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Constancy of population parameters for life
history and floral traits in Raphanus sativus 1.

I. Norms of reaction and the nature of
genotype by environment interactions

SUSAN J. MAZER & CHARLES T. SCHICK
Department of Biological Sciences, University of California, Santa Barbara, California 93106, USA

We observed norms of reaction for life history and floral traits in Raphanus sativus L. (wild radish:
Brassicaceae) among genotypes raised in three planting densities. In the greenhouse, we used a
nested breeding design to produce F1 seed representing 60 maternal plants and 15 pollen donors
grown from field-collected seed. Eighteen hundred seeds were grown in three planting densities in
an experimental garden. For each individual, we recorded survivorship, germination date,flowering
date, petal area, ovule number, pollen production, and the mode of individual pollen grain volume!
flower. Planting density had a strong effect on survivorship, but differential mortality among
genotypes was not density-specific. Two-way ANOVAS (block and density as class variables) were
conducted on each paternal sibship to detect significant differences among densities with respect to
mean phenotype. Among the 15 paternal genotypes, 12 exhibited significantly faster germination in

the high-density plots. Three paternal families exhibited significantly delayed flowering at high-
density. Two paternal families exhibited significant effects of density on petal area,but in opposite
directions. Two paternal families had significantly lower ovule production at high-density.No pater-
nal families exhibited significant effects of density on pollen production or pollen-grainvolume.

Strong differences among genotypes with respect to the effects of density on phenotype indicate
genetic variation in the plastic response to density for these traits. Three-way ANOVAS of each

density treatment measured the effects of block, paternal familyand maternal family on phenotype;
significant paternal effects indicated the presence of significantadditive genetic variance (VA) in the

measured trait. The ability to detect VA and maternal effects nested within paternal genotypes in

most of these traits was density-specific.

Keywords: genotype-environment
interaction, heritability, norms of reaction, phenotypic

plasticity, Raphanus.

Introduction

Knowledge of the relationship between genotype and
phenotype in different environments is necessary for
accurate predictions of the response to natural selec-
tion in species which occupy spatially- or temporally-
heterogeneous environments. This knowledge is
critical for several reasons. First, if the phenotypic
expression by a genotype of fitness-related traits
depends strongly on growing conditions (that is, given
sufficient phenotypic plasticity) then measures of the
heritability (h2) of fitness may also vary across growing
conditions. Accurate predictions of the potential for
natural selection to result in phenotypic change in traits

related to individual fitness require dependable
estimates of the heritability of such traits. So, if the rela-
tionship between phenotype and genotype is environ-
mentally determined, then h2, and consequently the
efficacy of natural selection, may also be environment-
specific. In addition, the presence of additive genetic
variation ( VA) in phenotypic plasticity itself implies that
plasticity is a trait open to natural selection, a possibil-
ity largely unexplored in wild species (but see Wester-
man & Lawrence, 1970).

Depending on the way in which the relationship
between genotype and phenotype changes across
environments, the identity of the genotype favoured by
selection and/or the rate of evolutionary change by
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Magnitude of inter— Genotypic environmental
genotypic difference ranks modification

Avs. B Increases Remain the same Opposite
AVS.C Remains the same Reverse Opposite
Avs. 0 Increases Reverse Same
Avs. E Increases Reverse Opposite

Fig. 1 Types of genotype Xenvironment interaction. The
relationship between genotype and phenotype may change
across environments in two major ways that are not mutually
exclusive. First, the magnitude of inter-genotypic variation
may change; secondly, the relative phenotypic rank of dif-
ferent genotypes may change across environments. The
columns below the illustration indicate four comparisons
between pairs of genotypes, and the type of
genotype X environment interaction that they demonstrate.

natural selection may change as well (Fig. 1). For
example, given a trait that is consistently, strongly, and
positively correlated with individual fitness, if the
phenotypic ranks of two genotypes change across
environments (compare A versus C, D, or E in Fig. 1),
then the genotype favoured by natural selection will
also differ between environments. In contrast, if the
ranks remain consistent (e.g. compare A versus B, or B
versus D), but the magnitude of inter-genotypic dif-
ferences in phenotype increases significantly across
environments, then the estimate of heritability and the
predicted phenotypic response to selection will
increase (given constant phenotypic variance, V) while
the genotype favoured by selection remains unchanged.
If both the phenotypic ranks and the degree of
expressed VA vary across environments, then both the
rate of phenotypic evolution and the particular geno-
types favoured in each environment may vary as well.

Secondly, since phenotypic variance due to a G X E
interaction figures prominently in the denominator of
the ratio that defines heritability (VA/[ VG + VE + VGE}),
this source of variance may preclude consistent
measures of heritability for traits exhibiting high
phenotypic plasticity in spatially or temporally-hetero-
geneous environments. In such environments, herita-
bility estimates will depend strongly on where, when,
and among which genotypes this parameter is
measured.

Thirdly, if the relationship between genotype and
phenotype varies across environments in a deter-
ministic manner that results in predictable changes in
heritability with growing conditions, then it may be
possible to identify the conditions under which pheno-
typic differences among genotypes are most likely to be
expressed. If so, then it may be possible to predict the
conditions in nature under which evolutionary change
by natural or artificial selection may most rapidly
occur.

Fourthly, many theoretical models make assump-
tions about the constancy of parameters such as the
heritability of fitness and genetic correlations among
fitness components. For example, models of the
phenotypic evolution of quantitative characters under
multivariate natural-selection assume that genetic and
phenotypic covariance matrices remain relatively con-
stant between generations (Lande, 1976, 1979, 1980;
see Turelli, 1988 for further discussion). The applica-
tion of such models to populations in natural habitats
requires that the expressed heritabilities of fitness-
related traits remain constant in spatially and tem-
porally heterogeneous environments. Studies of the
nature and strength of G x E interactions enable evolu-
tionists to evaluate whether these assumptions apply
generally to wild species in nature.

