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abstract: Costs are hypothesized to constrain the evolution of
adaptive phenotypic plasticity, but they have been difficult to quantify
because strong selection should eliminate costly genotypes from nat-
ural populations. However, recent studies suggest that crosses be-
tween natural populations can recover these genotypes. We deter-
mined the adaptive value and costs of, as well as the genetic variation
for, physiological and morphological plasticity to soil water limitation
in Avena barbata recombinant inbred lines (RILs) created by crossing
mesic and xeric ecotypes. All traits were plastic, and plasticity in
stomatal limitation of photosynthesis and photosynthetic rate before
and at reproduction was adaptive. However, we detected a significant
cost of plasticity only for stomatal conductance at reproduction, and
the mean cost for all traits of A. barbata RILs was at least 50%
smaller than costs previously estimated using RILs. In addition, her-
itabilities for plasticity were !0.1 and were significant only for pho-
tosynthesis at reproduction and leaf mass per unit area. Our results
suggest that costs are less likely to constrain the evolution of adaptive
plasticity in A. barbata than genetic variation for plasticity.

Keywords: Avena barbata, costs of plasticity, genotype # environment
interaction, phenotypic plasticity, photosynthesis, water stress.

Introduction

One constraint on the evolution of adaptive plasticity is
the cost of producing a phenotype through plastic rather
than fixed development (DeWitt et al. 1998). Plasticity is
inferred to be costly when a genotype that produces a
phenotype in a given environment through fixed devel-
opment has higher fitness than a genotype that produces
the same phenotype in the same environment through
plastic development. Potential costs of plasticity include
the energy required to maintain regulatory pathways for
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producing a phenotype through plastic rather than fixed
development, as well as genetic costs caused by epistatic
interactions or linkage between plasticity loci and loci that
affect fitness (DeWitt et al. 1998). Theory suggests that
high costs of plasticity can result in nonplastic specialist
genotypes having higher fitness than co-occurring plastic
generalist genotypes (van Tienderen 1991; Padilla and
Adolph 1996; Sultan and Spencer 2002). However, many
empirical tests have failed to detect costs of plasticity (van
Kleunen and Fischer 2005; van Buskirk and Steiner 2009),
perhaps because genotypes for which plasticity is costly
are quickly purged from populations by natural selection
(DeWitt et al. 1998).

The magnitude of any costs of plasticity, as well as the
statistical power to detect these costs, may be greater in
populations of recombinant genotypes for two reasons.
First, recombination can recreate genotypes that express
genetic costs of plasticity (reviewed in van Kleunen and
Fischer 2007). For example, because recombinants contain
novel combinations of alleles, they can express costs of
plasticity caused by epistatic interactions between loci. If
plasticity costs periodically emerge in natural populations
after outcrossing and subsequent recombination (Weinig
et al. 2006), then experiments using recombinants may
provide a more realistic estimate of the magnitude of any
costs of plasticity than would experiments using genotypes
sampled from natural populations. Second, recombination
should recover genotypes that have particularly high or
low levels of plasticity relative to genotypes sampled from
natural populations (Dechaine et al. 2007; van Kleunen
and Fischer 2007). This expansion in the range of phe-
notypic variation increases the statistical power to detect
selection (Schluter 1988) and, thus, plasticity costs.

Because recombination can recover plasticity costs, Cal-
lahan et al. (2005) proposed testing for these costs by using
populations of recombinant inbred lines (RILs) rather than
genotypes sampled from natural populations. To generate
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RILs, genetically distinct parents are crossed to create F1

heterozygotes. Selfing the F1 generation results in a pop-
ulation of recombinant F2 offspring that are propagated
by single-seed descent (Lynch and Walsh 1998). Studies
that used RILs of Arabidopsis thaliana (Callahan et al. 2005;
Weinig et al. 2006) and Brassica rapa (Dechaine et al. 2007)
detected costs of plasticity for more traits, as well as larger
costs of plasticity, than did studies that sampled genotypes
from natural populations (reviewed in van Kleunen and
Fischer 2007). The results of these studies suggest that costs
may periodically arise in natural populations and act as a
significant constraint on the evolution of plasticity (Weinig
et al. 2006).

Most studies of costs of plasticity in plants have focused
on morphological traits (reviewed in van Kleunen and
Fischer 2005), but plasticity in physiological traits also
contributes to fitness (Ackerly et al. 2000). Physiological
traits directly control resource acquisition and can there-
fore be responsible for morphological responses to envi-
ronmental variation (Sultan 1995; Ackerly et al. 2000; Pig-
liucci 2001). For example, increased photosynthesis is
necessary to provide carbon for adaptive plastic increases
in morphological traits such as internode length (e.g., Do-
nohue et al. 2000) and leaf size (e.g., Dorn et al. 2000).
Recent reviews find that natural selection is rarely esti-
mated on physiological traits of either plants or animals
(Kingsolver et al. 2001; Geber and Griffen 2003), despite
the importance of these traits for growth and reproduction.

Relative to plasticity in morphological traits, the evo-
lution of plasticity in physiological traits may be more
likely to be constrained by a lack of genetic variation.
Heritabilities for photosynthetic traits of plants are ∼50%
lower than heritabilities for morphological traits (reviewed
in Geber and Griffen 2003). Given that there tends to be
less genetic variation for trait plasticity than for trait means
within environments (reviewed in Scheiner 1993), heri-
tabilities for plasticity in physiological traits may be par-
ticularly low. However, most studies of plasticity in plants
have focused on morphological traits (van Kleunen and
Fischer 2005), and there are relatively few estimates of
genetic variation in plasticity of physiological traits (Sultan
and Bazzaz 1993; Heschel et al. 2004a, 2004b).

We examined the adaptive value and costs of, as well
as genetic variation for, physiological and morphological
plasticity in response to soil moisture limitation in a pop-
ulation of Avena barbata Pott. ex. Link RILs. These RILs
were created by crossing mesic and xeric ecotypes from
California, which differ in morphological and physiolog-
ical traits associated with adaptation to contrasting rainfall
environments (Hamrick and Allard 1975; Latta et al. 2004;
Sherrard and Maherali 2006). Individuals from dry sites
(xeric ecotype) are fixed for one set of alleles at each of
five allozyme loci, whereas individuals from moist sites

(mesic ecotype) are homozygous for the alternate set of
alleles (Hamrick and Allard 1972). Although A. barbata
primarily self-fertilizes, there is infrequent outcrossing be-
tween ecotypes in regions where they overlap (Latta et al.
2007). Consequently, mesic # xeric RILs can provide a
realistic estimate of the magnitude of costs of plasticity in
natural A. barbata populations.

Physiological plasticity is often assumed to be adaptive,
but tests of this assumption are rare (Caruso et al. 2006).
In Mediterranean annuals, there is strong selection for
drought escape through earlier flowering over dehydration
avoidance through water conservation (Stanton et al. 2000;
Volis et al. 2002, 2004; Sherrard and Maherali 2006). Ear-
lier flowering is facilitated by rapid growth, which in turn
may be caused by high rates of photosynthesis and tran-
spiration (Bazzaz 1979; Geber and Dawson 1997; McKay
et al. 2003). For example, comparative studies indicate that
genotypes and species with short life spans often have
higher photosynthetic capacity than those with long life
spans (Mooney et al. 1976; Geber and Dawson 1997; Reich
et al. 1999; McKay et al. 2003). If plasticity in A. barbata
facilitates drought escape, then genotypes should flower
earlier and have higher photosynthetic capacity when
growing in a dry versus a wet soil environment. If this
plasticity is adaptive, then genotypes that respond to water
availability in the predicted direction should have higher
fitness than less plastic genotypes. We tested for these pre-
dicted plastic responses, assessed whether they were adap-
tive and/or costly, and estimated genetic variation for plas-
ticity by growing a population of A. barbata RILs in
contrasting watering treatments.

