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Abstract

Plants possess a remarkable capacity to alter their phenotype in response to the

highly heterogeneous light conditions they commonly encounter in natural

environments. In the present study with the weedy annual plant Sinapis

arvensis, we (a) tested for the adaptive value of phenotypic plasticity in

morphological and life history traits in response to low light and (b) explored

possible fitness costs of plasticity. Replicates of 31 half-sib families were grown

individually in the greenhouse under full light and under low light (40% of

ambient) imposed by neutral shade cloth. Low light resulted in a large increase

in hypocotyl length and specific leaf area (SLA), a reduction in juvenile

biomass and a delayed onset of flowering. Phenotypic selection analysis within

each light environment revealed that selection favoured large SLA under low

light, but not under high light, suggesting that the observed increase in SLA

was adaptive. In contrast, plasticity in the other traits measured was

maladaptive (i.e. in the opposite direction to that favoured by selection in

the low light environment). We detected significant additive genetic variance

in plasticity in most phenotypic traits and in fitness (number of seeds). Using

genotypic selection gradient analysis, we found that families with high

plasticity in SLA had a lower fitness than families with low plasticity, when the

effect of SLA on fitness was statistically kept constant. This indicates that

plasticity in SLA incurred a direct fitness cost. However, a cost of plasticity was

only expressed under low light, but not under high light. Thus, models on the

evolution of phenotypic plasticity will need to incorporate plasticity costs that

vary in magnitude depending on environmental conditions.

Introduction

Sessile organisms, such as plants, are frequently con-

fronted with highly variable environmental conditions,

at both temporal and spatial scales. Such small-scale

heterogeneity is hypothesized to select for flexible

development and the capacity to adjust the phenotype

to the prevailing environment, a condition known as

adaptive phenotypic plasticity (Schlichting, 1986; Sultan,

1987, 1995; Schmid, 1992; Pigliucci et al., 1995).

Of the many environmental factors affecting plant

performance, light is among those with the largest spatial

and temporal heterogeneity, and it is therefore ideally

suited for studying the adaptive significance of plasticity.

Plants are well-known for their ability to adjust their

physiology and morphology in ways that maximize light

interception under low irradiance. For example, Schmitt

and coworkers have demonstrated that the typical stem

elongation response elicited by vegetation shade can be

adaptive in dense stands, placing leaves at a higher level

in the canopy and thus maximizing light capture
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(Schmitt et al., 1995; Dudley & Schmitt, 1996; Schmitt

et al., 1999). Another common response that optimizes

light capture and carbon gain under low irradiance is

increasing the area of the photon-harvesting surface. This

is commonly achieved through the preferential allocation

of biomass to leaves (Evans, 1972; Poorter & Nagel, 2000)

and through the production of leaves with a large surface

area relative to the biomass, i.e. a high specific leaf area

(SLA) (Björkman, 1981; Fitter & Hay, 1981; Sultan &

Bazzaz, 1993). Recent interspecific studies indicate that

SLA may be one of the key traits determining the

maintenance of a species’ growth rate under low levels of

irradiance (Poorter, 1999).

Although a wide range of observed phenotypic

responses to environmental factors have been interpreted

in an adaptive context, relatively few studies have expli-

citly tested the hypothesis that plasticity is favoured by

natural selection. The null hypothesis to which the

adaptive hypothesis should be compared is that plasticity

is a direct and inevitable consequence of stress or resource

limitation. In this view, plasticity may have a neutral or

negative effect on individual fitness. One approach for

distinguishing between adaptive and passive plasticity is to

manipulate individuals so that the ‘inappropriate’ pheno-

type is expressed in a given environment and then to

examine the consequences for fitness (Sinervo & Basolo,

1996; Schmitt et al., 1999). A second approach is to

perform a phenotypic or genotypic selection analysis that

correlates trait expression with fitness in each environ-

ment under consideration. The adaptive plasticity hypo-

thesis is supported when selection coefficients differ

among environments and when the plastic response of a

trait is in the direction of the selection coefficient in that

environment (Dudley, 1996; Dorn et al., 2000; Tucic &

Stojkovic, 2001; Callahan & Pigliucci, 2002).

