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Abstract. Plant populations may show differentiation in phenotypic plasticity, and theory predicts
that greater levels of environmental heterogeneity should select for higher magnitudes of pheno-
typic plasticity. We evaluated phenotypic responses to reduced soil moisture in plants of
Convolvulus chilensis grown in a greenhouse from seeds collected in three natural populations that
differ in environmental heterogeneity (precipitation regime). Among several morphological and
ecophysiological traits evaluated, only four traits showed differentiation among populations in
plasticity to soil moisture: leaf area, leaf shape, leaf area ratio (LAR), and foliar trichome density.
In all of these traits plasticity to drought was greatest in plants from the population with the highest
interannual variation in precipitation. We further tested the adaptive nature of these plastic re-
sponses by evaluating the relationship between phenotypic traits and total biomass, as a proxy for
plant fitness, in the low water environment. Foliar trichome density appears to be the only trait that
shows adaptive patterns of plasticity to drought. Plants from populations showing plasticity had
higher trichome density when growing in soils with reduced moisture, and foliar trichome density
was positively associated with total biomass.

Key words: adaptive plasticity, drought, environmental heterogeneity, foliar trichomes, phenotypic
plasticity, population differentiation

Introduction

Plant phenotypic plasticity involves changes in physiology, morphology or
development of the same genotype growing in different environments. Phe-
notypic plasticity is an important means by which individual plants in natural
populations may cope with environmental heterogeneity (Pigliucci, 2001).
However, the mere observation of plasticity in a phenotypic trait does not
necessarily imply that the response is adaptive (Schwaegerle and Bazzaz, 1987;
Sultan, 1995). It has been argued that phenotypic responses are often termed
adaptive based on plausibility arguments rather than on tests of their adaptive
nature, i.c., the fitness advantage associated with such plastic responses (Winn,
1999). There are several approaches to test the adaptiveness of phenotypic
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plasticity, including the regression across environments between mean fitness
and mean phenotypic expression of genotypes (Pigliucci and Schlichting, 1996)
and the evaluation of the fitness consequences of the suppression of plastic
responses in manipulated genotypes (Dudley and Schmitt, 1996). In a scenario
of favourable vs. limiting environments, another conceivable way to test for
adaptive plasticity would be to determine whether the “target phenotype”, i.e.,
the phenotypic variant attained in the limiting environment as a result of the
plastic response, shows a positive association with plant fitness. For instance, if
phenotypic plasticity to drought involves an increase in leaf pubescence or
water use efficiency (WUE) it should be expected that, within the dry envi-
ronment, those plants exhibiting greater levels of WUE or more pubescent
leaves would have a better performance, expressed in terms of a fitness com-
ponent (see Heschel et al., 2002).

Plant populations may exhibit differentiation in phenotypic plasticity
(Platenkamp, 1990; Sultan and Bazzaz, 1993; Oyama, 1994; Donohue et al.,
2001). The pattern of environmental variation may influence the divergence
among plant populations in the plasticity of traits (Galloway, 1995; Ackerly
et al., 2000; Weinig, 2000). Some theory predicts that greater levels of envi-
ronmental heterogeneity should select for higher magnitudes of phenotypic
plasticity (Bradshaw and Hardwick, 1989; Alpert and Simms, 2002). There is
some evidence that plants growing under more changing environments show
greater levels of plastic responses, including heterophylly degree (Cook and
Johnson, 1968) and phenotypic plasticity to grass density (van Kleunen and
Fischer, 2001) and soil moisture (Gianoli, 2004; but see Heschel et al., 2004 for
a counterexample).

