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ABSTRACT

Genetic and maternal non-genetic effects interact in shaping the phenotype of a particular trait.
The strength of the genetic component determines whether selection pressure results in
evolutionary changes in the population. The strength of the maternal non-genetic component
can affect the pace of selection. In this study, we analysed genetic and maternal propagule size
effects on propagule size production in the pondweed Potamogeton pectinatus. In particular, we
analysed whether they interact significantly (i.e. whether both effects are additive, synergistic or
antagonistic) and how they may influence the outcome of diversifying selection pressures in the
field. Fifteen clones differing in the genetically determined size of asexual propagules (tubers)
were grown for three asexual generations in a common-garden set-up. The first generation was
grown from tubers collected from the field, the second from maternal tubers of comparable size,
and the last from both small and large maternal tubers. Maternal tuber size had a large effect on
all clones that was independent of their genetically determined tuber size – that is, genetic and
maternal non-genetic effects were additive. Path analysis revealed that maternal tuber size
affected tuber size and number similarly through its effect on biomass production (vegetative
and total tuber production), while the genetic component had a direct effect on tuber size,
associated with a trade-off with tuber number. Because the relationship between genetic and
maternal non-genetic effects is additive, the outcome of diversifying selection related to tuber
predation pressure by Bewick’s swans and sediment heterogeneity will not be affected. However,
since the maternal effect is large, variation around optimal sizes is likely to persist in the
population, which is consistent with what is found in the field.
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INTRODUCTION

Propagule size varies considerably among plant species, with recorded sizes ranging from
2 × 10−6 g in the orchid Goodyera repens (Salisbury, 1942) to 18,000–27,000 g in the double
coconut palm Lodoicea maldivica (Corner, 1966). It is not surprising that different plant
species, with often distinct ecological strategies, show a large assortment of propagule sizes.
Within species, on the other hand, propagule size is considered to be relatively stable
(Harper et al., 1970; Lloyd, 1987), with variation within one order of magnitude (Schaal,
1980; Banovetz and Scheiner, 1994; Eriksson, 1999; Susko and Lovett-Doust, 2000). Within
species, selection may favour different sizes of propagules depending on local ecological
conditions. Contrasting selection pressures on propagule size generally result from
differences in propagule and seedling survival, growth, dispersal, predator avoidance and
competition (Black, 1958; Schaal, 1980; Wulff, 1986; Van Groenendael and Habekotté,
1988; Ganeshaiah and Uma Shaanker, 1991; Moegenburg, 1996; Vera, 1997; Vaughton and
Ramsey, 1998; Eriksson, 1999; Santamaría and Rodríguez-Gironés, 2002). But as for any
other trait, natural selection not only requires phenotypic variation resulting in differential
fitness effects, but also that such variation has a heritable component. Nonetheless, most
studies on propagule size have focused on its potential benefits or disadvantages in terms of
propagule survival and future plant performance, rather than on its heritability. The studies
that have analysed the genetic basis of propagule size have reported varying results. Some
have indicated strongly that propagule size has a genetic component and maternal environ-
ment has little effect on propagule size (Weiner et al., 1997); others have shown that
heritability is low and that maternal non-genetic effects play an important role (Schaal,
1980; Montalvo and Shaw, 1994); and yet others have shown that both genetic as well as
maternal non-genetic effects contribute to propagule size variation (Schmitt et al., 1992;
Platenkamp and Shaw, 1993). Furthermore, several studies have shown low additive genetic
variance (based on nuclear genes) for propagule size and high maternal variance (Mazer,
1987; Wolfe, 1995), which may either be the result of maternal non-genetic or maternal
genetic effects. In the latter case, evolution of seed size may also take place (Platenkamp and
Shaw, 1993; Montalvo and Shaw, 1994).