Natural selection will always favour an optimal match

between phenotype and environment, yet this is seldom

achieved in the real world. An important constraint in

the evolution of optimal reaction norms may be fitness

costs associated with the ability to express a plastic

response to an environmental factor (van Tienderen,

1991; DeWitt, 1998). Such plasticity costs are indicated

by a decrease in fitness in a more plastic genotype,

relative to a less plastic genotype, although producing the

same phenotype in a focal environment (DeWitt, 1998;

DeWitt et al., 1998). Note that this narrow definition of

plasticity costs does not include costs associated with the

production of a certain structure or chemical, as these

might be incurred by both fixed and plastic genotypes

within any given environment. Rather, these costs

include energetic expenditures associated with the main-

tenance of sensory and regulatory mechanisms that

enable plasticity, information acquisition costs (probably

minor in plants) and genetic costs (due to linkage,

epistasis and pleiotropy) (DeWitt et al., 1998). Plasticity

may also incur costs if plastic individuals exhibit larger

random variation around an optimal trait value, as

compared with individuals with fixed developmental

pathways (developmental instability costs; see DeWitt

et al., 1998; van Kleunen et al., 2000).

Although plasticity costs play a central role in theo-

retical models of the evolution of phenotypic plasticity

(van Tienderen, 1991, 1997; Moran, 1992; León, 1993;

Padilla & Adolph, 1996), they have only recently been

addressed in empirical studies. Based on the theoretical

work by van Tienderen (1991), a statistical model has

been proposed to test for plasticity costs in phenotypic

traits (DeWitt, 1998; DeWitt et al., 1998; Scheiner &

Berrigan, 1998). In this approach, a set of replicate

genotypes (or sibships) are raised in two or more

environments. Genotype mean fitness in a focal envi-

ronment is then regressed on the genotypic mean for a

phenotypic trait in the same environment and that trait’s

plasticity across environments using multiple regression

analysis. A negative partial regression coefficient for the

plasticity term in the model indicates that for a given

phenotype within a focal environment, more plastic

genotypes have a lower fitness compared with less plastic

genotypes. Note that a prerequisite for such a genetic

correlation approach is the presence of genetic variation

in plasticity of phenotypic traits. Because selection on

plasticity may have depleted within-population genetic

variation, some researchers have included genotypes

from different populations in the analysis to increase

overall genetic variation in plasticity (Scheiner &

Berrigan, 1998; Tucic et al., 1998; Dorn et al., 2000; van

Kleunen et al., 2000; Tucic & Stojkovic, 2001).

The present study is part of a larger research project

to investigate potentials and constraints in the adapta-

tion to multiple stress factors in the weedy, annual plant

Sinapis arvensis (Roy et al., 1999; Roy & Stanton, 1999;

Stanton et al., 2000). The aim of this particular study

was threefold. First, we examined how different sibships

altered their morphology (hypocotyl elongation and

specific leaf area) and life history (juvenile growth rate

and onset of flowering) in response to low light

availability (neutral shade). Secondly, we examined

whether plasticity in response to low light was adaptive.

This was performed by contrasting the plastic responses

of the studied traits with selection acting on these traits

within each light environment. Thirdly, we determined

whether there are fitness costs associated with the

ability of sibships to express a plastic phenotype. Such

costs could represent an important constraint on the

evolution of optimal plasticity in heterogeneous envi-

ronments.

Materials and methods

Study species

Sinapis arvensis L. (synonyms Brassica kaber; B. arvensis) is

native to Eurasia but today has a world wide distribution.

It is not only an economically important weed of several
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crops, but may also occur in large stands in other

frequently disturbed sites. In Central Europe, S. arvensis

is an annual that germinates in early spring, flowers in

May and sets seed by late June. It has a strictly

outcrossing breeding system (Ford & Kay, 1985). Because

S. arvensis mostly occurs at sun-exposed, open sites, it can

be classified as a shade-avoiding species.

Source population and breeding design

The seeds used in this study originate from two

experimental selection lines. One line was selected in

the greenhouse over three generations for high

fecundity under low light conditions (i.e. high stress

tolerance) whereas the other line was selected under

normal full-light (control line). All lines were grown in

individual pots throughout the selection experiment.

