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† Background and Aims Lobed leaves are considered selectively advantageous in conditions of high irradiance.
However, most studies have involved woody species, with only a few considering the role of leaf lobation in herbac-
eous rosette species. In this study, it is hypothesized that, in addition to its adaptive value in high light, leaf lobation
may add to the function of petioles as vertical spacers in herbaceous species in conditions of strong competition for
light.
† Methods To test this hypothesis, leaf development was examined under seasonally changing natural light con-
ditions and a field experiment was conducted in which light climate was manipulated in a wooded meadow popu-
lation of Serratula tinctoria.
† Key Results No changes in leaf lobation were observed in response to experimental shading or different natural
light conditions. However, in tall herbaceous vegetation, plants with highly lobed leaves achieved significantly
greater vertical elongation than plants with less-lobed leaves. In contrast to herbaceous shade, tree shade had no
effect on leaf elongation, suggesting differential responsiveness to competition from neighbouring herbs versus over-
head shade. In shading treatments, imposed shade could only be responded to by the elongation of leaves that were
produced late in development.
† Conclusions The results show that extensive leaf lobation can enable greater leaf elongation in response to shade
from surrounding herbaceous vegetation. The different morphological responses displayed by Serratula tinctoria to
different types of shade demonstrate the importance of critically assessing experimental designs when investigating
phenotypic plasticity in response to shade.

Key words: Asteraceae, herbaceous shade, leaf lobation, phenotypic plasticity, Serratula tinctoria, shade avoidance, tree
shade, leaf elongation.

INTRODUCTION

Leaf shape has been shown to vary with plant ontogeny
(Kerstetter and Poethig, 1998; Lynn and Waldren, 2001),
light quality (red : far-red ratio) and quantity, air tem-
perature and CO2 levels (Hanson, 1917; Talbert and
Holch, 1957; Vogel, 1968; Sanchez and Cogliatti, 1975;
Gurevitch, 1992; Jones, 1995; Thomas and Bazzaz, 1996;
Zwieniecki et al., 2004). These patterns have led to the
development of a variety of explanations for the adaptive
value of leaf shape and its plasticity. Experiments con-
ducted by Vogel (1968, 1970) demonstrated that the pre-
sence of lobes on a leaf increased heat dissipation per
unit area and decreased the dependence of heat dissipation
on leaf orientation. However, the effects of leaf shape were
much smaller than the effects of leaf size (Vogel, 1970). It
has also been shown that leaf lobation is not functionally
advantageous to light interception; however, gradients of
leaf-lobing along the length of shoots may be significant
in terms of overall light interception (Niklas, 1989). Sisó
et al. (2001) have suggested that lower hydraulic resistance
in deeply lobed leaves may constitute a mechanism for
improving water balance under dry atmospheric conditions.
In addition, compound and lobed leaves are considered to
be structures with low production costs that are adaptive
in environments favouring the deciduous habit, and in
light gaps or early successional vegetation where rapid

upward growth and efficient competition for light are
advantageous (Givnish, 1978).

It has been suggested that herbaceous plants may face the
same ecological problems as early successional trees, in
having to compromise between extensive branching and
rapid vertical growth (Givnish, 1978). However, a consider-
able number of herbaceous species do not have vertically
extending leafy stems and thus are not confronted with
the choice between branching and not branching. We
suggest that rosette-forming species experience different
selective conditions from trees, and that the leaves of
such herbaceous species have the additional function of
acting as vertical spacers (i.e. structures that place photo-
synthesizing tissues higher in the canopy; Huber, 1996), a
role that leaves of woody species do not have.
Herbaceous canopies are characterized by a strong vertical
light gradient, in which light availability increases
towards the top of the canopy (e.g. Huber and
Wiggerman, 1997). Therefore, the placement of photo-
synthesizing structures in higher layers of the herbaceous
canopy by elongation will improve a plant’s light capture.
In herbaceous plants lacking vertical stems, petiole
elongation may often represent the most important mechan-
ism of shade avoidance (Huber, 1996; Huber and
Wiggerman, 1997; Leeflang et al., 1998). In addition, her-
baceous plants can experience shade from surrounding
trees. Since there is little likelihood of most herbaceous
species overtopping trees, reduced elongation responses to* For correspondence. E-mail marina.semchenko@ut.ee
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tree shade as compared with responses to herbaceous com-
petitors should be favoured (Schmitt et al., 1999). This
would, however, require plants to be able to discriminate
between the two types of shade. Artificial shading in most
experiments represents a third type of shade, which can
have attributes of both natural herbaceous and tree shade
and may not be easily interpreted in biological terms.
These possibilities have to be considered when studying
leaf elongation in response to shade.

