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LACK OF DIFFERENTIAL PLASTICITY TO SHADING OF INTERNODES AND PETIOLES WITH
GROWTH HABIT IN CONVOLVULUS ARVENSIS (CONVOLVULACEAE)

Ernesto Gianoli1

Departamento de Ciencias Ecológicas, Universidad de Chile, Casilla 653, Santiago, Chile

It has been postulated that the plasticity to shading of spacing organs in plants of different growth habit
is more likely related to the analogy of organs than to their homology. Accordingly, vertical spacers (internodes
in erect species, petioles in prostrate species) should be more plastic than horizontal spacers (petioles in erect
species, internodes in prostrate species). This hypothesis was tested in the climbing plant Convolvulus arvensis.
Given their facultative erect or prostrate habit, depending on support availability, climbing plants may be
model species to test the relationship between growth habit and spacer plasticity in the absence of the con-
founding factors that are typical of interspecific comparisons. The phenotypic correlations among traits were
also addressed. Three shading treatments (100%, 20%, and 5% of sunlight) and two support conditions (with
and without a stake on which plants could twine) provided the experimental setting. Traits evaluated included
internode length, petiole length, stem thickness, and biomass as well as area, shape, and specific area of leaves.
The hypothesis was not supported. Internodes were more plastic than petioles in supported (“erect”) as well
as in nonsupported (“prostrate”) plants, thereby supporting homology, and not analogy, of organs as a factor
in explaining plasticity patterns. Most traits were significantly correlated both in supported and nonsupported
plants. Internode and petiole length showed a highly significant positive correlation. This is discussed, and
trait correlations are considered as possible constraints on the expected pattern of differential spacer plasticity
to shading.
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Introduction

Phenotypic plasticity of plants to reductions in light avail-
ability has been widely studied. Typical morphological re-
sponses to shading include elongation of internodes and pet-
ioles, increase of the perimeter/area ratio and of the specific
area of leaves, suppression of branching, and decrease of the
root/shoot ratio (reviewed in Sultan 1987; Bradshaw and
Hardwick 1989; Hutchings and de Kroon 1994). However,
not all plant species exhibit the same repertoire of plastic re-
sponses. Thus, it has been proposed that the plasticity to shad-
ing of spacing organs (internodes, petioles) in plants of dif-
ferent growth habit should more likely be related to the
analogy of the organs, i.e., whether they are vertical or hori-
zontal spacers, rather than to the homology of the organs, i.e.,
their anatomical identity (Ballaré 1994).

Accordingly, it has been recently tested whether vertical
spacers (internodes in erect species, petioles in prostrate spe-
cies) are more plastic than horizontal spacers (petioles in erect
species, internodes in prostrate species) (Huber 1996; Huber
et al. 1998). The adaptive significance of the expected pattern
is based on the greater predictability of the vertical light gra-
dient compared to the horizontal variability in light level
(Huber 1996). The reported evidence was not conclusive for
four Potentilla species (two erect, two prostrate) because only
in two species could the greater plasticity of vertical spacers
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be verified (Huber 1996). However, the results were more con-
sistent for several species pairs from a range of plant families
(Huber et al. 1998). Thus, in 11 out of 14 species (seven erect,
seven prostrate), the vertical spacers were significantly more
plastic than the horizontal spacers (Huber et al. 1998). The
latter comparison was sounder since it reduced the likelihood
that common phylogenetic ancestry could actually be under-
lying an apparent adaptation (Brooks and McLennan 1991;
Ackerly 1999). The authors (Huber 1996; Huber et al. 1998)
concluded that plasticity of spacers might have been selected
for (or against) during evolution.

Studies on the adaptive nature of plant traits that account
for phylogeny effects (e.g., Silvertown and Dodd 1997) are a
valuable complement to studies focused at the within-species
level (Reeve and Sherman 1993), which is the level at which
microevolutionary events take place in natural populations
(Endler 1986). The study of the relationship between growth
habit and differential spacer plasticity at the within-species
level lacks some confounding factors, besides phylogenetic re-
latedness, that are likely to come about in interspecific com-
parisons, e.g., species original habitat and intrinsic tolerance
to shade (Schlichting and Levin 1984; Sultan et al. 1998;
Poorter 1999; Valladares et al. 2000). Thus, Huber and Hutch-
ings (1997) evaluated the differential plasticity to shading of
spacers in the clonal herb Glechoma hirsuta, which produces
prostrate shoots during its vegetative stage and erect shoots
during its reproductive stage. They found that the expected
pattern of differential plasticity of plant spacers was confirmed.
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Table 2

Two-Way ANOVA of the Morphological Traits and
Parameters of Convolvulus arvensis

Light (L) Support (S) L # S

Internode length 0.000000 0.000000 0.001178
Petiole lengtha 0.000000 0.000607 0.007259
Stem thickness 0.000000 0.000217 0.365493
Leaf area 0.000371 0.218866 0.138154
Leaf shape 0.000004 0.074606 0.071451
Leaf biomass 0.000001 0.911010 0.247173
Specific leaf area 0.000000 0.060079 0.110341

Note. Traits and parameters are listed in table 1. Main factors are
light intensity and support availability. P values are shown.

a Leaf area was entered as a covariate.