The perennial herb Convolvulus chilensis Pers. (Convolvulaceae) is an
endemic species typical of coastal habitats in Northern and Central Chile
(29°-35° S), and occurs in arid, semiarid and mesic environments (O’ Donell,
1957; Suarez et al., 2004; Universidad de Concepcion Herbarium [CONC]). In
this study we addressed patterns of phenotypic responses to soil moisture in
C. chilensis in a common garden experiment. Morphological and ecophysio-
logical traits were evaluated in plants grown from seeds collected in three
natural populations that differ in mean annual rainfall and interannual vari-
ation in rainfall (Table 1). Whereas the southernmost population (Pichilemu)
receives the highest amount of precipitation and the other two populations
(Canelo and Auco) do not differ in mean annual rainfall, the interannual
variation in rainfall is highest in the northernmost population (Auco) and the
other two populations show very similar rainfall variation. We hypothesized
that the magnitude of phenotypic plasticity to drought of these populations
would correlate positively with the environmental heterogeneity observed
among years. In other words, we expected that the slopes of reaction norms of
the morphological and ecophysiological traits evaluated would be greater in
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Table 1. Precipitation regimes of the Convolvulus chilensis populations where the seeds used in this
study were collected

Population  Location Annual Rainfall (mm) Interannual variation Years

Auco 31°36” S, 71°11” W 180.5+58.9 B 80.36% 1984-1993
Canelo 33°06" S, 71°45" W 282.5+539 B 40.81% 1981-1992
Pichilemu  34°45" S, 72°07 W 726.7+£56.3 A 36.62% 1982-1993

Population values of annual rainfall (mean + SE) followed by different letters are significantly
different (» <0.001, Tukey test after a one-way ANOVA). Values of interannual variation are
coefficients of variation (CV =SD-mean™') expressed as percentage.

the northernmost population than in the other two populations, and that these
two populations would not show overall differences in phenotypic plasticity to
soil moisture. We also assessed the adaptive nature of those phenotypic
responses showing population differentiation. This was done by evaluating the
relationship between phenotypic traits and total biomass, as a proxy for plant
fitness, in the low water environment.

Materials and methods

Convolvulus chilensis Pers. is a perennial herb endemic to Chile. 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—4 long and thin auricles), and
show plasticity to shading (Gonzalez and Gianoli, 2004). This species is typical
on sunny slopes and sandy ground of the coast of Northern-Central Chile
(29-35° S), from sea level to 1800 m (O’Donell, 1957). It blooms throughout
September, October and November, and begins to fade in December and
January. The plant dies back during January—February and remains dormant
until the first rains of the next season (April-May). Plants rarely attain flow-
ering during the first year of growth. Populations of C. chilensis occur in arid,
semiarid and mesic habitats, often in low densities (Suarez et al., 2004). The
three populations used in this study are located along a latitudinal gradient
(Table 1).

We collected seeds of C. chilensis in each of the populations at the end of the
austral summer, February—March 2002, and weighed them. Mature seeds (two
to four per individual) were collected from several, widely spaced individuals in
all populations (n=18-24 sampled individuals per population). This procedure
increased the probability of broadly sampling genetic diversity within popu-
lations. Seeds from each population were pooled and randomized before
sorting them into experimental groups. We did this because the aim of the
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study was to compare phenotypic responses in several genotypes coming from
three populations rather than to isolate genotypic effects from phenotypic
effects, i.c., the population was the sampling unit (e.g., Zhang and Lechowicz,
1994; Schlichting and Pigliucci, 1995). We subjected 60—120 seeds from each
population to scarification before germination. Seeds were immersed in con-
centrated sulphuric acid for 30 min and then washed in running tap water for
5 min. Germination took place in a room at 19+1 °C on wet filter paper in
covered plastic boxes. Seedlings were raised in 500 ml plastic pots filled with
potting soil in a glasshouse. When seedlings had 2-3 true leaves, they were
transplanted to 5-1 plastic pots. Plants were watered moderately to assure
establishment. Experiments were performed in a glasshouse during the spring—
summer time (November 2002-March 2003), under approximately
900 umol m™ s™' PAR, and maximum and minimum temperatures (daily
ranges) of 22-26 °C and 9-11 °C, respectively.