Finally, one proposed mechanism for maintaining
additive genetic-variance within populations requires
the presence of a strong G XE interaction (Via &
Lande, 1987). If the relative phenotypic rank of geno-
types with respect to individual fitness changes across
environments, significant VA may be maintained even
in the presence of strong selection and a high herit-
ability of fitness expressed in each environment. Under
conditions of frequent shifts in the ranks of different
genotypes in distinct microhabitats, different genotypes
would be favoured by natural selection in different
environments, thus maintaining an array of genotypes
in a heterogeneous environment.

This paper is the first in a series that will examine
sources of variation in phenotype and genetic para-
meter estimates for life history, floral characters and
reproductive success in Raphanus sativus (wild radish:
Brassicaceae). In a second paper (S. J. Mazer & C. T.
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Schick, in review), we measured the effects of planting
density of mean phenotype, heritability estimates and
the variance components that comprise heritability.
The observed changes in mean phenotype and in herit-
ability with density found in that study may have been
due to two non-mutually exclusive processes. First,
direct environmental modification of phenotypes
(phenotypic plasticity) could have resulted in changes
in the mean phenotype of each genotype across
densities. This plasticity could also have contributed to
variation in estimates of heritability. Secondly, selection
via mortality (removing some phenotypes and geno-
types from the data set) could have altered V0 and
other variance components in a non-random way. In
this paper we provide evidence that phenotypic plastic-
ity is more important than viability selection in generat-
ing changes in mean phenotype and heritabilty
estimates across densities. We present the norms of
reaction of individual genotypes and we examine the
nature of G XE interactions in order to describe how
phenotypic plasticity altered the relationship between
genotype and phenotype in different density treat-
ments. Future papers will focus on: (i) the effects of
statistical method, breeding program, and changing
environments between generations on heritability
estimates; (ii) the degree to which heritability estimates
derived from the response to selection are consistent
with those derived from the analysis of variance; and
(iii) the relationship between phenotypic plasticity and
mean fitness across environments.

Study organism

Raphanus sativus L. (wild radish: Brassicaceae) is an
annual, weedy crucifer that occurs in feral populations
of disturbed habitats throughout North America,
Europe and the Mediterranean; it has been naturalized
in California since colonial times (Panetsos & Baker,
1967). The cultivated garden radish is also identified as
R. sativus, and feral populations are thought to
represent escapes from cultivation. R. sativus and its
congener R. raphanistrum have been the focus of many
greenhouse, field and experimental population biology
and genetic studies of life history, floral and yield traits
(Stanton, 1984a, 1985, 1987a,b; Marshall & Ellstrand,
1986; Mazer, 1987a,b).

Wild radish is easy to raise under experimental con-
ditions; its short life cycle (3—4 months from seed
emergence to the production of ripe seed), large
flowers, high flower production and relatively high
seed-mass (compared to other rapidly cycling species)
allow repeated and easy measurement of reproductive
components. Individual plants produce hundreds of
seeds in the field and greenhouse, so it is possible to

generate enough progeny to replicate genotypes across
several treatments. The floral biology and morphology
of wild radish lend it to controlled breeding programs.
Wild radish exhibits gametophytic—sporophytic self-
incompatibility (Putrament, 1960; Lewis et a!., 1988);
under greenhouse conditions, stigmas do not permit
the germination and pollen-tube growth of pollen from
the same individual. Moreover, within flowers,
dehiscent anthers are physically separated from the
receptive stigma, so it is easy to control the application
of pollen from desired donors to chosen recipients.

The source population for the genotypes used in this
research inhabits an old field on UCSB property
adjacent to the Goleta Coastal Wetlands Preserve
(GCWP: North of El Colegio Road and east of Los
Carneros Road). This field is also the site of the fenced,
irrigated experimental garden in which this study was
conducted. This close proximity of the parental
population to the garden should insure that the pheno-
typic variation observed among genotypes is typical for
the species, and not strongly influenced by observing
the genotypes in a novel environment (Service & Rose,
1985). The seed bank of the garden contained seeds of
Avena, Bromus, and other invasive weeds. We did not
remove individuals of these species as they germinated
during the experiment because we wanted to provide
conditions that were as natural as possible. Although
evidence of introgression of R. raphanistrum germ-
plasm into populations of R. sativu.s is found in many
California populations of wild radish (indicated by the
appearance of the yellow flower colour characteristic
of R. raphanistrum: Panetsos & Baker, 1967), we
found no evidence of introgression in this source
population.

Materials and methods

In August 1988, we collected seeds from 100 maternal
plants growing in the field adjacent to the GCWP and
stored them in the dark at room temperature until
December 1988. Seeds were then grown in the green-
house in 4-inch pots (one seed/pot) until there were 75
synchronously flowering individuals available, each
derived from a distinct field-collected plant. Sixty
plants were randomly chosen and divided into 15
groups of four individuals which were used as pollen
recipients (seed-bearing or maternal plants). Each
group was assigned to a different pollen-donor. This is
a standard breeding design in which females are nested
within males (Comstock & Robinson, 1948; Hallauer
& Miranda, 1981; Becker, 1984). This greenhouse
generation will hereafter be referred to as the parental
(or P1) generation.

We performed compatibility tests to insure that each
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maternal plant allowed the germination and growth of
the pollen of the donor assigned to it (if fruit set did not
occur following pollination, the incompatible maternal
plant was replaced with a compatible one representing
a unique field-collected genotype). Twenty to 30
flowers on each maternal plant were hand-pollinated.
Mature fruits were harvested in March 1989. From
each of the 60 maternal plants, approximately 30 seeds
were randomly chosen to contribute to the genera-
tion. Nine 8 X 25 grids of 200 seeds were designed in
which each position was assigned randomly to one of
the 60 maternal families. Each grid therefore contained
three or four seeds from each maternal family, and
three grids were assigned to each of three density treat-
ments. Each maternal family was therefore represel1ted
by approximately 10 seeds in each density treatment;
each paternal family was represented by about 40 seeds
in each density. A total of 1800 F1 seeds were used.

