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PARENTAL ENVIRONMENTAL EFFECTS ON LIFE HISTORY IN THE
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Abstract. Although environmental parental effects, especially maternal effects, are well
known in plants we have almost no information about their expression in nature. This study
explores the influence of maternal and paternal light and nutrient environments on ger-
mination characters under natural conditions in the herbaceous plant Campanula americana.
Families were grown in a greenhouse under three levels of light or three levels of nutrients,
and crosses were conducted within each environmental gradient to produce seeds with all
combinations of maternal and paternal environments. Seeds produced under the controlled
environments were planted into the home site of the population and another local site, and
germination was monitored over the fall and spring germinating seasons. The paternal light
environment influenced percentage germination, demonstrating that the offspring phenotype
may depend on the environment a set of pollen donors is grown in. The effect of maternal
nutrient level on percentage germination depended on the offspring environment. Percentage
germination in response to maternal nutrient and paternal light environments varied among
families, suggesting that these parental environmental effects are genetically variable. Both
maternal light and nutrient environments influenced season of germination. Germination
season determines life history in C. americana: fall-germinating individuals are annuals
while spring-germinating seeds are biennials. Maternal plants grown under low and high
light and low nutrient conditions produced more biennial offspring while the remaining
maternal environments had an equal frequency of annual and biennial offspring. In C.
americana maternal environments influence life history and therefore fitness through their
effects on season of germination.

Key words: Campanula americana; field experiment; genotype-by-environment interaction; ger-
mination, biennial cf. annual; life-history determinants; maternal effects; parental effects; paternal
effects; seed ecology.

INTRODUCTION

An individual’s phenotype or its growth environment
may influence the expression of traits in its offspring.
There are several ways that these parental environ-
mental effects may contribute to evolution. First, pa-
rental effects may accelerate or retard response to se-
lection (Kirkpatrick and Lande 1989). Second, parental
effects in general, but specifically maternal effects, may
influence the level at which selection acts (Wade 1998).
Last, environmental parental effects may themselves
contribute to adaptive evolution. If the offspring en-
vironment can be predicted from the maternal envi-
ronment, then maternal effects that alter the offspring
phenotype to enhance its success in that environment
may increase the fitness of both the parent and offspring
generations. For example, seedlings of parents grown
in a low-light environment have an apparently adaptive
reduction in root:shoot ratio (Sultan 1996). Adaptive
parental environmental effects are expected to evolve
if patterns of response are genetically based and under
natural selection. While a number of studies in plants
have demonstrated that parental environmental effects
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are genetically variable (reviewed in Donohue and
Schmitt [1998]), we know much less about their po-
tential contribution to fitness.

Environmental parental effects, especially maternal
effects, are ubiquitous in plants (reviewed in Roach
and Wulff [1987], Gutterman [1992], Rossiter [1996],
and Donohue and Schmitt [1998]). With few exceptions
(Donohue and Schmitt 1998, Donohue 1999), these
studies have been conducted under controlled condi-
tions. While this has led to a detailed understanding of
the influence of a range of parental environments on
offspring phenotypic expression, less is known of their
contribution to phenotypic variation in nature. Because
the magnitude of maternal environmental effects may
be small (Weiner et al. 1997), they may be difficult to
detect in a variable environment. Indeed, parental en-
vironmental effects were found to be substantially
weaker when offspring were raised in a garden plot
than in the greenhouse due to greater levels of envi-
ronmental heterogeneity (Schmid and Dolt 1994). Na-
ture is likely to be more heterogeneous than the garden.
Therefore to understand the potential contribution of
parental environmental effects to ecological and evo-
lutionary processes, we need to determine their con-
tribution to the offspring phenotype in nature.

