between “open-pollinated” and
“self-pollinated” flowers provides a direct
sample of seeds potentially produced by
outcrossing and seeds definitely produced
by selfing. In plants with a mixed mating
system, the mating system that produced a
particular seed is not readily apparent.
However, ‘it remains possible that sub-
stantial inbreeding depression will exist even
in partially selfing populations™ (Charles-
worth and Charlesworth, 1987 p. 252). For
this reason, controlled-pollination studies
that produce selfed and outcrossed progeny
are necessary to provide initial information
on the effects of mating system on fitness.

In addition to the fitness effects of mating
system, seed weight and emergence date can
have important effects on fitness compo-
nents during various stages in the life cycle.
Seed weight has been shown to influence the
time of germination, early seedling estab-
lishment, competitive ability, survival, and
fecundity in several species (e.g., Black,
1956, 1958; Stanton, 1984; Gross, 1984,
Winn, 1985, 1988) and therefore, to con-
tribute directly to fitness. Emergence date
has been shown to influence the probability
of establishment, survival, and adult plant
performance as well (e.g., Marks and Prince,

SUSAN KALISZ

1981; Howell, 1981; Kalisz, 1986; Miller,
1987).

In this paper, I examine the hierarchical
fitness effects of mating system (selfing vs.
outcrossing), seed weight, and emergence
date in Collinsia verna. Emergence date in
a field population has been shown to be un-
der strong directional selection in this species
(Kalisz, 1986). To quantify the effects of
mating system and seed traits on compo-
nents of fitness, selfed and outcrossed prog-
eny were produced by hand-pollinations,
and the progeny were germinated and grown
to fruit maturation in the greenhouse. Al-
though outcrossed progeny of a single par-
ent are generally expected to exhibit greater
variances in fitness than selfed progeny of
that parent, selfed progeny may have greater
variance due to decanalization of develop-
ment, probably accompanied by lower mean
fitness. Differences in variance among prog-
eny could be attributable to heterosis in the
outcrossed progeny, inbreeding depression
in the selfed progeny, or a combination of
these influences. The degree to which het-
erosis or inbreeding depression is expressed
is a function of the mating history of the
population. I investigated the extent to
which the magnitude of the coefficient of
inbreeding depression (Lande and
Schemske, 1985) changed during the life
cycle. The major goal of this study was to
investigate the extent to which mating sys-
tem, seed weight, and emergence date,
through their phenotypic and genetic cor-
relations with each other, have the potential
to influence the opportunity for selection
and evolution in this species.

Life History of Collinsia verna

Collinsia verna, a winter annual, is cued
to germinate by diurnal temperature fluc-
tuations that occur at the soil surface in the
autumn (Baskin and Baskin, 1983; Kalisz,
1985). In the study population in the Rac-
coon Grove Forest Preserve, Will County,
Illinois, USA, emergence date among plants
was highly variable (ranging from early Sep-
tember through late November, a 60-day
span; Kalisz, 1986). The date of emergence
was found to be significantly negatively cor-
related with overall survivorship and with
seed production in a two-year field study
(Kalisz, 1986). Field-collected seed weights
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are also highly variable among plants in this
population (X = SD = 332 + 96 ug), ranging
from 50 ug to more than 600 ug. The extent
of outcrossing in this population depends
upon the frequency of visitation by insect
vectors; flowers that are not visited by pol-
linators are automatically selfed. In the field,
pollinators were extremely abundant during
the spring of 1983 and relatively scarce in
the spring of 1984 (approximately 10% of
the number in the previous year (Kalisz,
pers. observ.). Therefore, it is likely that this
population has a high variance among plants
and among years in the percentage of out-
crossed flowers, ranging from predominate-
ly selfing plants to predominately outcross-
ing plants. The extent to which the mating
system fluctuates will be a function of the
biotic and abiotic environmental factors that
influence both pollinators and plants. The
actual rates of selfing versus outcrossing
within a generation and the long-term av-
erage selfing rate for this population are un-
known. However, Greenlee and Rai (1986)
estimated that the average per-locus hetero-
zygosity of seven loci ranged from 0.31 to
0.46 for 12 populations of Collinsia verna,
which had previously been considered a self-
ing species. These values were consistently
higher than those for two congeners, C. Aet-
erophylla and C. tinctoria (0.24 and 0.13,
respectively), which are considered to be
outcrossing species. The results of Greenlee
and Rai (1986) suggest that, in general, par-
tial outcrossing is taking place, and popu-
lations of C. verna may have a mixed mating
system.