In June 1989, seeds were sown in the irrigated
experimental garden. The garden consisted of three
blocks, each of which included a high-density, medium-
density and low-density grid (or plot). The density plots
were randomized within blocks. In the high-density
plots, seeds were sown 5 cm apart; in the medium-
density plots, seeds were sown 10 cm apart; in the low-
density plots, seeds were sown 20 cm apart. One row
of field-collected wild-radish seeds was planted around
the perimeter of each plot (at the same planting density
as the plot) to minimize edge effects.

Measurement of fife history and reproductive
characters

In this study, we measured the following fitness-related
traits: days to germination, days to flowering, petal area
(petal length X petal width), ovule number, pollen pro-
duction, and individual pollen-grain volume/flower.
Germination date and flowering date have been
observed to be strongly correlated with adult plant-
size, lifetime flower production and lifetime seed pro-
duction in R. raphanistrum (Mazer, 1987a). In R.
sativus, Young & Stanton (1990) found that flower size
is strongly associated with pollinator visitation rates
and pollen removal, and pollen production is cor-
related with pollen removal. We included ovule
number/flower and individual pollen-grain volume
because they serve as relative measures of the alloca-
tion of resources to female and male gametophytes at
the level of individual flowers.

We recorded the germination date and flowering
date for each member of the F1 generation. As each
surviving plant flowered, we measured one flower per
plant for petal area and ovule number; this flower had
fully expanded petals. We sampled another flower for

the pollen traits; this flower had not yet dehisced its
pollen. The two flowers were adjacent to each other
when possible.

Pollen-grain number and volume were measured
using an Elzone Particle Data analyzer (Devlin, 1988).
Flowers were collected in the field, placed in covered
Petri dishes, and brought to the laboratory, where the
anthers were removed from each flower before they
dehisced. All six anthers from each flower were stored
in an open plastic-microcentrifuge tube to dry for
approximately I week. This procedure promotes
anther dehiscence. After drying, anthers were trans-
ferred to a glass vial containing a known quantity of 2%
NaCI solution, sonicated for 1 mm to facilitate the
release of pollen from the anthers, and analysed 18 h
later. Using the Elzone particle-analyzer we deter-
mined the number of pollen grains and the frequency
distribution of pollen-grain size (measured in cubic
microns) in 0.5 ml aliquots of solution for each sample.
For each flower, we determined the total number of
pollen grains/flower from the average pollen-count for
three 0.5 ml aliquots, weighted by the known total
volume of solution. We measured pollen size as the
average of the modes of pollen volume obtained from
the frequency distributions for the same three aliquots.

To detect significant effects of density on phenotype
within each of the 15 paternal families, we used PROC
GLM (SAS Institute Inc., 1987) to conduct separate two-
way ANOVAS on the progeny of each paternal geno-
type. These ANOVAS partitioned within-genotype
phenotypic variance into effects due to block, density
(fixed effects), and the interaction between them. Petal
area and ovule number were natural log-transformed
prior to analysis; other characters were not trans-
formed because their frequency distributions were
unimodal, close to normal, and not improved by trans-
formation procedures.

In addition, for germination date and flowering date,
we detected significant effects of density on phenotype
across all individuals by conducting a two-way
ANOVA on the entire data set to partition variance
into effects due to block, density (fixed effects), and the
interaction between them. To determine whether
natural selection favoured early or late germination
(due to possible effects of germination date on
survivorship), we compared the mean germination-
dates of seeds that survived to flower and of seeds that
did not survive in each density treatment.

Analysis of variance: parental effects, heritability
estimates, and variance component estimates

The analysis of variance of the characters expressed in
the F1 progeny produced by the nested design
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described above can detect significant additive genetic
variance among the parental genotypes and provide
estimates of narrow-sense and broad-sense herit-
abilities (Comstock & Robinson, 1948; Hallauer &
Miranda, 1981; Becker, 1984). The model for a single
environment is:

jkP +mI+fV+pk +e,Jk
where Y,k is the phenotype of the kth offspring of
the ith pollen donor and the jth female, p is the popu-
lation mean, m, is the effect of the ith father (pollen
donor), f, is the effect of the jth maternal plant mated
to (and nested within) the ith male, Pk is the plot (or
replication) effect and ek is the experimental error.
Significant paternal effects on progeny phenotype
indicate significant additive genetic-variance among
the paternal genotypes in the parental generation. This
interpretation assumes that the differences among
paternal means are due to the effects of paternally
inherited nuclear genes, and not due to paternal
environmental effects on progeny phenotype generated
in the greenhouse (Young & Stanton, 1990). In this
experiment, as paternal genotypes were grown under
uniform conditions, and as most of the traits observed
in this study are expressed relatively late in ontogeny,
the potential for the paternal environment to have a
strong effect on progeny phenotype is relatively small.
Significant maternal effects include additive genetic
and non-additive genetic effects in addition to effects
of the maternal environment on progeny phenotype.

We used SAS to detect significant parental effects on
progeny phenotype and to estimate variance com-
ponents. For each density treatment, we used PROC GLM
to conduct three-way ANOVAS to partition variance
into components due to block (fixed effect), paternal
family (random effect) and maternal family nested
within paternal effects, Type III sums of squares were
used to detect significant effects (at the 0.05 level) of
each class-variable independently of the others. We
used PROC NESTED to estimate variance components for
each trait expressed in each density. Maternal, paternal,
error and total-phenotypic variance components were
estimated and used to provide estimates of narrow-
sense and broad-sense heritabilities. Narrow-sense
heritability was estimated as four times the paternal-
variance component divided by the total phenotypic-
variance component (Vp); broad-sense heritability was
estimated as four times the maternal-variance compo-
nent divided by i',.