Each selection line was replicated in eight blocks in the

greenhouse and each selection replicate consisted of 48

plant individuals (see Stanton et al., 2000 for more

details of the selection procedure). The seeds from

which these selection lines were established were

collected from a large naturalized population in Davis

(Yolo County, CA, USA). After three generations of

selection, fourth-generation plants were reared under

common full-light greenhouse conditions to minimize

the impact of varying maternal environments. At

flowering, plants were then crossed within each selec-

tion replicate by hand in a nested breeding design: a

random set of sires were each crossed to two unique

dams to create the 64 maternal full-sib families (32

paternal half-sib families) used in this experiment. Half

of the families were from the low-light selection line,

the other half from the high-light selection line. Later,

one half-sib family was dropped from the analyses

because of poor germination. We used eight individuals

(four grown in each light regime) of each full-sib family

in the present study, for a total of 496 plants.

Experimental design and measurements

Plants were reared in a split-plot design in two adjacent,

climate-controlled greenhouse compartments. On 2

August 1997, seeds were germinated on moist filter

paper with gibberellic acid (1 mg mL)1) for 48 h and

then transferred individually to 0.2 L ‘Cone-tainers’ (D-

40 cells, Steuwe & Sons, Corvallis, OR, USA) containing a

2 : 1 mixture of potting soil (Klasmann peat product) and

quartz sand. Gibberellic acid was used to induce germi-

nation and to minimize variation in the timing of

seedling emergence. The period of incubation was kept

very short to minimize potential effects of this phyto-

hormone on later growth stages.

The ‘Cone-tainers’ were kept in racks at a spacing that

minimized mutual shading of the plants. Each of the 16

plots had 32 plants. Plots were equally divided over four

spatial blocks (two blocks per greenhouse compartment)

and randomly assigned to two treatments: low light and

high light conditions. Individuals of a given family were

randomly assigned to plots within blocks and treatments.

The low light treatment was applied 1 day after trans-

planting the seedlings by erecting cages with neutral

shade cloth over individual plots. The shade cloth

reduced light quantity within the plots to 40% of

ambient. During the duration of the experiment, ambient

light was supplemented with light from greenhouse

lamps for 16 h per day to provide enough light during

overcast days. At 3 and 5 weeks, all plots were

re-randomized within their respective blocks to minimize

the effects of environmental heterogeneity within green-

house compartments.

We estimated hypocotyl elongation at the seedling

stage by measuring the height of seedlings 10 days after

germination. We also nondestructively estimated juve-

nile shoot biomass on day 17 after germination (which is

prior to bolting for flowering) using a regression-based

approach. To do this, we grew plants in a separate

experiment under similar conditions as for the main

experiment described above. These plants were harvested

at the same developmental stage as when biomass

estimators were measured for the main experiment.

Above-ground biomass was determined after oven-

drying at 80 �C for 24 h. We subsequently used stepwise

linear regression to predict shoot biomass from four

nondestructively measured plant traits (longest leaf

length, leaf number, third leaf length and stem height).

The regression equations, which we used to estimate

shoot biomass (natural log) of the plants in the main

experiment, are as follows:

Low light: log shoot biomass ¼ 0:4808

þ ð1:5148 � log longest leaf lengthÞ
þ ð0:1533 � third leaf lengthÞ:
R2 ¼ 0:95; n ¼ 14:

Full light: log shoot biomass ¼ 2:3005

þ ð0:9685 � log third leaf lengthÞ
þ ð0:3068 � no. leavesÞ:
R2 ¼ 0:95; n ¼ 13:

We measured SLA by removing the fourth leaf of each

plant and immediately measuring its area using a LiCor

leaf area meter (model li330; LiCor Inc., Lincoln, NE,

USA). After oven drying, the weight of the leaf was

determined and SLA was calculated as leaf area divided

by leaf dry weight.

The date of flowering was recorded by censusing

plants every second day. During flowering, plants were

cross-pollinated every other day by hand using a

feather-duster. Fruits were allowed to mature and the

total number of seeds produced at senescence was

determined with the aid of a seed counting machine

(model Contador, Pfeuffer GmbH, Kitzingen, Ger-

many).
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Statistical analysis

To examine the effect of low light on the mean of the

phenotypic traits and on fitness, we ran mixed-model

ANOVAANOVA with light level as a fixed factor, and block and

plot (nested within block and light) as random factors

using PROC GLMPROC GLM of SASSAS software (SAS Institute, 1989).

The fixed factor (light) was tested over the plot factor, as

appropriate for a split-plot design (TEST option of

RANDOM statement). SLA, juvenile biomass and flower-

ing date were log-transformed and seed number was

square-root transformed to satisfy the assumptions of

ANOVAANOVA.