We hypothesize that, in addition to its role as an adap-
tation to dry conditions and high irradiance, pinnatifid loba-
tion in leaves (i.e. leaves deeply cut into pinnately arranged
lobes, the lobes remaining connected by at least a narrow
flange of leaf-blade bordering the midrib; Rose, 1981)
may substitute for, or augment, the function of petioles in
placing leaves higher in the canopy in response to herbac-
eous shade. In terms of biomass investment, it will be
less expensive to elongate gaps between leaf lobes in
response to shading than to occupy a similar vertical
space with continuous leaf area. This hypothesis was
tested using Serratula tinctoria, which is extremely variable
in leaf shape (Fig. 1). The main objective was to relate pat-
terns of variation in leaf shape, especially leaf lobation, to
local light climate whilst discriminating between shade
from trees and herbaceous species. Plant development was
tracked under different natural light conditions and a field
experiment was conducted in which light climate was
altered in a wooded meadow population of S. tinctoria.

MATERIALS AND METHODS

Study species

Serratula tinctoria L. is a long-lived herbaceous perennial
species of moist meadows, wooded meadows and open
deciduous forests. The area of distribution of the species
covers central and Atlantic Europe and the southern part
of Scandinavia (Talts, 1978; Tutin et al., 1980). Leaves
are finely toothed and vary in shape from undivided, lan-
ceolate, to deeply pinnatifid with narrow lobes (Fig. 1).

Study site

The field study was carried out in a species-rich calcar-
eous wooded meadow in Laelatu, western Estonia, on the

eastern coast of the Baltic Sea (588350N, 238340E). The
climate is seasonal temperate; mean temperature in July is
17.0 8C and in January, 25.0 8C. The average annual pre-
cipitation is approx. 500 mm. The meadow has a scattered
deciduous tree layer and it has been annually mown in
July for hay for .200 years. The majority of species in
the herbaceous layer are perennials (98 %), 64 % of the
species are forbs and 33 % are graminoids (Zobel and
Liira, 1997). Plant species richness in the herbaceous
layer is high (exceeding 60 species m22 in some parts of
the meadow; Kull and Zobel, 1991).

Experimental design

To minimize morphological variation between replicate
plants due to differences in ontogenetic stages, adult vege-
tative individuals were selected for the experiment. Plants
were selected at random across the meadow to ensure a gra-
dient of natural light availability. Three shading treatments
of different timing and duration, and an unshaded control
treatment, were imposed between May and July 2004.
The constant shading treatment lasted from 25 May to 26
July. Early shading was imposed by shading plants from
25 May to 26 June, and late shade was achieved by
shading plants from 26 June to 26 July. Twenty-two repli-
cate plants of S. tinctoria per treatment were examined.
However, 18–22 replicates per treatment were used in the
analysis as some plants started flowering and were therefore
excluded from the analysis.

In the shading treatments, each replicate plant was
shaded using two artificial plastic plants that mimicked
both the shape and optical properties (Smith and Morgan,
1981) of approx. 28-cm-high forbs with four or five
leaves, respectively (leaf width 8–11 cm, length 15–
20 cm; Fig. 2). The artificial leaf material reduced the
red : far-red ratio (measured using a two-channel sensor
with 660-nm and 730-nm filters; SKR 110, Skye
Instruments Ltd, Powys, UK) from 1.02 in daylight conditions
to values around 0.32 under the artificial plants. Light
availability under the artificial plants was reduced by

FI G. 2. Artificial plants used in the experiment. The stems of the artificial
plants were placed at equal distances on either side of a study plant (rooting

point is shown with a black dot).