Parental environmental effects may influence fitness
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either directly or indirectly through changes in juvenile
characters. In plants, parental effects are typically
strongest at juvenile stages of the life cycle (reviewed
in Roach and Wulff [1987] and Donohue and Schmitt
[1998]). Changes in juvenile characters may persist
throughout the life cycle by affecting later-life char-
acters. For example, under competitive conditions
plants from larger seeds have greater reproductive suc-
cess (Stanton 1984, Wulff 1986). In these conditions,
parental environments that result in larger seeds may
influence fitness. From controlled-environment studies,
evidence of the perpetuation of maternal effects ex-
pressed in juvenile characters through maturity is
equivocal (e.g., Stratton 1989, Schmid and Dolt 1994,
Galloway 1995, Weiner et al. 1997). To understand the
evolutionary potential of parental environmental ef-
fects, we need to establish whether parental effects ex-
pressed early in the life cycle can affect later-life traits,
including fitness, under natural conditions.

Parental environments may influence life history via
seed characters in Campanula americana, a woodland
herb. Campanula americana grows as either an annual
or a biennial. Germination time determines life-history
schedule (Baskin and Baskin 1984). Seeds may ger-
minate immediately after dispersal in the late summer
or fall, the following spring, or may enter the seed bank,
germinating in either season in the future (Wardle
1998). The vegetative rosettes have a vernalization re-
quirement for flowering. Therefore seeds that germi-
nate in the fall are winter annuals and flower the fol-
lowing summer, whereas those that germinate in the
spring exhibit a strict biennial life history and flower
the summer of their second year. A controlled-envi-
ronment study found that both maternal and paternal
environments influence seed and germination charac-
ters (Galloway 2001). However, it is not known wheth-
er these parental environmental effects are expressed
under field conditions. In the present study, seeds pro-
duced under a range of controlled parental environ-
ments were planted in nature to determine whether pa-
rental environmental effects are expressed in nature and
whether they influence life history in this system.

METHODS

Campanula americana L. (Campanulaceae) seeds
were collected from plants in a natural population lo-
cated on Bean Field Mountain in Giles County, Vir-
ginia, USA (elevation: 1143 m). This population grows
in the understory of an oak–hickory forest and extends
into a large light gap. Light was chosen as an envi-
ronmental factor in the experiment because there is a
large difference in the light level between the under-
story and light-gap areas of the population (unpub-
lished data). In contrast, nutrient availability is likely
to vary on a much smaller spatial scale in this shale-
derived gravelly sandy loam (Nolichucky series).

Campanula americana is self-compatible, protan-
drous, and insect pollinated; therefore seeds from a

single plant are likely a mix of full and half-sibs (Rich-
ardson and Stephenson 1992, Johnson et al. 1995). I
will refer to a group of siblings as a ‘‘family.’’ Seeds
were germinated in a growth chamber (12 h light, 258C:
12 h dark, 158C). Two weeks after germination, seed-
lings were cold stratified for 6 wk at 58C to induce
flowering (Baskin and Baskin 1984).

Parental light environments

Following cold stratification, eight families were ar-
bitrarily selected to evaluate the influence of parental
light on offspring germination characters. Two indi-
viduals from each family were randomly assigned to
each of the following greenhouse light treatments: full
sun (‘‘high’’), 30% neutral shade (‘‘medium’’), and
73% neutral shade (‘‘low’’). Groups of four individuals
in the same light level were clustered and surrounded
by a shade enclosure if necessary. Plants were fertilized
regularly (1.3 mL/L Peters NPK 20:20:20) and sup-
plemental light was used to increase day length to 18
h. Aboveground biomass increased in response to in-
creasing light levels (Galloway 2001).

Parental nutrient environments

Eight different families were selected to evaluate the
effect of parental nutrient environments on germination
characters. Two individuals from each family were ran-
domly assigned to each of the following nutrient treat-
ments: weekly addition of 2.6 mL/L Peters NPK 20:
20:20 fertilizer (‘‘high’’), no nutrient addition (‘‘me-
dium’’), or no supplemental nutrients and the addition
of 50% nutritionally inert fritted clay to the potting
medium (‘‘low’’). The potting medium (2:1 Promix BX
[Premier Horticulture, Red Hill, Pennsylvania, USA]:
perlite) contained some nutrients and provided a lim-
ited nutrient supply to the medium- and low-nutrient
plants. In addition, plants were fertilized twice in the
first two weeks following removal from the cold. How-
ever, the fertilizer was diluted in the limited nutrient
treatments to 1/4 strength for the medium and 1/8
strength for the low nutrient individuals. Plants were
randomly located in a greenhouse, grown in full sun,
and supplemental light was used to increase day length
to 18 h. Aboveground biomass increased dramatically
in response to increasing nutrient levels (Galloway
2001).