Methods

Study Species

Avena barbata is a highly selfing (195%) European winter
annual grass that has invaded the Mediterranean region
of the southwestern United States since its introduction
over 200 years ago (Garcia et al. 1989). Both neutral genetic
markers and measurements of quantitative traits indicate
that the parental mesic and xeric ecotypes are genetically
homogeneous monomorphic lineages (Gardner and Latta
2008). The initial cross between a single mesic individual
and a single xeric individual, followed by one generation
of selfing, produced 188 F2 individuals. The F2 individuals
were selfed for four generations through single-seed de-
scent, resulting in F6 individuals that were 96.75% ho-
mozygous (Gardner and Latta 2008). This cross mimics a
population of progeny from a hybridization event between
the mesic and xeric ecotypes in regions where they overlap
(Gardner and Latta 2006). Because 90% of A. barbata
growing in California are of either the mesic or the xeric
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ecotype (Garcia et al. 1989), this cross captures a sub-
stantial portion of the standing genetic variation in Cal-
ifornia populations of this species. The RILs express a
broader range of variation in morphological and physio-
logical traits than does either parental ecotype (Gardner
and Latta 2008; Maherali et al. 2008).

Experimental Design and Data Collection

As part of a larger study of the evolution of physiological
traits in A. barbata (Sherrard and Maherali 2006; Maherali
et al. 2008, 2009; Sherrard et al. 2009), we grew 26 RILs
and the two parental ecotypes in a greenhouse environ-
ment. The RILs were selected to match the range and
frequency distribution of fitness for all 188 lines when
grown under well-watered greenhouse conditions (Gard-
ner and Latta 2006). The mean fitness of our sample of
lines was not significantly different from the mean fitness
of all 188 lines, and our sample included RILs in both the
fifth and ninety-fifth percentiles of the fitness distribution.
To allow enough time for physiological measurements and
to ensure that all traits were measured on plants at the
same life stage, we used a randomized complete block
design, with four temporal blocks of 56 plants (eight plants
in each of 26 RILs and the two parental ecotypes; N p

). To create the temporal blocks, four groups of seeds224
were germinated 12 days apart in February–March 2004
by removing the palea and lemma and placing them on
moist filter paper for 96 h at 4�C. Seeds were then returned
to room temperature and placed in the dark for 24 h. Each
seedling was planted in a 4.1-L pot filled with Pro-Mix
BX (Premier Tech, Rivière-du-Loup, Quebec, Canada) and
placed on a greenhouse bench.

After 21 days, when the seedlings had their first true
leaves, half of the plants from each parental ecotype and
RIL were randomly assigned to the dry treatment, and half
were assigned to the wet treatment. Volumetric water con-
tent (VWC) of the soil was monitored using a moisture
probe (Hydrosense CD620, Campbell Scientific, Edmon-
ton, Alberta, Canada). Plants in the wet treatment were
watered daily to saturation (mean VWC � 1 SD p

). Plants in the dry treatment were provided31.1% � 9.9%
with 50 mL of water every 2 days, which maintained the
VWC below 5% and is the equivalent of 132 mm of pre-
cipitation for the duration of the treatment (5.5 mm
week�1). This was comparable to the total rainfall during
the driest growing season at the xeric site since 1963 (165
mm; October 1976–March 1977) and is 69 mm less than
that of any growing season at the mesic site since 1953
(Sherrard and Maherali 2006). Because the amount of wa-
tering was held constant, the severity of water stress ex-
perienced by plants in the dry treatment increased as the

plants grew. In contrast, plants in the wet treatment ex-
perienced a consistently moist soil environment.

Every 2 weeks, plants were fertilized with 100 mL of
20%-20%-20% NPK fertilizer (Plant Products, Brampton,
Ontario, Canada) at a concentration of 2.5 g L�1. The
fertilizer also contained the micronutrients B (0.02%), Cu
(0.05%), Fe (0.1%), Mn (0.05%), Mo (0.0005%), and Zn
(0.05%). Plants were provided with supplemental light
from high-intensity discharge lamps to maintain a pho-
toperiod of 16 h of light per day. On regularly scheduled
watering days, plants were watered after leaf gas-exchange
data were collected, rather than before. This ensured that
gas exchange reflected the long-term differences in water
availability between treatments, rather than a short-term
water pulse (Schwinning and Sala 2004).

Trait and Fitness Measurements

To determine how photosynthesis and water use of A.
barbata responded to drought, we measured leaf gas ex-
change and estimated the carboxylation activity of ribulose
1,5-bisphosphate carboxylase-oxygenase (Rubisco) and
stomatal limitation of photosynthesis from these mea-
surements. Photosynthesis and transpiration were mea-
sured on the youngest fully expanded leaf for all 224 plants
in the experiment using an open gas-exchange system (LI-
6400, Li-Cor, Lincoln, NE). Preliminary data indicated that
A. barbata maintained relatively constant gas exchange
during the morning (M. E. Sherrard and H. Maherali,
unpublished data). As a result, steady-state leaf gas ex-
change was measured between 0830 and 1230 hours EST.
Plants were measured in a random order each day. Because
gas exchange is sensitive to variation in light, temperature,
and atmospheric humidity, we held these environmental
variables constant throughout the measurements. We used
red-blue light-emitting diodes to provide a saturating in-
cident irradiance (1,500 mmol m�2 s�1) comparable to what
A. barbata experiences in the field (Jackson et al. 1995).
Leaf temperature was held at ∼26�C with a Peltier cooling
module and cuvette, and leaf-to-air vapor pressure deficit
(D) was maintained at 1.9–2.0 kPa to reflect prevailing
ambient conditions. Stomatal conductance (gs) was cal-
culated from transpiration using a boundary layer con-
ductance of 3.54–4.82 mol m�2 s�1, which was determined
on the basis of fan speed and leaf area using the energy
balance algorithms of the LI-6400. Leaf area was calculated
from leaf dimensions.

The first set of gas-exchange measurements was made
70 days after germination and 49 days after the treatments
were initiated, just before flowering. We made a second
set of instantaneous gas-exchange measurements under
ambient CO2 concentration 110 days after germination on

This content downloaded from 129.173.074.049 on February 04, 2016 04:55:54 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



214 The American Naturalist

leaves attached to flowering stalks. We recorded instan-
taneous light-saturated photosynthetic rate (A) and sto-
matal conductance to water vapor (gs) at ambient CO2

concentration (400 mL L�1). The leaf segment used for the
second set of gas-exchange measurements was harvested,
dried at 70�C for 48 h to constant mass, and weighed. We
calculated leaf mass per unit area (LMA), which is cor-
related with gas exchange (Reich et al. 1999), as dry leaf
mass (g) divided by fresh leaf area (cm2). Plants with higher
LMA values have thicker leaves.