FI G. 1. Leaf characteristics and examples of leaf shapes of Serratula
tinctoria. a, Leaf lobes; b, dissected area of a leaf; c, leaf lamina; d,
petiole. Numbers of lobes in leaves from left to right are ten, four, four

and zero.
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approx. 48 % (measured using hemispherical photographs
taken under the artificial plants and analysed by SCANOPY
software, Regent Instruments Inc., Quebec, Canada). This
was similar to the mean light availability beneath tree cano-
pies in the study area (Table 1) and beneath the herbaceous
layer at the beginning of summer (mean reduction in
PAR beneath the canopy between 26 May and 26 June
was 49 %). Gaps in the canopy of the artificial plants
allowed the shaded plants to experience sunflecks during
the day.

Measurements

The following data were recorded for each plant on 25
May, 11 June, 26 June, 10 July and 26 July: number of
leaves on a plant; and leaf ordinal number, leaf angle (the
number of degrees by which the leaf petiole deviated
from horizontal), lamina length, petiole length, number of
lobes and length of dissected area of each leaf (Fig. 1).

Availability of diffuse and direct radiation was estimated
from hemispherical digital photographs taken at the rooting
point of each plant measured on the first two sampling dates
using WinSCANOPY software (Regent Instruments Inc.,
Quebec, Canada). The height of the hemispherical lens
above the ground was 0.2 m. The direct and indirect site
factors (DSF and ISF, respectively; proportion of direct
and indirect radiation under the tree canopy relative to
that above the tree canopy) were estimated from the photo-
graphs as an integral for a 3-month period (15 May to 15
August), using cosine correction (Machado and Reich,
1999). Since ISF and DSF estimates were highly correlated,
only the one providing lower P-values (ISF) against plant
morphological traits was used in the analyses. The height
of the herbaceous layer was estimated on every sampling
date as the average of several measurements taken within
a 15-cm radius of each replicate.

Density of lobation was calculated as the number of lobes
per unit length of dissected leaf portion (Fig. 1). This
characteristic was used to describe changes in the density
of lobes along the leaf midrib (the central vein of a leaf)
due to leaf elongation. In contrast, the variation in leaf
shape that is determined early during leaf formation was

measured by differences in absolute numbers of lobes in
a leaf. Leaf height was estimated as a function of leaf
angle and the sum of lamina and petiole length: leaf
height¼ (lamina length þ petiole length) � sin (leaf angle).
Above-ground parts of plants were harvested at the last
sampling date, dried at 75 8C for 48 h, and weighed.

Statistical analysis

Temporal changes in mean values of plant traits and light
conditions were analysed with a repeated measures ANOVA
treating sampling time as a repeated measures factor. Two
general linear models were used to examine the relationship
between mean leaf height (dependent variable) and (a) the
mean number of lobes per leaf and (b) mean density of
lobation. In both models, sampling date was included as a
repeated measures factor.

The examination of leaf trait as a function of sampling
time implies the observation of leaves at different stages
in their development. Differences between shading treat-
ments can then be partially attributed to differences
in plants’ growth rates, i.e. resource-mediated responses.
At some point in time, shaded leaves can be shorter on
average than sun leaves, merely because of reduced
growth rates rather than a developmental change (Wright
and McConnaughay, 2002). Therefore only data on fully
expanded leaves (i.e. leaves that did not increase in length
at subsequent sampling dates) were analysed as a function
of their ordinal number (i.e. the first leaf is the leaf that
was produced earliest in the growing season), in order to
exclude the confounding effects of sampling time, and to
examine responses that are driven by shifts in ontogeny
(‘ontogenetic plasticity’ in Wright and McConnaughay,
2002). Similarly, numerous studies have used the pro-
duction of successive leaves as a reliable measure of the
developmental stage of plants, which can be determined
non-destructively (Collins and Jones, 1988; Huber and
Stuefer, 1997). A general linear mixed model (Littell
et al., 1996) was used to examine responses to light con-
ditions, where leaf ordinal number (a fixed factor that indi-
cates ontogenetic stage), shading treatment (a fixed factor
with four levels: control, constant shade, early shade and