Experimental crosses

For each environmental gradient, individuals were
crossed to create seeds with all combinations of ma-
ternal and paternal environments. Pollinations were
conducted separately for the nutrient and light envi-
ronments. Pollen was collected from one newly open
flower per plant in each level of the environmental
gradient. Pollen from flowers in the same environment
was mixed and applied with a paintbrush to open stig-
mas of emasculated flowers in all three maternal en-
vironments. As a result 9 types of seed were produced
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for each environmental gradient (3 maternal environ-
ments 3 3 paternal environments). On each day of
pollinations, plants were arbitrarily divided into two
groups. Pollen was pooled within each group and pol-
linations were conducted between the groups. As a con-
sequence, mixed-donor pollinations did not lead to self-
ing (although sib-matings were possible since on av-
erage 1/16 of the donor pool was sib pollen). Because
the same families were grown in each level of the en-
vironmental treatment, on average the paternal genetic
contribution was constant across the paternal environ-
ments. See Galloway (2001) for further details of the
experimental design for the parental generation.

Test for parental effects

Seeds produced under the controlled parental light
and nutrient environments were planted into two field
locations. Half of the seeds were planted into the site
native to the population (‘‘Home’’) and half of the seeds
were planted 5 km away into a shaded clearing at the
Mountain Lake Biological Station (‘‘Station’’). Plant-
ing site was designed as a blocking factor. At each site
seeds were planted in 20 blocks. Blocks at the Home
site were located at random points along five transects
under the forest canopy, while at the Station site blocks
were placed in a region of the clearing with a light
environment similar to the Home site. Each maternal
and paternal environmental treatment combination (9
parental light environments 1 9 parental nutrient en-
vironments) was represented once in each block for a
total of 40 replicates of each parental environment com-
bination (1 replicate/block 3 20 blocks/site 3 2 sites).

Because percentage germination was expected to be
low (Wardle 1995), a group of seeds was planted for
each replicate. Seeds were planted in groups of 15 or
20 except in the low and medium maternal light treat-
ments where seed production was insufficient in the
parental generation (see Galloway 2001) and therefore
seed number per replicate was ,15. Typically 700
seeds were planted for each parental environmental
combination (15 or 20 seeds per replicate 3 40 rep-
licates). Each group of seeds was taken from a single
family (but pooled across siblings within a maternal
environment). Replicates of each parental treatment
combination in each site were divided among the eight
nutrient families or the eight light families, as appro-
priate. However because seed number in some families
was limited, two families were not represented in the
low maternal nutrient treatment: one in the medium
maternal nutrient treatment and one in the low maternal
light treatment. Seeds were planted in 4 3 14 cm tu-
bular pots, sunk into the ground and filled with soil
from the Home site. The Home site is a steep hillside
and the pots served to keep the seeds in place. A 1.5-
cm layer of potting mix was placed on top of the field
soil in each pot to eliminate germination from the seed
bank. Seeds were sown on the surface of each pot in
the second week of September, during the period of

natural seed dispersal. Blocks were fenced to prevent
disturbance by large mammals.

Germination was censused every 10 d from the time
of the first fall rain through snowfall. Following snow-
melt in the spring, germination was scored every 10 d
until there were two periods without germination (late
May). Seeds were checked for germination monthly
during the summer, but none was found. As a result
germination in both seasons occurred when there was
no leaf canopy (personal observation). There was very
little germination the second fall (18 seedlings, 0.18%
of the remaining seed). Previous work has demonstrat-
ed that seeds remain viable at least two years in the
seed bank (Wardle 1995, personal observation); there-
fore the remaining seeds were probably not available
for germination as they are very small and over time
may have fallen beneath the soil surface. Here I report
total percentage germination ([fall 1 spring emer-
gence]/number of seeds planted) and the proportion of
seedlings that germinated in the spring (spring emer-
gence/[fall 1 spring emergence]). The latter represents
the proportion of individuals with a biennial life his-
tory.

