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Introduction

Summary

In outcrossing plants, seed dispersal distance is often less than pollen movement. If
the scale of environmental heterogeneity within a population is greater than typical
seed dispersal distances but less than pollen movement, an individual’s environment
will be similar to that of its mother but not necessarily its father. Under these con-
ditions, environmental maternal effects may evolve as a source of adaptive plasticity
between generations, enhancing offspring fitness in the environment that they are
likely to experience. This idea is illustrated using Campanula americana, an herb that
grows in understory and light-gap habitats. Estimates of seed dispersal suggest
that offspring typically experience the same light environment as their mother. In a field
experiment testing the effect of open vs understory maternal light environments,
maternal light directly influenced offspring germination rate and season, and
indirectly affected germination season by altering maternal flowering time. Results
to date indicate that these maternal effects are adaptive; further experimental tests
are ongoing. Evaluating maternal environmental effects in an ecological context
demonstrates that they may provide phenotypic adaptation to local environmental
conditions.
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in trait expression may represent a passive response to resource
limitation, for example reduced biomass under limited light

Environmental variation is ubiquitous at a range of spatial scales.
However, sessile organisms, such as plants, typically experience
asingle environment throughout their lives. They may be exposed
to other environments between generations through the dispersal
of pollen and seeds, or through changes in the local environ-
ment. Plants often respond to environmental variation with
phenotypic plasticity. This environmentally induced change
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conditions. However more typically, plasticity is a functionally
appropriate adjustment of the phenotype that acts to enhance
fitness under current environmental conditions (e.g. Dudley
& Schmitt, 1996; Weinig, 2000; Van Kleunen & Fischer,
2003). For example, increasing allocation to leaf tissue under
limited light conditions will enhance resource uptake, and
increase reproductive output relative to individuals that
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maintain the same allocation pattern. This adaptive plasticity
is the product of selection for different genetically based trait
values in different environments.

Plastic response to the environment may extend to an
individual’s offspring, influencing offspring trait expression.
Both paternal and maternal environments may contribute to
transgenerational plasticity, although maternal effects are
typically greater in magnitude than paternal effects (e.g. Schmid
& Dolt, 1994; Lacey, 1996; Etterson & Galloway, 2002). This
is because in addition to the prezygotic environmental effects
that both parents contribute, the offspring’s early growth takes
place on the maternal plant. The maternal environment
may influence the phenotype of the offspring directly, through
maternal provisioning, or through plasticity of traits in the
maternal plant that influence offspring trait expression
(Roach & Wulff, 1987; Donohue & Schmitt, 1998). As an
example of the latter, maternal branching pattern in Cakile
edentula influences offspring dispersal distance and that, in
turn, determines offspring density and consequently branching
architecture (Donohue, 1999). Here I focus on these maternal
environmental effects but use the phrase interchangeably
with maternal effects, although the latter is more broadly
defined (Mousseau & Fox, 1998).

Maternal environmental effects may provide adaptive plas-
ticity across generations (Mousseau & Fox, 1998). Adaptive
maternal effects, like phenotypic plasticity, are expected to
evolve as a mechanism to ameliorate factors that reduce
offspring fitness in specific environments. For example, offspring
of Polygonum persicaria grown under low light allocate pro-
portionately more resources to shoot growth than those from
higher light parents, and offspring of limited-nutrient plants
allocate proportionately more to root growth than genetically
similar individuals with nutrient-rich parents (Sultan, 1996).
Three conditions must be met for the evolution of adaptive
maternal effects (Donohue & Schmitt, 1998). First, the maternal
environment must predict the progeny environment. Second,
maternal environmental effects must enhance the fitness of
the offspring and parent generations. Third, there must be
genetic variation in maternal effects (i.e. maternal genotype—
maternal environment interaction). In plants, there is abundant
evidence for genetic variation in maternal environmental
effects (Donohue & Schmitt, 1998). However, there is less
evidence that parental and progeny environments are corre-
lated or that maternal effects are adaptive. The latter is in part
because few studies have grown both parental and offspring
generations in natural environments. Although potentially
adaptive maternal effects have been found when either the
parental (Schmitt ez al, 1992; Galloway, 1995), or offspring
(Lacey & Herr, 2000; Galloway, 2001b), generation was grown
in nature.

