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POPULATION DIFFERENTIATION AND PLASTIC RESPONSES TO DROUGHT STRESS
IN THE GENERALIST ANNUAL POLYGONUM PERSICARIA
M. Shane Heschel,1 Sonia E. Sultan, Susan Glover, and Dan Sloan
Department of Biology, Hall-Atwater and Shanklin Labs, Wesleyan University, Middletown, Connecticut 06459, U.S.A.

We tested the generalist annual plant Polygonum persicaria (Polygonaceae) for adaptive differentiation in
drought responses. Populations from one consistently moist and two variably dry sites were grown in moist
and drought conditions in a greenhouse. Physiological, morphological, and reproductive data were collected.
All three populations maintained similar levels of fitness in both drought and moist conditions, indicating that
these populations may be equally drought tolerant. Also, the three populations had similar water use efficiency
and root biomass responses to soil moisture, indicating that substantial phenotypic plasticity is present in all
the populations, including a population from a consistently moist site. The magnitude of plastic responses for
specific traits varied among the populations; i.e., the physiological and morphological means by which these
plants maintained reproductive homeostasis across moisture conditions was population dependent. In
particular, the moist-site population had the greatest plasticity in water use efficiency, while the dry-site
populations had greater plasticity in root biomass allocation. Selection analyses demonstrated that increased
water use efficiency was adaptive in drought and that decreased root biomass allocation was adaptive in moist
conditions. Overall, the maintenance of fitness in stressful conditions may involve population differentiation
along different axes of functional plasticity.
Keywords: Polygonaceae, drought stress, phenotypic plasticity, water use efficiency, root allocation,
generalists.

Introduction

tolerance of diverse conditions, then populations in contrasting habitats may remain genetically similar (Novak et al.
1991; Rice and Mack 1991).
Accordingly, we might expect populations in variable sites
to show similar, plastic responses to environmental conditions and populations in consistently different sites to differentiate into local ecotypes (Donohue et al. 2001). However,
a more complex situation arises when sites differ in their degree of environmental variability. For instance, environmental factors such as soil moisture and nutrient availability vary
to some extent in all mesic habitats, but the range and pattern of variation may differ consistently from one site to another. In such cases, individuals of all populations may show
adaptive plasticity, but populations may differ genetically in
the amount and precise pattern of plasticity their individuals
express (Scheiner and Callahan 1999).
Because soil moisture availability is a critical factor in
plant growth that can vary both among and within sites (Sultan et al. 1998b; Larcher 2003), studies of populations from
contrasting moisture environments allow for a test of the
evolutionary interplay between genetic differentiation and
plastic responses to environmental variation. In particular,
examining physiological and morphological responses to
drought stress in generalist species is important for understanding how differentiation and plasticity contribute to
environmental breadth. Two key soil moisture response
mechanisms are water use efficiency (WUE ¼ the ratio of
carbon assimilation rate to stomatal conductance) and root
biomass allocation (Van den Boogaard et al. 1996; Maliakal