MATERIALS AND METHODS

In late May 1982, one fruiting plant of
Collinsia verna was collected every three
meters along each of three 75-meter tran-
sects (3 transects X 25 plants per transect
= 75 plants) in the study population. All
seeds from each plant were collected. Since
these seeds were the result of natural pol-
linations, it was not known whether they
were produced by selfing or outcrossing. The
seeds (N = 1,500) were individually weighed
and planted one seed per well (approximate
volume = 4 cm?) to a uniform depth in 16
96-well flats (52 x 25 cm) filled with a soil-
less potting mixture. The flats were placed
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in the greenhouse and watered to maintain
uniform moisture. The flats received am-
bient summer conditions in the greenhouse
until mid-August. At that time the flats were
moved to a cold frame, where they received
ambient autumn temperature and light.
Germination was censused weekly. At the
end of November, the flats were moved into
a growth chamber for vernalization (5°C,
12L:12D) for two months. In February, these
plants were transplanted into four-inch pots
and grown to flowering in the greenhouse.
To produce the selfed and outcrossed prog-
eny for this study, 120 plants were chosen
at random from the 1,500 plants available.
Sixty were used as seed parents, and 60 were
used as pollen parents. Ten flowers on each
seed parent were emasculated and pollinat-
ed: five with self pollen and another five
with outcrossed pollen (following the meth-
ods of Garber [1975]). Anthers were re-
moved from the pollen parents and used to
transfer pollen directly to the receptive stig-
ma of the emasculated flowers of the seed
parent. Each seed parent was crossed to a
single pollen parent.

From each of the 60 seed parents, six out-
crossed seeds and six selfed seeds were col-
lected, weighed, and planted as described
for the field-collected seeds (N = 720 seeds).
The seeds were kept under a 28°C-day : 20°C-
night summer treatment in a growth cham-
ber for three weeks. To simulate autumn
daily temperature fluctuations in the field,
atemperature regime of 15°C-day : 4°C-night
was imposed, following the methods of Bas-
kin and Baskin (1983). The flats were cen-
sused daily for newly emerged seedlings.
These plants were grown to fruit maturation
at 23°C under a 15L:9D photoperiod.

Seed weight was measured to the nearest
ug on a Mettler balance. Emergence was de-
fined as the protrusion of the epicotyl from
the soil. The date of emergence was scored
as the number of days after the first noted
emergence in the experiment. Number of
whorls was scored by counting all of the
whorls on all stems. Regression of the num-
ber of whorls on the number of fruits pro-
duced in the natural population for two years
was highly significant (1983: R?> = 0.88, P
< 0.0001; 1984: R? = 0.80, P < 0.0001).
Therefore, the number of whorls was used
as an estimator of fruit production and
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overall plant fitness and will be referred to
as fecundity.

Data Analysis

The relationships of interest in this study
can be summarized as follows:

1) mating system may influence seed weight;

2) mating system and seed weight may in-
fluence emergence date;

3) mating system, seed weight, and emer-
gence date may influence fecundity.

This sequence reflects the natural chronol-
ogy of events in the life cycle. These effects
were examined in three hierarchical mixed-
model analyses of variance. Seed parent
(PAR) and mating system (MATE) were
main effects, and the two-way interactions
were included in each model. In addition,
seed weight (SW) was included as a covar-
iate in the second and third models, and
emergence date (ED) was included as a co-
variate in the third model. The three models
used were:

1) SW = MATE + PAR + (two-way in-
teraction) + error;

2) ED =SW + MATE + PAR + (two-way
interaction) + error;

3) fecundity = ED + SW + MATE + PAR
+ (two-way interaction) + error.

In these models, mating system is a fixed
effect, and seed parent and the interaction
terms are random effects (Sokal and Rohlf,
1981 pp. 193-198). The assumption of par-
allel slopes necessary for including the co-
variates in the models was tested for the
second and third models. The three-way in-
teraction term SW X MATE X PAR was
included in the second model and found to
be nonsignificant (Fy; 9 ¢33y = 0.76, P < 0.96).
The three-way interactions SW X MATE
x PAR and ED x MATE x PAR were
included in the third model and also found
to be nonsignificant (Fjs 352 = 1.29, P <
0.15 and Fj79, 355 = 1.08, P < 0.38, respec-
tively). Accordingly, I tested parent and the
interaction over the error mean squares and
mating system over the interaction mean
squares. Emergence date and fecundity were
log-transformed to normalize their distri-
butions, and the transformed values were
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used in all analyses. The analyses were per-
formed using PROC GLM in the SAS sta-
tistical package (SAS Institute, 1982). Type-
IV sums of squares were used in all analyses.