Here I combine the conditions required for adaptive maternal
effects with a discussion of the ecological context in which these
traits evolve to develop the idea that maternal effects may
provide phenotypic adaptation to local habitats. I then illustrate
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these concepts using my research on Campanula americana.
My approach complements a recent review describing how
maternal effects provide habitat selection (Donohue, 2003).

Gene dispersal and adaptive maternal effects

The movement of pollen among individuals in a population
results in a common gene pool and therefore virtually no
opportunity for genetic specialization to local environments
within populations. In outcrossing plants, gene movement via
pollen is typically greater than that through seed (Levin &
Kerster, 1974; McCauley, 1994). Wind and insect vectors may
carry pollen throughout a population; however, seed dispersal
is often restricted to sites near the maternal plant. Because the
spatial scale of pollen and seed movement is different, the
patch size that results in dispersal within environments is also
expected to differ. In particular, environmental variation that
is patchy at a scale that encompasses most seed dispersal,
but not necessarily pollen movement, results in individuals
that experience an environment similar to their mother but
perhaps not their father. If local environments are predictable
across generations, environmental maternal effects represent a
mechanism by which maternal plants can adjust the phenotype
of their offspring to enhance its success in the environment
that it is likely to encounter. If seeds happen to disperse into
a different habitat patch, environmental maternal effects may
miscue offspring trait expression for that location and reduce
fitness. However, fitness will be reduced for only a single
generation because the plastic response of individuals to the
new habitat will induce appropriate maternal effects.

Strictly genetic adaptation, that is a fixed maternal strategy,
is expected when environmental variation is at a greater spatial
scale than the movement of both pollen and seeds. This is
often found between populations with the genetic differenti-
ation referred to as local adaptation (Linhart & Grant, 1996).
Pollen dispersal between environments or habitats will instead
favor the evolution of adaptive plasticity (e.g. Tufto, 2000;
Sultan & Spencer, 2002). By enhancing performance in the
environments individuals experience, this plasticity provides
phenotypic adaptation. Therefore, in a population occupying
a heterogeneous environment, restricted seed dispersal and
continuity of habitat patches between generations will select
for maternal environmental effects to provide phenotypic
adaptation to local environmental conditions.

Maternal environmental effects in an ecological context

To date most research on maternal effects has focused on
elucidating patterns of offspring response to maternal environ-
ments. Studies have demonstrated most environments elicit
maternal effects (Roach & Waulff, 1987), that these effects are
environment-specific (Sultan, 1996; Rossiter, 1998; Galloway,
2001a) with their expression often depending on the offspring
environment (Schmitt ez af, 1992; Munir et al., 2001), and
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that maternal effects are expressed throughout the life cycle and
may persist for several generations (Alexander & Wulff, 1985;
Miao et al., 1991; Case et al., 1996; Lacey & Herr, 2000).
However, maternal effects must be studied in an ecological
context to establish whether or not they are adaptive.

What attributes of a population are expected to influence
the likelihood that maternal effects will evolve as a source of
phenotypic adaptation to local environments? One character-
istic is the size of habitat patches. For example, soil nutrients
may vary over very small spatial scales (10 cm; Lechowicz &
Bell, 1991), and individual fitness and selection may also fluc-
tuate in response to microenvironmental variation (Stratton
& Bennington, 1998). We do not expect adaptive maternal
effects to such fine scale and temporally variable environments
because offspring often won’t encounter maternal environ-
ments. However, populations may span distinct soil nutrient
habitats (e.g. serpentine outcrops), water regimes, or light
environments (e.g. forest understory and light gaps). Here the
environmental differences are at a large enough spatial scale to
encompass seed dispersal and are predictable between gener-
ations, providing appropriate conditions for the evolution of
maternal effects that result in phenotypic adaptation. The
frequency of habitat patches will also influence the evolution of
adaptive maternal effects. Adaptive cross-generation plasticity
is unlikely to evolve in response to rare habitats, even if they
represent strong selection, because only a small portion of the
gene pool will experience these environments. Selection is
expected to mould adaptive responses to common environ-
ments encountered by many individuals. As a consequence,
maternal environmental effects that enhance fitness are less
likely in response to extreme drought, novel temperature, or
elevated CO, levels, than to more mundane environmental
variation.