Experimental treatments started 30 days after seedlings were transplanted.
Two moisture treatments (control and low water) and three populations (Aucd,
Canelo, Pichilemu) gave rise to six experimental groups (initial »=12-14 plants
per group). In the moisture treatments, control plants were watered every
3-4 days and low water plants were watered every 8-9 days. Plants were
always watered to field capacity. Plants of the six experimental groups were
placed alternately on four glasshouse benches (250 x 75 x 100 cm) in a sys-
tematic design in order to minimize micro-environmental biases, and were
relocated over the benches every 10 days.

Two months after the start of the different watering regimes, instantaneous
water-use efficiency (WUE = Assimilation rate [4, pmol CO, m™> s™']/Stomatal
conductance [g; mol H,O m™ s™']) was measured with an Infrared Gas Ana-
lyzer (IRGA, PP-Systems, model CIRAS-1). WUE was measured in three
leaves (middle of the main stem) per individual plant and the three values were
averaged to give the individual WUE. All measurements were carried out
between 15:00 and 18:00. One month later, when plants were 5-month-old,
several traits were recorded from each plant: stem length and diameter, number
of branches, taproot diameter, number of leaves, leaf area, leaf shape (dissection
index = perimeter/area), and foliar trichome length and density. Leaf mea-
surements were taken in three consecutive leaves at mid shoot and averaged to
obtain an individual value. These leaves, the shoot, and the whole root system
were oven-dried for 72 h at 80 °C and dry mass was determined. Total plant
biomass, Root : Shoot biomass ratio, Specific leaf area (SLA, cm” mg™') and
Leaf Area Ratio (LAR, cm” mg™") were calculated. Diameter of organs was
measured with a digital calliper (Mitutoyo Corporation®; resolution 0.01 mm).
Leaf area and shape were estimated using SigmaScan® (Systat Software Inc).

Attributes of plastic responses are visualized through the reaction norm,
which is the set of phenotypic states for a given trait along an environmental
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gradient (Schlichting and Pigliucci, 1998). Assuming linear changes, the reac-
tion norm is usually represented by the regression line of the plot of trait
expression against environment. For comparative purposes, the magnitude of
phenotypic plasticity can be evaluated as the slope of the reaction norm of the
trait (Gianoli, 2001; Gonzalez and Gianoli, 2004).

Mean seed mass was compared among populations using a one-way
ANOVA. We used stepwise statistical analyses to test the hypothesis of greater
plasticity in the northernmost population (Auco) compared to Canelo and
Pichilemu, and no difference in plasticity between Canelo and Pichilemu (slope
of reaction norms: Auco > Canelo~Pichilemu). A multivariate ANCOVA
(main factors: Population [P] and Moisture [M]; covariate: Seed mass)
including all measured traits was initially used to test the general hypothesis
that there was a significant PxM interaction. A series of univariate ANCOVAs
(main factors: P and M; covariate: Seed mass) were then performed to identify
those plant traits exhibiting a significant PxM interaction, which indicates that
populations respond differently to soil moisture. These differences may be
either qualitative, i.e., null plasticity (flat reaction norm) vs. actual plasticity, or
quantitative, i.e., reaction norms of different slope. Consequently, for each of
the plant traits showing significant PxM effects, differences in plasticity
between populations were evaluated by comparing the slopes of the reaction
norms via paired tests of parallelism (Gianoli, 2001). When the slope of the
reaction norm of a population was not significantly different from 0 (null
plasticity), it was assigned the lowest value in the comparison among popu-
lations without conducting the paired test of parallelism.