We determined the degree to which water availability
influenced the biochemical regulation of photosynthesis
by measuring the response of photosynthesis to variation
in intercellular CO2 concentration (Ci). Photosynthesis is
primarily limited by ribulose 1,5-bisphosphate (RuBP) re-
generation when Ci is high and by Rubisco activity when
Ci is low (Sharkey 1985; Geber and Dawson 1997). To
determine the maximum rate of carboxylation (Vcmax),
which represents Rubisco activity, we measured the re-
sponse of light-saturated photosynthesis (A) to the ma-
nipulation of intercellular CO2 concentration ( curve).A/C i

An curve was constructed for each individual in theA/C i

experiment within 6 days of the first set of gas-exchange
measurements, before flowering. The curves wereA/C i

constructed by varying the concentration of CO2 in the
cuvette chamber from 50 to 1,800 mL L�1 at 100–200 mL
L�1 intervals in a specific sequence (e.g., Long and Ber-
nacchi 2003). We assumed that A was limited solely by
Rubisco at intercellular [CO2] ! 250 mL L�1 (e.g., Wullsch-
leger 1993; Geber and Dawson 1997). Therefore, Vcmax was
calculated as the regression slope of this portion of the

data fitted to a linearized version (Long and BernacchiA/C i

2003) of a mechanistic biochemical model of photosyn-
thesis (Farquhar et al. 1980; Sharkey 1985).

In addition to biochemical limitations, photosynthesis
can be limited by the diffusion of CO2 into the leaf through
stomata. Stomatal closure reduces water loss, but it also
restricts CO2 diffusion into the leaf (Cowan 1977). Relative
stomatal limitation of photosynthesis (lg) is an index of
how much potential carbon gain is lost because of a sto-
matal restriction of CO2 supply (Farquhar and Sharkey
1982; Jones 1985). To determine how photosynthesis can
be influenced by the interplay between the biochemical
demand for CO2 by Rubisco relative to the supply of CO2

through stomata, we estimated lg in each moisture treat-
ment. To do this, the curve data were fitted to aA/C i

nonlinear model:

A p a(1 � exp (�bC )) � c, (1)i

where c is the Y-intercept, is the rate constant, and a1/b
is the slope (Jacob et al. 1995; Reid and Fiscus 1998). We

calculated lg, using the differential method of Jones (1985):

rgl p , (2)g ∗r � rg

where rg is the gas-phase resistance to CO2 uptake (the
supply function) and r∗ is the slope of the curveA/C i

(demand function). We calculated r∗ as the first derivative
of equation (1) at the operating Ci and rg as (C � C )/Aa i

at the operating Ci (Jones 1985). The value of lg varies
between 0 and 1, with high values indicating that pho-
tosynthesis is more limited by gas-phase CO2 diffusion
through stomata (Jones 1985).

Leaf gas exchange is influenced by the size and density
of stomata on the leaf surface (Nobel 1991), traits that can
respond plastically to soil moisture (Xu and Zhou 2008).
To measure stomatal length and density, we made a mold
with polyvinylsiloxane dental impression material (Ex-
trude Medium, Kerr Manufacturing, Orange, CA) of the
adaxial and the abaxial surfaces of one fully expanded leaf
per individual, and used the hardened mold as a cast for
clear nail polish. Molds were made after measurements of

curves were completed, before flowering. We mea-A/C i

sured stomatal length on the nail polish impression as the
average distance in micrometers between the junctions of
the guard cells (Malone et al. 1993; Maherali et al. 2002)
for eight randomly selected stomates per leaf side. We
measured stomatal density as the average number of sto-
mates in two randomly selected 1-mm2 viewing areas per
leaf side. The measurements and counts were made using
a light microscope interfaced with a Nikon Coolpix 4500
digital camera and ImageJ software (Abramoff et al. 2004;
U.S. National Institutes of Health; http://rsb.info.nih.gov/
ij/). We report stomatal length and density as averages of
the adaxial and abaxial surfaces.

We recorded the day when spikelets first appeared as
the date of first flower. We ended the experiment 165 days
after germination to simulate a growing season in the field.
Each A. barbata spikelet produces two single-seeded flo-
rets. We estimated the proportion of seeds aborted as the
number of empty florets in a random selection of 100
florets per individual. Fitness was expressed as total seed
number, which was calculated as total spikelet number #
2 # proportion of unaborted seeds.

Statistical Analysis

We used a two-way ANOVA to determine whether fitness
and 10 other traits (table 1) responded plastically to soil
water availability in our 26 A. barbata RILs. Treatment
(wet vs. dry) and RIL were included as fixed factors. How-
ever, the results of the ANOVA were qualitatively similar
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Table 1: Effects of soil water availability and recombinant inbred line on 10 phenotypic traits and fitness of
Avena barbata

Trait

Term

T L T # L B

Prereproductive A (mmol CO2 m�2 s�1):
MS 336.256 17.291 6.668 65.466
F 31.292 1.609 .621 6.092
P !.001a .043 .919 .001a

Prereproductive gs (mol m�2 s�1):
MS 1.904 .006 .005 .009
F 275.526 .854 .684 1.287
P !.001a .667 .867 .281

Reproductive A (mmol CO2 m�2 s�1):
MS 26.887 18.022 20.3908 51.798
F 2.257 1.513 1.705 4.348
P .135 .068 .027 .006a

Reproductive gs (mol m�2 s�1):
MS 3.133 .016 .013 .080
F 254.412 1.291 1.058 6.520
P !.001a .176 .399 .001a

Vcmax (mmol m�2 s�1):
MS 2.767 # 105 2.441 # 103 1.312 # 103 9.873 # 103

F 210.352 1.855 .998 7.505
P !.001a .012 .474 !.001a

lg:
MS 8.481 .008 .011 .044
F 900.856 .838 1.157 4.719
P !.001a .689 .288 .004a

LMA (g cm�2):
MS 8.468 # 10�6 1.848 # 10�6 9.141 # 10�7 3.339 # 10�6

F 16.211 3.538 1.750 6.393
P !.001a !.001a .022 !.001a

Stomatal density (no. per mm2):
MS 2,029.688 259.171 86.048 157.211
F 24.382 3.113 1.034 1.889
P !.001a !.001a .428 .134

Stomatal length (mm):
MS 212.443 22.802 3.715 14.894
F 33.917 3.640 .593 2.378
P !.001a !.001a .937 .072

Date of first flower:
MS 3.272 # 103 1.077 # 103 129.966 721.825
F 38.103 12.550 1.513 8.405
P !.001a !.001a .068 !.001a

Seed production:
MS 4.152 # 106 3.987 # 105 1.557 # 105 3.548 # 106

F 24.051 2.310 .902 20.551
P !.001a .001a .602 !.001a

Note: Traits were analyzed using a two-way ANOVA with treatment (T; wet vs. dry) and recombinant inbred line (L) as main

effects. A term (B) was also included to control for variation among temporal blocks. For treatment, df p 1, 150–153; for line

and treatment # line, df p 25, 150–153; for block, df p 3, 150–153. A p photosynthetic rate; gs p stomatal conductance; Vcmax

p maximum velocity of carboxylation of ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco); lg p relative stomatal

limitation of photosynthesis; LMA p leaf mass per unit area; MS p mean squares.
a Remained significant after sequential Bonferroni correction by the Dunn-Sidak method.
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if RIL was included as a random factor (analyses not
shown). Block was included as a fixed factor to control
for variation among the four temporal cohorts. When there
was a significant treatment # line interaction, we estimated
the Spearman rank correlation (rs) between mean trait val-
ues of the same lines growing in the wet and dry treatments.
If rs was not significant ( ), then we inferred that theP 1 .05
interaction was caused by a change in the rank order of
lines between treatments. Because analyses of absolute and
relative fitness can lead to different conclusions about ge-
notype # environment interactions (Stanton and Thiede
2005), we analyzed both absolute and relative seeds per
plant. These two analyses were qualitatively similar (data
not shown), and so we present only the ANOVA for absolute
fitness. To determine whether gas exchange varied within
each 4-h measurement period, we included time of mea-
surement as a covariate in the ANOVAs for A, gs, lg, and
Vcmax. Because this covariate did not explain significant
variation in any gas-exchange trait (analyses not shown),
we present the ANOVA without time of day included in
the model.