Results

Density effects on survivorship

Planting density had a very strong effect on juvenile
survivorship. Germination rates were high under all
treatments (>89 per cent of all seeds germinated);
however, juvenile mortality rose sharply with increas-
ing density. In the high-density (H) plots, only 125 of
the original 600 seeds survived to flower. In the

Table 1 The means of the days-to-germination (germination date) for all seeds that
germinated, for seeds that survived to adulthood, and for seeds that germinated but
did not survive to adulthood. Within each sample, shared superscripts indicate that
density treatments do not differ significantly with respect to mean germination date
at the 0.05 level of significance, as determined by Tukey's test following a two-way
ANOVA to detect the effects of block and density (and the interaction between
them) on germination date across all genotypes. For each density treatment, the
mean germination date of seeds that survived to flower was significantly earlier than
the mean germination date of seeds that did not survive (see text)

Population
sample

Density
treatment

Mean
germination
date

Standard
deviation
(s.d.)

Sample
size

All germinated seeds High
Medium
Low

1.76
2,81b
2.56c

1.44
2.70
1.46

554
537
564

Seedsthatsurvived High 1.41 0.76 123
to flower Medium

Low
1.57a
237b

1.18
1.08

189
326

Seedsthatdid High 1.86k' 1.55 431
not survive to flower Medium

Low
3,49l
2.81'

3.04
1.80

348
238
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medium-density (M) plots, 190 survived to flower, and
in the low-density plots (L), 327 individuals flowered.
Natural selection did not favour different genotypes in
different plots. Among the 15 paternal genotypes and
60 maternal genotypes, mortality was independent of
planting density (Likelihood ratio for paternal geno-
types x2=27.93; P>0.4681; model d.f.28; likeli-
hood ratio for maternal genotypes x2 136.67;
P>0.1153;modeld.f.= 118).

Effects of density on phenotype across all individuals

We expected that increasing density would be asso-
ciated with declines in mean phenotype across all
individuals, reflecting an inferred decline in resource
availability. This prediction was confirmed for devel-
opment time and for floral traits. Across all individuals,
there were strong effects of planting density on
germination date and flowering date (the date on which
individuals first germinated or began to flower is date
1; each subsequent integer represents an interval of 1
day; all densities produced at least one individual that
represented the first germination date and flowering
date).

Amongst all seeds that germinated (total n 1655),
germination occurred most rapidly in the H treatment
(all densities differed significantly from one another; F
value for Type III sum of squares = 56.46; P< 0.000 1
for the density effect on germination date) (Table 1).
Planting density also had a marginally significant effect
on flowering date across genotypes; flowering was
delayed at high density (H flowering date: X= 20.70,a
s.d. = 12.95; n = 125; M: X= 1643,b s.d. = 11.47,
n= 190; L: =1647b s.d.= 10.49, n=564; Tukey's
Test; F value for Type III sum of squares =2.58;
P< 0.07 for the density effect). Among densities, plots
in which plants germinated early (H plots) flowered
late.

The delay in flowering in the high density treatment
could have been caused by selection against early-
germinating seeds in these plots in combination with a
positive-phenotypic correlation between germination
date and flowering date. In fact, within all densities, the
correlation between germination time and flowering
time was significant and positive; individuals that
germinated late tended to flower late (Low-density:
r= 0.19; d.f. = 325; P< 0.001; medium-density:
r=0.29; d.f.= 188; P<0.0001; high-density: r=0.21;
d.f.= 122; P<0.05). If however, the delay at high
density was caused by selection against early-emerging
seedlings, one would expect the surviving adults in the
high-density treatment to be derived from seeds that
germinated relatively late. In this study, however,
surviving seeds germinated significantly earlier than

non-survivors, and the survivors in the high-density
treatment germinated particularly early relative to the
survivors in the other treatments (Table 1). Within
each planting density, the mean germination-date of
seeds that survived to adulthood was significantly earlier
than the mean germination-date of non-survivors
(Kruskal—Wallis test: high density: x2 = 7.83, P< 0.005;
medium density: x2= 64.67, P< 0.0001; low density:

= 8.74, P< 0.003). Natural selection within all plots
favoured early-germinating seeds. The high-density
plots simply exhibited a particularly long development
time between seedling emergence and flowering.

There was also a statistically significant effect of
density on ovule number flower; H plots contained
plants with relatively low levels of female gametophyte
production/flower (S. J. Mazer & C. T. Schick, in
review). Petal area and pollen production also declined
with increasing density, but these declines were not
statistically significant. These trends are consistent with
the interpretation that H plots provide fewer of the
resources necessary for the production of ovules and
petals than L plots. There was almost no change in
pollen-grain volume with density, suggesting that this
trait does not strongly respond phenotypically to the
changes in resource levels represented in these plots.

Effects of density on phenotype within paternal
genotypes

In spite of the strong effects of density on phenotype
for germination date, flowering date and ovule
number/flower across pooled individuals, the quantita-
tive and qualitative effects of density on phenotype are
not consistent in strength or direction for all genotypes,
but are strongly genotype-specific (Table 2 and Fig. 2).
Twelve paternal genotypes exhibited significant dif-
ferences among density treatments with respect to
mean germination-date. None of these 12, however,
exhibited a significant acceleration of germination date
between L and M; nine genotypes exhibited a sig-
nificant acceleration of germination date between M
and H. One genotype exhibited a significant delay in
germination between L and M; none showed a sig-
nificant delay between M and H.

Effects of density on flowering date were much
weaker than the effects on germination date within
paternal genotypes. Only three paternal families
exhibited significant differences among densities for
flowering-date means. None of these families exhibited
significant differences between L and M densities; two
exhibited a significant delay in flowering between M
and H treatments. All three genotypes showed a sig-
nificant delay in flowering between L and H.