Generalist plant species inhabit a wide range of habitats, including resource-poor and variable sites and may therefore be
geographically widespread (Bazzaz 1986; Oliva et al. 1993).
This ecological breadth can reflect individual phenotypic plasticity, genetic differentiation of populations to local environmental conditions, or a combination of both aspects of
variation (Bradshaw 1965; Van Tienderen 1990; Rice and
Mack 1991; Emery et al. 1994). Populations will differentiate
if consistent selection pressures cause directional trait changes
that erode genetic variation and fix population responses, resulting in locally specialized ecotypes (Endler 1986; McGraw
1987; Van Tienderen 1990; Donohue et al. 2001). However,
selection pressures that vary through space and time can promote plastic trait responses to environmental conditions in individual genotypes rather than ecotypic differentiation (Blais
and Lechowicz 1989; Sultan and Spencer 2002). Plasticity is
expected to be selectively advantageous under more variable
conditions (Via and Lande 1984; Moran 1992), in part because phenotypic flexibility may allow a species to capitalize
on conditions conducive to reproduction as well as to tolerate
stress (Sultan 2001). If individual adaptive plasticity confers
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et al. 1999; Craine and Lee 2003). Both traits can vary plastically (Sultan et al. 1998a and references therein). Because increased WUE conserves water (Zangerl and Bazzaz 1984;
Cowan 1986; Heschel and Hausmann 2001), it can contribute to higher fitness in drought conditions, even though it
comes at the expense of lower carbon assimilation (Dudley
1996; Heschel et al. 2002). However, when water is plentiful,
decreased WUE associated with maximum gas exchange can
be adaptive (Geber and Dawson 1990; Donovan and Ehleringer 1992).
Like WUE, increased biomass allocation to roots can promote drought tolerance. In dry conditions, greater proportional root biomass, and presumably uptake surface area,
can increase water acquisition potential (Bell and Sultan
1999; Fitter 1999; Fitter and Hay 2002; Martre et al. 2003).
Although increased allocation to roots comes at the expense
of allocation to reproductive structures and to carbon-fixing
organs such as leaves, this response may be adaptive when
soil resources are low (Fitter and Hay 2002; Larcher 2003).
Conversely, because of the cost of allocating biomass to
roots, decreased root biomass proportion may be adaptive
when soil resources are abundant (Fitter and Hay 2002).
Thus, different levels of WUE and root allocation are likely
to be functionally adaptive in drought versus moist conditions (Heschel et al. 2002). To date, however, few studies
have experimentally examined relationships between fitness
and these functionally important plastic traits (Blais and Lechowicz 1989; Farris and Lechowicz 1990; Dudley 1996;
Arntz and Delph 2001; Geber and Griffen 2003).
Here, from a jointly evolutionary and functional perspective, we examine patterns of plastic responses to drought in
populations of the generalist species Polygonum persicaria
that inhabit contrasting moisture regimes. Because of this
species’ ecological breadth (Sultan et al. 1998b) and its affect
on biodiversity as a widespread weedy colonizer (Bazzaz
1986), understanding how it tolerates environmental adversity provides an excellent model for comprehending the evolutionary strategies that promote both population persistence
in stressful conditions and the ability to invade diverse habitats. In this study, we examined morphological, physiological, and reproductive responses to drought stress in three
populations of the generalist P. persicaria. Two of the populations we studied experience variably dry conditions in the
field, depending on measurement depth and date, and the
third population experiences consistently moist soil conditions throughout the growing season. We manipulated soil
moisture conditions experimentally in the greenhouse to test
whether these populations have genetically differentiated in
WUE and root allocation plasticity patterns and to determine
the strength of correlations between these functional traits
and fitness. Specifically, we addressed the following questions: (1) Do populations of the generalist P. persicaria from
different soil moisture habitats show similar plastic responses
to dry compared with moist soil conditions, or do they show
ecotypic differentiation? (2) If the populations differ, do
those from variable moisture habitats show greater plasticity
than a population from a homogeneous, consistently moist,
site? (3) For P. persicaria, are functional traits, such as WUE
and root biomass proportion, important correlates of reproductive fitness in drought compared with moist conditions?

Material and Methods
Organism and Study Sites
Smartweed Polygonum persicaria (Polygonaceae) is an introduced annual, self-compatible herb of North American
disturbed and agricultural sites (Gleason and Cronquist
1963). Polygonum persicaria populations are found in a diverse array of habitats, including partly shaded to open, nutrient poor to nutrient rich, and dry to flooded environments
(Sultan et al. 1998a).
Achenes were originally collected from field parents in three
well-established populations in eastern Massachusetts in 1995
(DFF ¼ Dewitt Fish Farm, Amherst, Mass.; M ¼ Daniel Webster Sanctuary, Marshfield, Mass.; NAT ¼ Natick Farmyard,
Natick, Mass.; see Sultan et al. 1998b for details) and were inbred under uniform conditions in the Wesleyan University research greenhouse for two generations. Significant differences
in soil moisture availability have been documented across the
study populations (fig. 1; Sultan et al. 1998b). On the basis of
early and late measurements for a typical growing season, the
DFF population is consistently moist, while the M and NAT
populations encounter varying degrees of soil moisture stress,
depending on soil depth (fig. 1).