When both maternal non-genetic effects and genetic effects determine the phenotype of a
certain trait, maternal non-genetic effects will increase the variation of phenotypes of each
given genotype and thus could decrease the pace of natural selection (Roach and Wulff,
1987). The decrease in response to selection, however, need not be similar over the whole
range of genotypes. Instead, it is likely to depend on the type of interaction that exists
between genetic and maternal non-genetic effects. A maternal non-genetic effect may be
comparable across genotypes (i.e. genetic and maternal non-genetic effects are additive;
Fig.1b) or the maternal non-genetic effect may differ depending on the genotype (significant
genotype × maternal environment interaction). In the second case, the maternal non-genetic
effect may either amplify the value of the genetic trait (synergistic interaction; Fig. 1c) or it
may counteract it (antagonistic interaction; Fig. 1d), resulting in differential strengths
of response to selection pressure across genotypes. Gaining insight into the type of relation-
ship between genetic and maternal non-genetic effects is thus essential in understanding and
predicting potential responses to selection.

In this study, we analysed the contribution of genetic and maternal non-genetic effects
and their interaction to the regulation of propagule size of the pondweed Potamogeton
pectinatus, and how this influences the outcome of diversifying selection on propagule
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size. Potamogeton pectinatus is an aquatic macrophyte, which reproduces primarily by
means of subterranean asexual propagules (tubers; Van Wijk, 1989). The size of these
produced tubers has a large genetic component (H2 = 1.01 broad sense heritability;
H.H. Hangelbroek, L. Santamaría and M.A. Rodríguez-Gironés, unpublished manuscript).
Maternal tuber size also influences produced tuber size (Rodríguez-Gironés et al., 2003),
but whether this effect varies across genotypes (i.e. interacts with the genetic component) is
unknown. The tubers of P. pectinatus are subjected to several selective forces, such as size-
selective predation by Bewick’s swans and size-selective sprouting mortality, which are both
related to burial depth in the sediment (larger tubers have larger burial depths; Santamaría
and Rodríguez-Gironés, 2002). When spatial variation in sediment type occurs, different
strategies for optimal tuber size may exist, since sediment type (clay content) is known to
influence both predation pressure (Nolet et al., 2001) and sprouting mortality (Santamaría
and Rodríguez-Gironés, 2002). In sandy sediment where predation pressure and sprouting
mortality are high, deeply buried large tubers are likely to be selected because deeply buried
tubers may escape predation and large tuber sizes show reduced sprouting mortality. In
clay-rich sediment, on the other hand, reduced predation pressure and tuber mortality
accompanied by a size–number trade-off will most likely favour the production of many
small tubers (Santamaría and Rodríguez-Gironés, 2002). However, maternal non-genetic

Fig. 1. Schematic representation of phenotype dependence on the type of interaction between geno-
type and maternal non-genetic conditions. (a) No maternal effects. (b) Additive relationship. (c)
Synergistic interaction. (d) Antagonistic interaction. Maternal conditions may, for instance, represent
differences in nutrient concentration of the maternal environment or differences in the propagule size
from which a mother plant grows (maternal propagule size).
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effects may affect the phenotype of the genetically determined tuber size, slowing down
selection or, in the case of a significant maternal × genotypic interaction, affecting the
outcome of selection. If, for instance, the interaction were antagonistic (i.e. tubers from
clones determined to produce small tubers being more strongly affected by maternal tuber
size than those being produced from clones with a larger genetic determined tuber size),
then natural selection of large genotypes would occur more rapidly and small genotypes
may eventually disappear from the population.

Here we studied the effect of genotypic variation and experimentally manipulated
maternal non-genetic tuber size on produced tuber size. The main questions asked were:
Does maternal tuber size affect the size of produced tubers? If so, what kind of interaction
exists between the genetic component determining tuber size and the maternal effect:
no interaction (additive effects), synergistic interaction or antagonistic interaction?
What might the consequences of this particular interaction be on the diversifying selection
pressures observed in the field? Furthermore, to gain better insight into the mechanistic
processes regulating tuber size, we sought an answer to the following questions: Do geno-
typic variation and maternal tuber size affect other plant traits (such as tuber production
or shoot-to-root ratio), which may in turn affect tuber size? Through which pathways
(i.e. traits) do maternal tuber size and genetic effects regulate tuber size?