Phenotypic selection analysis

To determine how light availability influences the

pattern of selection on the measured morphological and

life history traits, we carried out a phenotypic selection

analysis separately for each of the two light environ-

ments. We estimated standardized linear selection differ-

entials by calculating the covariance between phenotypic

traits (standardized to mean 0 and standard deviation 1)

and relative fitness. Relative fitness within each envi-

ronment was estimated as the number of seeds produced

by an individual divided by the average seed production

in that light environment. Selection differentials indicate

the direction and strength of total selection on pheno-

typic traits, including selection acting directly on a given

trait and selection acting indirectly on phenotypically

correlated traits (Lande & Arnold, 1983).

To distinguish direct from indirect selection, we

calculated standardized selection gradients from a multi-

ple regression of relative fitness on the standardized

values of the four traits (hypocotyl length, SLA, juvenile

biomass and flowering date). Selection gradients describe

by how much fitness would increase or decrease with a

unit change in the predictor variable (phenotypic trait)

when all other variables in the model are held constant.

Note that in the hypothetical case where all measured

traits were completely uncorrelated, standardized selec-

tion gradients would be equal to standardized selection

differentials. Non-linear selection can be analysed by

incorporating quadratic terms in the regression model

and correlational selection, i.e. selection acting on

combinations of trait values, is estimated by incorporat-

ing cross-product terms (Brodie et al., 1995). Because

linear and quadratic variables can be correlated, we

followed standard procedures (Lande & Arnold, 1983;

Wade & Kalisz, 1990) and calculated the nonlinear

coefficients in a full multiple regression model with all

terms. The directional selection component was then

estimated in a separate model containing only the linear

terms.

Significance tests of multiple regression models based

on the method of moments can be plagued by non-

normally distributed residuals or heteroscedasticity,

especially as data transformation is often not recom-

mended (Mitchell-Olds & Shaw, 1987). We therefore

used a bootstrap approach to calculate confidence

intervals for selection coefficients. Individuals within

environments were randomly resampled with replace-

ment 1000 times to generate a bootstrap distribution of

selection coefficients. The 95% confidence intervals were

calculated from the bootstrap distribution using the

percentile method (Efron & Tibshirani, 1993). Bias in

the bootstrap coefficients was very low and the distribu-

tions were in all cases symmetrical. We considered

selection coefficients as significant when their 95%

bootstrap confidence intervals did not include zero. The

significance of the difference between the two light re-

gimes was evaluated by creating a bootstrap distribution

for d, where d ¼ coefficienthigh–light ) coefficientlow–light,

and then determining whether the 95% bootstrap

confidence interval for d included zero.

Rausher (1992) suggests that a genotypic selection

analysis (based on genotype or family means) may be

superior to phenotypic selection analysis because it

avoids bias resulting from potentially large environmen-

tal covariance between phenotype and fitness. However,

we did not perform a genotypic selection analysis because

of the relatively small number of paternal half-sib

families used in this experiment and the associated low

statistical power. To minimize bias, we calculated all

selection coefficients from residual values of both fitness

and phenotypic traits after fitting plot effects in a one-

way ANOVAANOVA. The plot effect was always significant in

ANOVAANOVA, reflecting environmental heterogeneity in the

greenhouse.

Genetic variation in plasticity

To estimate by how much variation in plastic responses

to low light is determined by additive gene action, we

estimated narrow-sense heritability of plasticity using the

formula (Scheiner & Lyman, 1989):

h2
plast ¼ 4 � r2

sire�light=

ðr2
sire þ r2

sire�light þ r2
dam þ r2

dam�light þ r2
errorÞ

where r2 is the variance component corresponding to the

effect indicated by the subscript.

The analysis was performed after pooling families from

the two selection lines in order to have enough statistical

power. Pooling was legitimate because previous analysis

had shown that differences in phenotypes between

selection lines were small and mostly nonsignificant

(B. Roy, unpublished data). Variance components were

estimated with the method of restricted maximum

likelihood (REML) as implemented in SAS (PROC

MIXED). Because residuals were not normally distri-

buted and data transformations would have altered the

interpretation of plasticity, we used bootstrap resampling

to test whether heritability estimates were significantly
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larger than zero. To perform the bootstrap, we randomly

sampled sires with replacement (Goodnight & Schwartz,

1997). Once a sire was selected, all of the offspring from

the high and low light environment were included.

