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a b s t r a c t

Tolerance to damage allows plants to endure herbivory without major fitness consequences

and may be associated with changes in plant morphology. We evaluated in a greenhouse

experiment the tolerance to damage (clipping of 25% of aboveground biomass) and pheno-

typic changes after damage in plants from two populations of the endemic Chilean species

Convolvulus chilensis (Convolvulaceae). The populations differ, among several environmen-

tal features, in the type of damage experienced by plants: clipping by humans vs. mammal

herbivory. We also evaluated whether the effect of damage in plants is affected by light

availability. Both populations were equally tolerant to damage in terms of survival and plant

growth, and tolerance was not different under sun and shade. Damage significantly affected

plant architecture (an increase in number of stems/plant height), and there was no differ-

ential effect of damage according to population of origin. The light environment did not in-

fluence the effect of damage on plant architecture. The latter finding contrasts with similar

work on other species and might be related to the reported remarkable ability of C. chilensis

to cope with shading conditions. Results preliminary suggest that the occurrence of toler-

ance in C. chilensis might be a generalized response to repeated damage regardless of the

particular type of damage.

ª 2007 Elsevier Masson SAS. All rights reserved.
1. Introduction

Plant tolerance is defined as the capacity of plants to reduce the

negative effects of herbivory on their growth (Solomon, 1983;

Van der Meijden et al., 1988) and/or reproduction (McNaughton,

1983; Paige and Whitham, 1987). Mechanisms of tolerance are

linked with the intrinsic growth rate of the plant species (Houle

and Simmard, 1996) as well as with morphological and phy-

siological traits that allow the plant to replace biomass lost to

herbivory (Rosenthal and Kotanen, 1994; Strauss and Agrawal,

1999; Tiffin, 2001). Changes in plant architecture and in

meristem activity are closely associated with tolerance to
herbivory (Paige and Whitham, 1987; Bilbrough and Richards,

1993; Rosenthal and Welter, 1995). Removal of apical domi-

nance by herbivory initiates the activity of lateral meristems

and increases the lateral growth of plants (Crawley, 1987).

This increase in shoot number may allow a greater absolute

production of reproductive structures (Paige and Whitham,

1987; Lennartsson et al., 1997), which is associated with indi-

vidual plant fitness. However, it has been argued that the

removal of apical dominance should be beneficial to plants

only in environments without competition for light (Aarssen

and Irwin, 1991; Hjältén et al., 1993; Aarssen, 1995). Plants

growing in high density environments should maximize
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vertical growth and hence the capture of solar radiation

(Dudley and Schmitt, 1996; Gianoli, 2003). Consequently, plant

tolerance via increased lateral growth should be greatly

expressed in open habitats in comparison with shaded

environments.

Convolvulus chilensis (Convolvulaceae) is a perennial climb-

ing herb endemic to Chile, typical of coastal and sunny slopes

(O’ Donell, 1957). Most populations of C. chilensis are small and

suffer high levels of damage (Suárez et al., 2004; Gianoli et al.,

personal observations). Plants of this species are repeatedly

clipped by human activity in urban zones, where it is consid-

ered a weed (Gianoli, personal observations), and are con-

sumed by vertebrate herbivores in rural populations (Suárez

et al., 2004). In this study, we worked with seeds obtained

from plants of two different populations of C. chilensis, one

from a coastal, urban zone and another from an inland, rural

zone. These populations differ in a number of environmental

variables (soil type, precipitation regime, temperature, light

environment) and in the prevailing type of damage (mowing

vs. grazing) (Suárez et al., 2004; Gianoli and González-Teuber,

2005; Gianoli et al., unpublished). We herein evaluated the oc-

currence of tolerance to damage, measured in terms of sur-

vival and growth. We also determined the effect of damage

on plant morphological traits, especially on those traits re-

lated to plant architecture. Finally, we tested whether the ef-

fects of damage on plant architecture change with the light

environment. To achieve these objectives, we carried out

a greenhouse experiment where plants from the two popula-

tions of C. chilensis were subjected to mechanical damage

under two experimental conditions of light availability. We

included two populations to explore the occurrence of toler-

ance differentiation (e.g. Lennartsson et al., 1997) rather

than to test a priori hypotheses. The preliminary detection

of population differences in tolerance could lead to further re-

search aimed at identifying the selective factors involved.