The assumption of normality of residual variance was
tested using Lilliefor’s test (Wilkinson 1997). We tested
the assumption of homogeneity of variances by examining
residuals for each treatment group. If these assumptions
were violated, we log-transformed the data. Even after
transformation, gs, lg, and date of first flower were het-
eroscedastic. However, these traits differed between treat-
ments in both the ANOVA (table 1) and the nonparametric
tests (analyses not shown). Consequently, we present the
results of the ANOVA for these traits.

To determine whether and how parental mesic and xeric
ecotypes responded plastically to soil water availability, we
compared 10 traits (table 1) between wet and dry treat-
ments, using paired, two-tailed t-tests. A separate t-test
was performed for each combination of ecotype and trait.
Plants were paired within each of the four temporal blocks,
resulting in t-tests with 3 degrees of freedom.

To compare heritabilities for plasticity in A. barbata RILs
with estimates for other species, we calculated the intra-
class correlation , where is the2 2 2 2t p j /(j � j ) jg g e g

between-line variance in plasticity and is the within-2je

line environmental variance (Scheiner and Lyman 1989).
Because A. barbata RILs are 96.75% homozygous (Latta
et al. 2007), variation within each line is caused almost
entirely by random environmental effects. Therefore, t is
equivalent to the broad-sense heritability (H 2; Falconer
and McKay 1996). The broad-sense heritability estimates
all genetic contributions to phenotypic variation, including
additive genetic, dominance, epistatic, and maternal effects
(Lynch and Walsh 1998). However, dominance effects can
be discounted because RILs are homozygous. In addition,
RILs were grown in a common environment in the gen-

eration before our experiment, which should minimize
maternal effects. Terms for t were calculated using the
mean squares from the same ANOVAs that we used to
determine whether traits responded plastically to soil water
availability (table 1). The mean squares error (MSe) term
is equivalent to the within-line environmental variance
( ). The mean squares for treatment # line (MSg) is2je

equivalent to , where n is the number of indi-2 2j � nje g

viduals per genotype (Lynch and Walsh 1998). Thus, to
calculate H 2, and . We2 2j p MSe j p (MSg � MSe)/ne g

used the P value for the RIL term in the ANOVA to de-
termine whether H 2 for plasticity in a trait was significant.
If was ! 0, then we set H 2 to 0.2jg

We used two approaches to determine whether plasticity
was adaptive. First, we regressed each line’s mean fitness
across treatments on the line mean for each trait across
treatments and a measure of plasticity for that trait (across-
environment analysis for adaptive plasticity; van Kleunen
and Fischer 2005). We ran separate models for each trait.
We relativized each RIL’s mean fitness across treatments
by dividing by the mean fitness of all RILs across treat-
ments, and we standardized the independent variables to
a mean p 0 and variance p 1. Because Vcmax, reproductive
A, lg, and stomatal density were higher within the dry
treatment, plasticity for these traits was calculated by sub-
tracting the wet-treatment RIL mean from the dry-treat-
ment RIL mean. Plasticity for all other traits was calculated
by subtracting the dry-treatment RIL mean from the wet-
treatment RIL mean. When plasticity is calculated in this
way, a significant positive regression coefficient indicates
that plasticity is adaptive. Second, we regressed each in-
dividual plant’s relativized fitness on its standardized traits
(within-environment analysis for adaptive plasticity; van
Kleunen and Fischer 2005). We ran separate regression
models for each combination of treatment and trait. If
trait plasticity between treatments was in the same direc-
tion as was predicted by selection on that trait within
treatments, then we inferred that plasticity was adaptive.
If the direction of plasticity between treatments was in the
opposite direction, then we inferred that plasticity was
maladaptive. If RILs differed in the direction of response
to the treatment, such that some lines responded in the
direction predicted by selection and others responded in
the opposite direction, then we concluded that plasticity
was both adaptive and maladaptive (i.e., mixed; Dorn et
al. 2000).

We also used regression to determine whether plasticity
and homeostasis were costly (van Kleunen and Fischer
2005). The dependent variable was relativized RIL mean
fitness within a treatment. The two independent variables
were the standardized RIL mean for each trait within a
treatment and a standardized measure of plasticity across
treatments for the same trait. We ran separate models for
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Table 2: Cross-environment analysis of adaptive
plasticity in 10 traits of Avena barbata in response
to soil water availability

Trait b SE P

Prereproductive A .068 .068 .329
Prereproductive gs .130 .086 .144
Reproductive A .102 .067 .139
Reproductive gs �.135 .075 .084
Vcmax .129 .087 .155
lg .250 .071 .002a

LMA .016 .078 .839
Stomatal density �.012 .065 .860
Stomatal length �.059 .070 .409
Date of first flower �.016 .041 .693

Note: The recombinant inbred line (RIL) mean fitness

across treatments was regressed on the RIL mean of a trait

across treatments and a measure of plasticity of that trait.

A significant positive regression coefficient (b) for plasticity

indicates that it is adaptive. . A p photosyntheticN p 26

rate (mmol CO2 m�2 s�1). gs p stomatal conductance (mol

m�2 s�1). Vcmax p maximum velocity of carboxylation of

ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco;

mmol m�2 s�1). lg p relative stomatal limitation of photo-

synthesis. LMA p leaf mass per unit area (g cm�2). Stomatal

density is number per square millimeter; stomatal length is

in micrometers.
a Remained significant after sequential Bonferroni cor-

rection by the Dunn-Sidak method.

Table 3: Within-environment selection differentials used to infer
whether plasticity was adaptive in 10 traits of Avena barbata in
response to soil water availability

Trait

Wet treatment Dry treatment

S SE P S SE P

Prereproductive A .173 .073 .021 �.050 .042 .245
Prereproductive gs �.022 .069 .750 �.047 .043 .281
Reproductive A .290 .069 !.001a �.005 .048 .919
Reproductive gs .003 .072 .972 .031 .045 .493
Vcmax .188 .073 .012 �.041 .045 .363
lg .081 .068 .239 .016 .048 .746
LMA �.062 .070 .376 �.047 .044 .292
Stomatal density .195 .067 .005a .033 .043 .443
Stomatal length .006 .069 .931 �.035 .044 .429
Date of first flower �.439 .055 !.001a �.281 .031 !.001a

Note: An individual plant’s relative fitness was regressed on standardized

trait values within each environment (S). . A p photosyntheticN p 101–104

rate (mmol CO2 m�2 s�1). gs p stomatal conductance (mol m�2 s�1). Vcmax p
maximum velocity of carboxylation of ribulose 1,5-bisphosphate carboxylase-

oxygenase (Rubisco; mmol m�2 s�1). lg p relative stomatal limitation of pho-

tosynthesis. LMA p leaf mass per unit area (g cm�2). Stomatal density is

number per square millimeter; stomatal length is in micrometers.
a Remained significant after sequential Bonferroni correction by the Dunn-

Sidak method.

each combination of treatment and trait. We calculated
plasticity as described above. Plasticity is inferred to be
costly when a genotype that produces a phenotype in a
given environment through fixed development has higher
fitness than a genotype that produces the same phenotype
in the same environment through plastic development.
Homeostasis is inferred to be costly when a genotype that
produces a phenotype in a given environment through
fixed development has lower fitness than another genotype
that produces the same phenotype in the same environ-
ment through plastic development (reviewed in van Kleu-
nen and Fischer 2005). Consequently, a significant negative
regression coefficient for the plasticity term indicates that
plasticity is costly within that environment, whereas a sig-
nificant positive coefficient indicates that homeostasis is
costly (van Kleunen and Fischer 2007). If the coefficient
is significant within all environments, then the costs of
plasticity or homeostasis are global rather than local (see
Weinig et al. 2006).