Following this procedure we generated 1000 resampled

datasets, calculated heritabilities for each dataset, and

generated a bootstrap distribution of heritability esti-

mates. P-values were obtained by calculating the pro-

portion of bootstrap samples for which estimates were

equal to zero (variance components are bound to P 0 in

REML).

Costs of plasticity

To test for costs of plasticity, we performed a multiple

regression as suggested by Scheiner & Berrigan (1998)

using the following model:

W ¼ X þ X2 þ plX

where W is the relative fitness in a focal environment, X

is the trait value in that environment, and plX is the

plasticity of that trait. Trait plasticities were calculated as

the absolute difference in trait values between light

environments. Families only varied in the amount of

plasticity but not in the direction. The regression was

carried out with the breeding values of sires. These were

estimated with ANOVAANOVA (LSMEANS statement in PROC

GLM) after accounting for plot effects. A cost of plasticity

would be indicated by a significant negative partial

regression coefficient for the plasticity term (plX) in the

regression model. The estimated breeding values were

standardized (mean ¼ 0, SD ¼ 1) prior to regression

analysis to facilitate comparisons between traits. Prelim-

inary analyses showed that the quadratic term (X2) was

never significant and it was therefore dropped from the

model. Significance tests were based on 95% bootstrap

confidence intervals as described above. However, boot-

strap and parametric tests yielded very similar results.

Results

Mean phenotypic responses to low light

Low light had a large effect on all measured plant traits.

Hypocotyls of seedlings were highly elongated under low

irradiance (Table 1; main effect of light in ANOVAANOVA:

F1,11 ¼ 260.76, P < 0.0001) and leaves had a much

larger SLA (F1,11 ¼ 478.23, P < 0.0001). Plants grown

in low light had a lower juvenile shoot biomass (F1,11 ¼
575.79, P < 0.0001), delayed flowering (F1,11 ¼ 1409,

P < 0.0001) and produced c. 76% fewer seeds (F1,11 ¼
363.73, P < 0.0001), compared with plants grown in full

light. Nevertheless, 96% of the plants were able to

survive and produce seeds under low light, compared

with 100% under high light.

Differing selection under high and low light

Linear selection differentials for plants grown under

high-light conditions were relatively small, ranging from

)0.05 to 0.10 (Table 1). We detected significant positive

selection for juvenile shoot biomass and marginally

significant (P < 0.07) selection for early flowering date.

We also found a significant nonlinear (quadratic)

selection differential for SLA. Fitness was highest in

individuals with intermediate values of SLA and declined

when SLA was either high or low. A constrained

regression analysis (see Mitchell-Olds & Shaw, 1987)

confirmed (P < 0.01) that the fitness function reached a

maximum within the observed range of SLA phenotypes.

Correlations between phenotypic traits were often higher

under full light than under low light (Table 2). In high

light, long hypocotyls were associated with high juvenile

biomass and early flowering. There was also a significant

negative correlation between SLA and flowering date.

For plants grown in low light, linear selection differ-

entials were larger (ranging from )0.24 to 0.17) for all

measured traits, compared with high-light plants. How-

ever, bootstrap analysis showed that the difference

between light regimes was only significant for hypocotyl

length (P < 0.05) and flowering date (P < 0.001). Under

low light, there was selection for reduced hypocotyl

length, large juvenile shoot biomass and early flowering,

as indicated by the significant covariance between these

traits and fitness (Table 1). SLA was positively correlated

with juvenile biomass (P < 0.08) and juvenile biomass

was negatively correlated with flowering date (Table 2).

Direct linear and nonlinear selection

We used phenotypic selection gradient analysis to

uncouple direct selection on a phenotypic trait from

Table 1 Trait mean and standardized linear

(S¢) and quadratic (S¢¢) selection differentials

within each light environment (n ¼ 190–248

within each light regime). Significance levels

of selection differentials are based on boot-

strap analysis. All coefficients remained

significant (a < 0.05) after sequential

Bonferroni adjustment across traits.