STATISTICAL ANALYSIS

Analyses of percentage germination and proportion
spring germination were conducted separately for the
parental light and nutrient environments. Because ger-
mination rates were low, replicates were pooled across
blocks within a family and parental environment so that
the seed number per replicate was 15 or 20 seeds (for
less than 5% of cases the pooled number of seeds per
replicate was as great as 24 seeds). Percentage ger-
mination and the proportion of germinated seeds that
emerged in the spring were then calculated for the
pooled data. As a consequence, replication for the low
maternal light environment dropped to approximately
half that of the high maternal light environment with
the medium light environment in between; data from
the parental nutrient environments were unchanged.
Seed number per replicate in the pooled data did not
influence germination characters (results not shown).
Groups of four adjacent blocks were combined to in-
crease sample size within each block, resulting in five
blocks in each site. Initial analyses of percentage ger-
mination and germination season included the mean
seed mass for each parental environment–family com-
bination as a covariate (see Galloway [2001] for the
effect of parental environments on seed mass); it ex-
plained little variation and therefore was not retained
in the analyses.

Percentage germination was analyzed with ANOVA
with maternal environment, paternal environment, and
planting site as fixed effects (GLM procedure [SAS
Institute 1990]). Family and block (nested within site)
were treated as random effects. If there was a signifi-
cant interaction between parental environment and
planting site, indicating that the expression of parental
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TABLE 1. Results of ANOVA to determine the effect of
maternal and paternal nutrient levels on percentage ger-
mination for Campanula americana seeds planted into two
natural sites (Virginia, USA).

Source of variation df MS F

Maternal nutrient
Paternal nutrient
Mat. nutrient 3 Pat. nutrient
Site

2†
2†
4
1†

0.192
0.105
0.024
0.054

2.33
2.38
0.58
0.25

Mat. nutrient 3 Site
Pat. nutrient 3 Site
Family
Mat. nutrient 3 Family
Pat. nutrient 3 Family
Block(Site)
Error

2
2
7†

11
14
8

306

0.166
0.013
0.072
0.105
0.044
0.194
0.042

3.96*
0.31
0.70
2.51**
1.06
4.64***

* P , 0.05, ** P , 0.01, *** P , 0.001.
† Denominator dfmaternal nutrient 5 17, dfpaternal nutrient 5 20, dfsite

5 8, dffamily 5 11.

FIG. 1. Percentage germination at the Station site of Cam-
panula americana seeds produced under low, medium, and
high maternal nutrient conditions. Data are means 6 1 SE.
Bars with different lowercase letters indicate that the means
differ at a 5 0.05.

effects differed between sites, separate analyses were
conducted for each site. When there were significant
parental environmental effects, Tukey multiple-com-
parison tests were used to compare treatments levels
within a factor. Variation among families represents
broad-sense genetic variation (e.g., Kalisz and Wardle
1994) and includes potential ‘‘grandparental’’ environ-
mental effects on the field-collected parental seed (ex-
pected to be small, Wulff et al. 1999). The interaction
between parental environments and family reflects ge-
netic variation in parental environmental effects. Per-
centage germination was arcsine transformed to meet
the assumptions of normality.

Within a replicate, seeds could germinate in the fall,
in the spring, or in both seasons. In the majority of
cases (at least 70%, see Results, below), seeds in a
replicate germinated in only one season. Because the
germination season of a replicate was largely dichot-
omous, it was redefined as a categorical variable for
analysis. Replicates in which germination occurred in
both seasons but was greater in the fall were assigned
to the ‘‘fall’’ category, while replicates in which the
preponderance of individuals germinated in the spring
were assigned to the ‘‘spring’’ category. Replicates that
had equal fall and spring germination (3% for parental
light environments and 10% for parental nutrient en-
vironments) were not included in the analysis. This
categorical translation of germination season was an-
alyzed using log-linear categorical analysis with max-
imum likelihood to estimate parameters (CATMOD
procedure [SAS Institute 1990]). The model included
the maternal environment, the paternal environment,
planting site, family, and block as main effects. Fol-
lowing examination of results of the initial model, non-
significant interactions were sequentially dropped to
find the simplest model without significant residual var-
iation (Knoke and Burke 1980). It was not possible to
test for an interaction between parental environmental
effects and family due to sample size. The main effects
of block and family were dropped from the parental