What aspects of the maternal plant influence the likelihood
that maternal environmental effects will serve as a source of
phenotypic adaptation? One of the most important attributes
is the range of seed dispersal. For plants where long distance
seed dispersal is common, the maternal environment may not
be a very good predictor of the offspring environment. There-
fore maternal effects that convey adaptations to specific
environments are less likely to evolve. (The exception is where
the maternal plant directs dispersal to a specific habitat;
Donohue, 2003.) Mating system is a second attribute that will
influence the importance of maternal effects in adaptive evo-
lution. In obligately selfing species with limited seed dispersal,
the limited movement of both pollen and seeds is expected
to favor genetic specialization to local environments (e.g.
Schmitt & Gamble, 1990). Whereas in species where gene move-
ment by pollen occurs across habitats, maternally determined
trait expression will more effectively confer adaptation to local
environments.

Several studies provide evidence suggesting maternal effects
serve as a source of phenotypic adaptation to local environ-
ments. For example, P lanceolata is found in mowed and
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long-grass areas. Offspring of individuals from unmowed
areas have greater fitness than those from mowed areas in
both habitats (Donohue & Schmitt, 1998). However, the
cumulative fitness, considering both parent and offspring
generations, is greatest when offspring are planted into their
maternal environment. Similarly, Hangelbroek ez 2/ (2003)
found local adaptation of an aquatic macrophyte to substrate
type (clay vs sand) was mediated by maternally determined
tuber size. In both cases, the study of maternal effects in an
ecological context permitted a better understanding of their
contribution to adaptive evolution.

Maternal effects as phenotypic adaptation to local
environments: a case study

I will use our work on Campanula americana, an understory
forest herb, as an example of how maternal effects may serve
as a source of phenotypic adaptation to local environmental
conditions. Campanula americana L. (= Campanulastrum
americana Small) individuals grow as either annuals or
biennials; the life history schedule is determined by the season
of germination (Baskin & Baskin, 1984). Vegetative rosettes
require a cold period to induce flowering, therefore seedlings
that germinate in the fall are vernalized immediately, bolting
and flowering the following summer as annuals. However,
plants from spring germinating seeds grow for a season
and flower their second summer as biennials. Annual and
biennial plants co-occur, flowering at the same time, and
an individual’s seeds may germinate in either or both seasons.
In addition to life span, annuals and biennials may differ
in fecundity and experience different patterns of selection
because they differ in age and size (cf. Donohue, 2002).
Maternal effects may be important in the evolution of C.
americanabecause timing of germination, like most seed traits
(Roach & Wulff, 1987), is likely to be maternally influenced
and has profound consequences for individual life history and
fitness.

Campanula americana populations are often found in hab-
itats where light is a patchily distributed resource. In south-
western Virginia, populations typically span distinct light
environments with some individuals growing under the forest
canopy and others in light gaps or road cuts. Understory
individuals receive no direct sun while plants in gap areas are
typically in full sun for part of the day. Light availability in gaps
ranges from eight times that of under-canopy areas in the early
morning, to 50 times greater in the afternoon (J. R. Etterson
& L. E. Galloway, unpublished). Individuals are rarely found
in complete full sun, and these plants exhibit signs of stress
including short stature, reduced foliage and branching, and
expression of anthocyanin in the leaves and stems. In light gaps
C. americana are on average 10 times larger than under the
forest canopy (mean biomass + SE of full-sibs grown in gap
areas 8.27 £ 0.82 g, 7 = 70, and under canopy 0.57 + 0.06 g,
n = 68; see also Galloway, 2001a). In addition, the specific leaf
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area for these gap plants was half that of the individuals under
the forest canopy (L. E Galloway & J. R. Etterson, unpublished).
Larger specific leaf area is associated with thinner leaves and is
a classic plastic response to reduced light (Bjérkman, 1981,
e.g. Steinger ez al., 2003).