Experimental Setup
Achenes (24) from eight inbred lines per population were
stratified for 5 wk in distilled water at 4°C. On August 7 and
8, 2001, achenes were sown in the Wesleyan University
greenhouse into flats filled with medium grade vermiculite
(Country Cottage horticultural grade) and saturated with
water. Achenes were sown equidistantly at a uniform depth
of 7 mm, and flats were placed in randomized blocks. Germination began by August 15, and most seedlings had one true
leaf by August 31. On September 3, each flat was fertilized
with 15 mL of Peter’s 20 : 20 : 20 NPK (Grace-Sierra Horticultural Products, Milpitas, Calif.) at a concentration of
1.30 mL/L to prevent nutrient stress.
On September 8 and 9, eight healthy seedlings from each
line were transplanted into individual clay pots (130 mm diameter) filled with a 1 : 1 : 1 mix of sterilized local topsoil
(Turface fritted clay: medium grade sand, mixed with 1.5 g
of 15 : 8 : 12 N : P : K fertilizer [Agway, Middlefield,
Conn.]) and watered to field capacity. The pots were randomly positioned across four greenhouse benches. Each
bench (135 3 335 cm) held 60 plants, evenly spaced. The soil
was kept moist for 7 d to allow the plants to establish before
treatments were imposed. Supplemental light, from high-intensity mercury halide lights, was used between 7:00 AM and
7:00 PM if ambient light fell below ca. 760 mmol m2 s1 for
more than 15 min.
The plants produced reproductive structures early in the
life cycle, possibly resulting from seedling nitrogen stress or
late-season growth cues. Precocious reproductive buds were
excised every 2 d during the second and third weeks of September. Bud removal does not affect subsequent growth in
annual Polygonum species (M. Geber, personal communication). To provide a covariate to account for initial seedling
size differences, the area of each plant’s longest leaf was
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Fig. 1 Soil moisture availability as a percentage of field capacity in each population site at 0–10 and 20–30 cm soil depths. Soil moisture was
determined gravimetrically both early (June 1994) and late (August 1994) in the growing season (data are taken from Sultan et al. 1998b). Field
capacity is equivalent to a soil water potential of zero. Means 6 1 SD are shown.

measured at the time of bud removal using a Li-3100 leaf
area meter (LI-COR, Lincoln, Nebr.). This metric also accounts for any nutrient stress effects before transplanting.

Experimental Design
On September 20, one individual per line was randomly
assigned to either a dry (hereafter referred to as drought) or
moist treatment on each of four greenhouse benches or
blocks (60 plants per block). This resulted in a total of 192
plants (three populations 3 eight lines per population 3 two
water treatments 3 four replicates). Plants were watered automatically using Chapin watering tubes by a computercontrolled solenoid valve on each bench. Drought-treatment
plants were given 24 mL of water daily, and moist-treatment
plants received 72 mL of water. Supplemental water was
added to individual pots as required to maintain uniform
treatment conditions, such that soil water availability was
similar across plants within a given treatment.
To determine whether there was a difference in soil moisture between drought and moist treatments, eight additional
‘‘dummy’’ pots containing P. persicaria plants were placed in
random positions in the experimental setup. Half of these
pots were randomly assigned to the drought treatment, and
the other half were assigned to the moist treatment. At harvest, soil samples were collected from each pot, weighed,
dried at 65°C for 72 h, and reweighed to gravimetrically determine soil moisture content (Pearcy et al. 1989). The watering regime resulted in significantly drier pots in the drought
treatment (mean drought pot water content as a percent of
dry soil mass 6 SE ¼ 11:45% 6 0:38%, mean moist pot water
content as a percent of dry soil mass 6 SE ¼ 19:89% 6 38%;
t6 ¼ 15:72, P < 0:0001).

Data Collection
Carbon assimilation rate (A ¼ mmol CO2 m2 s1) and
stomatal conductance (gst ¼ mol H2O m2 s1) were measured with a LI-COR Infrared Gas Analyzer (IRGA), model
6250 (LI-COR), and WUE (A/gst) was calculated for each
plant. On partially sunny to sunny days, between 10:00 AM
and 3:00 PM, measurements were taken on the most recent
fully expanded leaf under a Q-Beam (blue and red diode)
light source set at 900 mmol m2 s1 (Quantum Devices,
Barneveld, Wis.). This light level was found to be saturating
for P. persicaria (Sultan et al. 1998a). Leaf temperature was
always kept cooler than the ambient temperature, and humidity never varied more than 3% from ambient conditions.
Plants were measured in a random fashion with respect to
population and line and in even numbers each day with respect to treatment and block. Effects of time of measurement
and date were factored out by adjusting IRGA values with
residuals from linear regression models (Type I sums of
squares) that included time and date (Farris and Lechowicz
1990; Dudley 1996). Boundary-layer conductances were
estimated with moist Whatman filter paper leaf mimics
(Parkinson 1985). To correct for different leaf areas in the
IRGA chamber during measurements, individual areas of the
most recent fully expanded leaves were determined using
a LI-COR (LI-3100) leaf area scanner (this trait is hereafter
referred to as ‘‘leaf size’’).
Plants were harvested during the early stages of senescence
in the second week of November. The perianth was removed
from achenes, and the achenes and floral structures were
weighed separately. Subsamples of 20 achenes per replicate
were weighed to estimate total achene number. The remaining aboveground biomass was dried at 100°C for 1 h, then at
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65°C for $48 h before weighing (Pearcy et al. 1989). The
pots, soil, and roots were kept in a cold room until root biomass was measured. The roots were washed, dried for at
least 72 h at 65°C, and weighed.