The assumption of normality of residual variance for
all regression models was tested using Lilliefors’ test (Wil-
kinson 1997). We tested the assumption of homogeneity
of residual variance for these models by calculating the
Spearman rank correlation between the residuals and rel-
ative fitness (Neter et al. 1989). All regression models met
these assumptions.

We analyzed the adaptive value and costs of plasticity
to soil water availability separately for each of our traits
because A and gs were tightly phenotypically correlated
( ) with each other, which tends to result in unstabler 1 0.70
multiple regression coefficients (Mitchell-Olds and Shaw
1987). To control Type I error rates, we adjusted a for our
analyses of plasticity (table 1), adaptive value (tables 2, 3),
and costs (table 4), using the sequential Bonferroni cor-
rection by the Dunn-Sidak method (Sokal and Rohlf
1995).

To determine whether selection on plasticity was limited
by the opportunity for selection (Arnold and Wade 1984),
we estimated variation in seed production among RILs
separately within each treatment, using a randomized
complete-block ANOVA. If the RIL term was significant,
then we inferred that selection was not limited by a lack
of variation in fitness.

Results

Reduced soil water availability significantly decreased fit-
ness of Avena barbata RILs (table 1). Plants in the dry
treatment produced 35% fewer seeds than those in the wet
treatment (fig. 1E ). Although seed production varied sig-
nificantly among RILs (significant line term; table 1), lines
responded similarly to the soil water availability treatment
(nonsignificant treatment # line term; table 1). When
fitness was analyzed separately within each treatment, there
was still significant variation in seed production among
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Table 4: Analysis of costs of plasticity and homeostasis in 10 traits
of Avena barbata in response to soil water availability

Trait

Wet treatment Dry treatment

b SE P b SE P

Prereproductive A .082 .106 .445 �.005 .066 .937
Prereproductive gs .259 .189 .184 .003 .059 .956
Reproductive A .137 .101 .185 .025 .078 .747
Reproductive gs �.135 .166 .425 �.151 .058 .016
Vcmax .170 .080 .045 .175 .126 .179
lg .574 .176 .003a .121 .065 .075
LMA .076 .142 .600 �.085 .062 .182
Stomatal density .068 .091 .463 �.051 .072 .487
Stomatal length �.086 .102 .405 �.036 .062 .571
Date of first flower .029 .064 .650 �.012 .037 .752

Note: Costs were estimated by regressing the recombinant inbred line (RIL)

mean fitness within a treatment (wet vs. dry) on the RIL mean of a trait and

a measure of plasticity of that trait. A significant negative regression coefficient

(b) for plasticity indicates that it is costly. A significant positive b indicates

that homeostasis is costly. . A p photosynthetic rate (mmol CO2 m�2N p 26

s�1). gs p stomatal conductance (mol m�2 s�1). Vcmax p maximum velocity

of carboxylation of ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco;

mmol m�2 s�1). lg p relative stomatal limitation of photosynthesis. LMA p
leaf mass per unit area (g cm�2). Stomatal density is number per square

millimeter; stomatal length is in micrometers.
a Remained significant after sequential Bonferroni correction by the Dunn-

Sidak method.

RILs (wet treatment: , ; dry treat-F p 1.848 P p .02225, 75

ment: , ).F p 3.076 P ! .00125, 75

Nine of 10 traits responded to soil water availability
(significant treatment term; table 1). Plants in the wet
treatment had a 39% higher photosynthetic rate (A) before
reproduction (fig. 2A), but A did not differ between treat-
ments during reproduction (fig. 2C). Plants in the wet
treatment also had higher stomatal conductance (gs) than
those in the dry treatment, but the magnitude of this plas-
ticity varied between time points. Stomatal conductance
was three times higher in the wet treatment than in the
dry treatment before reproduction (fig. 2B) but only two
times higher during reproduction (fig. 2D). Avena barbata
RILs in the dry treatment had a maximum rate of car-
boxlyation (Vcmax) that was 2.2 times as high (fig. 2E) and
a 78% higher relative stomatal limitation of photosynthesis
(lg; fig. 2F), relative to wet-treatment RILs. Plants in the
wet treatment had 11% lower stomatal density (fig. 1A)
but 8% longer stomates (fig. 1B) than plants in the dry
treatment. In addition, wet-treatment plants had 9%
higher leaf mass per unit area (LMA; fig. 1C) and flowered
8 days later (fig. 1D) than dry-treatment plants.

For two of 10 traits, RILs differed in their response to
the watering treatment (significant treatment # line in-
teraction; table 1). Plasticity in photosynthesis at repro-
duction (fig. 2C) and in LMA (fig. 1C) varied among lines,
in terms of both the magnitude and direction of the re-
sponse. The rank order of lines growing in the wet treat-

ment was not correlated with the rank order of those in
the dry treatment for either LMA ( , ,r p 0.322 df p 24s

) or A at reproduction ( , ,P p .108 r p 0.014 df p 24s

). This suggests that the significant treatment #P p .946
line interaction for these traits was caused by changes in
rank order of lines between the wet and dry treatments.
Heritabilities for plasticity were all !0.1 (table 5). Six traits
differed among RILs (significant line term; table 1), in-
cluding photosynthetic rate before reproduction (fig. 2A),
Vcmax (fig. 2E), stomatal density (fig. 1A), stomatal length
(fig. 1B), LMA (fig. 1C), and date of first flower (fig. 1D).

Three traits of the parental ecotypes exhibited significant
plastic responses to soil water availability (table A1 in the
online edition of the American Naturalist). The values of
lg of both mesic- and xeric-ecotype plants were ∼70%
higher in the dry treatment than in the wet treatment.
Vcmax of mesic-ecotype plants was also three times higher
in the dry treatment than in the wet treatment. In contrast,
gs at reproduction of xeric-ecotype plants was four times
higher in the wet treatment than in the dry treatment.

Although all traits were plastic, as indicated by a sig-
nificant treatment or treatment # line term, this plasticity
was adaptive for only two traits (tables 2, 3). In the cross-
environment genotypic selection analysis, lines with higher
plasticity for lg had higher fitness across treatments (table
2; fig. A1 in the online edition of the American Naturalist).
The within-environment phenotypic selection analysis in-
dicated that plasticity in prereproductive A was also adap-
tive. Selection on prereproductive A was significant and
positive within the wet treatment, but it was not significant
within the dry treatment (table 3). Given that a majority
of RILs had higher prereproductive A in the wet treatment
than in the dry treatment (fig. 2A), our data suggest that
plasticity in this trait increased fitness.

Plasticity in A at reproduction was both adaptive and
maladaptive. Selection on reproductive A was significant
and positive within the wet treatment but not significant
within the dry treatment (table 3). However, the response
of reproductive A to the watering treatment varied among
RILs, with some lines increasing A in the wet treatment
and others decreasing A (fig. 2C; table 1). Together, these
results suggest that plasticity in reproductive A increased
fitness of some but not all lines (mixed-direction plastic
responses; see Dorn et al. 2000).