The adaptive nature of the phenotypic plasticity of those traits showing
population differentiation was estimated using regression analyses. We eval-
uated the relationship between the phenotypic traits in the low water envi-
ronment and total biomass, as a proxy for plant fitness, across populations.
Data from the three populations were pooled for two reasons. First, we
considered unlikely that plants in the common environment of the glasshouse
would exhibit distinct trait-fitness relationships according to population of
origin, as has been found in natural plant populations (Lechowicz and Blais,
1988). This was confirmed by ANCOVAs (main factor: population, dependent
variable: plant biomass, covariate: phenotypic trait; p >0.05, data not shown).
Second, data pooling allowed an increase of statistical power. The reliability of
biomass of 5-month-old plants as a fitness measure of a perennial plant species
might be questioned. However, field observations indicate that for the studied
C. chilensis populations the first months after germination are critical for
survival to drought and/or herbivory (Suarez et al., 2004; Gianoli et al.,
unpublished).

In this study we controlled only partially for effects of the maternal envi-
ronment specific to site of origin on the phenotype of plants in the common
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garden. Thus, most reported maternal effects in plants are exerted via seed size
(Roach and Wulff, 1987) and we entered seed mass as covariate in the analyses.
However, maternal environmental effects on the phenotypic plasticity not
mediated by seed size have been reported for another Convolvulaceae species
(Gianoli, 2002). Although the hypothetical occurrence of maternal effects
could be a confounding factor when assessing the source of phenotypic vari-
ation in the observed population differentiation, this is not the main purpose of
the present study.

Results

Broad variation in plant phenotypic expression was found across different
treatments and populations (Table 2, Fig. 1). Initial seed mass (mg) differed
among C. chilensis populations (Mean+S.E.: Auc6=11.5+0.78,
Canelo=20.2£0.61, Pichilemu=23.7+0.74; p<0.001, one-way ANOVA),
hence supporting its inclusion as covariate in the following analyses. A mul-
tivariate ANCOVA (main factors: Population (P) and Moisture (M); covariate:
Seed mass) showed, overall, that plant trait expression was affected by the
population of origin (P; Wilk’s A=0.016, p <0.001), that there was plasticity to
soil moisture (M; Wilk’s A=0.088, p <0.001), and that such plasticity differed
among populations (PxM; Wilk’s A =0.084, p<0.001).

Univariate ANCOVAs showed that whereas most plant traits were signifi-
cantly affected both by Population and Moisture, only four traits exhibited
significant PxM interactions: leaf area, leaf shape, LAR, and foliar trichome

Table 2. Morphological and ecophysiological traits of individuals of Convolvulus chilensis from
three populations (Auco, Canelo, Pichilemu) grown in contrasting soil moisture treatments in a
greenhouse (mean £ S.E.)

Control

Low water

Aucd Canelo

Pichilemu  Aucod

Canelo

Pichilemu

Stem diameter (mm)
Stem length (cm)
N° of stems

Root diameter (mm)
Root: shoot ratio
N° of leaves

SLA?

WUE®

Trichome length (mm) 0.16+0.01

Plant biomass (g)

0.94+£0.06 0.96+0.07
93.8+5.6 139.1+£13.6
420+0.45 3.73+£0.43
5.11+0.20 4.88+0.25
0.25+0.02 0.39+0.04
229.2+£24.7 133.5+14.8
0.20+0.01 0.16%0.01
22.1+£1.83 20.4+3.73
0.15+£0.01

2.27+4£0.27 1.62+0.21

0.85+0.04 0.85+0.04
81.4+6.7 69.5+4.4
5.33+£0.41 3.60+£0.45
6.82+0.21 4.43+0.17
0.67+0.06 0.39+0.06
151.6+16.1 96.9+12.4
0.24+0.02 0.19+0.01
27.843.27 23.5+£3.99
0.11£0.01 0.19£0.01
2.36+0.28 1.08+0.11

0.84+0.03 0.84+0.04
100.4+11.8 67.9£5.5
3.30+£0.45 5.00+£0.43
4.17+£0.22 5.51+0.33
0.52+0.07 0.65+0.05
71.2+79 954+9.6
0.16+0.01 0.22+0.01
20.3+2.61 23.7+£3.66
0.18+£0.01 0.15+0.01
0.75+0.12 1.47+0.18