Petal area differed significantly among densities
within two paternal families, but the effects of density
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Paternal family 1
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 2
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 3
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 4
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 5
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 6
Germination date
Flowering date
Petal area (mm2)
Ovule number

2.60a± 1.51 (43)
17.77a± 7.04 (30)
77.71a± 20.25 (29)

6.28a± 1.85 (29)
104017a±45494(25)

4151a±336.1 (26)

2.3Sab± 1.16 (37)
9•78b 7.12(23)

64.90a± 17.15(21)
6.67a 2.44(21)

98540a± 29525(20)
3897a±387.3 (21)

2.78a± 1.86 (32)
9.4D±8.76 (17)

80.91a± 19.73 (17)
6.59a± 1.50(17)

93232a±39264(17)
4086a±593.7 (16)

2.97a± 1.83(34)
19.oO± 13.24(19)
74.64a± 15.12 (16)
5.81a± 1.91(16)

104947a±40448 (14)
4267a± 373.6 (15)

2.23at±O.7S (48)
13•92ab 10.50(37)

66.34a± 16.16 (32)
6.53a± 1.76 (32)

2.l5'±2.l4(4l)
16.30a 9.60(23)
71.06a± 18.25 (16)
6.07a± 1.27(14)

101824± 36181 (15)
4122a±327.0(14)

3.37a± 3.31 (38)
l5.l4± 13.62(14)
59.51a± 12.89(10)

5.78a± 1.64(9)
94442a±36906(10)
4037a± 351.4(9)

2.83a±2.32 (35)
9.67b±7.49(l2)

66.12a± 17.29 (12)
5.92"± 1.73(12)

100686a±44116(12)
4199a± 294.5(12)

2.S3'± 1.95 (36)
15.13± 10.96 (8)
66.43a± 19.90(6)
6.oo± 1.41 (6)

106151a± 39852(7)
4446± 406.5(7)

2.63a± 2.96(41)
l2.68b±9.SS (19)
65.02a± 19.71 (18)
5.OO'± 1.00(17)

l.53"± 1.58 (36)
21.27a± 12.92(11)
60.7 la± 5.49(6)

6.OOa± 1.41 (5)
109461a±25990(6)

4019a±292.1 (6)

l.69l± 1.14(42)
18.60a±8.97(10)
62.36a 8.38 (4)
575 0.50(4)

88248a±40532(2)
3593a± 567.8(2)

l.ólb±O.88 (46)
19.36a± 12.96(11)
4591b 5.34(3)
4.67"± 0.58 (3)

43526a± 17479 (3)

3698a±467.4(3)

l.95'± 1.68 (43)
17.89a± 12.57(9)
61.oOa± 13.37 (5)
4.20a± 1.10(5)

8630P± 26292 (6)
4357a± 189.73(6)

l.63at± 1.29(40)
20.90a± 10.15(10)
71.36a± 16.54(7)
457b±o79(7)

Table 2 Means s.d. of each trait in each density for each paternal sibship. Sample sizes are shown in parentheses. For each trait
within each paternal family, shared superscripts (a,b) indicate that means are not significantly different, as determined by Tukey's
test following a two-way ANOVA to detect significant effects of density and block on phenotype. For each two-way ANOVA,
the total degrees of freedom for the model, the F-value associated with the type III sum of squares for density, and the P-value
associated with the density effect are reported. P-values are reported if Tukey's test indicates significant differences among den-
sities, even if the P-value is greater than 0.05. Petal area and ovule number/flower were natural-log transformed prior to analysis

Density

Low Medium High Total d.f. F P

2.44± 0.79 (34) 2.82 2.69(27) 1.73' 1.01 (33)

14.31a± 12.20 (26) 9.85a 8.14(13) 12.41a± 14.66(17)
77.15a± 26.43(20) 69.27a± 19.83 (12) 75.02a 23.42(12)
7.10 1.89(21) 642ab 1.44(12) 5.33'± 1.07(12)

113448a±51996(18) 99450a±37668(12) 93375a±27509(12)

4324a±488.8(19) 4125a±417.3(12) 4307a±307.4(12)

119 4.54 0.0128
63 0.34 ns
50 0.37 ns
47 1.09 ns
45 0.94 ns
45 0.27 as

93 3.20 0.0457
55 0.20 ns
43 0.45 ns
44 2.15 0.1309
41 0.36 ns
42 2.01 ns

116 11.14 0.0001
46 3.75 0.0323
34 1.23 ns
33 0.95 ns
31 0.87 as
31 1.46 as

112 8.10 0.0005
39 2.51 0.0971

31 5.17 0.0136
31 3.92 0.0336
31 0.83 as
30 1.33 ns

112 3.42 0.0366
35 0.21 as
26 0.41 ns
26 1.91 ns
26 0.41 as
27 0.17 as

128 2.46 0.0894

65 2.85 0.0662
56 0.39 ns
55 7.99 0.0010
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Table 2 Continued.

Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 7
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 8
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 9
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 10
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 11
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

Paternal family 12
Germination date
Flowering date
Petal area (mm2)
Ovule number
Pollen grains/flower
Modal pollen-grain

volume (cubic microns)

84258a± 39314 (31)
4210'±462.15 (32)

2.19a±0.65 (31)
21.4 P± 14.52(17)
74.04a± 25.13 (13)
5.23a± 1.42(13)

127464a± 40805(10)
4536a± 714.6(10)

2.36a± 1.03(33)
l3.6Oh± 10.46 (20)
66.91a± 19.81 (18)

6.OOa± 2.28(18)
101653a±48433 (18)

4094 261.6(18)

2•92ab 2.24(37)
15.67a± 10.56 (21)
62.lOa±24.60(20)
6.25a± 1.86(20)

90968a± 27323 (19)
3982a±363 (19)

2.37a± 1.00(35)
18.28a± 7.31 (25)
67.46a 14.92 (24)
5.63a± 1.66(24)

80643a±31510(20)
4430a±412.9(20)

2.46a± 1.64 (52)
18.34a±8.85 (29)
63.74a± 16.61 (24)

5.soa± 1.47(24)
103170a± 33701 (25)

4253a 253.6 (25)

2.97ab± 1.88 (37)

l9.821)±4.32 (17)
58.60a±9.84(16)

5.38a± 1.20(16)
100572a±31642(16)
3983a±432.5 (16)

87111a±29740(17)
4278 594.4(17)

2.22a±2.69 (23)

20.0O 8.23(9)
53.17a± 5.66 (6)

6.OOa± 1.67(6)
117398a± 18509(6)
4276a±681.5 (6)

2.67a±2.57 (33)
ll.lsb±9.63 (13)
76.24a± 16.40(13)
5.77a± 1.36 (13)

119046a± 35366 (13)
4039a±372.3(13)

3.14a± 2.75 (29)
16.08a± 15.55 (12)

80.14a± 22.16(11)
6.36a±0.67 (11)

80956a±40134 (9)
4276a 480.2(9)

3.00 3.57(42)
17.94a± 13.14(17)
71.48a± 15.91 (13)
5.71a± 1.59(14)

82512a± 32951 (13)

4261a± 367.6 (13)

l.8l± 1.95(41)

22.07a±6.03(14)
61.43a± 17.81 (11)

5.18a± 1.54(11)

96399a±34499(11)
4256a±455.9 (11)

3.31a±2.79 (39)

23.75b 9.60(4)
44.14a± 13.27 (3)

4.50a±0.71 (2)
63602a(1)
4570a(1)

95676a± 45686(7)
4211a± 298.4 (7)

1.89a± 1.73 (37)

20.43a± 8.44(7)
53.35a± 14.50 (5)
s.ooa± 1.41 (4)

81734a± 28256(4)
4217a± 196.8(4)

2.22a±2.84 (36)

29.OOa± 14.40(10)
58.75a± 15.01 (6)

5.60± 1.52(5)
86418a± 39128 (3)

3949a± 415.17 (3)

l.92'± 1.58 (38)

23.55a± 10.24(11)
66.03a± 19.98 (7)

5.86a± 1.35(7)
82111a± 33315 (7)

4255a 450.3 (7)

l.l8b±O.73 (33)
19.OOa± 8.73(8)
61.41a± 19.87 (6)
5.ooa± 1.26(6)

86737a± 24894(6)
4260a± 311.5(6)

1.59a± 1,17(44)
26.88a± 11.38 (8)
44.91a± 3.55 (3)

6.50a±2.12(2)
104687a± 57493 (2)

3871a± 161.2(2)

l.96"± 1.26(27)
43.OOa± 16.97 (2)
56.70'± 11.29(2)

4.OOa(1)
107457a(1)

4249a(1)

54 0.08 ns
55 0.22 ns

90 0.60 ns
32 0.01 ns
23 1.79 ns
22 0.72 ns
19 2.07 ns
19 0.43 ns

Density

Low Medium High Total d.f. F P

101 0.79 ns
42 5.35 0.0094
36 2.60 ns
34 0.15 ns
33 0.51 ns
33 0.61 ns

103 5.20 0.0072

43 1.94 ns
37 1.14 ns
37 0.13 ns
34 0.23 ns
34 3.05 ns

109 11.53 0.0001

49 1.10 ns
42 0.45 ns
43 1.04 ns
38 0.17 ns
38 1.33 ns

136 5.12 0.0072
50 2.08 ns
37 0.92 ns
36 2.43 ns
37 0.28 ns
37 0.85 ns

102 9.29 0.0 002
22 16.51 0.0001
20 2.64 ns
18 0.56 ns
17 0.03 ns
17 0.55 ns
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Density

Low Medium High Total d.f. F P
Paternal family 13

Germination date
Flowering date
Petalarea(mm2)

2.1 l' 0.51 (38)
24.13a± 10.34(15)
66.2l"±ll.28(l4)

3.27a 2.89 (37)
30.67a± 16.07 (9)
88.97a±18.99(5)

173b 1.04(33)
49.OOa(1)

(0)

107
24
18

5.56 0.0051
1.29 ns

12.93 0.0029
Ovulenumber 5.23a±1.09(13) 4.40a±0.55(5) (0) 17 0.35 ns
Pollengrains/flower 110004a±40358(13) 119728a±24266(6) (0) 18 0.01 ns
Modalpollen-grain 4386a±538.2(13) 4210a±395.8(6) (0) 18 0.68 ns

volume (cubic microns)

Paternal family 14
Germination date
Flowering date
Petalarea(mm2)
Ovulenumber

254ab 1.04(37)
18.30a 12.78 (20)
71.31a±20.48(20)
5.05a±1.32(20)

3.29a± 2.48(34)
14.1 la± 9.14(9)
70.55a±21.78(9)
5.22a±0.97(9)

215b 1.18 (33)
18.83a± 15.12(6)
67.63a±12.97(4)
4.50a±1.00(4)

103
34
32
32

5.32 0.0065
0.54 ns
1.08 ns
2.75 ns

Pollengrains/flower 109744a±25085(20) 103895a±40448(9) 94685a±28551(4) 32 0.26 ns
Modalpollengrain 4267a±373.2(20) 4175a±409.6(9) 4184a±394.3(4) 32 0.46 ns

volume (cubic microns)

Paternal family 15
Germinationdate 3.11±2.01(36) 3.12a±2.97(41) l.7Oh±O.88(33) 109 5.61 0.0049
Floweringdate 18.OOa± 9.25(11) 21.36a± 9.51 (14) 16.75a± 13.89(4) 28 1.78 ns
Petal area (mm2) 73.72a 10.55(11) 73.6 la± 18.24 (9) 58.25a (1) 20 0.37 ns
Ovulenumber 6.09a±1.81(11) 6.67a±1.41(9) 6.OOa(1) 20 0.31 ns
Pollengrains/flower 134888a±32518(10) 129450a±61017(8) 110735a(1) 18 0.14 ns

Modalpollengrain 4072a±261,2(10) 4149a±222,6(8) 4363a(1) 18 0.91 ns

volume (cubic microns)

were in opposite directions. In family 4, mean petal
area declined significantly between M and H plots,
with a marked but non-significant decrease between L
and M. In family 13 however, which had no survivors
at high density, there was a significant increase in mean
petal-area between L and M.