MATERIALS AND METHODS

Species and study system

Potamogeton pectinatus L. (fennel pondweed) is a submerged aquatic angiosperm that has a
cosmopolitan distribution ranging from the sub-arctic to the tropics (Casper and Krausch,
1980; Wiegleb and Kaplan, 1998). It has a pseudo-annual life form: every year at the end of
the growth season, the plants die off leaving below-ground asexual propagules (tubers)
separated from one another to survive the winter and sprout in spring. Potamogeton
pectinatus also reproduces sexually, but seeds are thought mainly to contribute to seed-bank
build-up, population re-establishment after disturbances and waterfowl-mediated dispersal
among water bodies (Van Wijk, 1989; Santamaría, 2002).

Plant material for this study was collected in the Babbelaar (Lake Lauwersmeer, the
Netherlands), where a population of P. pectinatus occupies a heterogeneous area in terms of
sediment type, water depth and foraging pressure by Bewick’s swans (Nolet et al., 2001).
Previous studies have revealed that these factors affect different determinants of fitness in
this species, including tuber production, winter survival of tubers and sprouting survival
(Nolet et al., 2001; Santamaría and Rodríguez-Gironés, 2002; Hangelbroek et al., 2003).

Plant cultivation

We used 15 clonal lines for the experiment selected from an initial sample of 90 clones
collected from the Babbelaar, using a criterion that maximized genotypic tuber size
variation while maintaining the original number of five sampling sites (Santamaría and
Rodríguez-Gironés, 2002): following one generation of growth under common-garden
conditions, we selected clones producing the largest, medium and smallest average-tuber-
size within each sampling site (medium tuber size was the closest to the grand-average over
the five sampling sites). Clonal lines were then grown for a second asexual generation under
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standardized common-garden conditions to minimize the influence of carry-over effects of
the maternal environment (sensu Rossiter, 1996) other than those mediated by tuber size on
the experiment reported here. The second generation was grown from maternal tubers
of comparable size, so that differences in produced tuber size were mainly genetically
based. Average tuber size produced by each clonal line in this second clonal generation
(n = 8 plants per clone) was used as a measure of genetically determined tuber size and will
be referred to hereafter as ‘genotypic-tuber-size’ (Fig. 2). Amplified fragment length
polymorphism (AFLP) analysis was performed according to Vos et al. (1995), to test
whether all clonal lines indeed represented different genets. All clones were distinguished
from one another using the primer combination: EcoRI + ACC / MseI + CTT.

Ninety tubers originally collected at five sampling sites in the field in April 1997 were
stored in a refrigerator (at 4�C and in the dark) to continue hibernation until May 1997,
when they were weighed individually (fresh weight, accuracy 1 mg) and planted in 5.5-litre
pots containing a mixture of river sand and commercial potting clay (3 : 1 dry weight ratio).
Pots were randomly interspersed in five outdoor tanks (18 pots per tank) filled with tap
water in Heteren (the Netherlands). The plants were left to grow until the end of the
growing season (October 1997), when newly produced tubers were harvested. These tubers
were weighed individually and stored until May 1998 (as above).

In the second year, eight tubers of each clone were planted separately in 5.5-litre pots with
a sediment mixture of aquarium sand and commercial potting clay (2 : 1 dry weight ratio)
(Fig. 2). The size of these eight tubers was standardized to a comparable size range for all
clones (15–90 mg fresh weight ≈5–30 mg dry weight). Pots were randomly interspersed with
pots from another experiment containing resource-poor sediment and divided among
12 outdoor tanks (20 pots per tank). They were left to grow until October 1998, when newly
produced tubers were harvested, individually weighed and stored (as above). Throughout
the experiment, tuber dry weights were calculated using linear regressions of dry weight
(dw) on fresh weight (fw), estimated from a randomly chosen sub-sample of tubers from
all clonal lines (year 1: dw = 0.34 × fw, R2 = 0.95, n = 60; year 2: dw = 0.35 × fw, R2 = 0.95,
n = 210; dry weight was measured after 24 h of desiccation at 70�C). The genotypic-tuber-
size for each clonal line was calculated as the average across all separate plants (ramets) of
the geometric mean size of all tubers produced by each plant (log transformation before
averaging was necessary because the distribution of tuber sizes produced by one plant is
right-skewed).