High light Low light

Mean S¢ S¢¢ Mean S¢ S¢¢

Hypocotyl length (cm) 2.30 0.01 )0.01 4.97 )0.09** 0.01

SLA (cm2 · g)1) 464.85 0.03 )0.04** 984.37 0.07* )0.03

Juvenile biomass (mg) 258.36 0.10** 0.01 18.77 0.17*** )0.03

Flowering date (days) 21.72 )0.05 )0.02 57.51 )0.24*** 0.00

Seed number 121.75 – – 29.67 – –

*P < 0.05; **P < 0.01; ***P < 0.001.
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indirect selection acting on correlated traits. Under high

light, juvenile biomass had a significant positive linear

selection gradient (Table 3), indicating that high early

growth rate was favoured under these conditions. We

also observed significant correlational selection on

flowering date and juvenile biomass. Fitness was highest

when individuals had both high juvenile biomass and

flowered early, but decreased when either juvenile

biomass was low or plants flowered late (Fig. 1a). There

was also significant nonlinear selection acting on flower-

ing date and on SLA, as indicated by the downwardly

curved fitness surface for both traits (Figs 1a and 2a).

Under low light, plants experienced significant direct

linear selection for reduced hypocotyl length and early

flowering (Table 3). None of the nonlinear and correla-

tional selection gradients attained statistical significance

under low-light conditions (Figs 1b and 2b).

Genetic variation in plasticity

We detected significant additive genetic variation in the

responsiveness to low light for all phenotypic traits

except SLA (Table 4). Narrow-sense heritabilities of trait

plasticities ranged from 0.20 to 1.01.

Plasticity costs

When trait plasticity is included in the selection analysis,

partial regression coefficients depicting the association

Table 3 Standardized linear (b¢) and nonlinear (c¢) selection

gradients and their bootstrap standard errors within each light

environment. Selection gradients that are significant at a < 0.05 are

shown in bold face.

Standardized selection gradients

High light Low light

b¢ b¢
Hypocotyl length )0.029 ± 0.028 )0.070 ± 0.032

SLA 0.005 ± 0.028 0.052 ± 0.031

Juvenile biomass 0.107 ± 0.040 0.088 ± 0.049

Flowering date )0.039 ± 0.027 )0.185 ± 0.042

c¢ c¢
Hypocotyl length2 )0.002 ± 0.021 0.023 ± 0.025

SLA2 )0.033 ± 0.017 )0.029 ± 0.027

Juvenile biomass2 )0.008 ± 0.024 )0.068 ± 0.055

Flowering date2 )0.038 ± 0.015 )0.037 ± 0.037

Hypocotyl · SLA 0.016 ± 0.032 )0.007 ± 0.037

Hypocotyl · biomass )0.063 ± 0.042 )0.015 ± 0.048

Hypocotyl · flowering )0.013 ± 0.037 )0.044 ± 0.042

SLA · biomass )0.021 ± 0.038 )0.009 ± 0.048

SLA · flowering )0.003 ± 0.027 )0.063 ± 0.049

Biomass · flowering )0.123 ± 0.042 )0.133 ± 0.080

Table 2 Phenotypic trait correlations within each light environ-

ment. Below diagonal ¼ high light, above diagonal ¼ low light.

Boldface indicates significant correlations (a < 0.05) after sequential

Bonferroni adjustment across traits.

Hypocotyl

length SLA

Juvenile

biomass

Flowering

date

Hypocotyl length – 0.07 )0.01 0.06

SLA 0.00 – 0.13 )0.04

Juvenile biomass 0.26*** 0.08 – )0.45***

Flowering date )0.27*** )0.28*** )0.13* –

*P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 1 Quadratic, standardized fitness surface for (a) high light

and (b) low light illustrating the combined effects of flowering date

and juvenile biomass on relative fitness.
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between breeding values of traits and relative fitness in a

focal environment (Table 5) had the same sign as the

corresponding phenotypic selection differentials

(Table 1), but they were mostly nonsignificant. This is

not surprising given the relatively low number of half-sib

families in this experiment. An exception was SLA,

which had a significant positive coefficient in the low

light environment, indicating that families with a larger

SLA had higher fitness.

We detected a significant negative partial regression

coefficients for plasticity in SLA in the low light

environment, but not under high light (Table 5). This

indicates that under low light, sire families of a given SLA

phenotype that exhibit high plasticity in SLA had lower

fitness, compared with corresponding sire families with

low plasticity (Fig. 3). Thus, plasticity in SLA seems to

incur a fitness cost in the unfavourable environment.

Discussion

Perhaps unsurprising for a shade-avoiding species,

S. arvensis showed a strong phenotypic response to the

60% reduction in irradiance applied in this experiment.

Low light highly increased hypocotyl elongation

(+117%) and specific leaf area (+112%), and decreased

juvenile growth ()93%). Plants grown under low light

flowered 36 days later and produced fewer seeds ()76%)

than plants grown under high light.