3SLA = Specific leaf area (cm® mg™").
®WUE = Instantaneous water use efficiency (umol CO,/mol H,0).
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Figure 1. Phenotypic plasticity of morphological and ecophysiological traits of Convolvulus
chilensis. Reaction norms to soil moisture (control and low water) of plants from Pichilemu (@),
Auco (O) and Canelo (A) populations. Mean + SE are shown. Comparison of slopes of reaction
norms of plant traits showing significant Population x Moisture interaction (see Table 3). Lines
with different letters have significantly different slopes (test of parallelism, see text for details) and
hence plasticity of traits differs between populations. Traits: 1. Leaf area (cm?); 2. Leaf shape
(dissection index: perimeter/area); 3. Leaf area ratio (LAR, mm? mg™'); 4. Trichome density
(trichomes mm ™).

density (Table 3). The four plant traits that showed differential plasticity to soil
moisture according to population of origin were used to test the hypothesis of
greater plasticity of the northernmost population (slope of reaction norms:
Auco > CaneloaPichilemu). Leaf shape and LAR showed plasticity to mois-
ture only in plants from Aucd, the other two populations showing flat reaction
norms (Fig. 1: panels 2 and 3). Plants from Auc6 had leaves more dissected
(higher perimeter/area ratio) and a lower proportion of biomass allocated to
leaves in the low water environment. Phenotypic plasticity in leaf area and
trichome density was highest in plants from Aucd, intermediate in those from
Canelo, and null in plants from Pichilemu (Fig. 1: panels 1 and 4). Plants from
Aucod and Canelo had smaller leaves and a higher density of trichomes in the
low water treatment.

Regression analyses indicated that, in the low water environment, plant
biomass showed a positive relationship with leaf area (r=0.55, r*=0.30,
p=0.002) and trichome density (r=0.45, r*=0.21, p=0.013), a negative rela-
tionship with leaf shape/dissection index (r=—0.51, r*=0.26, p=0.005), and no
significant relationship with LAR (r=0.05, *<0.01, p>0.78).
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Table 3. Two-way analysis of covariance of the morphological and ecophysiological traits of C.
chilensis shown in Table 2 and Fig. 1

Population (P) Moisture (M) PxM

F 57 Fy 57 F 57
Stem diameter 1.900 NS 3.521 NS 0.903 NS
Stem length 12.83%%* 13.08%#%* 0.525 NS
Number of stems 5.827%* 1.504 NS 0.074 NS
Root diameter 12.83%%* 13.08%*** 0.525 NS
Root:Shoot 9.030%** 4.086* 1.504 NS
Number of leaves 3.726* 45.72%%* 1.406 NS
Leaf area 5.813%* 8.327%* 4.812%
Leaf shape 9.496%** 2.952 NS 3.181%*
SLA 5.687%* 0.904 NS 0.942 NS
LAR 4.711* 8.890** 6.257%*
WUE 0.809 NS 0.039 NS 0.125 NS
Trichome density 32.64%** 16.38%%** 6.785%*
Trichome length 16.29%** 47.29%** 1.935 NS

Main factors: population and moisture; covariate: seed mass. F-values are shown, along with
statistical significance.
* p<0.05; ** p<0.01; *** p<0.001; NS p>0.05.

Discussion

Plastic responses of plants of C. chilensis to reduced soil moisture, in accor-
dance with theory (Grace, 1997), allow a better exploitation of the limiting
resource. Plants in the low water treatment generally had less, smaller, thicker
and more pubescent leaves, which reduces evaporative water losses, and
smaller shoots and larger roots, which reflects increased biomass allocation to
water uptake. Although the population of origin had a significant effect on
most traits evaluated, only four traits showed differential plasticity among
populations. It has been reported in other plant species that population dif-
ferentiation in phenotypic plasticity occurs in some traits only (Linhart and
Grant, 1996; Heschel et al., 2002; Maldonado et al., 2003).