nutrient analysis so that the model would provide a
good fit to the data. For each maternal environment,
the proportion of individuals that germinated in the
spring was tested against 50%, the value expected in
the absence of a seasonal bias to germination, using a
heterogeneity G test for replicated tests of goodness of
fit (Sokal and Rohlf 1981). The P values for the good-
ness-of-fit tests were Bonferroni adjusted to maintain
an a 5 0.05. The data were also analyzed using alter-
native approaches that considered the replicates that
germinated only in the fall or spring independent of
the replicates that germinated in both seasons. These
analyses gave qualitatively similar results to those pre-
sented here (results not included) and support the use
of a single categorical variable to describe season of
germination.

RESULTS

While percentage germination was small it was in-
fluenced by both parental light and nutrient conditions.
A total of 1430 of the 11 246 seeds germinated—12.1%
of those produced in the parental light environments
and 13.2% from the parental nutrient environments.
The effect of maternal nutrients on percentage ger-
mination differed between the two planting locations
(Table 1). At the Station site, seeds produced on ma-
ternal plants grown in medium- and high-nutrient con-
ditions had significantly greater levels of germination
than those produced on low-nutrient mothers (F2,17 5
3.55, P , 0.05; Fig. 1). There was no significant effect
of maternal nutrient environment on germination per-
centage at the Home site (F2,30 5 0.77, P 5 0.47).
Maternal light environment also did not affect per-
centage germination (Table 2). However, the paternal
light environment did influence germination percentage
(Table 2). Seeds whose fathers grew under low-light
conditions germinated in larger numbers than seeds
from fathers in which light was not as limited (Fig. 2).

Families did not differ in percentage germination for
either the parental light or nutrient experiments (Tables



October 2001 2785PARENTAL ENVIRONMENTAL EFFECTS

TABLE 2. Results of ANOVA to determine the effect of
maternal and paternal light levels on percentage germina-
tion for Campanula americana seeds planted into two nat-
ural sites.

Source of variation df MS F

Maternal light
Paternal light
Mat. light 3 Pat. light
Site

2†
2†
4
1†

0.013
0.272
0.028
0.492

0.30
4.21*
0.73
7.49*

Mat. light 3 Site
Pat. light 3 Site
Family
Mat. light 3 Family
Pat. light 3 Family
Block(Site)
Error

2
2
7†

13
14
8

214

0.072
0.043
0.098
0.046
0.071
0.066
0.038

1.89
1.13
1.38
1.22
1.86*
1.72‡

* P , 0.05, ‡ P , 0.10.
† Denominator dfmaternal light 5 21, dfpaternal light 5 18, dfsite 5

8, dffamily 5 14.

TABLE 3. Results of log-linear analysis of season of ger-
mination at two natural sites to determine the effect of
maternal and paternal nutrient levels on life history of Cam-
panula americana.

Source of variation df x2 P

Maternal nutrient
Paternal nutrient
Mat. nut. 3 Pat. nut.
Site
Mat. nut. 3 Site
Pat. nut. 3 Site

2
2
4
1
2
2

9.87
1.10
2.61

10.54
0.51
2.68

,0.007
,0.058
,0.62
,0.001
,0.77
,0.26

FIG. 2. Percentage germination of Campanula americana
seeds produced under three paternal light environments (low,
medium, and high) planted in nature. Data are means 6 1 SE.
Bars with different lowercase letters indicate that the means
differ at a 5 0.05.

FIG. 3. Percentage of Campanula americana seedlings
that germinated in the spring from seeds produced under three
maternal nutrient or three maternal light environments. A
50% spring germination indicates no seasonal bias, whereas
.50% reflects a majority of germination in the spring (*P ,
0.05, (*) 5 not significant following adjustment for multiple
tests due to smaller sample size).