Statistical Analyses
ANOVA and ANCOVA were used to test for population
differences in physiology, morphology, and reproduction. For
the physiological traits, models included effects of block
(greenhouse bench), treatment, line (nested within population), population, population by treatment, and line (population) by treatment. For all other traits, models incorporated
these effects as well as initial leaf size as a covariate. For all
models, block, treatment, and population were fixed effects,
and line was a random factor (Sultan 2001). Block was considered a fixed factor on the basis of a priori knowledge of
differences in environmental conditions among greenhouse
benches (Sultan 2001). The effects of drought treatment, line,
and population by treatment were tested over a synthetic denominator comprised of the treatment by line mean squares;
the population term was tested over the line mean squares
(Heschel et al. 2002). Because of limited sample size and consequent lack of power we report tests significant at P # 0:10.
All models were examined to confirm homoscedasticity of
error variances and normality of residuals. WUE and total
achene number were log10-transformed to meet normality
assumptions. To examine where population differences lie
within a particular interaction term, planned comparisons
were constructed using the line by treatment mean squares in
the denominator of these across-treatment contrast statements (SAS Institute 1994; Heschel et al. 2002).
Phenotypic selection analyses were performed by examining the relationship between total reproductive fitness and

physiological/morphological traits within each soil moisture
treatment (Lande and Arnold 1983; Heschel et al. 2002). Simple linear regression of each trait on fitness generated estimates of treatment-specific selection differentials; multiple
regression of all the traits simultaneously on fitness generated
estimates of treatment-specific selection gradients (Lande and
Arnold 1983). All traits were standardized to their respective
standard deviations, and relative fitness of each plant was calculated with respect to the mean number of achenes produced
in each treatment. A block term was included in both the
simple and multiple regression models to control for microenvironmental effects on fitness across all populations. A population term was also included in all models to control for
population differences in fitness resulting from unmeasured
traits (Heschel et al. 2002). Population by trait terms were initially included in all models, but in every case, these effects
were found to be nonsignificant and were therefore dropped
from all models. Quadratic terms were initially included in all
models to test for nonlinear selection, but no stabilizing/
disruptive selection was detected, so these terms were also
dropped.

Results
Physiological Traits
In response to drought conditions, all three study populations significantly increased their WUE by more sharply reducing stomatal conductance than carbon assimilation (fig.
2; table 1). For WUE as well as carbon assimilation rate and
stomatal conductance, a highly significant drought-treatment
effect was observed but not a population by treatment interaction, indicating that the observed responses of gas exchange

Fig. 2 Carbon assimilation rate (A), stomatal conductance (gst), and water use efficiency (WUE ¼ A/gst) values for all populations in drought
and moist conditions. Least square means are shown. DFF ¼ Dewitt Fish Farm, Amherst, Mass.; M ¼ Daniel Webster Sanctuary, Marshfield,
Mass.; NAT ¼ Natick Farmyard, Natick, Mass.
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Table 1
ANOVA for Population and Drought Treatment on Physiological and Morphological Traits

A
gst
WUE
Leaf size
Root biomass proportion
No. achenes

Block

Drought
treatment

Line
(population)

0.84
2.16+
0.92
0.09
1.52
2.67*

15.38***
20.59***
6.12*
0.004
36.007***
0.0012

1.33
1.21
1.13
7.04***
3.21**
1.93*

Line (population)
treatment
0.97
1.67*
1.88*
0.42
1.27
3.05***

Population

Population 3
treatment

Initial
leaf area

0.94
0.43
0.08
2.04
0.88
7.19**

1.32
0.83
0.18
0.46
2.36+
0.98

...
...
...
9.64**
0.83
3.14+

3

Note. F statistics and P values are reported. A ¼ carbon assimilation rate; gst ¼ stomatal conductance; WUE ¼ water use efficiency;
ellipses ¼ no covariate used in the analysis.
þ P # 0:10.
 P < 0:05.
 P < 0:01.
 P < 0:001.

to drought stress were in the same direction for all the populations (table 1). However, differences were observed in the
magnitude of these responses (fig. 2). In particular, the DFF
population (consistently moist site) exhibited the greatest plasticity for WUE in response to drought (fig. 2). Thus greater
soil moisture variability within a site did not translate into
greater WUE plasticity. Across the three populations, genetic
variation among lines was detected for stomatal conductance
and WUE response (significant line by treatment interaction;
table 1).