Adaptive value of plasticity

A common response of plants to low irradiance is to

enhance light interception for photosynthesis by increas-

ing leaf area per unit plant biomass (leaf area ratio). This

is primarily achieved by altering leaf morphology, i.e. by

increasing leaf area per unit leaf mass (SLA) and, to a

lesser degree, by increasing biomass allocation to leaves

(leaf mass fraction) (Poorter & Nagel, 2000). Such shade

leaves typically have low physiological activity and

therefore carbon loss, and a long lifespan, which

increases the ‘revenue stream’ per unit biomass invested

in leaf construction (Williams et al., 1989; Westoby et al.,

2000). Recent comparative studies on a broad range of

herbaceous plant species have shown that SLA is a key

trait in determining a species’ inherent growth rate

(reviewed by Poorter & van der Werf, 1998). Species

grown under light-limiting conditions maximize carbon

gain mainly by increasing the SLA (Veneklaas & Poorter,

1998). In the present experiment with S. arvensis, we

showed that plants doubled SLA under low light and that

a high SLA is associated with high individual fitness

under light-limiting conditions. Under full light, how-

ever, there was evidence for stabilizing selection on SLA

as fitness peaked at intermediate values of SLA and

declined at higher and lower values. Together, these

results support the hypothesis of an adaptive value of

plasticity in SLA in response to low light conditions.
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Fig. 2 Quadratic, standardized fitness surface for (a) high light and

(b) low light illustrating the combined effects of specific leaf area

(SLA) and juvenile biomass on relative fitness.

Table 4 Narrow-sense heritability of plasticity to irradiance. Boot-

strap resampling (n ¼ 1000) was used to test if heritability is

significantly larger than zero.

h2
plast P-value

Hypocotyl length 0.35 0.03

SLA 0.20 0.12

Juvenile biomass 1.01 <0.01

Flowering date 0.68 <0.01

Seed number 0.36 0.02
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Although there was significant total selection for high

SLA under low light levels, we found no significant direct

selection on this trait. This indicates that some of the

total effect of SLA on fitness was indirect, i.e. mediated by

other traits we measured. One such candidate trait is

juvenile biomass which was positively correlated with

both SLA and fitness in the low light environment. These

results suggest that plasticity in SLA buffered fitness

against the influence of low irradiance by contributing at

least partly to homeostasis in vegetative growth rate.

Such an effect of SLA on growth rate has been reported

many times (for example, Sultan & Bazzaz, 1993;

Shipley, 2000).

The shading treatment used in the present experiment

decreased light quantity (level of radiation), but had no

influence on the spectral composition of light (red : far-

red ratio). There is circumstantial evidence from other

studies that plasticity in SLA is primarily regulated by

light quantity (possibly mediated through a sugar-

sensing system), whereas the red : far-red ratio has few

(Corré, 1983; Lee et al., 1996; Stuefer & Huber, 1998) or

slightly opposite effects to those of irradiance (Smith,

1981; Corré, 1983). Surprisingly little is known, how-

ever, about the physiological mechanisms involved

(Lambers et al., 1998). When both the quantity and

quality components of light are altered in experiments,

growth rates and fitness seem to be less affected by

shading than when only irradiance is reduced, presum-

ably due to adaptive plasticity in traits other than SLA,

which primarily respond to the red : far-red ratio

(Stuefer & Huber, 1998; Dorn et al., 2000).

Our study showed that seedlings of S. arvensis doubled

hypocotyl elongation under neutral shade compared

with full light. Some other species increase internode

elongation only when exposed to foliage shade (low

red : far-red ratio), but not in response to neutral shade

(Corré, 1983; Weinig & Delph, 2001). The elongation

response of internodes has now become one of the best-

documented examples of adaptive plasticity in response

to vegetation shade. Several studies have demonstrated

that internode elongation provides a means to escape

shading by neighbouring plants and to maximize lifetime

light interception and fitness (Schmitt et al., 1995;

Dudley & Schmitt, 1996; Weinig, 2000). In the present

experiment, however, the pronounced elongation of

hypocotyls under low light was clearly maladaptive, as

indicated by the negative selection coefficients for this

trait in the neutral shade treatment. The absence of an

adaptive response is perhaps not surprising, because

plants in our low-light treatment did not have the

opportunity to escape shading and maximize light inter-

ception by increasing height growth. The negative fitness

associated with the elongation response therefore likely

reflects opportunity costs as a result of increased carbon

allocation to stem tissue (Maliakal et al., 1999; Pigliucci &

Schmitt, 1999). It is possible that costs of seedling

elongation would be even larger under natural condi-

tions where wind and other mechanical forces could

impair the stability of seedlings, although mechanical

perturbation during development was found to decrease

shade-induced elongation responses (Weinig & Delph,

2001).