Plasticity in three of 10 traits was maladaptive (table 3).
There was significant selection for early flowering within
both the wet and dry treatments (table 3), and selection
was stronger in the wet treatment. However, most RILs
flowered earlier in the dry treatment than in the wet treat-
ment (fig. 1D), suggesting that plasticity in flowering time
was maladaptive. There was selection for higher stomatal
density and Vcmax within the wet treatment (table 3), but
both traits were higher in the dry treatment than in the
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Figure 1: Response of four morphological traits and seed production of 26 Avena barbata recombinant inbred lines to dry and wet treatments. A,
Stomatal density. B, Stomatal length. C, Leaf mass per unit area. D, Date of first flower. E, Seeds per plant.

wet treatment (figs. 1A, 2E). This suggests that plasticity
in stomatal density and Vcmax was also maladaptive.

We detected costs of plasticity or homeostasis for three
of 20 trait-environment combinations (table 4). Plasticity
in gs at reproduction was costly in the dry treatment, but
this regression coefficient did not remain significant after
Bonferroni correction. Homeostasis in Vcmax and lg was
costly in the wet treatment (fig. A2 in the online edition
of the American Naturalist), but only the coefficient for lg

remained significant after Bonferroni correction.

Discussion

We found that costs of plasticity in physiological traits of
Avena barbata RILs were infrequent and small relative to
costs detected in previous studies that also used recom-
binant progeny (Callahan et al. 2005; Weinig et al. 2006;
Dechaine et al. 2007). Although all 10 traits responded
plastically to soil water availability (table 1), we found
evidence for a significant cost of plasticity in only one
trait. Although plasticity in gs at reproduction was not
adaptive (tables 2, 3), it was costly in the dry treatment,
at least before Bonferroni correction (table 4). This result

contrasts with studies of Arabidopsis thaliana (Callahan et
al. 2005; Weinig et al. 2006) and Brassica rapa (Dechaine
et al. 2007) RILs, which found that 50% of measured traits
exhibited significant local or global costs. In addition, the
mean cost of plasticity, whether statistically significant or
not, for traits of A. barbata RILs was �0.070 (calculated
from all negative b values in table 4). This is smaller than
the mean cost of plasticity detected using RILs of A. thal-
iana ( [Callahan et al. 2005];b p �0.315 b p �0.148
[Weinig et al. 2006]) and B. rapa ( [Dechaineb p �0.140
et al. 2007]).

The modest costs of plasticity detected in A. barbata
RILs could represent a more realistic estimate of the mag-
nitude of these costs in natural populations. The A. thal-
iana and B. rapa RILs used in previous studies represent
crosses that are unlikely to occur in the field, either because
one parent is a laboratory genotype (Dechaine et al. 2007)
or because the parental genotypes are from populations
located on different continents (Callahan et al. 2005). In
contrast, the A. barbata RILs mimic rare but recurrent
outcrossing between mesic and xeric genotypes in the field
in California (Latta et al. 2007). RILs derived from geo-
graphically distant parental populations are valuable for
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Figure 2: Response of six physiological traits of 26 Avena barbata recombinant inbred lines to dry and wet treatments. A, Prereproductive pho-
tosynthetic rate. B, Prereproductive stomatal conductance. C, Reproductive photosynthetic rate. D, Reproductive stomatal conductance. E, Maximum
velocity of carboxylation of ribulose 1,5-bisphosphate carboxylase-oxygenase (Rubisco; Vcmax). F, Relative stomatal limitation of photosynthesis (lg).

determining the genetic basis of costs of plasticity (e.g.,
Callahan et al. 2005). However, crosses between geograph-
ically distant populations are also more likely to be ge-
netically distant, and they can exhibit stronger epistatic
interactions than can crosses between nearby populations
(e.g., Edmands 1999). If epistasis is an important source
of genetic costs of plasticity, then previous studies that
have used RILs may have overestimated the magnitude of
such costs in natural populations.

We cannot rule out three other possible explanations for
why costs of plasticity in A. barbata RILs were small relative
to those in other studies that also used RILs. First, plasticity
in physiological traits may be less costly than plasticity in
other types of traits. Consistent with this explanation, the
only other study of costs of plasticity in physiological traits
also found that these costs were small in magnitude (mean

; Caruso et al. 2006). Second, costs of plasticityb p �0.097
may be smaller for plants raised in greenhouse conditions
(van Kleunen and Fischer 2005, 2007). Although the dry
treatment simulated a very low rainfall year and significantly
reduced fitness (table 1; fig. 1E), A. barbata RILs were not
exposed to the competition and herbivory that they expe-

rience in the field in California (Johansen-Morris and Latta
2006). We cannot exclude the possibility that A. barbata
RILs growing in the field express larger costs of plasticity
than we detected in the greenhouse. Third, plasticity in
unmeasured traits such as root : shoot ratio may have been
costly.

One limitation of our study is that we used fewer RILs
( ) than did other studies of costs of plasticity inN p 26
recombinant populations (Callahan et al. 2005; Weinig et
al. 2006; Dechaine et al. 2007). The time required to mea-
sure physiological traits limited the number of lines and
individuals within lines that we could include. However,
as we noted above, the mean cost of plasticity for traits
of A. barbata RILs was smaller than the mean cost detected
using RILs of A. thaliana (Callahan et al. 2005; Weinig et
al. 2006) and B. rapa (Dechaine et al. 2007). Our smaller
sample size would reduce the power to detect costs of
plasticity, but it should not bias our point estimates of
these costs. Consequently, our data suggest that we found
less evidence for costs of plasticity than did other studies,
because these costs are smaller in A. barbata.

Our results provide mixed support for predictions of
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Table 5: Broad-sense heritability (H 2) for plasticity in 10
traits of Avena barbata in response to soil water
availability

Trait H 2

Prereproductive A 0
Prereproductive gs 0
Reproductive A .081*
Reproductive gs .007
Vcmax 0
lg .019
LMA .086*
Stomatal density .004
Stomatal length 0
Date of first flower .060

Note: We used the P value for the treatment # line term in table

1 to determine whether H 2 for plasticity in a trait was significant. A

p photosynthetic rate (mmol CO2 m�2 s�1). gs p stomatal conductance

(mol m�2 s�1). Vcmax p maximum velocity of carboxylation of ribulose

1,5-bisphosphate carboxylase-oxygenase (Rubisco; mmol m�2 s�1). lg p
relative stomatal limitation of photosynthesis. LMA p leaf mass per

unit area (g cm�2). Stomatal density is number per square milli-

meter; stomatal length is in micrometers. No H 2 remained signif-

icant after sequential Bonferroni correction by the Dunn-Sidak

method.

* .P ! .05

how a drought-escaping annual plant should respond to
reduced soil moisture (Mooney et al. 1976; Bazzaz 1979;
Geber and Dawson 1997). Our prediction that A. barbata
plants would flower earlier in the dry treatment (table 1;
fig. 1D) was supported. However, contrary to expectations,
we found that selection for early flowering was stronger
in the wet treatment, suggesting that plasticity for earlier
flowering in the dry treatment is maladaptive (table 3). In
addition, two lines of evidence contradicted the prediction
that earlier flowering and increased photosynthetic capac-
ity would be adaptive in the dry treatment. First, although
both Vcmax and stomatal density were higher for RILs grow-
ing in the dry treatment, which would support higher
photosynthetic rates (Sharkey 1985; Xu and Zhou 2008),
selection favored increased Vcmax and stomatal density only
in the wet treatment (table 3). Second, a number of RILs
had higher A at reproduction when growing in the dry
treatment, but this response was also maladaptive because
selection favored higher A at reproduction only in the wet
treatment (table 3).