Ovule number also differed significantly among
densities within two paternal families, showing parallel
changes in both families. In families 4 and 6, there was
a significant decline in mean ovule-number/flower
between L and M, and a much smaller decline between
M and H.

Even more striking than these quantitative dif-
ferences among paternal genotypes with respect to
mean phenotype, are the qualitative differences
illustrated by the norms of reaction in Fig. 2. For
example, 12 paternal genotypes exhibit a qualitative
increase in days-to-germination between L and M
planting densities; three genotypes (1, 5, 11), however,
show a qualitative decrease. In contrast, when com-
paring the phenotypic means of each genotype in the M
and H treatments, all genotypes show a qualitative

acceleration of germination. With respect to flowering
date, eight genotypes (1, 2, 5, 6, 7, 8, 10, 14) show an
acceleration in flowering between L and M plots; seven
show a delay. In the transition between M and H, one
genotype (15) exhibits qualitative (but non-significant)
acceleration of flowering date. For each of these traits,
and for each of the two transitions between treatments,
there are many instances in which genotypes change
rank, as indicated by crossing reaction norms.

The floral traits show similar qualitative differences
among paternal genotypes. With respect to petal area,
four families (8, 9, 10, 13) increased, and 11 families
decreased between L and M treatments. Four different
families increased (2, 3, 6, 12) and 11 families
decreased in petal area between M and H. Ovule
number/flower increased in six familes (5, 7, 9, 10, 14,
15) between L and M, but in only one family (11)
between M and H. The number of pollen grains/flower
increased between L and M in six families (4, 5, 6, 8,
10, 13); and in six families (1,6, 9, 10, 11, 12) between
M and H. Finally, mean modal pollen-volume
increased in eight families (3, 4, 5, 6, 9, 11, 12, 15)
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between L and M, and in three families (2, 14, 15)
between M and H. These differences among genotypes
with respect to the direction of phenotypic change with
transitions between density treatments, demonstrate
that there are qualitative genetic differences in the
magnitude and direction of phenotypic plasticity for all
traits.

There are many examples of environmental modifi-
cation of phenotype in which the direction changes as
density increases past a threshold. For each trait, there
is at least one paternal family that exhibits such a
qualitative change in the effect of increasing density
on phenotype. For germination date, 12 families
germinate most slowly in medium-density plots. For
flowering date, only one paternal genotype shows this
pattern. For petal area, three families show maximum
values at intermediate density, while six families show
maximum ovule-number. For pollen production and
pollen volume, three and five families respectively,
have maximum values at medium density. The
tendency for a genotype to show this pattern for one
trait does not indicate that it will show this pattern for
any other traits.

Density effects on the statistical significance of
inter-genotypic variance and heritability estimates

One way to detect a G XE interaction is to compare
the magnitude of inter-genotypic variation in pheno-
type expressed in different growing conditions. Com-
parisons can be made in two ways. The first way is to
compare planting densities with respect to the outcome
of ANOVAS performed to detect significant paternal
or maternal effects on progeny phenotype. Differences
among densities in the statistical significance of the
paternal effects indicate that the array of phenotypes
expressed by the genotypes depends on the environ-
ment; that is, there is a significant G x E interaction.
The second way is to compare heritability estimates
among planting densities.

Table 3 shows that estimates of narrow-sense
differ significantly among treatments, but in no clear
pattern. Six of the trait/density combinations are
associated with narrow-sense h2 estimates which
indicate that VA is significantly greater than zero; that
is, the three-way nested ANOVA to detect maternal,
paternal and block effects detected significant paternal

Table 3 Narrow-sense and broad-sense heritability estimates were derived from
paternal and maternal variance components. For narrow-sense heritability
estimates, asterisks indicate estimates for which a nested analysis of variance (four
maternal plants nested within each male) detected significant paternal effects on
progeny phenotype, independently of maternal effects and density effects. For
broad-sense heritability estimates, asterisks indicate values for which the ANOVA
detected significant maternal effects on progeny phenotype, independently of
paternal effects and density effects. Asterisks correspond to the significance levels
of the paternal or maternal effects: *<0.05; **<0.01.Heritability estimates were
considered to be zero when variance components were estimated to be negative
numbers

Density

Narrow-sense heritability Broad-sense heritability

Low Medium High Low Medium High

Trait
Germination 0.02 0.005* 0.01 0.29** 0.05 0.04

date
Flowering 0.35* 0.49** 0.10 0 0.22 1.28**

date
Petal area 0.12 0.30 0.35 0.57** 0.37 0
Ovule number 0.19 0.38* 0.16 0.34 0 0.61

lkllen grains! 0.24 0.23 0.15 0.05 0 0
flower

Modal pollen- 0.40* 0 0.68* 0 0.38 0
grain volume
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effects on progeny phenotype (and the entire model
explained a significant proportion of total phenotypic-
variance). Three of the six traits show the highest herit-
ability estimates in intermediate densities. Broad-sense
heritabilities also differ markedly among density treat-
ments, but in a different pattern (Table 3). Three of
these h2 estimates indicate trait/density combinations
for which the nested ANOVA (to detect maternal,
paternal and block effects) detected significant
maternal-effects. There are some very large values of
broad-sense h2 (six values are greater than 0.34), but
three of these cannot be interpreted as significantly
greater than zero. The discrepancy between broad-
sense and narrow-sense h2 values can in part be
explained by the fact that individuals in this breeding
design did not serve both as maternal plants and as
pollen donors; therefore the narrow- and broad-sense
h2 estimates are derived from different genotypes.