Table 1

Morphological Traits and Parameters of Plants of Convolvulus arvensis Grown in Environments of Different Light Intensity

100% light 20% light 5% light

SUP NON SUP NON SUP NON

Internode length (mm) 15.64 � 0.85 17.16 � 0.83 21.46 � 0.56∗ 30.89 � 1.17 26.25 � 1.51∗ 35.07 � 1.16
Petiole length (mm) 4.62 � 0.21 5.51 � 0.24 5.87 � 0.24∗ 7.97 � 0.44 8.89 � 0.34 8.84 � 0.12
Stem thickness (mm) 0.85 � 0.02 0.80 � 0.01 0.70 � 0.02∗ 0.62 � 0.02 0.66 � 0.03∗ 0.55 � 0.02
Leaf area (cm2) 1.07 � 0.10 1.26 � 0.14 2.08 � 0.15∗ 1.56 � 0.16 1.87 � 0.22 1.68 � 0.19
Leaf shapea 1.97 � 0.10 1.96 � 0.07 1.88 � 0.09∗ 1.55 � 0.06 1.54 � 0.06 1.53 � 0.05
Leaf biomass (mg) 11.45 � 0.79 11.30 � 0.81 10.81 � 1.09 9.38 � 0.66 6.00 � 0.44 7.36 � 0.80
Specific leaf area (cm2 mg�1) 0.10 � 0.01 0.11 � 0.01 0.21 � 0.03 0.17 � 0.01 0.32 � 0.03∗ 0.24 � 0.03

Note. ; . Light intensities are 100%, 20%, and 5% of full light for average values of 1993, 403, and 89 mmol m�2 s�1,Mean � SE n p 10
respectively, with (SUP) and without (NON) support availability.

a Length : width ratio.
∗ Significant differences (P ! 0.05, LSD test) between means for the effect of support availability within light treatments.

However, shoot orientation and developmental stage were con-
founded factors in the evaluation.

In this article, I attempt a complementary approach to such
a putatively adaptive switch in the plasticity of internodes and
petioles by studying the plasticity to shading of Convolvulus
arvensis L., a plant species that grows either erect (twining)
or prostrate (trailing) depending on the presence or absence
of physical support, respectively (Weaver and Riley 1982). The
rationale behind this approach is that, given their facultative
erect or prostrate habit, climbing plants could be model species
to test the relationship between growth habit and differential
spacer plasticity without incurring confounding factors, such
as age, developmental stage, or any of the factors listed above,
when discussing the possible shortcomings of interspecific
comparisons. It is assumed that nonsupported plants of C.
arvensis should behave as prostrate plants and supported
plants as erect ones, in terms of their phenotypic responses to
shading.

A second issue that is addressed herein is the integration of
plasticity in C. arvensis. Previous work has shown that phe-
notypic correlations among plant traits affect their plastic re-
sponses (Schlichting 1986, 1989; Lechowicz and Blais 1988;
Pigliucci and Schlichting 1995; Gianoli and Hannunen 2000).
The elucidation of the structure of correlations and of its en-
vironmental sensitivity is of special relevance for the intensity
of selection on traits correlated with fitness in natural plant
populations (Schlichting and Pigliucci 1998). In the case of C.
arvensis, the expression of the expected differential plasticity
of spacing organs might be favored or constrained if these plant
organs are negatively or positively correlated, respectively. Fur-
ther constraints on the selection of differential spacer plasticity
may arise if there exist phenotypic correlations between these
spacing organs and other plant organs exhibiting plasticity to
shading and if such traits are correlated with plant fitness
(Lande and Arnold 1983). This was investigated in this article.