Our finding of a maladaptive stem elongation response

when the opportunity to escape shading is restricted
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Fig. 3 Relationship between residual fitness under low light and

plasticity in specific leaf area (SLA). The residual fitness was

calculated from a regression of fitness under low light on SLA under

low light. Data points represent the breeding values of 31 half-sib

families. The negative correlation between residual fitness and trait

plasticity indicates plasticity costs in that trait.

High light Low light

X plX X plX

Hypocotyl length )0.020 )0.055 )0.039 )0.045

SLA 0.074 )0.046 0.215* )0.188*

Juvenile biomass n.a. n.a. 0.127** )0.059

Flowering date )0.086 0.088 n.a. n.a.

*P < 0.05; **P < 0.01.

n.a.: denotes not applicable due to high collinearity between the two independent factors

resulting from larger genetic variation in one of the environments.

Table 5 Standardized partial regression co-

efficients from a multiple regression of rel-

ative fitness on a phenotypic trait (X) within

each light environment and the plasticity

(plX) of that trait in response to irradiance.

Regressions were carried out with the breed-

ing values of sires (N ¼ 31). Significance

levels are based on bootstrap resampling.
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parallels the results found in the weedy annual,

Abutilon theophrasti. Weinig (2000) observed that plasticity

in internode length was maladaptive when plants were

unable to overtop competitors (corn), whereas plasticity

was adaptive when competitors (small statured weedy

species) could be overtopped. This demonstrates that the

selective forces acting on plasticity of some traits can vary

strongly across different ecological environments, even

when the cues (e.g. shade) that elicit plastic responses are

similar (Donohue et al., 2001).

Plasticity costs

Several theoretical studies have emphasized the import-

ance of plasticity costs in determining whether selection

in heterogeneous environments is likely to favour eco-

typic specialization or a more generalist (plastic) strategy

(van Tienderen, 1991, 1997; Moran, 1992; León, 1993;

Padilla & Adolph, 1996). However, empirical studies

have only recently started to estimate plasticity costs in

natural populations (DeWitt, 1998; Scheiner & Berrigan,

1998; Tucic et al., 1998; Donohue et al., 2000; Dorn et al.,

2000; van Kleunen et al., 2000; Tucic & Stojkovic, 2001).

In our study with S. arvensis, we found evidence for

plasticity costs in SLA in the low light environment: half-

sib families exhibiting large plasticity in SLA across light

levels had a lower fitness under low light than families

exhibiting smaller plasticity when the effect of SLA on

fitness in a focal environment was accounted for

statistically. Because SLA was the only trait in our study

that showed adaptive plasticity, this finding is in line

with the theoretical prediction that costs should be most

prevalent in traits exhibiting adaptive plasticity. Costs of

nonadaptive or maladaptive response should be elimi-

nated by selection, as they are not compensated for by

benefits (DeWitt et al., 1998). Contrary to these predic-

tions, however, Dorn et al. (2000) detected costs for both

adaptive and maladaptive plasticity in about equal

proportions.

Our finding of significant costs of plasticity under low

light, but not under full light, supports the notion that

such costs may be greater in unfavourable than in

favourable environments (van Kleunen et al., 2000). For

example, Dorn et al. (2000) detected plasticity costs in

morphological, architectural and life history traits of

Arabidopsis thaliana and these occurred more often in

shaded than in full-light environments. Similarly, van

Kleunen et al. (2000) found costs of plasticity in inter-

node length in Ranunculus reptans under competitive, but

not under benign, conditions. In contrast, Smekens

(1998) found evidence for plasticity costs in leaf thickness

of Plantago coronopus under favourable conditions but not

under salt stress. Clearly, models on the evolution of

phenotypic plasticity will need to take into account that

plasticity costs are likely to vary with environmental

conditions. Although recent conceptual advances have

provided us with appropriate statistical methods for

empirically detecting plasticity costs, the identification

of mechanisms underlying these costs remains a great

challenge.
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