Experimental design

To analyse the relationship between genetic and maternal non-genetic effects of tuber size
on newly produced tuber size and other plant traits, a third year of growth in common-
garden conditions was carried out with the 15 clones differing in genotypic-tuber-size, only
now plants from all clonal lines were grown from tubers belonging to two different, non-
overlapping size categories (‘maternal-tuber-size’ classes) (Fig. 2). From each clone, we
selected 10 small (11–20 mg fw = 4–7 mg dw) and 10 large (80–126 mg fw = 28–44 mg dw)
tubers. In May 1999, these tubers were planted in 5.5-litre pots containing a sediment
mixture of aquarium sand and commercial potting clay (3 : 1 dry weight ratio) and ran-
domly interspersed among 15 outdoor tanks (20 pots per tank). The experimental set-up
resulted in a total of 300 pots (15 clones × 2 maternal-tuber-size classes × 10 replicates). In
October 1999, plants were harvested and divided into above-ground (shoots + leaves) and
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below-ground (roots + rhizomes) vegetative fractions, and tubers for biomass determination
(fresh weight for the tubers, dry weight for the rest). Individual tuber fresh weights were
measured and recalculated to individual dry weights using fresh- to dry-weight regressions
estimated from a sub-sample of tubers (as above; dw = 0.39 × fw, R2 = 0.96, n = 75). We then
calculated total tuber production (sum of all individual tuber weights), vegetative biomass
(above-ground + below-ground fractions), shoot-to-root ratio (above-ground biomass/
below-ground biomass) and allocation to asexual reproduction (tuber production/
vegetative biomass + tuber production).

Data analysis

Genotypic and maternal non-genetic effects on asexual reproductive traits (total tuber
production, tuber size and number), biomass yield and allocation were tested in three
steps. In all analyses, all variables were log (x + 1) transformed (except for tuber number,
which was square root transformed) to ensure homoscedasticity and normality of
residuals.

First, we assessed whether the effect of maternal tuber size varied among clones by means
of mixed-model analyses of variance, with maternal-tuber-size as a fixed categorical factor
and clonal identity as a random categorical factor. A significant interaction between
maternal-tuber-size and clone was interpreted to reveal genotypic variation in maternal
effects (similar to the analysis of reaction norms in a plasticity experiment). To account for
the influence of environmental variation between tanks, ‘tank’ was included as a random
categorical factor.

Second, we evaluated whether among-clone variation in the effect of maternal-tuber-size
was related to their genetically based differences in tuber size, by means of mixed-model
analyses of covariance, with genotypic-tuber-size as a continuous factor, maternal-tuber-
size as a fixed categorical factor and tank as a random categorical factor. First, analyses of
covariance including the interaction between maternal and genotypic-tuber-size revealed
that this term was always non-significant; hence, we carried out a second set of analyses
of covariance without the interaction term. All analyses of variance and analyses of
covariance were performed using the General Linear Models module of Statistica 6.0
(StatSoft, 2001).

Third, we sought to reveal the direct and indirect paths through which maternal-tuber-
size and genotypic-tuber-size influence newly produced tuber size, by means of path
analyses based on partial correlation coefficients obtained from a hierarchical set of
multiple regressions (Huber et al., 1996; Hangelbroek et al., 2002; Santamaría and
Rodríguez-Gironés, 2002).