Discussion

In this study we measured the effects of planting
density on the survivorship, phenotypic expression and
norms of reaction of 15 paternal half-sib families with
respect to several life-history and floral traits in an
experimental garden population of Raphanus sativus.
Density had significant effects on phenotypic means for
both of the life-history traits measured, but the type of
effect on germination date differed from that on
flowering date. Germination was accelerated in the
high-density treatments relative to medium and low
densities, while flowering was delayed at high densities.
For floral traits, three of the four characters measured
showed declines in value with increasing density, con-
sistent with the interpretation that competitive effects
reduce resource levels under high-density conditions.
Only one trait, however, (ovule number/flower)
declined significantly. The effects of stress (high-
planting density) on phenotypic population means
appear to be trait-specific and perhaps unpredictable,
with the exception that most of the floral traits showed
declines in value with increasing stress.

The changes in mean phenotype with changes of
density do not appear to be due to non-random morta-
lity of genotypes in the different density treatments.
Over all treatments, the differential mortality of both
paternal and maternal genotypes was independent of
planting density. Natural selection on germination date
was not responsible for the subsequent mean differ-
ences in flowering date among densities. In all densi-
ties, selection favoured individuals that germinated
early, and early germination is phenotypically cor-
related with early flowering. At high densities however,
flowering of surviving individuals was significantly

delayed relative to low-density plots, even though these
survivors had germinated particularly early. With
respect to flowering date then, direct environmental-
modification of phenotypes (phenotypic plasticity
resulting in a slower development time) was more
important than selection in generating the changes in
mean phenotype across densities. Environmental
modification of phenotype was more important than
selection in producing the changes in the mean values
of other traits as well. Support for this claim is
provided by Fig. 2 which shows frequent and large
changes in mean phenotype for paternal half-sib geno-
types replicated across planting densities. Because
differential mortality of genotypes was independent of
density we conclude that the observed changes in mean
phenotype and in h2 were due primarily to the plastic
responses of genotypes across densities.

Changes in the magnitude of heritability estimates
do not always correspond to the observed range of
phenotypic differences among genotypes (Fig. 2 and
Table 3). For example, the narrow-sense heritability of
flowering date is not significantly different from zero at
high density (Table 3), despite the fact that the range of
observed genotype means is far greater in the high-
density treatment than in either of the other two plant-
ing densities (Fig. 2). As h2 depends critically on Vi,,
which cannot be deduced from inter-genotypic
variance alone, there is no necessary correspondence
between the magnitude of the differences between
genotype means and estimates of heritability.

Interactions between half-sib genotypes and the
environment (planting densities) were frequent. For
every trait, large changes occurred both in the magni-
tude of genotypic differences and in the ranks of geno-
types with respect to phenotypic means (Fig. 2). In the
only other study of G XE interactions involving
density treatments in a natural plant-population (Shaw,
1986), changes in the magnitude of inter-genotype
variation and in the relative ranks of maternal geno-
types of Salvia lyrata were observed between densities
for leaf number.

If these results have general applicability to wild
plant-populations, then the response to natural selec-
tion should, in many situations depend on local
population-density. Density-specific evolutionary
responses to selection could occur in two ways. First,
differences in the expression of additive genetic-
variance among densities could result in differences in
the rate of evolutionary change. Secondly, selection
could favour different genotypes at different densities if
the phenotypic rank of genotypes changes with density
while the relationship between phenotype and fitness
remains constant. We interpret these results to indicate
two possible scenarios for micro-evolution in plant
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populations. First, if consistent differences in density
characterize populations on a large geographic scale,
then the intensity and response to selection may differ
among populations, possibly partly accounting for
evolutionary divergence. Secondly, if density
commonly differs among stands within populations,
then micro-evolution at the population level will be
constrained or slowed, and genetic variance should be
maintained even under strong selection because of
changes in genotypic ranks among stands.

The norms of reaction in Fig. 2 indicate the
presence of genetic variation in phenotypic plasticity.
For each trait there are paternal half-sib genotypes
which exhibit large changes in phenotype with changes
in density, indicating high plasticity, and genotypes
which remain relatively stable in phenotype across
densities, indicating low plasticity. The direction of
change in phenotypic expression also commonly differs
among genotypes. The conclusion is that phenotypic
plasticity in each of these traits is itself a character
amenable to change by natural selection in this popula-
tion of Raphanus sativus. Similar results have been
obtained for annual species of Phlox (Schlichting,
1986) and Arabadopsis (Westerman & Lawrence,
1970; Westerman, 197 la,b,c).

We have demonstrated that mean phenotype and
inter-genotypic variation for life history and floral traits
are highly sensitive to planting density in R. sativus
from Santa Barbara, California. If this is a common
pattern in wild-plant species then predictions of the
response to selection will only be accurate if estimates
of h2 are determined for commonly occurring environ-
mental states experienced by the species in nature.
These changes in the relationship between genotype
and phenotype are due primarily to the plastic
responses of genotypes across environments, and these
responses are not consistent among traits. What is con-
sistent among all traits however, is the presence of
genetic variation in phenotypic plasticity. Because we
did not measure reproductive output in this study, we
cannot deduce whether phenotypic plasticity among
these genotypes is an example of developmental
flexibility (phenotypic change associated with
enhanced mean fitness across environments) or devel-
opmental instability (associated with lower mean-
fitness) (Westerman & Lawrence, 1970). This is one
goal of future studies.
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