TABLE 1. Mean values for natural light conditions and various leaf traits of Serratula tinctoria at five consecutive sampling
dates (n ¼ 60) during the summer of 2004

Characteristic

Sampling date

25 May 11 June 26 June 10 July 26 July

Height of herbaceous layer (cm) 16 (0.3)a 22 (0.4)b 29 (0.6)c 31 (0.6)d 33 (0.6)e

ISF 58.7 (1.6)a 54.4 (1.8)b –* – –
Leaf lamina length (cm) 8.8 (0.20)a 11.8 (0.27)b 12.7 (0.33)c 13.4 (0.38)cd 13.5 (0.47)d

Petiole length (cm) 6.6 (0.18)a 8.3 (0.20)b 8.9 (0.24)c 9.3 (0.26)c 9.8 (0.32)d

Density of lobation (lobes cm21) 2.4 (0.11)a 1.7 (0.06)b 1.5 (0.06)b 1.5 (0.07)b 1.5 (0.07)b

Number of lobes (lobes leaf21) 8.41(0.39)a 9.05(0.39)b 9.12(0.41)b 9.32(0.41)b 9.18(0.43)b

Means with the same letter are not significantly different (P . 0.05, Tukey HSD test within repeated measures ANOVA). Standard errors are shown
in parentheses.

ISF, Percentage of diffuse radiation passing tree canopies.
* Tree canopies were fully expanded by the third sampling date, and no further measurements were taken.
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late shade), indirect radiation availability (ISF, covariate),
and height of surrounding herbaceous layer (covariate)
were included to predict the following characteristics:
lamina length, petiole length, number of lobes, density of
lobation and leaf angle of fully expanded leaves. Plant
identity, nested into treatment, was included in the model
as a random factor. The definition of plant identity as a
random factor takes into account the size of each plant
and the correlation between single leaves within a plant.
In the table of results, only the test of fixed effects is
presented.

It is likely that the first leaves of the plants studied were
produced before shading treatments were imposed, and that
variation in traits of early leaves may therefore be indepen-
dent of treatments. Any differences in leaf trait means
caused by treatments should therefore appear later in devel-
opment. Hence, interaction between leaf ordinal number
and shading treatment was included in the model to
describe the variation in effects of treatments during onto-
geny. To test the hypothesis that leaf lobation is a trait
enhancing leaf elongation and its plasticity in response to
light conditions, leaf lobation and its interactions with
light conditions were also included as predictors in the
model examining plasticity in lamina and petiole length.
For a clearer interpretation and graphical presentation of
the interaction terms, leaf lobation was transformed into a
categorical variable with three levels: 0–6 lobes, 7–12
lobes and .12 lobes in a leaf. (A model with lobation as
a continuous variable produced very similar output;
results not shown.)

A backwards stepwise linear regression was used to
assess the significance of the mean number of lobes per
leaf and plant above-ground biomass as predictors of leaf
elongation. If the number of lobes and biomass are both sig-
nificant predictors of leaf length, and have a positive effect
on it in the regression, plants with extensively lobed leaves
will produce longer leaf laminas than plants with less-lobed
leaves, irrespective of their biomass.

Statistical analyses were performed using SAS 9.1 (SAS
Institute, Cary, NC, USA). When necessary, dependent
variables were ln-transformed to improve normality of
residuals and homogeneity of variances.