RESULTS

Maternal-tuber-size, clonal origin and their interaction had significant effects on all traits,
except for the effect of maternal-tuber-size on asexual reproductive allocation (Table 1).
Whenever maternal-tuber-size resulted in significant effects, increased maternal-tuber-size
led to an increase in the measured variable, except for shoot-to-root ratio, which decreased
(Fig. 3). The significant interaction term indicated that, although the direction of the
responses to maternal-tuber-size was generally similar across all clones, the magnitude of
the responses differed (Fig. 3).

Maternal versus genetic effects on propagule size 153



Fig. 3. Reaction norms of 15 Potamogeton pectinatus clones grown from small (5.7 ± 0.1 mg dw;
mean ± standard error) and from large (34.1 ± 0.3 mg dw) maternal tubers (n = 5–10).

Table 1. F-ratios and significance of mixed-model analyses of variance fitted by generalized linear
modelling

MTS Clone MTS × clone Tank
(d.f. = 1,14) (d.f. = 14,14) (d.f. = 14,232–237) (d.f. = 14,232–237)

Asexual reproduction
Tuber productiona 40.84*** 2.78* 2.72*** 1.95*
Tuber numberb 27.07*** 3.92** 1.90* 3.18***
Average tuber sizec 32.07*** 7.57*** 2.72*** 1.91*

Biomass yield and allocation
Vegetative biomassa 18.15*** 2.71* 5.38*** 1.92*
Asexual reproductive

allocationd
0.03 3.02* 3.37*** 3.50***

Shoot-to-root ratioa 35.70*** 2.58* 2.01* 5.98***

Note: Maternal-tuber-size (MTS) represents two size categories of tubers from which plants were grown from.
Clone is a random factor representing the clonal line the plants belong to. Tank is a random factor. *P < 0.05,
**P < 0.01, ***P < 0.001.
a Log(x + 1). b Square root. c Individual tuber sizes log(x + 1) transformed before averaging per plant. d Arcsin
square root.
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The first set of analyses of covariance including the interaction between maternal and
genotypic-tuber-size revealed that this term was always non-significant (P > 0.05), indi-
cating homogeneity of slopes between maternal-tuber-sizes (Fig. 4bc). The second set of
analyses of covariance revealed that both maternal-tuber-size and genotypic-tuber-size had
significant effects on produced tuber size and tuber number (Table 2, Fig. 4b,c). Total tuber
production, however, was only affected by maternal-tuber-size (Table 2), being larger for
plants grown from large maternal tubers (Fig. 4a). Not surprisingly, plants grown from large
tubers produced more and larger tubers than plants grown from smaller tubers (Fig. 4b,c).

Fig. 4. Variation in asexual reproductive traits of 15 Potamogeton pectinatus clones that show genetic
variation in tuber size. Plants were grown from either small (�) or large (�) maternal tubers. (a) Tuber
production per plant (mg dw). (b) Number of tubers per plant. (c) Average tuber size per plant (mg
dw). In (b) and (c), the lines depict the relationship between the variables (averaged per clone) and the
genotypic-tuber-size of the various clones. Solid lines represent plants grown from small maternal
tubers; dashed lines represent plants grown from large maternal tubers. Because tuber production is
not affected by genotypic-tuber-size, the two lines in (a) represent the average tuber production of all
clones grown from small (dashed-dotted) or large (dotted) maternal tubers.
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Clones genetically determined to produce large tubers (i.e. those with large genotypic-tuber-
sizes) produced larger and fewer tubers than clones with smaller genotypic-tuber-sizes
(Fig. 4b,c). Vegetative biomass and the shoot-to-root ratio were both significantly affected
by maternal-tuber-size, but not by genotypic-tuber-size (Table 2). Larger maternal tubers
produced more vegetative biomass and had a lower allocation to shoots (i.e. a lower
shoot-to-root ratio). Asexual reproductive allocation, on the other hand, increased
significantly with increasing genotypic-tuber-size but was not affected by maternal-tuber-
size (Table 2).