Morphological Traits
The proportion of total biomass allocated to roots increased
in drought and decreased in moist conditions for all the study
populations (highly significant treatment effect; table 1; fig.
3). In addition, a marginally significant population by treatment interaction was detected (table 1), reflecting a reduced
drought response of the DFF population (fig. 3). The plants
from the M and NAT populations (variably dry sites) had the
strongest root biomass responses to soil moisture and converged on a significantly higher root proportion in the drought

Fig. 3 Population responses to drought and moist conditions for root biomass proportion (grams root/grams whole-plant biomass) and the
area of the most recently fully expanded leaf (leaf size). Least square means are shown. Dashed lines indicate a significant contrast between the
two treatment levels at P ¼ 0:05. DFF ¼ Dewitt Fish Farm, Amherst, Mass.; M ¼ Daniel Webster Sanctuary, Marshfield, Mass.; NAT ¼ Natick
Farmyard, Natick, Mass.
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treatment (fig. 3). All the populations responded similarly to
drought conditions by decreasing aboveground biomass from
11% to 20% percent (t-test, F1 ¼ 8:56, P ¼ 0:004), indicating
that drought conditions were stressful.
Only a significant effect of line was observed for leaf size
(table 1). There was no significant main effect of drought
treatment on leaf size (table 1). Also, each of the population’s
leaf responses to drought was nonsignificant (fig. 3).
For each population, achene number did not vary in
drought versus moist conditions (fig. 4; table 1, nonsignificant treatment effect), indicating that all the populations tolerated drought stress. Significant population differences in
achene production were detected regardless of treatment (fig.
4; table 1), with plants from the M population producing the
greatest number of fruits in both treatments. Genetic variation was detected for achene production across all the populations (table 1).

Selection Analyses
Different associations with fitness were detected for functional traits within each soil moisture treatment. In drought
conditions, plants with higher WUE were more fit (when holding the effects of block, population, leaf size, and root biomass
proportion constant; table 2). In moist conditions, no selection was detected on WUE; however, plants that allocated less
biomass to roots and that had larger leaves were more fit
(table 2). Since selection on root biomass proportion and leaf
size was not detected when other measured traits were included in the analyses, these trends were probably due to indirect associations of root biomass and leaf size with fitness

Fig. 4 Reproductive fitness (log total achene number) for all
populations in drought and moist conditions. Least square means are
shown. DFF ¼ Dewitt Fish Farm, Amherst, Mass.; M ¼ Daniel
Webster Sanctuary, Marshfield, Mass.; NAT ¼ Natick Farmyard,
Natick, Mass.

Table 2
Results of Phenotypic Selection Analysis, Controlling for the
Effect of Population and Block
Drought
Trait

S

WUE
Leaf size
Root biomass proportion

0.036
0.012
0.20

Moist
b
*

0.058
0.13
0.0002

S

b

0.015
0.18*
0.21+

0.006
0.071
0.080

Note. Standardized selection differentials (S) and selection gradients (b) are shown for each water treatment. S reflects direct and
indirect associations between a given trait and fitness, whereas b reflects the direct association between a given trait and fitness, holding
the associations of the other traits with fitness constant.
þ P < 0:10.
 P < 0:05.

through correlations with WUE. When holding the effects of
WUE and leaf size constant, no selection was detected on root
biomass proportion in moist conditions (table 2). Likewise,
no selection was detected on leaf size after holding the effects
of WUE and root biomass proportion constant (table 2).