The aim of these analyses was to deter-
mine the relative importance of early char-
acters in influencing the expression of ju-
venile and adult fitness. Analyzing these
effects in this series is analogous to the se-
lection of a path diagram in path analysis
(Wright, 1934; Li, 1975). This approach dif-
fers from formal path analysis on continu-
ous variables in that both continuous vari-
ables (seed weight and emergence date) and
discrete variables (parent and mating sys-
tem) are included. Since mating system has
only two states (selfed or outcrossed), the
partial-regression and correlation analyses
used in path analysis are not appropriate.
Analyses of variance with covariates in-
cluded in the model represent the best
method for combining the class and contin-
uous variables that are necessary for ad-
dressing the questions in this study.

To investigate sequentially the relative
importance of mating system, seed weight,
and emergence date to the dependent vari-
ables in the models (see above) and the
change in importance through time, I cal-
culated the variance components for the ef-
fects (based on the type-IV mean squares).
Variance components were expressed as a
percentage of the total variance explained.

To investigate overall fitness differences
due to mating system, I compared selfed
and outcrossed progeny for seed weight,
emergence date, and fecundity, using Tu-
key’s HSD method (Sokal and Rohlf, 1981
p. 245). 1 calculated the coefficient of in-
breeding depression, 6, using the formula of
Lande and Schemske (1985); if w, is the
mean estimator of fitness of the outcrossed
progeny and w, is the mean estimator of
fitness of the selfed progeny, then

5=1- 2,
WO

I determined the value of § for four char-
acters that are directly related to fitness: seed
weight, percentage emergence, seedling
emergence date, and adult fecundity. To de-
termine the phenotypic correlations among
seed weight, emergence date, and fecundity,
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TaBLE 1. The results of three hierarchical ANOVASs testing the effects of parent, mating system, seed weight,
and date of emergence on seed weight, emergence date, and fecundity. F values are reported for type-IV sums
of squares.
F
Source Seed weight Emergence date Fecundity

Emergence date — — 0.01

Seed weight - 29.50%** 3.49

Seed parent 4.66* 12.53%** 12.32%**

Mating system 4.38** 4.51%%* 1.78**

Seed-parent x mating-system 1.68** 43.71%x* 1.34

RZ=0.38 RZ=0.47 RZ2=10.44

* P < 0.05; ¥ P < 0.005; *** P < 0.0001.

I calculated Pearson product-moment cor-
relations among these three variables for
selfed progeny and for outcrossed progeny.
Genetic correlations were calculated using
Pearson product-moment correlations on
family means (Via, 1984). Significant dif-
ferences between paired selfed and out-
crossed correlations were tested for differ-
ences using the test of homogeneity among
correlation coefficients (Sokal and Rohlf,
1981 p. 588).

RESULTS

The roles of mating system, seed weight,
and emergence date in influencing the
expression of fitness changed in magnitude
during the lifetime of the plants. The results
of the hierarchical analyses of variance and
the percentage of the total variance ex-
plained by each effect in the models are giv-
en in Tables 1 and 2, respectively. All three
models tested explained similar amounts of
the total variance in the dependent vari-
ables, approximately 38-47% (Table 1). Sig-
nificant amounts of variance in seed weight
were explained by each of the factors seed
parent, mating system, and the interaction
of parent and mating system (Table 1). Mat-
ing system accounted for the greatest per-
centage of the variance (56%), with seed par-
ent accounting for nearly a third (32%; Table
2). However, the coefficient of inbreeding
depression () for seed weight was only 0.05
and that for percentage germination was also
low (0.09; Table 3). Similarly, for emer-
gence date, all effects in the model were sig-
nificant. The covariate, seed weight, ac-
counted for the greatest percentage of the
variance (51%), mating system explained

38%, and seed parent and the interaction
term (mating-system X seed-parent) each
explained less than 9% (Table 2). The coef-
ficient of inbreeding depression for emer-
gence date was 0.11 (Table 3). For fecun-
dity, seed parent and mating system had the
only significant effects in the model. How-
ever, mating system explained 71% of the
total variance, seed weight explained 15%,
and seed parent only explained 8% (Table
2). The coefficient of inbreeding depression
for fecundity was 0.23 (Table 3).