2. Materials and methods

C. chilensis Pers. (Convolvulaceae) is a perennial trailing herb en-

demic to Chile, sometimes climbing. Stems are slender and very

long (up to 3 m) and seldom branched. Leaves are extremely

variable in size (1–10 cm long) and shape (from triangular with

cordate or sagittate basal lobes to highly dissected with 2 to 4

long and thin auricles). This species is typical of sunny slopes

and sandy ground of the coast of North-Central Chile (29–

35�S), from sea level to 1800 m (O’ Donell, 1957). C. chilensis is

self-compatible and partially autogamous (Suárez et al., 2004).

Seeds coming from several mother plants (N¼ 12–15 per

population) were collected (November–December 2000) in

two populations of North-Central Chile that differ in a number

of features. The population El Quisco (33�240S; 71�410W; 25

m.a.s.l.) lies within an urban coastal zone. In this locality

C. chilensis occurs mainly in open sites: roadsides and waste-

land (light intensity: 1300–1400 mmol m�2 s�1). Because it is

considered a weed species in this area, plant aboveground bio-

mass is repeatedly clipped during the growth season (up to

100% of stems, Gianoli, personal observations). Although we

lack information on the history of damage of this plant popula-

tion, urban settlement in this locality was considerable over
100 years ago, so it is likely that mowing of native C. chilensis

is at least decades-old. El Quisco has a maximal annual tem-

perature during the growth season of 23 �C and an annual

mean precipitation of 283 mm (1981–1992). The population

Aucó (31�290S; 71�080W; 600 m.a.s.l.) is located in semi-arid

slopes. Plants of C. chilensis grow closely associated with

shrubs, which provide some shade to the seedlings. Field mea-

surements indicated that light intensity beneath shrubs was

300 mmol m�2 s�1, whereas in open field it was 1300 mmol

m�2 s�1. This plant species suffers high levels of herbivory by

native and introduced small mammals (35–95% of stems

showing damage, Suárez et al., 2004). Aucó has a maximal

annual temperature during the growth season of 27 �C and

an annual mean precipitation of 175 mm (1974–1997). Aucó is

located 325 km away from El Quisco, so the occurrence of

gene flow between populations may be ruled out.

Within each population seeds were pooled before sorting

them into experimental treatments in order to minimize possi-

ble genotypic effects. First, seeds were scarified in concentrated

sulfuric acid for 30 min and then washed with tap water. Then

seeds were germinated on wet paper in covered plastic boxes

under dark conditions and at room temperature (19–21 �C).

When seedlings attained the third true-leaf stage, they were

transplanted into 5 l plastic plots filled with potting soil.

The experiment was carried out in the campus of Universi-

dad de Concepción, Chile (November 2003–April 2004). Four

treatments were applied in a factorial array (initial N¼ 10–15

individuals per treatment): two treatments of damage (dam-

aged and control) and two treatments of light availability

(sun and shade). Plants were randomly assigned to treat-

ments. The damage treatment consisted in cutting with scis-

sors the last quarter of the main shoot of each individual

plant (z25% damage). Control plants were not clipped at all.