Material and Methods

Convolvulus arvensis L. (Convolvulaceae), the field bind-
weed, is a perennial herb that exhibits sexual reproduction by
seeds and clonal propagation by rhizomes. Its deep and ex-
tensive root system, together with its long-lasting seed bank,

is a key feature to the noxious weed status that it receives
worldwide. The slender stems (0.5–2 m long) are twining or
trailing; i.e., the plant shows a twining growth habit when
physical support is available. Leaves (2–5 cm long) are simple,
alternate, and variable in shape, triangular to ovate-oblong
with cordate or sagittate basal lobes. Convolvulus arvensis
occurs in cultivated fields, pastures, gardens, and wasteland;
along roadsides; and in highly disturbed, preferably open, hab-
itats (Weaver and Riley 1982). The phenotypic plasticity of C.
arvensis to various environmental factors such as light, water,
and support has been amply documented (Bakke and Gaess-
ler 1945; Meyer 1978; DeGennaro and Weller 1984;
Dall’armellina and Zimdahl 1988, 1989; Den Dubbelden and
Oosterbeek 1995).

Seeds of C. arvensis were collected in the edge of cereal fields
in central Chile in April 1999 (autumn). A small number of
seeds (three to five) per individual mother plant and a relatively
large number of sampled plants (48) provided the initial pool
of seeds ( ). This was done to reduce the possibilitytotal p 226
of a bias in the results due to genetic variation for plasticity
in the sample of seeds. Before germination, seeds were sub-
jected to scarification. Seeds were immersed in concentrated
sulfuric acid for 20 min and then washed in running tap water
for 5 min. Seeds were germinated in a room at �C on22� � 2
wet filter paper in covered plastic boxes and planted in 500-
mL plastic pots filled with potting soil. One week after seed-
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Fig. 1 Comparative plasticity of internodes and petioles in sup-
ported and nonsupported plants of Convolvulus arvensis. The slope
(m) of the change in organ length with shading is shown. Significant
P values indicate that slope lines are different (test of parallelism; see
text for details), and, therefore, plasticity of organs differs within the
given support treatment.

lings attained the second true leaf they were transplanted into
5-L plastic pots filled with potting soil and transferred to the
experimental plot. The plot was located outdoors, in the cam-
pus of the Facultad de Ciencias, Universidad de Chile, within
an enclosure of wire netting ( m), and the plot had16 # 8
previously been weeded and covered with a layer of coarse
sand. Experiments were performed during the summer (Jan-
uary–February 2000) at maximum and minimum temperatures
of �C and �C, respectively, and with an average29� � 3 12� � 3
daylength of 15 h.

Six experimental treatments ( plants per treatment)n p 10
were applied after a factorial array of three shading treatments
(100%, 20%, and 5% of full daylight) and two support con-
ditions (with and without physical support). A black shade
cloth hung at 2 m over the ground in single and double layers
provided the 20% and 5% daylight treatments, respectively
(measured with a Li-250 light meter [LiCor], at the ground
level). Full daylight on clear days reached an average value of

1993 mmol m�2 s�1 PAR. Plants under the extreme shading
treatment received, on average, radiation of 88.5 mmol m�2

s�1 PAR, which is above the level recorded in a natural pop-
ulation of C. arvensis growing on the understory of a euca-
lyptus stand (ca. 40 mmol m�2 s�1 PAR; E. Gianoli, unpublished
data). Support consisted of a plastic stake (0.8 cm diameter,
1.2 m long) placed just in contact with the stem. The 20 plants
(10 supported, 10 nonsupported) included in each of the three
shading treatments were placed alternately within an area of

m. Interpot distances were enough to prevent mutual4 # 8
shading. Plants were watered with tap water every second day.

Six weeks after plants were transferred to the plot, the shoots
were harvested. Stem thickness, the length of three consecutive
internodes and petioles at midshoot, and the area, length, and
width of three consecutive leaves at midshoot were immedi-
ately measured in each plant. These leaves were then oven-
dried for 48 h at 80�C, and dry weight was determined. Thick-
ness and length of organs were measured with a digital caliper
(Mitutoyo; resolution, 0.01 mm). Leaf area and shape
(length : width ratio) were estimated using SigmaScan soft-
ware. Specific leaf area (cm2 mg�1) was also calculated.

The effect of treatments on shoot and leaf parameters was
tested by a two-way ANOVA (main factors: shading and sup-
port availability). The significance of differences between
means for the effect of support availability within shading
treatments was tested by a LSD test. Differences in plasticity
between internodes and petioles in supported as well as in
nonsupported plants were evaluated by comparing the slopes
of the reaction norms (assuming linearity; Weis and Gorman
1990) with a test of parallelism following an ANCOVA (main
factor: plant organ; dependent variable: organ length; covar-
iate: shading). In order to complement the information ren-
dered by the former analysis, the differences in plasticity of
internodes as well as in petioles between supported and non-
supported plants were equally evaluated (ANCOVA main fac-
tor: support availability; dependent variable: organ length;
covariate: shading). Finally, the correlation among traits was
evaluated by Pearson product-moment correlations. Correla-
tions were made within each support treatment, pooling plants
from the three light treatments, i.e., for each corre-n p 30
lation analysis.