RESULTS

Temporal changes in natural light conditions and plant growth

The largest changes in leaf morphology took place between
the two first sampling dates, coinciding with the most pro-
nounced changes in the height of the herbaceous layer
(Table 1). There was a sharp increase in leaf lamina
length and petiole length, as well as a decrease in the
density of lobation, at the beginning of summer (25 May
to 11 June), indicating rapid leaf elongation (Table 1).
There was no correlation between the height of the herbac-
eous layer and the availability of overhead diffuse radiation
(R2 at five measurements during the summer ranged from
0.0007 to 0.0174; P . 0.05).

Functional significance of leaf lobation

A significant positive correlation was observed between
leaf lamina length and the number of lobes per leaf in all
plant samples, independent of sampling date or leaf pos-
ition (P , 0.006 for all correlations). Having a large
number of lobes was directly associated with a higher ver-
tical position of the rosette leaves, the dependence being
apparently stronger at later sampling dates (Fig. 3; inter-
action between time and the number of lobes per leaf sig-
nificant at P ¼ 0.0144). Mean leaf height of the plants
studied was independent of leaf lobation density at the
beginning of the study period (r ¼ 0.01, P ¼ 0.9169) and
was negatively correlated with it at subsequent measure-
ments (r ranged from –0.41 to –0.63, P , 0.0012; inter-
action between time and density of lobation significant at
P , 0.0001). This means that leaf vertical growth was
achieved largely through extension of the lobed section of
the leaf lamina. Mean petiole length, on the contrary, did
not show any significant correlation with mean number of
lobes.

Mean number of lobes was also positively correlated
with plant above-ground biomass at the end of the exper-
iment (r ¼ 0.31, P ¼ 0.0051). In the backwards stepwise
linear regression, both above-ground biomass and mean
number of lobes were highly significant predictors of leaf
length (both P , 0.0001), and a high tolerance value
(0.90) suggests that a large number of lobes in a leaf
increased leaf elongation irrespective of plant size.

Plasticity in response to natural conditions

Plants produced more upright leaves with longer petioles
and leaf laminae, and arranged lobes more sparsely along
the leaf midrib, in response to taller surrounding herbaceous
vegetation, but not in response to tree shade (Table 2). No
plasticity was observed in the number of lobes in response
to either of the parameters of light availability measured
(Table 2). However, plants with highly lobed leaves exhib-
ited greater plasticity in leaf lamina length in response to
the height of the herbaceous layer, as indicated by the sig-
nificant interaction between leaf lobation and height of the
herbaceous layer (Fig. 4 and Table 2; interaction term esti-
mates of 0.27 and 0.19 for leaves with .12 lobes and with
7–12 lobes per leaf, respectively, compared with the refer-
ence level of zero for leaves with fewer than seven lobes).

Experimental shading

While control plants continued to produce new leaves
until the end of the experiment, the formation of new
leaves in shaded plants was retarded, and this restricted
plants’ elongation responses to leaves that were present
before the shade was imposed (Fig. 5). Consequently,
greater elongation of leaf laminae in shaded plants than in
control plants was observed only as late as at the stage of
the fourth leaf (Fig. 6A and Table 2). Elongation of leaf
laminae was accompanied by a significant decrease in leaf
lobation density (Fig. 6B and Table 2). Shading treatments
imposed later in summer had almost no effect on leaf
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TABLE 2. Results of a general linear mixed model for five leaf traits of Serratula tinctoria

Trait n Treatment Leaf ordinal
number

Leaf ordinal
number � treatment

Height of herb
layer

ISF Lobation Lobation � treatment Lobation � height of
herb layer

Lobation � ISF

d.f. 3 4 12 1 1 2 6 2 2
Lamina length 315 0.0051 <0.0001 <0.0001 0.0001 (0.26) 0.6492 (20.06) 0.5389 0.1990 0.0008 0.0799
Petiole length 315 0.1531 <0.0001 0.0004 <0.0001 (0.23) 0.6909 (20.05) 0.8300 0.4646 0.3734 0.0540
No. of lobes 315 0.7544 <0.0001 0.0509 0.1515 (0.06) 0.2332 (0.03) – – – –
ln(density of
lobation)