To evaluate whether adaptive maternal effects are likely to
be found in response to local light environments, we first need
to know whether maternal habitats predict offspring habitats.
Specifically, what is the scale of seed dispersal in relation to
light gap size? and are these habitats predictable between gen-
erations? Seed dispersal in C. americana occurs in late summer
following the opening of four pores at the top of each capsule.
Seeds have no special dispersal structures and passively fall out
when the wind blows or animals jostle the plants. Therefore
primary seed dispersal is expected to be limited (< 1 m).
However, secondary dispersal (seed movement once on the
ground) may exceed primary dispersal because C. americana
is frequently found in steep areas and seeds may move down-
hill, especially during rainfall. We measured secondary seed
dispersal by establishing 10 plots in a natural population
growing on an incline and 10 plots in a level area 3.6 km away.
Plots in both sites were located in areas without leaf litter. We
included the two sites to determine the extent to which
incline influences secondary seed dispersal. At two times in
the growing season 400 seeds were placed in the center of each
plot. Seeds are small (c. 1.4 mm long) and therefore we lightly
coated them with fluorescent spray paint to make them easier
to find. About 2 wk later we carefully searched each plot at
night using a black light and marked seed locations.

We found secondary seed movement is limited (Fig. 1). On
the sloped site, not surprisingly, most seeds (83%) moved
downbhill. The maximum distance moved was 1.45 m, while
the median distance was 0.26 m. On the level site the
maximum seed movement was slightly less, 0.81 m, but
the median distance was similar, 0.20 m. Although secondary
dispersal may continue until seeds germinate, further seed
movement may be reduced by leaf litter or obstacles (e.g. rocks,
sticks). Light areas in natural populations range from gaps
¢. 12 m in diameter to stream and road cuts that run the
length of populations (pers. obs.). Therefore even with addi-
tional movement, seed dispersal is typically on a smaller scale
than light patches. As a consequence, while gene movement
through insect-vectored pollen is undoubtedly substantial in
this highly outcrossing species (Galloway ez al., 2003), seeds
are likely to remain in their mothers light environment.
Therefore selection may increase the frequency of maternal
environmental effects that enhance offspring fitness in
maternal light habitats.

We conducted two studies to investigate whether maternal
effects associated with plastic responses to light affect offspring
trait expression. In the first, seeds were created on C. ameri-
cana grown in a glasshouse under full sun (‘high’), 30%
neutral shade (‘medium’), and 73% neutral shade (‘low’). The
seeds were planted into an understory area of their home
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Fig. 1 Secondary seed dispersal distance in Campanula americana.
Seed movement over c¢. 2 wk was measured (a) both uphill and
downbhill in a natural population and (b) in a nearby level site. Note
that the axes differ between the plots.

population and a nearby site with a similar light regime. We
then scored germination during the fall and spring (Galloway,
2001b). We found the germination of seeds produced on
medium-light mothers was relatively unbiased between
seasons. By contrast, seeds from maternal plants grown under
either high or low light conditions were more likely to germi-
nate in the spring than the fall (Fig. 2; Galloway, 2001b). In
addition when seeds were grown under controlled conditions,
the effect of maternal light on timing of germination was anal-
ogous to that found in the field and it varied among families
(maternal family*maternal light; Galloway, 2001a). These
results demonstrate that maternal light environment influ-
ences offspring season of germination and therefore life
history schedule, and that these maternal effects are genetically
variable. However, the interpretation of this study is limited
for two reasons. First, maternal plants experienced differences
in light quantity but not light quality (i.e. red: far-red ratio).
Light quantity and quality typically covary (Smith, 1982) and
adaptive plasticity to light quality has been found in other
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Fig. 2 Percentage of Campanula americana seedlings that germinated
in the spring for seeds produced under three maternal light environments
and planted into the field. Spring germination of 50% indicates no
seasonal bias, while > 50% reflects a majority of germination in the
spring (*, P < 0.05). Modified from Galloway (2001b).