At the time of damage, plants had 10–14 leaves and were 25–

50 cm tall. Following the customary practice (Hjältén et al.,

1993; Mabry and Wayne, 1997; Pilson and Decker, 2002), we

applied mechanical damage in order to standardize the

magnitude of damage among individuals. The sun treatment

consisted in leaving the plants under natural sunlight (PAR

at noon: ca. 1100 mmol m�2 s�1). The shade treatment con-

sisted in placing the plants under a dark cloth hung at 2 m

above the soil, which reduced light intensity in approximately

80% (PAR at noon: ca. 200 mmol m�2 s�1). This level of shading

is similar to that experienced by seedlings beneath the shrubs

in Aucó population (see above). All plants were regularly

watered to field capacity. During the experiment the mean

maximum and minimum temperatures were 24 �C and

12 �C, respectively. At the end of the experiment, we recorded

the number of leaves, number of stems, final height (cm), in-

ternodes length (cm) and aboveground biomass (g). Plant ar-

chitecture was expressed as an index, AI (AI¼number of

stems/plant height). Leaf area (cm2), leaf shape (perimeter/

area) and specific leaf area (SLA¼ cm2 mg�1) were estimated

from digital images using SigmaScan software. For the esti-

mation of SLA, 3 leaves per plant were dried during 5 days at

45 �C. We also determined plant survival for each population

and under each treatment.

The effect of damage on plant survival was determined by

c2 tests (2� 2 tables of contingency), which compared the

number of alive individuals when damage was applied and
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at the end of the experiment. To attain a greater statistical

power, this comparison was performed for each population

pooling both light environments (N¼ 18–23 individuals/treat-

ment). A three-way ANOVA was applied to the morphological

traits evaluated (fixed factors: Origin – O, Damage – D, and

Light – L). Final height and number of stems were log-trans-

formed to achieve homogenous variances. All statistical anal-

yses were performed with Statistica 6.0.

3. Results

Neither damage nor shading affected the survival of plants of

C. chilensis. Separate analyses showed the same pattern for

each of the two populations. Percentages of survival for plants

from El Quisco (urban population) were 94% and 95% for con-

trol and damaged plants, respectively. Survival of plants from

Aucó (rural population) was 86% and 79% for control and dam-

aged plants, respectively. For all of these comparisons, c2

values were <0.05 and P values were >0.8.

The three-way ANOVA showed that damage did not affect

significantly the final biomass of plants (Table 1; Fig. 1). No sig-

nificant O�D interaction was found for the evaluated traits

(Table 1), i.e., damage did not affect differentially plant mor-

phological traits according to population of origin. Damage sig-

nificantly affected traits associated with plant architecture

(Table 1). Damaged plants showed a greater number of stems

and lower height, leading to an increase in the architecture in-

dex (AI¼number of stems/plant height) (Fig. 1). No significant

D� L interaction was found for traits associated with plant ar-

chitecture (Table 1), i.e., the light environment did not influ-

ence the effect of damage on plant architecture. The

statistical power of both D� L and O�D interactions was not

greater than 0.5, so these results should be taken with caution.

4. Discussion

It has been suggested that plant tolerance has evolved in re-

sponse to risk of damage (McNaughton, 1986; Crawley, 1987).

A plant population that experiences substantial and recurrent

damage yet persists should be to some extent tolerant.
Accordingly, we found that 25% of damage did not affect neg-

atively survival and growth of plants of C. chilensis from popu-

lations that frequently suffer damage. It has been reported

that other species such as Raphanus raphanistrum (Brassica-

ceae) (Lehtilä and Strauss, 1999) and Asclepias syriaca (Ascle-

piadaceae) (Hochwender et al., 2000) are also able to

compensate for 25% damage in terms of reproduction and

growth, respectively. The observed compensatory capacity

of C. chilensis might be the result of its history of damage,

but this hypothesis must be tested comparing plant popula-

tions markedly differing in their history of damage. Lennarts-

son et al. (1997) found in Gentianella campestris (Gentianaceae)

greater tolerance in those populations with a greater history of

damage. Both populations of C. chilensis herein studied

showed tolerance to simulated herbivory despite their differ-

ences in temperature, water availability, light conditions,

and type and amount of damage. Although no firm conclusion

can be drawn after evaluating only two populations, if these

results are confirmed for a greater number of populations of

C. chilensis, the occurrence of tolerance might be considered

a generalized response to a common factor (repeated damage)

in this species, regardless of the particular type of damage and

the environmental setting.