Discussion
Population Differentiation and Plasticity
Polygonum persicaria from two variably dry sites and one
consistently moist site showed similar patterns of functional
plasticity in response to soil moisture: all three populations
increased WUE and root biomass allocation in drought compared with plants grown in moist greenhouse conditions.
Moreover, drought-stressed plants did not make smaller
leaves, so carbon uptake potential may not have been reduced; in each population, reproduction was maintained at
equivalent levels across the moist and drought treatments.
Thus, populations of this ecologically widespread species
shared broadly similar plastic responses despite site differences in moisture level and variability. Plants from the P. persicaria populations were also equally able to maintain fitness
under drought stress (i.e., equivalently flat responses of fitness to drought stress), regardless of their native moisture
habitat. Interestingly, this fitness homeostasis was maintained
despite overall decreases in plant size in drought conditions,
indicating that plants were allocating more biomass to reproduction and root tissue in dry conditions. These results support the view that similar, functionally plastic populations
may successfully occupy diverse sites in generalist species.
This indicates that highly plastic species may consist of adaptively similar, generalist populations in diverse field habitats
rather than narrowly specialized ecotypes (Oliva et al. 1993;
Williams et al. 1995).
Although functional responses to soil moisture were generally similar across all three P. persicaria populations (no significant population by trait interactions; table 1), differences
in degree of response were detected for specific traits. In particular, DFF plants (consistently moist-site population) responded to soil moisture variation with greater plasticity in
WUE and less plasticity in root biomass allocation, while the
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populations from variably dry field conditions (M and NAT)
more sharply increased root allocation in response to drought.
These populations evidently have genetically differentiated
for the strength of different aspects of plastic response to
drought. These results indicate that selection on morphological and physiological modes of stress response may reflect
compensatory interactions among traits. Functionally, plants
that allocate less biomass to roots might require higher WUE
for persistence in drought conditions because of the lower water acquisition capacity of plants with smaller root surface
areas. Conversely, plants that have greater water acquisition
potential from high biomass allocation to roots may not require sharply increased WUE to persist in drought conditions.
Thus, populations may achieve similar levels of stress tolerance through different underlying combinations of responses
(Griffith et al. 2004).
Within-site differences in moisture variability did not necessarily translate into differences in degree of response. Polygonum persicaria populations from variable soil moisture
conditions were not always more plastic than the population
from a consistently moist site. Although the variably dry-site
populations responded to soil moisture deficit with greater
plasticity in root biomass allocation than the consistently
moist-site population, the dry-site populations responded with
less WUE plasticity. Our results thus indicate that increased
environmental variation does not necessarily lead to a greater
degree of functional plasticity. Indeed, the moist-site population expressed the steepest increase in WUE in response to
drought, even though this population does not experience
moisture deficits in nature. This result may reflect episodic selection during an anomalous drought year in the past or the
founding of the population by achenes from a dry or variable
site. Alternatively, the greater stomatal sensitivity to drought
could have resulted from selection to rapidly open stomata in
response to excess soil water and anoxia (Larcher 2003).
The high drought plasticity of the moist-site population is
intriguing and indicates that once plasticity has evolved it
can be maintained even in the absence of ongoing selection
pressures. This may be particularly likely in the case of
drought plasticity because the same types of response affect
adjustment to both fine-scale and severe soil moisture deficits. In such cases, the ability to strongly express plasticity
may bear no substantial cost to the organism (Sultan 1992;
see DeWitt et al. 1998 for a general discussion of this issue).
Lack of genetic variation in P. persicaria populations is unlikely to be a significant constraint on population differentiation, given the ample variation revealed (line and/or line by
treatment interaction effects; table 1) even in our relatively
small genotypic sample.
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Selection Analyses
The complex contributions of stress-related, functional
traits to fitness have rarely been examined (Blais and
Lechowicz 1989; Farris and Lechowicz 1990; Donovan and
Ehleringer 1994; Dudley 1996; Arntz and Delph 2001; Geber
and Griffen 2003). In our experimental drought conditions,
direct selection favored increased WUE (for similar results,
see Dudley 1996 and Heschel et al. 2002). In moist conditions, indirect selection was detected for increased leaf size
and decreased root biomass proportion. Therefore, the types
of plastic responses to drought stress that we observed do indeed contribute to reproductive fitness. In drought, physiological adjustments of WUE contributed the most to fitness,
but in moist conditions, morphological adjustments in leaf
and root traits were favored (albeit indirectly). This indicates
that, in drought conditions, WUE may functionally outweigh
morphological adjustments to water uptake capacity. In other
words, the evolution of drought tolerance strategies may involve population responses at loci that influence WUE, but in
moist conditions, differentiation is predicted to occur for
root and leaf allocation patterns. These results further indicate that for generalist species, the ability to invade dry habitats may require plasticity in WUE, while the invasibility of
moist habitats may rely more on plasticity in root allocation.