298 0.3050 <0.0001 0.0047 0.0001 (20.02) 0.9651 (0) – – – –

Leaf angle 315 0.1400 <0.0001 0.4400 0.0055 (0.51) 0.0120 (0.20) – – – –

Plant identity, nested into shading treatment, was included as a random factor (not shown in the table).
Leaves were observed at their maximum expansion (i.e. when they did not increase in their length at subsequent sampling dates).
The statistical significance of ontogenetic stage (indicated by leaf ordinal number), shading treatments (four levels: control, constant shade, shade for the first half of the experiment, and shade for the

second half of the experiment) and natural light conditions (height of herbaceous layer and availability of diffuse radiation, i.e. ISF) are presented.
To examine the effect of leaf lobation on the plasticity of lamina length in response to light conditions, interactions between lobation (three categories: leaves with ,7 lobes, leaves with 7–12 lobes,

and leaves with .12 lobes) and light conditions were included in the model.
Numbers in bold indicate significant (P , 0.05) effects under a sequential Bonferroni criterion.
The estimates of the effects of natural light conditions are shown in parentheses.
Measurement units of leaf traits and light conditions are the same as in Table 1.
Leaf angle was measured as the deviation of the leaf petiole from horizontal (in degrees).
d.f., degrees of freedom; n, sample size.
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than leaf elongation resulting in greater lobation. First, it
has been shown that leaf shape, including the number
of lobes, is determined at a very early stage of leaf develop-
ment (Jones, 1995; Kerstetter and Poethig, 1998), i.e. lobes
are not added as leaves elongate. Secondly, lamina length
was highly responsive to herbaceous shade, whereas the
number of lobes in a leaf was not influenced by light con-
ditions. Comparison of the temporal changes in light
conditions at the meadow and the growth pattern of

S. tinctoria suggest how leaf lobation could contribute to
plant competitive ability without the need for plasticity in
this trait. In spring, plants had short leaves with densely
packed lobes, and mean leaf height was only weakly
related to the number of lobes per leaf (Fig. 3) and
density of lobation. At the beginning of summer, as light
conditions changed rapidly, plants elongated their leaves
rapidly and leaf height became strongly correlated with
the number of lobes per leaf (Fig. 3) and with the extension
of the lobed section of a leaf (as shown by a strong negative
correlation with density of lobation). To assure rapid verti-
cal growth, plants require a strategy that involves minimal
expense in terms of carbon (Reich, 2001; Westoby et al.,
2002). This can be achieved by elongating lobed leaf por-
tions along the vertical axis. A smaller biomass investment
is needed to elongate gaps between leaf lobes than to
produce a continuous leaf lamina along the extending leaf
midrib. Thus, given the same amount of resource, lobed

FI G. 4. The relationship between leaf lamina length and the height of the
surrounding herbaceous layer. Data for fully expanded leaves is presented.
Leaves were grouped into three categories of leaf lobation: leaves with ,7
lobes, leaves with 7–12 lobes, and leaves with .12 lobes. See results of

the linear model in Table 2.

FI G. 6. (A) Lamina length and (B) density of lobation of fully expanded
leaves as a function of leaf ordinal number in plants of Serratula tinctoria
grown in control conditions or exposed to three shading treatments. Early
and late shade denote shading imposed for the first half and for the second
half of the experiment, respectively. The error bars denote 95 % confidence

intervals for the mean.

FI G. 5. Changes in numbers of leaves in plants of Serratula tinctoria
during the course of the experiment. Control plants, constantly shaded
plants, plants shaded for the first half of the experiment, and plants
shaded for the second half of the experiment, are distinguished. Original
differences in mean numbers of leaves between treatments have been set
to zero, and absolute changes from the first sampling are shown. For the
treatment ‘late shade’, data were only recorded from the third sampling
date, when shading was imposed, as plants were assumed to perform as
controls prior to shading. The error bars denote 95 % confidence intervals

for the mean.
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leaves can elongate more in response to shading than leaves
with entire margins.