There were significant effects of mating
system early and late in the life cycle. The
mean weight of selfed seeds was signifi-
cantly lower than that of outcrossed seeds,
selfed seeds germinated later, and adults
produced by selfing produced significantly
fewer seeds than did outcrossed adults (Ta-
ble 3). In addition, for seed weight and per-
centage emergence, selfed seeds had higher
coeflicients of variation than did outcrossed
seeds (Table 3). Outcrossed progeny had
higher coefficients of variation for emer-
gence date and fecundity than did selfed
progeny. Phenotypic and genetic correla-

TABLE 2. Percentage of the total variance explained
by emergence date, seed weight, mating system, parent
and parent X mating-system interaction for the three
hierarchical models.

Percentage variance explained

Emergence

Source Seed weight date Fecundity
Emergence date — - 0
Seed weight - 51 15
Seed parent 32 8 8
Mating system 56 38 71
Seed-parent x

mating-system 12 3 6
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TaBLE 3. Table of means and standard deviations (X = SD), coefficients of variation (CV) and coefficients of
inbreeding depression (6) of selfed and outcrossed progeny. P values are from Tukey’s HSD test of the difference

between selfed and outcrossed progeny.

Selfed progeny

Outcrossed progeny

Character N X+ SD Ccv N x + SD Ccv ) P
Seed weight 360 3243 +£979 30.2 360 340.1 £94.2 27.7 0.05 <0.02
Percentage emergence 300 83.5+37.2 446 331 91.7 £27.6 30.2 0.09 <0.05
Emergence date 300 11.1 £ 7.2 64.9 331 10.0 + 8.1 81.0 0.11 <0.001
Fecundity 176 343 + 14.7 429 182 44,5 £ 31.5 70.8 0.23 <0.0001

tions for selfed and outcrossed progeny are
presented in Table 4. Over both mating
types, there was a significant positive phe-
notypic correlation between seed weight and
emergence date, indicating that larger seeds
germinated later. The phenotypic and ge-
netic correlations between seed weight and
fecundity and between emergence date and
fecundity were not statistically significant,
either for selfed or outcrossed progeny (Ta-
ble 4). Seed weight and emergence date were
significantly genetically (and phenotypi-
cally) correlated in both mating systems, but
the correlations for selfed and outcrossed
progeny-were not significantly different from
each other.

DiscussioN
Implications for Mating System

The consistently higher fitnesses of out-
crossed progeny relative to selfed progeny,
and the magnitudes of the coefficients of
inbreeding depression suggest that this pop-
ulation has a mixed mating system. If in-
breeding depression results from the expres-

sion of deleterious recessive alleles, then the
negative effects of inbreeding and the degree
of hybrid vigor in a population will be a
function of the population’s inbreeding his-
tory (Crow and Kimura, 1970 Ch. 3). Pop-
ulations that are primarily outcrossing can
carry deleterious recessive alleles in mod-
erate frequencies and can display substan-
tial inbreeding depression upon selfing.
Schemske (1983) and Schoen (1983) have
calculated coefficients of inbreeding depres-
sion exceeding 0.55 for highly outcrossing
populations. This loss of vigor is generally
ascribed to the expression of rare, recessive
deleterious alleles in the homozygous con-
dition with the remaining inbreeding
depression due to genes of small effect on
fitness (Wright, 1977 Ch. 2; Charlesworth
and Charlesworth, 1987). If a population is
primarily selfing, then repeated inbreeding
over several generations is expected to cull
recessive deleterious alleles from the pop-
ulation. Such populations are expected to
have relatively high fitness values, lower fre-
quencies of deleterious recessive alleles, and
lower coeflicients of inbreeding depression

TaBLE 4. Phenotypic correlations (above diagonal) and genetic correlations (below diagonal) for selfed and
outcrossed progeny of 60 female parents. P values (in parentheses) correspond to tests of the null hypothesis
that the correlation is zero. Data for emergence date and fecundity were log-transformed prior to analysis.