Changes in plant architecture related to damage were of

similar nature for both populations. In the present study

we did not control for effects of the maternal environment

of populations on plant phenotype in the common garden

(Gianoli, 2002 and references therein), hence the sources of

phenotypic variation were not totally isolated. The observed

changes in plant architecture are probably associated with

the expression of tolerance in C. chilensis because similar

patterns have been described associated with compensatory

growth of plants (Rosenthal and Welter, 1995; Huhta et al.,

2000). It is important to emphasize that this pattern was ob-

served in pre-reproductive plants of C. chilensis, which in

contrast with published evidence in plant tolerance (Paige

and Whitham, 1987; Lennartsson et al., 1997; Huhta et al.,

2000), leaves out the mechanism of greater absolute produc-

tion of reproductive structures to explain the lack of fitness

differences between control and damaged plants.

Whereas damage consistently increased plant architecture

index, shading decreased it significantly. However, we found
Table 1 – Three-way ANOVA of the effects of damage and light on morphological traits of C chilensis

Number of
stems

Final
height

Index of
architecturea

Number of
leaves

Internode
length

Aboveground
biomass

Leaf area SLAb Leaf shapec

Origin (O) 21.492*** 7.432*** 9.800*** 29.651*** 0.824 0.211 5.451** 0.007 8.220***

Damage (D) 18.476*** 4.304* 39.157*** 1.154 0.356 0.5923 0.365 1.224 0.049

Light (L) 4.589* 50.306*** 22.017*** 0.842 8.298*** 6.365** 0.099 4.658* 0.116

O�D 0.007 1.465 0.220 0.032 0.888 0.412 1.149 1.145 1.940

O� L 0.202 19.961*** 9.076*** 0.302 0.246 1.869 0.949 3.242 0.093

D� L 0.012 1.892 0.950 0.105 2.1612 1.016 0.457 0.266 0.038

O�D� L 0.010 1.683 0.663 0.169 0.9329 1.321 0.380 1.602 2.265

F-ratios (df 1, 72) are shown. Significance levels are indicated: *P< 0.05, **P< 0.01, ***P< 0.001.

a Number of stems/plant height.

b cm2 mg�1.

c Perimeter/area.
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Fig. 1 – Effect of damage on final plant biomass (g) and architecture index (AI [ number of stems/plant height) in two

populations of Convolvulus chilensis (El Quisco, Aucó) growing in sun (left panels) and shade (right panels). Hatched bars:

damaged plants; open bars: control plants. Mean ± SE is shown.
no differential responses in plant architecture to damage in

different light environments. These results differ from those

of several studies that show a greater ability of plants to com-

pensate for damage when they grow in environments free

from competition for light (Lee and Bazzaz, 1980; Irwin and

Aarssen, 1996; Mabry and Wayne, 1997). This apparent conflict

of evidence might be explained by differences in the magni-

tude or quality of experimental shade and/or differences in

the amount of plant biomass removed by mechanical damage.

The other morphological traits measured were not affected by

damage, and hence it is unlikely that they play a role in the ob-

served patterns of tolerance of C. chilensis.

The present study shows that populations of C. chilensis

that experience damage in natural conditions are able to com-

pensate for lost tissue, probably by means of modifications of

plant architecture, even under shade conditions. The latter is

consistent with recent findings of remarkable morphological

plasticity to shading of C. chilensis (González and Gianoli,

2004). Future studies should address plant tolerance in older

stages to determine whether the observed changes in plant ar-

chitecture would translate into a greater absolute production

of reproductive structures.
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Suárez, L.H., Gonzáles, W.L., Gianoli, E., 2004. Biologı́a
reproductiva de Convolvulus chilensis (Convolvulaceae) en una
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