The path analysis revealed that genotypic-tuber-size had a fairly strong direct effect on
tuber size (effect strength = 0.40) and a weak indirect effect, mediated by tuber production
(effect strength = 0.11; Fig. 5). In contrast, maternal-tuber-size had a strong indirect effect
on tuber size, mediated by vegetative biomass and/or tuber production (effect
strength = 0.47) but a non-significant direct effect (Fig. 5). While genotypic-tuber-size had
a direct effect on tuber size, genotypic- and maternal-tuber-size had only indirect effects
on tuber number (Fig. 5). Tuber production had a strong positive effect on both tuber
number and size, which were negatively correlated (Fig. 5).

DISCUSSION

Maternal-tuber-size had a large effect on produced tuber size. The magnitude of the effect,
however, differed among clones. Genotypic-tuber-size did not account for the significant
among-clone differences in response to maternal-tuber-size (i.e. for the variation in the slope
of the clonal reaction norms): the relationship between genotypic-tuber-size and newly
produced tuber size showed parallel responses (i.e. homogeneous slopes) for both maternal-
tuber-size classes. Therefore, we can conclude that (1) an additive relationship exists
between the genetic and maternal non-genetic components of tuber size, and (2) there is

Table 2. F-ratios and significance of analyses of covariance fitted by generalized linear modelling

MTS GTS Tank
(d.f. = 1,259–264) (d.f. = 1,259–264) (d.f. = 14,259–264)

Asexual reproduction
Tuber productiona 73.57*** 1.84 1.01
Tuber numberb 34.93*** 14.11*** 2.19**
Average tuber sizec 58.02*** 112.06*** 1.73*

Biomass yield and allocation
Vegetative biomassa 45.30*** 0.33 1.71
Asexual reproductive

allocationd
0.31 6.83** 4.72*

Shoot-to-root ratioa 47.49*** 2.42 5.68***

Note: Maternal-tuber-size (MTS) is a fixed factor that represents two size categories of tubers from which
plants were grown. Genotypic-tuber-size (GTS; i.e. genetically determined tuber size) is a continuous covariate,
which is based on the average size of produced tubers after two clonal generations under standardized conditions
and grown from tubers of comparable size. Tank is a random factor. *P < 0.05, **P < 0.01, ***P < 0.001.
a Log(x + 1). b Square root. c Individual tuber sizes log(x + 1) transformed before averaging per plant. d Arcsin
square root.
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considerable clonal variation in the response of newly produced tuber size to maternal-
tuber-size, which is independent of genotypic-tuber-size.

Our results show that maternal-tuber-size plays a major role in determining the tuber
sizes produced. The additive relationship between genetic and maternal non-genetic effects
simplifies the prediction of population responses to diversifying selection pressure
observed in the field (i.e. in the population of origin of the clones), caused by spatial
variation in swan predation pressure and sediment composition. However, while clones
that produced large tubers were found to predominate in sandy, more heavily foraged
sediment and clones producing small tubers were more abundant in clay-rich, less heavily
foraged sediment (Santamaría and Rodríguez-Gironés, 2002), tuber sizes observed within
the two sediment types showed a considerable range of variation. The genetic component
may thus explain the differences between the two sediment types, while the maternal non-
genetic effects may contribute to the increased variation observed within each sediment
type. It is important to note that maternal non-genetic effects on tuber size result in an
amplification of within-clone variation in tuber size across clonal generations: a given
plant growing from a single tuber will produce tubers of various sizes, which will, in turn,
produce plants with divergent tuber size ranges due to maternal carry-over effects. The
amplification of plastic responses across generations can reduce considerably the effect of
selection pressure.

Adaptive maternal effects are most likely to arise if local environmental conditions persist
across generations, or more generally if the environment experienced by the mother plant
is a reasonable predictor of the conditions experienced by its offspring (Rossiter, 1998;
Galloway, 2001). Since tubers, in contrast to seeds, remain relatively close to the mother
plant, their environment is probably similar to that of the mother plant. This may increase
the strength of local selection pressure on beneficial tuber sizes, because the selective forces
involved will be stable across generations.