Progeny type Character Seed weight Emergence date Fecundity
Selfed seed weight - 0.27 —0.002
(0.0001) (0.98)
emergence date 0.35 — 0.02
(0.005) (0.84)
fecundity -0.12 0.09 -
(0.36) (0.48)
Outcrossed seed weight - 0.26 0.04
(0.0001) (0.60)
emergence date 0.29 - -0.03
(0.02) (0.72)
fecundity -0.02 —-0.14 -
(0.88) (0.29)
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relative to outcrossing populations experi-
encing a single generation of selfing (Wright,
1977 Ch. 2; Falconer, 1981 pp. 57-62). My
lower estimates of the coeflicient of inbreed-
ing depression (0.05-0.23) suggest that the
population studied here is likely to have a
mixed mating system, with a substantial
amount of selfing.

The negative effects of inbreeding were
detected throughout the life cycle in this
study. In addition, the negative effects of
selfing, measured as the coefficient of in-
breeding depression, increased through time
(from 0.05 for seed weight to 0.23 for fe-
cundity). However, the largest coefficient of
inbreeding depression was generally lower
than those estimated for highly outcrossing
species (reviewed by Charlesworth and
Charlesworth [1987]). This trend of increas-
ing inbreeding depression through time is
seen in 11 of 13 empirical studies with gym-
nosperms in which inbreeding depression
was measured at more than one point in the
life cycle (Charlesworth and Charlesworth
[1987 table 2]). Fewer studies estimating in-
breeding depression throughout the life cycle
have been conducted with angiosperms, and
no trend is apparent (Charlesworth and
Charlesworth, 1987 table 3). If inbreeding
results in the loss of developmental canali-
zation, then an increase in the coefficient of
inbreeding depression can be expected: the
later in development one looks, the more
off-course the phenotype will be. These dif-
ferences in performance between selfed and
outcrossed progeny may be increased under
the natural, stressful and competitive con-
ditions experienced by plants in the field
(Allard, 1965; Antonovics, 1968; Levin,
1986). Schemske (1983) detected an in-
crease in the level of inbreeding depression
in three species of Costus when selfed and
outcrossed progeny were grown in shady
(stressful) versus sunny habitats. Similarly,
Dudash (1987) found increasing inbreeding
depression in Sebatia angularis in a series
of environments ranging from a greenhouse
common garden to the field. Greater fitness
differences between selfed and outcrossed
progeny in the field are expected for this
population as well.

The relative numbers of seeds produced
by each pollination type may also be an
important source of inbreeding depression,
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but this was not investigated in this study.
It has been hypothesized that competition
among seeds produced by selfing and out-
crossing within the same fruit will result in
differential survivorship of the embryos.
Shields (1982) suggests that the greatest ef-
fect of inbreeding depression can be ex-
pected at the embryo stage, manifest in dif-
ferential abortion of inbred seeds. In this
view, the highest levels of inbreeding
depression would be expected at early stages
due to the expression of lethal recessive al-
leles, with little inbreeding depression ex-
pressed late in the life cycle. Outcrossed and
selfed embryos were not competing within
the same fruit in this study. Studies that
have looked at differential embryo abortion
in fruits from self pollinations versus fruits
from outcrossing have yielded mixed re-
sults. Schoen (1983) and Karron (1989)
found no difference in embryo abortion be-
tween selfed and outcrossed fruits, while Saki
et al. (1989) found inbreeding depression in
seed maturation. If differential abortion of
inbred seeds occurred here, then the above
results provide a conservative estimate of
the effects of inbreeding. While seed-abor-
tion rates were not measured in this study,
it is still clear that the role of mating system
in influencing fitness increased rather than
decreased through time. A potential mech-
anism for this compounding effect may be
the positive effects of outcrossing on other
early characters, such as seed weight and
emergence date. Small positive (or negative)
increments in traits that influence fitness
components and are expressed early may
produce higher-order positive (or negative)
effects on final plant fitness than increments
expressed later in the life cycle. Both het-
erozygote advantage and mutational load
(deleterious genes of small effect) may be
contributing to the variance in fitness be-
tween selfed and outcrossed progeny in the
population studied here.