Conclusions
The drought response of the weedy generalist Polygonum
persicaria reflects a complex interplay between phenotypic
plasticity and local differentiation. The three study populations were from a diversity of soil moisture habitats but expressed roughly similar patterns of functional plasticity that
maintained fitness in dry compared with moist conditions.
Such plasticity evidently contributes to tolerance of the range
of moisture variability that occurs within source sites; strong
expression of these plastic responses may allow for tolerance
of contrasting sites as well. Although all three P. persicaria
populations shared significant plasticity, the populations expressed different patterns of plasticity for specific aspects of
functional response, reflecting genetic differentiation as well.
These responses evidently interact functionally to result in
similar levels of environmental stress tolerance.

Acknowledgments
We acknowledge with thanks the experimental assistance
of Bethany Caruso, Cooper Funk, and Alden Griffith. We
also thank Tim Griffith, Fred Cohan, David Ackerly, and
one anonymous reviewer for comments on an earlier version
of the manuscript. This work was supported in full by
a grant from the Andrew W. Mellon Foundation’s Program
in Conservation and the Environment.

Literature Cited
Arntz AM, LF Delph 2001 Pattern and process: evidence for the
evolution of photosynthetic traits in natural populations. Oecologia
127:455–467.
Bazzaz FA 1986 Life history of colonizing plants: some demographic,
genetic, and physiological features. Pages 97–110 in HA Mooney,

JA Drake, eds. Ecology of biological invasions of North America
and Hawaii. Vol 58. Ecological studies. Springer, New York.
Bell DL, SE Sultan 1999 Dynamic phenotypic plasticity for
root growth in Polygonum: a comparative study. Am J Bot 86:
807–819.

This content downloaded from 129.133.090.199 on April 19, 2016 11:05:36 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

824

INTERNATIONAL JOURNAL OF PLANT SCIENCES

Blais PA, MJ Lechowicz 1989 Variation among populations of
Xanthium strumarium (Compositae) from natural and ruderal
habitats. Am J Bot 76:901–908.
Bradshaw AD 1965 Evolutionary significance of phenotypic plasticity in plants. Adv Genet 13:115–155.
Cowan IR 1986 Economics of carbon fixation in higher plants. Pages
133–170 in TJ Givnish, ed. On the economy of plant form and
function. Cambridge University Press, New York.
Craine JM, WG Lee 2003 Covariation in leaf and root traits for
native and non-native grasses along an altitudinal gradient in New
Zealand. Oecologia 134:471–478.
DeWitt TJ, A Sih, DS Wilson 1998 Costs and limits of phenotypic
plasticity. Trends Ecol Evol 13:77–81.
Donohue K, EH Pyle, D Messiqua, MS Heschel, J Schmitt 2001
Adaptive divergence in plasticity in natural populations of
Impatiens capensis and its consequences for performance in novel
habitats. Evolution 55:692–702.
Donovan LA, JR Ehleringer 1992 Contrasting water-use patterns
among size and life-history classes of a semi-arid shrub. Funct Ecol
6:482–488.
——— 1994 Potential for selection on plants for water-use efficiency
as estimated by carbon isotope discrimination. Am J Bot 81:
927–935.
Dudley SA 1996 Differing selection on plant physiological traits in
response to environmental water availability: a test of adaptive
hypotheses. Evolution 50:92–102.
Emery RJN, DM Reid, CC Chinnappa 1994 Phenotypic plasticity of
stem elongation in 2 ecotypes of Stellaria longipes: the role of
ethylene and response to wind. Plant Cell Environ 17:691–700.
Endler JA 1986 Natural selection in the wild. Princeton University
Press, Princeton, N.J.
Farris MA, MJ Lechowicz 1990 Functional interactions among traits
that determine reproductive success in a native annual plant.
Ecology 71:548–557.
Fitter AH, RKM Hay 2002 Environmental physiology of plants. 3d
ed. Academic Press, San Diego, Calif.
Geber MA, TE Dawson 1990 Genetic variation in and covariation
between leaf gas exchange, morphology, and development in
Polygonum arenastrum, an annual plant. Oecologia 85:153–158.
Geber MA, LR Griffen 2003 Inheritance and natural selection on
functional traits. Int J Plant Sci 164(suppl):S21–S42.
Gleason HA, A Cronquist 1963 Manual of vascular plants of northeastern United States and adjacent Canada. Wadsworth, Boston.
Griffith C, E Kim, K Donohue 2004 Life-history variation and
adaptation in the historically mobile plant, Arabidopsis thaliana.
Am J Bot 91:837–849.
Heschel MS, K Donohue, NJ Hausmann, J Schmitt 2002 Population
differentiation and natural selection for water-use efficiency in
Impatiens capensis (Balsaminaceae). Int J Plant Sci 163:907–912.
Heschel MS, NJ Hausmann 2001 Population differentiation for
abscisic acid sensitivity in response to drought in Impatiens capensis
(Balsaminaceae). Int J Plant Sci 162:1253–1260.
Lande R, SJ Arnold 1983 The measurement of selection on
correlated characters. Evolution 37:1210–1226.