Based on differences in environmental heterogeneity (precipitation regimes)
in the plant populations, and following the theoretical expectation that plas-
ticity should be more favoured in changing environments (Bradshaw and
Hardwick, 1989; Alperts and Simms, 2002), we hypothesized that the magni-
tude of phenotypic plasticity to soil moisture of the populations of C. chilensis
studied would be: Auco > Canelo~Pichilemu. This hypothesis was tested with
the four traits showing population differentiation, comparing their reaction
norms, and was supported. Thus, plasticity to soil moisture in leaf shape, leaf
area, trichome density and LAR was greatest in plants from Auco, the pop-
ulation with the highest interannual variation in precipitation. Plants from
Canelo and Pichilemu, which showed a similar degree of environmental het-
erogeneity, did not differ in plasticity levels in two out of four traits, and
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Canelo plants were more plastic in the other two traits. Overall, results seem to
support the theoretical prediction that phenotypic plasticity would be of
greater magnitude in more heterogeneous environments (Bradshaw and
Hardwick, 1989; Alperts and Simms, 2002). The observed lesser plasticity to
soil moisture in plants from Pichilemu than in those from Canelo in some traits
is a consequence of the null plasticity (flat reaction norms) of plants from
Pichilemu. The precipitation regime of this population indicates that condi-
tions of drought are very unusual, hence plants have not developed the
capacity to exhibit flexible responses in morphology or physiology to tackle
reductions in water availability. Similar cases of phenotypic canalization have
been reported earlier at the species level (Alpert, 1996; Gonzalez and Gianoli,
2004).

In general, phenotypic responses of plants to reduced moisture availability
were congruent with ecophysiological expectations, and patterns of plasticity
differentiation among populations fitted theoretical predictions. However, this
evidence does not necessarily imply that we have documented adaptive phe-
notypic plasticity. We found limited evidence that the “target phenotype’ was
associated with greater plant fitness in the low water environment. Thus,
whereas plants from plastic populations exhibited smaller and more dissected
leaves in this environment, total biomass (our proxy for plant fitness) was
positively associated with leaf area and negatively associated with dissection
index. No relationship was found between plant biomass and LAR, which
decreased with experimental drought in plastic populations. Similar results
were reported by Winn (1999), who showed that seasonal variation in leaf size,
thickness and density of stomata in Dicerandra linearifolia had no relationship
with plant fitness.

In plants of C. chilensis the only trait that appears to show adaptive patterns
of plasticity to soil moisture is foliar trichome density. Plants from Aucé and
Canelo had higher trichome density when growing in soils with reduced
moisture, and foliar trichome density was positively associated with total
biomass. Increased density of trichomes has been considered adaptive in water-
limited environments because it reduces water loss (Ehleringer and Mooney,
1978). Leaf pubescence reduces the absorption of incident solar radiation,
hence reducing heat load and minimizing the need of transpirational cooling
for keeping leaf temperature within functional ranges (Ehleringer and
Bjorkman, 1978). In addition, foliar trichome density has been related to plant
resistance against herbivores (z&gren and Schemske, 1993). In this study plants
of C. chilensis were grown in the glasshouse, where maximum temperatures
were not very high and herbivores were absent. This suggests that under field
conditions the benefits of the production of leaf trichomes might increase. It is
important to point out that trichome density was not correlated with any of the
plant traits evaluated (data not shown), thereby ruling out the possibility that
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the adaptive pattern of plasticity of leaf trichomes was actually a consequence
of variation in another plant trait.

The results of the present work add to the evidence of differentiation in
phenotypic plasticity among plant populations, and lend support to the
expected relationship between environmental heterogeneity in plant popula-
tions and the magnitude of plastic responses. This study also illustrates the
importance of testing for adaptive phenotypic plasticity instead of assuming its
occurrence based on plausibility arguments or consistency with theoretical
expectations.
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