Despite weak selection for physiological plasticity that
facilitates drought escape, the plastic response of the pa-
rental ecotypes to the watering treatment reflected some
degree of local adaptation to differences in moisture avail-
ability (but see Johansen-Morris and Latta 2008). In par-
ticular, the mesic ecotype—but not the xeric ecotype—
had significantly higher Vcmax when growing in the dry
treatment relative to the wet treatment (table A1). Selec-

tion for higher Vcmax in the wet treatment but not in the
dry treatment suggests that the response of the mesic eco-
type to the severe drought we imposed was maladaptive.

Rather than plasticity to facilitate drought escape, we
found that a plastic increase in water conservation through
stomatal closure was adaptive in A. barbata. Lines with
the largest plastic increase in lg in the dry treatment relative
to the wet treatment had the highest fitness across treat-
ments (table 2). This selection suggests that reducing the
water cost of carbon gain in the dry environment through
stomatal closure was adaptive in A. barbata, even though
it reduces total carbon gain. Although Mediterranean an-
nuals such as A. barbata are thought to adapt to dry soil
environments primarily through drought escape (Stanton
et al. 2000; Volis et al. 2002, 2004; Sherrard and Maherali
2006), our results suggest that plasticity in traits that pro-
mote water conservation may also be under selection be-
cause they increase global fitness across wet and dry soil
environments. This interpretation is consistent with the
plastic responses of the xeric and mesic ecotypes, both of
which had significantly higher lg in the dry treatment than
in the wet treatment (table A1).

There are two possible explanations for why we did not
detect selection for physiological plasticity associated with
drought escape in A. barbata. First, the A. barbata plants
in our experiment received rainfall that was representative
of an extreme drought at the xeric site. Second, we imposed
a constant watering treatment, which differs from the high
variability in the timing and amount of rainfall that A.
barbata would experience in the field. If our dry treatment
was less extreme and more variable, there may have been
stronger selection for physiological responses that promote
drought escape (Dudley 1996; Heschel and Riginos 2005;
Picotte et al. 2007; Donovan et al. 2009).

We detected significant costs of homeostasis for lg and
Vcmax. Avena barbata RILs with higher plasticity in lg and
Vcmax had higher fitness within the wet treatment (fig. A2),
although only selection on lg remained significant after
Bonferroni correction (table 4). These selection gradients
can be unambiguously interpreted as costs of homeostasis
because plasticity values for lg and Vcmax were positive (i.e.,
all RILs responded to soil moisture in the same way (figs.
2E, 2F; van Kleunen and Fischer 2007). Our results support
recent reviews suggesting that costs of plasticity and of
homeostasis are detected with equal frequency (van Kleu-
nen and Fischer 2007; van Buskirk and Steiner 2009). Al-
though costs of homeostasis have received less attention
than have costs of plasticity (Dorn et al. 2000), our results
suggest that costs of homeostasis could facilitate the evo-
lution of adaptive plasticity in lg because less plastic lines
would be selected against when A. barbata grows in well-
watered environments. However, these costs of homeo-
stasis are local because less plastic lines would not be se-
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lected against when A. barbata grows in dry environments.
Because global costs have a much stronger effect on the
evolution of plasticity than local costs (Sultan and Spencer
2002), any positive effect of the cost of homeostasis on
the evolution of plasticity in lg of A. barbata may be
modest.

Our data suggest that there is little genetic variation for
plasticity in physiological traits of A. barbata. Although H2

values for many physiological traits of A. barbata within
each soil water environment were significant (Sherrard et
al. 2009), we detected significant genetic variation only for
plasticity in A at reproduction and LMA (table 1), and H2

values for plasticity in all traits were low (!0.10; table 5).
This result is not consistent with a recent review of phe-
notypic plasticity in plants (van Kleunen and Fischer 2005),
which concluded that there is often significant genetic var-
iation for plasticity. However, most published estimates of
genetic variation for plasticity are for morphological traits.
Of the three studies (Sultan and Bazzaz 1993; Heschel et al.
2004a, 2004b) that have estimated genotype # environment
interactions for plasticity in physiological traits, two studies
(Sultan and Bazzaz 1993; Heschel et al. 2004a) had results
that were were consistent with our finding that there was
little genetic variation for plasticity in physiology. In ad-
dition, heritabilities for physiological traits of both plants
(Geber and Griffen 2003) and animals (Mousseau and Roff
1987) tend to be modest relative to heritabilities for mor-
phological traits. More generally, our results indicate that
there could be genetic constraints on the evolution of plas-
ticity in physiological traits of A. barbata. If so, we would
predict that there would be little response to artificial se-
lection for increased plasticity in physiological traits of A.
barbata, relative to selection on morphological traits.

Our results are consistent with those of other studies that
have found significant costs of plasticity or homeostasis for
traits where significant genetic variation for plasticity was
not detected (e.g., Dorn et al. 2000; Agrawal et al. 2002).
Although we detected costs of plasticity or homeostasis for
three traits (table 4), treatment # line terms were not sig-
nificant for plasticity in any of these traits (table 1). How-
ever, the reaction norms were divergent (fig. 1), suggesting
that our ability to detect significant genotype # environ-
ment interactions was likely limited by the relatively low
replication ( ) within each treatment # line com-N p 4
bination. More generally, the infrequent detection of costs
of plasticity and homeostasis in the literature (van Kleunen
and Fischer 2005; van Buskirk and Steiner 2009) could in
part reflect the reluctance to test for costs in the absence of
significant genotype # environment interactions (e.g., De-
chaine et al. 2007). If significant genotype # environment
interactions are particularly difficult to detect for traits, such
as physiology, that are time-consuming to measure (Ackerly
et al. 2000), then this reluctance could result in costs being

underreported for certain trait classes. This bias could ex-
plain why a recent meta-analysis failed to detect any influ-
ence of trait class on the magnitude of costs of plasticity or
homeostasis (van Buskirk and Steiner 2009). Consequently,
we suggest that testing for costs of plasticity and homeo-
stasis, even in the absence of significant genotype # en-
vironment interactions, would be useful for future meta-
analyses of these costs.

In conclusion, we found limited evidence that the evo-
lution of plasticity in a recombinant population was con-
strained by costs. There was a significant cost of plasticity
for only one trait of A. barbata RILs, and that cost was
local rather than global (table 4). Instead, our results sug-
gest that the evolution of adaptive plasticity may be con-
strained more by a lack of genetic variation than by costs.
We detected significant genotype # environment inter-
actions in only one of the three traits in which plasticity
was adaptive, even though recombination between mesic
and xeric ecotypes releases genetic variation in A. barbata
(Latta et al. 2004; Gardner and Latta 2008; Sherrard et al.
2009). Although models of plasticity generally focus on
costs (e.g., van Tienderen 1991; Sultan and Spencer 2002),
our results suggest that costs are less likely to constrain
the evolution of adaptive plasticity in A. barbata than ge-
netic variation for plasticity.

Acknowledgments

We thank M. Clifford for assisting in the greenhouse and
T. Suwa and J. Thompson for measuring stomatal density
and length. Three anonymous reviewers provided helpful
comments on an earlier version of this manuscript. This
research was funded by operating grants from the Natural
Science and Engineering Research Council of Canada and
infrastructure grants from the Canada Foundation for In-
novation and the Ontario Innovation Trust.