Furthermore, examination of phenotypic responses to
natural light conditions revealed that extensive leaf lobation
was associated with greater plasticity of leaf length in
response to shading by surrounding herbaceous vegetation
(Table 2). Within low vegetation, plants with highly lobed
leaves produced laminas as short as plants with unlobed
laminas, but within a tall herbaceous layer, where there
was likely to be strong competition for light, only plants
with highly lobed leaves were able to produce longer leaf
blades and reach the top of the herbaceous canopy (Fig. 4).

Using the same argument, petiole elongation would be
even less costly than elongation of lobed leaf lamina. The
present data show that petiole length was indeed highly
responsive to the herbaceous shade (Table 2). However,
plants had similar rates of petiole elongation regardless of
the number of lobes in a leaf. Thus, plants with few-lobed
leaves were not able to increase petiole elongation to com-
pensate for the inferior leaf lamina elongation. This finding
suggests that there is a limit to petiole elongation, and that
leaf lobation provides plants with an additional,
biomass-efficient method of projecting leaves to a higher
level in the vegetation profile.

In spring, before tree leaf canopies have expanded, and
when the herbaceous layer is still low, plants can detect
shading from herbaceous neighbours through changes in
light quality, and alter their growth pattern to maintain
their photosynthetic potential. The shading treatments in
the present study (and in most such experimental studies)
were imposed suddenly, precluding plants from escaping
the shade. Primarily, reduced light availability retarded
plants’ growth rates so that they were not able to produce
new leaves (Fig. 5). This fact alone considerably limited
the ability of plants to respond to the rapid changes in
light availability: perceived shade could only be responded
to by the elongation of leaves that were produced late in
development (i.e. leaves with ordinal number four or
higher; Fig. 6). The delay between the perception of an
environmental cue and the production of an altered pheno-
type (elongated leaves in this case) is considered to be one
of the most important factors limiting the evolution of plas-
ticity and limiting its value (DeWitt et al., 1998; Pigliucci,
2001). Also, virtually no response to shading treatments
imposed in the middle of summer indicates that the preced-
ing developmental and environmental histories affected the
ability of plants to adapt to changing conditions (the
phenomenon described in Novoplansky et al., 1994;
Weinig and Delph, 2001).

Interestingly, plants exhibited enhanced leaf elongation
in response to increasing height of herbaceous vegetation,
but not in response to the development of tree shade
(Table 2). Comparative studies have shown that species/
populations of open habitats were more responsive to
simulated vegetation shade than those originating from
closed-canopy wooded habitats (Corré, 1983; Dudley and
Schmitt, 1995; van Hinsberg and van Tienderen, 1997;
von Wettberg and Schmitt, 2005). The possibility of differ-
ential responsiveness to herbaceous (mostly lateral) and
overhead shade (i.e. from a tree canopy) in plants has

been hypothesized by Schmitt et al. (1999), but to the
best of our knowledge no population experiencing both
tree and herb shade has been examined so far to test this
hypothesis. The present results show that plants of
S. tinctoria responded differently to shading caused by
neighbouring herbs and trees. Tree canopies, being more
distant from herbaceous species, impose rather different
environmental conditions than adjacent herbs (e.g. light
direction and distribution, air humidity, wind speed, plant
volatile concentrations; Niklas, 1994; Hirose and Werger,
1995; Leeflang et al., 1998; Pierik et al., 2004), and
plants may be able to use these cues to discriminate
between shade from these different sources.

In conclusion, the present results show that S. tinctoria, a
rosette-forming herbaceous species, can benefit from
having an extensively lobed leaf form as this allows vigor-
ous vertical growth in conditions of limited light avail-
ability caused by herbaceous competitors. The absence of
plasticity in leaf lobation (i.e. number of lobes in a leaf)
in the species studied implies that it can do equally well
with the same numbers of lobes per leaf in both shade
and sunlight, or that there are constraints on plasticity in
that trait. The present study also suggests that plants may
have different responses to herbaceous and tree shade,
and have limited responsiveness to the abrupt imposition
of artificial shade.
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