Results

Whereas shading had a significant effect on all the mor-
phological traits and parameters evaluated, the availability of
support affected internodes, petioles, and stems but did not
affect leaf traits (tables 1, 2). A significant interaction of main
factors was found only for internodes and petioles (table 2).
In general, shading promoted (i) an elongation of internodes
and petioles; (ii) a decrease of leaf length : width ratio, i.e., a
tendency of leaf shape to be more circular; (iii) an increase of
leaf area and specific leaf area (the latter attributable to a
reduction in biomass); and (iv) a thinning of the stem.

Internodes were more plastic than petioles both in supported
( , , test of parallelism) and in nonsup-F p 14.27 P ! 0.0011, 54

ported plants ( , ) (fig. 1). However,F p 57.24 P ! 0.0011, 56

whereas the plasticity to shading of internodes of nonsup-
ported plants was slightly greater than that of supported plants
( , , test of parallelism), no significant dif-F p 8.98 P ! 0.051, 55
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Table 3

Correlation among Traits in Convolvulus arvensis

ST PL IL LA LS LB

Stem thickness (ST) 1.00 �0.24 ns �0.45∗ �0.31 ns 0.25 ns 0.55 ∗∗

Petiole length (PL) �0.69∗∗∗ 1.00 0.89∗∗∗ 0.48 ∗∗ �0.61∗∗∗ �0.46∗

Internode length (IL) �0.73∗∗∗ 0.84∗∗∗ 1.00 0.52 ∗∗ �0.55 ∗∗ �0.43∗

Leaf area (LA) �0.07 ns 0.43∗ 0.37∗ 1.00 �0.29 ns �0.11 ns
Leaf shape (LS) 0.58 ∗∗ �0.76∗∗∗ �0.65∗∗∗ �0.48 ∗∗ 1.00 0.24 ns
Leaf biomass (LB) 0.64∗∗∗ �0.38∗ �0.44∗ 0.33 ns 0.07 ns 1.00

Note. Values above the main diagonal are from supported plants; values below the main diagonal are from nonsupported plants.Correlation
coefficients, r, are shown (Pearson product-moment correlations); ns p nonsignificant.

∗ P ! 0.05.
∗∗ P ! 0.01.
∗∗∗ P ! 0.001.

ference between support availability treatments was found for
the plasticity of petioles ( , ). Most of theF p 1.43 P p 0.241, 55

traits were correlated in supported (nine of 15 trait-trait com-
binations were significant) as well as in nonsupported (12 of
15 correlations were significant) plants (table 3). The corre-
lation between a given pair of traits (when it was significant)
was of the same sign and similar magnitude in supported and
nonsupported plants. Internodes and petioles were signifi-
cantly correlated with all and all but one of the traits evaluated,
respectively, in supported and nonsupported plants (table 3).

Discussion

Phenotypic responses of Convolvulus arvensis to shading
were consistent with published evidence on the topic. Thus,
the elongation of both internodes and petioles as well as the
increase of the surface per unit of biomass of leaves may en-
hance the harvest of solar radiation by the plant (Hutchings
and de Kroon 1994). The thinning of the stem is probably
related to the initial tendency of climbing plants in the shade
to adopt an upright position (Bakke and Gaessler 1945; French
1977). A thinner (and hence lighter) stem may retard the fur-
ther biomechanical constraint to this tendency (Putz and Hol-
brook 1991).

Interestingly, a significant interactionshading # support
was found only for internodes and petioles (table 2). These
spacing organs were tested for differential plasticity to shading
depending on “growth habit” (support availability). The hy-
pothesis put forward in the “Introduction,” based on the
greater predictability of the vertical light gradient, as compared
to the horizontal one (Ballaré 1994), was not supported by
the results obtained. Thus, vertical spacers (internodes in sup-
ported plants, petioles in nonsupported ones) were not more
plastic than horizontal spacers (petioles in supported plants,
internodes in nonsupported ones). Actually, internodes were
shown, overall, to be more plastic spacers, thereby supporting
homology (anatomical identity) and not analogy (functional
identity) of organs as a factor related to the degree of plasticity
to shading. This pattern is different from that postulated earlier
(Ballaré 1994) and from that supported by several reports in
which spacers showed differential plasticity depending on the
growth habit of the plant species (Huber 1996; Huber and

Hutchings 1997; Huber et al. 1998), or petioles exhibited a
consistently higher plasticity compared to internodes in sto-
loniferous species (Lovett Doust 1987; Mitchell and Wood-
ward 1988; Dong 1993; Huber and Wiggerman 1997; Stuefer
and Huber 1998). Nonetheless, there also are cases in which
stoloniferous plants (one species in Huber et al. 1998) or non-
supported climbing plants (E. Gianoli, unpublished data on
Ipomoea purpurea) did not show a consistent dominance of
petioles over internodes in the plastic responses to shading.