Besides produced tuber size, maternal-tuber-size also had large effects on tuber number,
total tuber production, vegetative biomass and the shoot-to-root ratio. Trait responses to
maternal-tuber-size varied in all cases among clones. Genetic differences in responses to
(environmental) maternal effects are not uncommon (Sultan and Bazzaz, 1993; Cheplick,

Fig. 5. Results of a path analysis for the influence of genotypic- and maternal-tuber-size on the size
and number of produced tubers. All possible pathways between the four hierarchical levels in the
model were tested, but only the significant relationships are depicted. Arrows indicate significant
partial correlation coefficients. Solid arrows indicate positive correlations and dashed arrows negative
correlations. Numbers at the arrows = partial correlation coefficients and their significance. *P < 0.05;
***P < 0.001. Numbers within boxes = percentage of explained variation (adjusted R2).
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1995; Skálová et al., 1997). The link between this genotypic variation and specific,
quantifiable genetic traits, however, has rarely been studied. While genotypic-tuber-size
did have significant effects on tuber size, tuber number and asexual reproductive
allocation (and a slight effect on tuber production), this effect did not vary between
maternal-tuber-sizes (non-significant genotypic-tuber-size × maternal-tuber-size inter-
action). Surprisingly, those traits that were affected by the genotypic-tuber-size no longer
responded differently to maternal-tuber-size. Thus, as was seen for tuber size, among-
clone variation in the response to maternal-tuber-size by these traits was not related to
genotypic-tuber-size.

A clear distinction can be made between how maternal-tuber-size and genotypic-tuber-
size affected produced tuber size. Genotypic-tuber-size predominantly showed a direct
effect on produced tuber size, whereas maternal-tuber-size affected produced tuber size
indirectly, by enhancing vegetative biomass and/or tuber production. Larger maternal-
tuber-size also resulted in increased numbers of tubers. Whereas increasing genotypic-
tuber-size resulted in decreased numbers of tubers, revealing a genetically based trade-off
between tuber size and number (Fig. 4b,c). Our results may shed light on the current
controversy that surrounds the identification of a hypothetical trade-off between propagule
size and number (e.g. Smith and Fretwell, 1974; Maddox and Antonovics, 1983; Lloyd,
1987; Mehlman, 1993; Obeso, 1993; Wolfe, 1995; Mendez, 1997; Vaughton and Ramsey,
1998; Eriksson, 1999; Tremayne and Richards, 2000; Stuefer et al., 2002). Because carry-
over effects of the maternal environment (here the maternal tuber size) and genotypic effects
have contrasting influences on the observed propagule size and number relationship, careful
separation of these effects is required for an adequate quantification of such trade-offs
(Venable, 1992). An important question in this regard concerns the regulation of the plant’s
reaction norm as a response to maternal effects. Plastic variation in produced tuber size may
be interpreted as an adaptive, bet-hedging strategy, allowing for increased tuber size in
favourable microsites (where maternal resources are abundant but competition is strong)
but ensuring the production of at least some propagules (owing to their smaller size) in
unfavourable microsites. Alternatively, they may be interpreted to reveal internal constraints
in the production of propagules arising from, for example, meristem limitation (acting
through constraints on tuber number) or internal source–sink dynamics (affecting tuber
size; Sweet and Wareing, 1966; Herold, 1980).

In conclusion, tuber size in P. pectinatus depends on both genetic and maternal non-
genetic effects. The genetic component has predominantly a direct effect on tuber size,
while the maternal non-genetic effect is mediated by vegetative biomass and total tuber
production. Genetic and maternal non-genetic effects are independent and show an additive
relationship. The most likely consequence of this relationship for diversifying selection on
tuber sizes in the field will be a reduction in the pace of selection, since more phenotypic
variation exists in selected genotypes, rather than a qualitative change in the evolutionary
outcome of selection itself.
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