1 and 2). However, there was a significant interaction
between parental environments and family. Percentage
germination in response to maternal nutrient conditions
varied among families (Table 1). Similarly, germina-
tion percentage in response to paternal light environ-
ments varied among families (Table 2). These results
demonstrate genetic variation in the response of per-
centage germination to maternal nutrient and paternal
light environments.

Maternal light and nutrient environments influenced
timing of germination in C. americana. In the pooled
data, a total of 213 of the parental light replicates and
273 of the parental nutrient replicates had germination
and could be used to evaluate seasonal effects. Of these,
seeds in most replicates (70% parental nutrient and
88% parental light) germinated in only one season.
Maternal nutrient level influenced the season of ger-
mination (Table 3). Seeds produced on medium- and
high-nutrient maternal plants were equally likely to
germinate in the fall as in the spring (medium G 5
0.05, df 5 1, P . 0.75; high G 5 0.10, df 5 1, P .

0.75). In contrast, seeds from plants grown under low
maternal nutrient conditions were half again as likely
to germinate in the spring (G 5 15.63, df 5 1, P ,
0.001; Fig. 3). Maternal light environment also influ-
enced germination season (Table 4). Germination of
seeds produced on medium-light mothers was relative-
ly unbiased between the seasons (G 5 0.83, df 5 1, P
, 0.25). In contrast, seeds from maternal plants grown
under either high- or low-light conditions were more
likely to germinate in the spring (high G 5 6.80, df 5
1, P , 0.01; low G 5 3.81, df 5 1, P 5 0.05 [the later
is not significant following adjustment for multiple
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TABLE 4. Results of log-linear analysis of season of ger-
mination at two natural sites to determine the effect of
maternal and paternal light levels on life history of Cam-
panula americana.

Source of variation df x2 P

Maternal light
Paternal light
Mat. light 3 Pat. light
Site

2
2
4
1

10.20
1.40
2.75
9.66

,0.006
,0.50
,0.60
,0.002

Mat. light 3 Site
Pat. light 3 Site
Family
Block(Site)

2
2
7
8

3.04
1.05

17.71
22.04

,0.22
,0.59
,0.02
,0.005

comparisons]), with half again as much spring ger-
mination as seeds of medium-light mothers (Fig. 3).

DISCUSSION

Parental environmental effects on
percentage germination

Although germination rates in Campanula ameri-
cana were low, they were influenced by both maternal
and paternal environments. The expression of maternal
nutrient effects on offspring germination varied be-
tween the planting locations. At the Station site, seeds
from medium-nutrient mothers had the greatest ger-
mination and those from low-nutrient maternal plants
the least. However there was no significant effect of
maternal nutrient level on germination at the Home site.
Interestingly the pattern of maternal effects on ger-
mination at the Station site resembles that found under
near-optimal conditions (see below). Although the two
sites are similar, a number of environmental factors
differ between them including aspect and moisture lev-
el (personal observation). As a consequence, germi-
nation differences between the sites likely reflect dif-
ferences in the offspring environment. Controlled-en-
vironment studies have also demonstrated that the ex-
pression of maternal effects depends on the offspring
environment (e.g., Schmitt et al. 1992, Wulff and Baz-
zaz 1992, Wulff et al. 1994). More studies in natural
environments are needed to understand the extent to
which parental environmental effects can be general-
ized across offspring environments. This information
is necessary to determine the potential role of parental
effects in a species’ ecology and evolution.

Paternal light environment influenced percentage
germination. Germination rates were greatest for seeds
whose fathers grew under low-light conditions. We
know very little about paternal environmental effects
in plants (Young and Stanton 1990, Schmid and Dolt
1994, Lacey 1996). In contrast to the maternal envi-
ronment, experienced by the offspring throughout seed
development, the paternal environment’s influence is
only pre-zygotic. As a consequence paternal environ-
ments have long been thought to have a negligible ef-
fect on the offspring phenotype (Roach and Wulff
1987). However, a number of recent studies have dem-

onstrated that pollen quality and quantity varies with
the environment and may affect an individual’s ability
to sire seeds (e.g., Young and Stanton 1990, Delph et
al. 1997, Aizen and Raffaele 1998, Lehtilä and Strauss
1999). Because pollen was pooled across donors within
an environmental treatment in this study, there are two
likely sources of paternal environmental effects.