studies (e.g. Schmitt ¢t a/., 2003). Second, the offspring were
planted into a uniform light environment, therefore it was not
possible to determine whether the observed maternal effects
were adaptive.

To address these limitations, we conducted a second study
in which both generations were grown under natural condi-
tions. The aim of this experiment was first to establish
patterns of maternal effects elicited by natural variation in
light availability; and second to determine whether these maternal
effects enhance the fitness of offspring when grown in the
mother’s environment. This study is ongoing and therefore I
provide a preliminary summary here. Individuals of 70 full-
sib families were planted into light gap and understory regions
of a natural population to serve as maternal plants. Additional
plants were grown in the light gap for use as pollen donors.
When the plants flowered, gap and canopy siblings were
pollinated with the same pollen donor. This resulted in offspring
that were genetically similar (full-sib mothers, the same father)
but produced in different maternal light environments. The
offspring were planted into both gap and canopy regions of
the population just before natural fruit ripening the following
year and were scored for germination in the fall and spring.

The influence of maternal light environment on rate of fall
germination depended on the offspring light environment
(log-linear analysis: offspring light*maternal light x? = 24.69,
d.f. =1, P<0.001). In the fall, twice as many seeds germi-
nated in the light gap if their mother had grown in the gap.
Similarly, in the understory twice as many seeds germinated
if their mother had also grown under the forest canopy
(L. E Galloway & ]J.R. Etterson, unpublished). Therefore
rates of fall germination were greater when the offspring envi-
ronment matched the maternal environment. Probability of
germination is an important fitness component, and for this
stage of the life cycle offspring fitness was greater in their
maternal habitat. Maternal environment also influenced season
of germination (log-linear analysis: maternal light*season y? =
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7.77, d.f. = 1, P<0.005). Fall germination was greater for
seeds produced on plants grown in the sun while spring
germination was greater for seeds produced on plants grown
in the shade (L. E Galloway & J. R. Etterson, unpublished).
To fully evaluate the extent to which these maternal light
effects are adaptive we need to estimate offspring survivorship
and fecundity in light gap and canopy regions of the population;
this work is currently underway.

Maternal flowering time may also influence offspring trait
expression. In C. americana the date a flower is open is strongly
correlated with the date of fruit maturation from that flower
(r.,=0.88, n=134, P<0.001; Galloway, 2002). Therefore
early flowering plants mature their seeds earlier than late flow-
ering plants. Might the timing of fruit maturation influence
offspring season of germination and consequently life history
schedule? To answer this question, flowers were labeled every
5 d on plants in a natural population. Fruits were harvested
when mature and the seeds grouped into early ripening fruit,
intermediate-ripening fruit, and late-ripening fruit. Each
group was planted shortly after they were harvested and
germination was monitored in the fall and spring (Galloway,
2002). Flowering date was strongly associated with offspring
season of germination. Early planted seeds from early season
flowers were more likely to germinate in the fall than late-
planted seeds from late-season flowers (Fig. 3; germination
season*planting time %? = 8.03, d.f. = 2, P<0.018; Galloway,
2002). Seeds from flowers produced throughout the season
did not differ in germination timing under controlled condi-
tions (Galloway, 2002). Therefore the difference in season of
germination of seeds from early and late lowers was not due
to intrinsic factors. Greater fall germination of seeds from
early season flowers was probably due to the longer period of
time that seeds were available for germination before the onset
of winter, and /or temperature and moisture conditions more
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Fig. 3 The percentage of pots with seeds germinating in the fall and
spring when seeds from plants in a natural Campanula americana
population were planted as they matured. Because the time in the
season that a flower is open is positively correlated with when it
produces a mature fruit, early planted seeds are from early season
flowers, while late-planted seeds are from late season flowers.
Modified from Galloway (2002).
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favorable for germination early in the fall. In summary, off-
spring life history schedule is determined in part by maternal
flowering time with early flowering plants giving rise to more
annual offspring than later flowering plants.