Fitness Consequences of Early Characters

The fitness consequences of the charac-
ters investigated in this study were mani-
fested both early and late in the life cycle of
Collinsia verna. Seed weight, the earliest es-
timate of fitness in this study, was influ-
enced by mating system. Outcrossed seeds
were significantly heavier than seeds pro-
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duced by selfing. In other species, heavier
seeds have been shown to have higher prob-
abilities of seedling establishment due to
their larger starting capital (Black, 1956,
1958; Harper and Obeid, 1967). Since my
experiment was designed to maximize the
probability of establishment of the seeds that
germinated, plants were grown singly, with
no interspecific competition among indi-
viduals. However, fitness effects of seed size
may be manifested only under competitive
conditions in the field. For example, Waller
(1984), Stanton (1984), and Wulff (1986)
have shown that larger seeds and larger early
seedlings are associated with increased fit-
ness of adults under competitive conditions
in three species. Seedlings of Collinsia verna
often experience intense intraspecific com-
petition in the field, with an average of 180
individuals in a 40-cm X 40-cm area. In-
sofar as seed weight can be expected to in-
fluence seedling success, the variance in seed
weight and the differential effects of mating
system on seed weight could influence over-
all plant fitness. In natural populations,
heavier seeds may confer a fitness advan-
tage to both seedlings and adults.

Both seed weight and mating system af-
fected the expression of emergence date.
Early emergence confers higher fitness in C.
verna. As discussed in Kalisz (1986), C. ver-
na plants that emerged earliest in the field
had a significantly greater probability of sur-
vival and significantly greater fecundity than
plants that emerged later. Mating system
and seed weight explained significant per-
centages of the variance in emergence date
(seed weight: 51%; mating system: 38%;
Tables 1, 2). In addition, the only significant
phenotypic or genetic correlations in this
study were between seed weight and emer-
gence date: both the phenotypic and the ge-
netic correlations were positive. This sug-
gests that genes that increase the mass of a
seed also cause seeds to germinate later.
However, these phenotypic and genetic
trade-offs are tempered by the degree of in-
breeding. Generally, heavier seeds emerged
later than lighter seeds, and outcrossed seeds
were heavier than selfed seeds; however,
outcrossed seeds emerged earlier than selfed
seeds. Thus, there appears to be an overrid-
ing importance of mating system relative to
seed weight in influencing emergence date.
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Variation in the frequency of selfing and
outcrossing in the field may therefore be
generating some of the phenotypic variation
in emergence date that was observed in the
natural population (Kalisz, 1986). The ex-
tent to which mating system (relative to seed
weight) can influence emergence date will
depend on the frequency of selfing and out-
crossing in the field.

In the analysis of the effects of mating
system, seed weight, and emergence date on
fecundity, only mating system had a signif-
icant effect (Table 1). While emergence date
significantly influenced fecundity in the field
study (Kalisz, 1986), the design of the pres-
ent study (no competition and no seasonal
decline in habitat quality) would minimize
the positive effects of early emergence as
compared to those measured in the field.
Seventy-one percent of the variance ex-
plained in the model was due to mating sys-
tem, and 15% was due to seed weight. In
general, seed weight is expected to influence
adult fecundity under field competitive con-
ditions. Schaal (1984) described a green-
house study in Lupinus texensis in which
the effects of seed weight on plant perfor-
mance were evident in the seedling and ju-
venile stages but showed no correlation with
plant performance after six weeks or with
the fecundity of adults. In contrast, Stanton
(1984) found positive effects of seed weight
on adult fecundity under competitive con-
ditions in the field for Raphanus sativus. A
competitive greenhouse study with Impa-
tiens capensis (Waller, 1985) provided sim-
ilar results to those of Stanton. Therefore,
although the effect of seed weight on adult
fecundity was not statistically significant in
this study (F};, 301; = 3.49, P < 0.06), there
may be an important effect in the dense pop-
ulations of C. verna in the field. These re-
sults suggest that seed size and mating sys-
tem may be important traits influencing the
evolution of traits expressed later in the life
cycle of C. verna, partially through their in-
direct effects on emergence date.

The results of this study suggest ways in
which characters expressed early in the life
cycle, such as mating system, seed size, and
emergence date, have the potential to influ-
ence the evolution of correlated characters
and fitness. If selection acts on the variation
in single characters, then characters that are
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genetically correlated with the character un-
der selection will be dragged along, due to
indirect selection acting through the genetic
correlations. Adaptation in the life history
of'the organisms will then involve balancing
the negative and positive effects of changes
in each trait to maximize fitness. Converse-
ly, if selection acts on the variation among
clusters or suites of correlated characters,
then selection may act on the covariances
themselves, resulting in the production of
different “suites” coexisting in the popula-
tion. These data suggest that selection on
emergence date measured in the field (Ka-
lisz, 1986) may in fact have been attribut-
able to selection on suites of characters that
were phenotypically or genetically correlat-
ed.
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