First, recall that siblings from the same families were
raised in all three levels of the environmental treatment.
Therefore, on average, the pollen pool should be ge-
netically consistent across the environments. However,
if changes in pollen quality or quantity in response to
a specific environment varied among the families (i.e.,
genotype-by-environment interaction), the family with
the greatest probability of siring offspring in the mixed-
pollen pool may vary among the paternal environ-
ments. If this family also differs for germination char-
acters, genotype-by-environment interactions for pol-
len traits may give rise to apparent paternal environ-
mental effects. The second possible source of paternal
environmental effects represents changes in gene ex-
pression, in the genotype of pollen matured, or in pro-
visioning of pollen across the paternal environments
(see Mazer and Gorchov 1996). These mechanisms dif-
fer from genotype-by-environment effects on pollen
characters because they change the phenotype of the
offspring produced by all sires. Hence the paternal en-
vironment does not influence which individuals are
likely to serve as sires, but rather the offspring char-
acteristics of those sires. Regardless of the mechanism
underlying the paternal environmental effects, this
study demonstrates that the germination phenotype of
the offspring depends on the light environment a set
of pollen donors is grown in. In natural populations
where light levels are frequently heterogeneous, it may
be difficult to conclude that differences among off-
spring with different sires are genetically based.

Maternal environmental effects on life history

Maternal light and nutrient environments influence
life history in C. americana under field conditions. The
season of germination determines life history because
vegetative rosettes need a cold period to induce flow-
ering (Baskin and Baskin 1984). As a consequence,
individuals that germinate in the fall are vernalized
immediately and flower as annuals the following sum-
mer, whereas individuals that germinate in the spring
complete a growing season prior to vernalization, and
flower in their second summer as biennials. Seeds from
plants grown under low and high maternal light levels
were more likely to germinate in the spring, while those
from plants grown under medium maternal light con-
ditions germinated evenly across seasons. As a result,
medium-light mothers have on average an equal fre-
quency of annual and biennial offspring, while low-
and high-light mothers have more biennial offspring.
Similarly, low maternal nutrient conditions biased ger-
mination season toward spring and therefore biennial
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offspring, whereas the two life histories were evenly
represented in offspring of plants grown in medium
and high maternal nutrient levels. For both environ-
mental gradients, half again as many biennials were
produced when the maternal environment biased the
germination season of the progeny.

In C. americana, timing of germination is associated
with fitness through its influence on life history. Annual
C. americana are less fecund than biennials (Wardle
1995, unpublished data). However, population growth
(l) is a more appropriate fitness estimate because it
integrates survival, fecundity, and lifespan. The sep-
arate contributions of the two life histories to popu-
lation growth can be estimated using a demographic
analysis of the life-cycle graph (Wardle 1998). De-
mographic loop analysis in two Michigan populations
found that biennials contributed more to population
growth than did annuals (Wardle 1998). However, tem-
poral and spatial variation in the contribution of each
life history to population growth resulted in an occa-
sionally greater contribution by annuals (Wardle 1995).
This work suggests that in C. americana maternal en-
vironments are likely to influence fitness through ef-
fects on germination timing. The timing of germination
is associated with fitness in other studies (e.g., Kalisz
1986, Biere 1991, Stratton 1992), so maternal effects
on juvenile characters in other species may also influ-
ence fitness.

Comparison with germination under
controlled conditions

Parental environmental effects on germination char-
acters expressed under field conditions resemble those
found when seeds were germinated in near-optimal
conditions in a growth chamber. For example, seed pro-
duced on plants in medium-nutrient conditions had the
greatest percentage germination in the growth chamber
(Galloway 2001) and at the Station site. In addition,
maternal effects on the timing of germination were sim-
ilar in the growth chamber and in the field. Seeds from
medium-light mothers had the earliest germination in
the growth chamber (Galloway 2001) and were more
likely to germinate in the fall in the field. This suggests
that the mechanism underlying the season of germi-
nation may simply be the length of time it takes a seed
to germinate, rather than external cues such as a tem-
perature, day length, or moisture. Similarities across
the germination experiments suggest that for some
traits parental environmental effects are robust and
their expression varies little with the offspring envi-
ronment.