A first explanation of the pattern found in C. arvensis would
indicate that internodes are, regardless of the growth habit,
intrinsically more plastic than petioles; i.e., the homology of
organs would prevail over their analogy. However, alternative
interpretations deserve attention. The greater predictability of
the vertical light gradient compared to that of horizontal levels
of light might be a sufficient factor to explain the higher plas-
ticity of internodes in supported plants compared to petioles.
However, this factor cannot account for the dominance of
internodes over petioles in nonsupported plants of C. arvensis.
This behavior of internodes might be explained by considering
that internodes of nonsupported climbing plants in the shade
are not only functional for the search of patches of better
quality in terms of light (see Stuefer 1996) but also for the
search of physical support (Peñalosa 1983; Den Dubbelden
and Oosterbeek 1995). It has been discussed that internodes
of plagiotropic (horizontal) stems respond to shading in a
rather unpredictable way. Thus, the formation of both shorter
and longer internodes, depending on the plant species, has been
described (Hutchings and de Kroon 1994). It remains unex-
plained why petioles of nonsupported plants (the vertical spac-
ers) were not more responsive to shading; they actually showed
a similar plasticity to that of petioles of supported plants (the
horizontal spacers). In other words, the plasticity of petioles
was not affected by the direction of growth of the plant.

Plant growth habit did have a significant though slight effect
on internode elongation. Surprisingly, nonsupported plants
showed higher plasticity for internode length than did sup-
ported plants. This result is not compatible with the expla-
nation based on the greater predictability of the vertical light
gradient. It is likely that the thicker stems observed in sup-
ported plants in the shade, as compared to nonsupported
plants, could constrain the elongation of internodes. This as-
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sumes that there is a limited amount of biomass to be invested
in either the elongation or the thickening of the stem. The
biomechanical need of a thick stem for upright growth (or
upright twining) might thus constrain the phenotypic responses
of stems to shading (see Van Tienderen 1990).

Most of the plant traits were, overall, significantly correlated
among them. Internodes and petioles showed the highest de-
gree of correlation with the other plant organs. In general,
nonsupported plants showed a slightly tighter (more con-
nected) structure of trait correlations than did supported plants
(12 vs. 9 out of 15 possible correlations). Interestingly, the sign
and magnitude of all the significant correlations were consis-
tent across the support availability treatments. This indicates
that the morphological changes associated with the direction
of growth of the plant (table 2) did not involve a major mod-
ification in the structure of phenotypic correlations. Previous
reports have shown radical alterations in the structure of phe-
notypic correlations with environmental stresses (Schlichting
1989), plant ontogeny (Pigliucci and Schlichting 1995), and
plant density (Kawano and Hara 1995).

The expectation of differential plasticity of spacing organs
assumes the occurrence of selection events related to their plas-
ticity (Huber 1996; Huber and Hutchings 1997; Huber et al.
1998). However, a positive correlation of traits that are re-
sponsive to shading might obstruct the selection of one spacer
over the other, or over other correlated responses of the plant
phenotype (Schlichting and Pigliucci 1998). In the case of C.
arvensis, petioles and internodes showed a highly significant
and positive correlation. In this article, the correlation of plant

traits with fitness was not determined, nor were genotypic
effects isolated from phenotypic effects. Hence, statements on
evolutionary implications of the findings should be made with
caution. Nevertheless, the evidence obtained indicates the pos-
sibility that the differential plasticity of spacing organs is not
verified in C. arvensis because its selection is constrained by
the phenotypic correlations between those plastic traits (Lande
and Arnold 1983). Similar conclusions have been drawn earlier
in other systems (Lechowicz and Blais 1988; Schlichting 1989).

This study contributes to the discussion on the differential
plasticity of internodes and petioles with regard to plant
growth habit. It provides evidence that the homology of organs
may prevail over their analogy as a factor explaining the com-
parative spacer plasticity to shading. By investigating the struc-
ture of phenotypic correlations, it has identified some possible
constraints on the evolution of such differential plasticity of
spacing organs. In addition, this article has preliminarily ad-
dressed the potential of the research on climbing plants to
study adaptive features of erect and prostrate plant species.
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