Flowering time exhibits plasticity in response to light
availability. Plants in light gaps initiate flowering earlier than
plants under the forest canopy. For example, the full-siblings
discussed above flowered on average 10 d earlier when planted
in the light gap than under the canopy (z=4.94, d.f. = 123,
P<0.001; L. E Galloway & J.R. Etterson, unpublished).
Although this may result in some early season assortative
mating, plants in both habitats largely overlap in their flowering
phenology because the flowering season is 4—6 wk long
(Galloway, 2002). Because flowering date is associated with the
timing of fruit maturation and offspring germination season,
maternal light environment may influence offspring life
history schedule via its effect on maternal flowering time.
Specifically, plants growing in light gaps will produce their seeds
before plants growing under the forest canopy and these early
produced seeds have a greater opportunity to germinate in the
fall as annuals. Variation in flowering time is in part geneti-
cally controlled (L. E Galloway, J. R. Etterson & K. S. Burgess,
unpublished), and we are currently evaluating the potential
for selection to mould life history schedule by acting directly
on season of germination, a maternally inherited trait, as
well as on the maternal trait, flowering time (e.g. Wolf ez 4L,
1998).

Our studies of the effect of maternal light environment on
germination proportion and season reveal that a single envi-
ronmental factor may create maternal effects through several
mechanisms in C. americana. Fall germination was greater
for seeds planted into their mother’s light environment. In
addition, fall germination was greatest for seeds produced
on maternal plants grown in the sun, and spring germination
greatest for seeds from shade-grown mothers. These maternal
effects were all due to intrinsic differences in the seeds because
all seeds were planted at the same time. Differences in phenology
with earlier produced seeds in light gaps and later produced
seeds under the canopy are likely to exacerbate the intrinsic
differences in germination season between the seeds from the
two maternal environments. Together the direct effects of the
maternal light environment and the indirect effects, acting
through flowering time, are expected to enhance the produc-
tion of annual offspring in gap regions and biennials in the
understory of the population. To understand the adaptive role
of these maternal effects we must evaluate the fitness differences
of annuals and biennials in each light habitat (e.g. Wardle,
1998). Other studies have shown that individuals of semelpa-
rous species with indeterminate life spans (i.e. facultative
biennials) are typically longer lived under resource-limited
conditions (e.g. Werner, 1975). If this is also true for C. amer-
icana, the fitness of biennials may be greater than that of
annuals in the light-limited forest understory, matching the
environments where they tend to be produced.
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Conclusions

Environments within plant populations are often patchy
and plants respond to this variation with plasticity. When the
scale of seed dispersal is less than that of the habitat patches,
offspring environments will be similar to maternal environments.
These conditions favor the evolution of adaptive maternal
effects. A review of our work on C. americana found that:
first, offspring light environments are similar to maternal
light environments; second, maternal light effects may enhance
offspring fitness, both by increasing germination success of
offspring when planted into their maternal environment and
by influencing offspring season of germination and therefore
life history schedule; and third, that these maternal effects are
genetically variable. Although further data are required,
these preliminary results support the idea that maternal effects
enhance performance in habitat patches that their offspring
are likely to experience. To understand the generality of these
results it is necessary for future studies to consider the
ecological context in which plasticity and maternal effects are
expressed. This includes evaluating patterns of environmental
heterogeneity in natural populations and intra- and intergenera-
tional responses to this heterogeneity.
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