Contribution of parental environmental effects
to evolution

Adaptive evolution of parental environmental effects
is expected if three conditions hold: (1) there is genetic
variation for parental effects; (2) the cue that elicits
the parental environmental effects is a good predictor

of the progeny environment; and (3) specific patterns
of parental effects enhance fitness (Mousseau and Fox
1998). In the present study there was variation among
families in percentage germination in response to ma-
ternal nutrient and to paternal light levels. These results
suggest that maternal and paternal environmental ef-
fects on germination are genetically variable under field
conditions. I was not able to test for variation among
families in maternal effects on germination season.
However, under controlled conditions there was vari-
ation among families for the influence of maternal light
and parental nutrients on the number of days to ger-
mination, a similar character (Galloway 2001). A num-
ber of studies have found genetic variation in maternal
environmental effects under controlled conditions (e.g.,
Schmitt et al. 1992, Platenkamp and Shaw 1993, Wulff
et al. 1994, Lacey 1996). Finding significant genetic
variation in parental effects under field conditions in
C. americana supports the idea that the genetic vari-
ation measured in these controlled-environment studies
will be expressed in nature.

Are parental nutrient and light environments likely
to be good predictors of offspring environments? The
light environment is heterogeneous within the Home
site. The majority of C. americana grow in the forest
understory, but a fraction of the population grows in
a large light gap. Seeds have no special dispersal mech-
anisms; mature fruit develop pores at the top and seeds
shake out when wind blows. As a consequence, I expect
offspring light environments are similar to maternal
light environments (i.e., light gap or understory). In
contrast, paternal light levels are less likely to be a
good cue of the offspring light because gene movement
through pollen is typically greater than through seed
(Levin and Kerster 1974, McCauley 1994). At this site
soil characters are homogeneous (personal observa-
tion) and therefore nutrient levels likely vary at a small-
er spatial scale, reducing potential associations across
generations. However, in other sites soil types are
patchily distributed (e.g., River population, Galloway
2001).

How might maternal environmental effects on season
of germination be adaptive? As an example, when re-
sources are limited (e.g., low-light or low-nutrient con-
ditions) the fitness of biennials may be greater than that
of annuals. This possibility is suggested by other stud-
ies that have shown that individuals of semelparous
species with indeterminate life spans (i.e., facultative
biennials) are typically longer lived under resource-
limited conditions (e.g., Werner 1975). If parental en-
vironments are a reliable indicator of offspring envi-
ronments and therefore offspring of individuals grown
under resource-limited conditions also grow under re-
source-limited conditions, then the greater frequency
of biennial offspring observed for individuals grown
under low-light or low-nutrient conditions is consistent
with this adaptive explanation. Adaptive maternal en-
vironmental effects for life history have been docu-
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mented for insects and amphibians (reviewed in Mous-
seau and Fox [1998]), but there is little information to
date for plants.

In summary, this study demonstrates that parental
environmental effects are likely to contribute to life-
history evolution in C. americana. First, both the ma-
ternal and the paternal environments influence the off-
spring phenotype under natural conditions. Second,
some parental environmental effects exhibit broad-
sense genetic variation. Last, maternal environments
influence fitness by determining offspring life history.
These results suggest that we need to move studies of
parental environmental effects from controlled condi-
tions into natural environments (e.g., Schmitt et al.
1992). Natural variation in nutrient and light is likely
to differ from the greenhouse treatments. In particular,
the parental light environments differed in the quantity
of light whereas in nature light quantity and quality
typically covary (Smith 1982). To fully understand the
potential ecological and evolutionary contributions of
parental environmental effects it is necessary to grow
both generations in nature. We are currently using this
approach to explore the effects of natural variation in
light on offspring life history in C. americana.
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