Larcher W 2003 Physiological plant ecology. 4th ed. Springer, Berlin.
Maliakal SK, K McDonnell, SA Dudley, J Schmitt 1999 Effects of red
to far-red ratio and plant density on biomass allocation and gas
exchange in Impatiens capensis. Int J Plant Sci 160:723–733.
Martre P, GB North, EG Bobich, PS Nobel 2003 Root deployment
and shoot growth for two desert species in response to soil
rockiness. Am J Bot 89:1933–1939.
McGraw JB 1987 Experimental ecology of Dryas octopetala ecotypes. IV. Fitness response to reciprocal transplanting in ecotypes
with differing plasticity. Oecologia 73:465–468.
Moran NA 1992 The evolution of aphid life-cycles. Annu Rev
Entomol 37:321–348.
Novak SJ, RN Mack, DE Soltis 1991 Genetic variation in Bromus
tectorum: population differentiation in its North American range.
Am J Bot 78:1150–1161.
Oliva G, A Martinez, M Collantes, J Dubcovsky 1993 Phenotypic
plasticity and contrasting habitat colonization in Festuca pallescens.
Can J Bot 71:970–977.
Parkinson KJ 1985 A simple method for determining the boundary
layer resistance in leaf cuvettes. Plant Cell Environ 8:223–226.
Pearcy RW, J Ehleringer, HA Mooney, PW Rundel 1989 Plant
physiological ecology. Chapman & Hall, New York.
Rice KJ, RN Mack 1991 Ecological genetics of Bromus tectorum. 2.
Intraspecific variation in phenotypic plasticity. Oecologia 88:84–90.
SAS Institute 1994 JMP user’s manual. Version 3. SAS Institute,
Cary, N.C.
Scheiner SM, HS Callahan 1999 Measuring natural selection on
phenotypic plasticity. Evolution 53:1704–1713.
Sultan SE 1992 Phenotypic plasticity and the neo-Darwinian legacy.
Evol Trends Plants 6:61–71.
——— 2001 Phenotypic plasticity for fitness components in Polygonum species of contrasting ecological breadth. Ecology 82:328–343.
Sultan SE, HG Spencer 2002 Metapopulation structure favors
plasticity over local adaptation. Am Nat 160:271–283.
Sultan SE, AM Wilczek, DL Bell, G Hand 1998a Physiological
response to complex environments in annual Polygonum species of
contrasting ecological breadth. Oecologia 115:564–578.
Sultan SE, AM Wilczek, SD Hann, BJ Brosi 1998b Contrasting
ecological breadth of co-occurring annual Polygonum species.
J Ecol 86:363–383.
Van den Boogaard R, M de Boer, EJ Veneklaas, H Lambers 1996
Relative growth rate, biomass allocation pattern, and water-use
efficiency of three wheat cultivars during early ontogeny as
dependent on water availability. Physiol Plant 98:493–504.
Van Tienderen PH 1990 Morphological variation in Plantago lanceolata: limits of plasticity. Evol Trends Plants 4:35–43.
Via S, R Lande 1985 Genotype-environment interaction and the
evolution of phenotypic plasticity. Evolution 39:505–522.
Williams DG, RN Mack, RA Black 1995 Ecophysiology of introduced Pennisetum setaceum on Hawaii: the role of phenotypic
plasticity. Ecology 76:1569–1580.
Zangerl AR, FA Bazzaz 1984 Effects of short-term selection along
environmental gradients on variation in populations of Amaranthus
retroflexus and Abutilon theophrasti. Ecology 65:207–217.

This content downloaded from 129.133.090.199 on April 19, 2016 11:05:36 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