Literature Cited

Abramoff, M. D., P. J. Magelhaes, and S. J. Ram. 2004. Image pro-
cessing with ImageJ. Biophotonics International 11:36–42.

Ackerly, D. D., S. A. Dudley, S. E. Sultan, J. Schmitt, J. S. Coleman,
C. R. Linder, D. R. Sandquist, et al. 2000. The evolution of plant
ecophysiological traits: recent advances and future directions.
BioScience 50:979–995.

Agrawal, A. A., J. K. Conner, M. T. J. Johnson, and R. Wallsgrove.
2002. Ecological genetics of an induced plant defense against her-
bivores: additive genetic variance and costs of phenotypic plasticity.
Evolution 56:2206–2213.

Arnold, S. J., and M. J. Wade. 1984. On the measurement of natural
and sexual selection: theory. Evolution 38:709–719.

Bazzaz, F. A. 1979. The physiological ecology of plant succession.
Annual Review of Ecology and Systematics 10:351–371.

Callahan, H. S., N. Dhanoolal, and M. C. Ungerer. 2005. Plasticity
genes and plasticity costs: a new approach using an Arabidopsis
recombinant inbred population. New Phytologist 166:129–140.

This content downloaded from 129.173.074.049 on February 04, 2016 04:55:54 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2408383
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1641%2F0006-3568%282000%29050%5B0979%3ATEOPET%5D2.0.CO%3B2
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1146%2Fannurev.es.10.110179.002031
http://www.journals.uchicago.edu/action/showLinks?pmid=15760357&crossref=10.1111%2Fj.1469-8137.2005.01368.x
http://www.journals.uchicago.edu/action/showLinks?pmid=12487351&crossref=10.1111%2Fj.0014-3820.2002.tb00145.x


Adaptive Plasticity in Avena barbata 223

Caruso, C. M., H. Maherali, and M. Sherrard. 2006. Plasticity of
physiology in Lobelia: testing for adaptation and constraint. Evo-
lution 60:980–990.

Cowan, I. R. 1977. Stomatal behaviour and environment. Advances
in Botanical Research 4:117–228.

Dechaine, J. M., J. A. Johnston, M. T. Brock, and C. Weinig. 2007.
Constraints on the evolution of adaptive plasticity: costs of plas-
ticity to density are expressed in segregating progenies. New Phy-
tologist 176:874–882.

DeWitt, T. J., A. Sih, and D. S. Wilson. 1998. Costs and limits of
phenotypic plasticity. Trends in Ecology & Evolution 13:77–81.

Donohue, K., D. Messiqua, E. H. Pyle, M. S. Heschel, and J. Schmitt.
2000. Evidence of adaptive divergence in plasticity: density- and
site-dependent selection on shade-avoidance responses in Impa-
tiens capensis. Evolution 54:1956–1968.

Donovan, L. A., F. Ludwig, D. M. Rosenthal, L. H. Rieseberg, and
S. A. Dudley. 2009. Phenotypic selection on leaf ecophysiological
traits in Helianthus. New Phytologist 183:868–879.

Dorn, L. A., E. H. Pyle, and J. Schmitt. 2000. Plasticity to light cues
and resources in Arabidopsis thaliana: testing for adaptive value
and costs. Evolution 54:1982–1994.

Dudley, S. A. 1996. Differing selection on plant physiological traits
in response to environmental water availability: a test of adaptive
hypotheses. Evolution 50:92–102.

Edmands, S. 1999. Heterosis and outbreeding depression in inter-
population crosses spanning a wide range of divergence. Evolution
53:1757–1768.

Falconer, D. S., and T. F. C. McKay. 1996. Introduction to quantitative
genetics. Longman, New York.

Farquhar, G. D., and T. D. Sharkey. 1982. Stomatal conductance and
photosynthesis. Annual Review of Plant Physiology 33:317–345.

Farquhar, G. D., S. von Caemmerer, and J. A. Berry. 1980. A bio-
chemical model of photosynthetic CO2 assimilation in leaves of
C3 species. Planta 149:78–90.

Garcia, P., F. J. Vences, M. P. de la Vega, and R. W. Allard. 1989.
Allelic and genotypic composition of ancestral Spanish and co-
lonial Californian gene pools of Avena barbata: evolutionary im-
plications. Genetics 122:687–694.

Gardner, K. M., and R. G. Latta. 2006. Identifying loci under selection
across contrasting environments in Avena barbata using quanti-
tative trait locus mapping. Molecular Ecology 15:1321–1333.

———. 2008. Heritable variation and genetic correlation of quan-
titative traits within and between ecotypes of Avena barbata. Jour-
nal of Evolutionary Biology 21:737–748.

Geber, M. A., and T. E. Dawson. 1997. Genetic variation in stomatal
and biochemical limitations to photosynthesis in the annual plant,
Polygonum arenastrum. Oecologia (Berlin) 109:535–546.

Geber, M. A., and L. R. Griffen. 2003. Inheritance and natural se-
lection on functional traits. International Journal of Plant Sciences
164(suppl.):S21–S42.

Hamrick, J. L., and R. W. Allard. 1972. Microgeographical variation
in allozyme frequencies in Avena barbata. Proceedings of the Na-
tional Academy of Sciences of the USA 69:2100–2104.

———. 1975. Correlations between quantitative characteristics and
allozyme genotypes in Avena barbata. Evolution 29:438–442.

Heschel, M. S., and C. Riginos. 2005. Mechanisms of selection for
drought stress tolerance and avoidance in Impatiens capensis (Bal-
saminaceae). American Journal of Botany 92:37–44.

Heschel, M. S., J. R. Stinchcombe, K. E. Holsinger, and J. Schmitt.
2004a. Natural selection on light response curve parameters in the

herbaceous annual, Impatiens capensis. Oecologia (Berlin) 139:
487–494.

Heschel, M. S., S. E. Sultan, S. Glover, and D. Sloan. 2004b. Popu-
lation differentiation and plastic responses to drought stress in the
generalist annual Polygonum persicaria. International Journal of
Plant Sciences 165:817–824.

Jackson, R. B., Y. Luo, Z. G. Cardon, O. E. Sala, C. B. Field, and H.
A. Mooney. 1995. Photosynthesis, growth and density for the dom-
inant species in a CO2-enriched grassland. Journal of Biogeography
22:221–225.

Jacob, J., C. Greitner, and B. G. Drake. 1995. Acclimation of pho-
tosynthesis in relation to Rubisco and non-structural carbohydrate
contents and in situ carboxylase activity in Scripus olneyi grown
under elevated CO2 in the field. Plant Cell and Environment 18:
875–884.

Johansen-Morris, A. D., and R. G. Latta. 2006. Fitness consequences
of hybridization between ecotypes of Avena barbata: hybrid break-
down, hybrid vigor and transgressive segregation. Evolution 60:
1585–1595.

———. 2008. Genotype by environment interactions for fitness in
hybrid genotypes of Avena barbata. Evolution 62:573–585.

Jones, H. G. 1985. Partitioning stomatal and non-stomatal limitations
to photosynthesis. Plant Cell and Environment 8:95–104.

Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan, S. N.
Vignieri, C. E. Hill, A. Hoang, P. Gibert, and P. Beerli. 2001. The
strength of phenotypic selection in natural populations. American
Naturalist 157:245–261.

Latta, R. G., J. L. MacKenzie, A. Vats, and D. J. Schoen. 2004. Di-
vergence and variation of quantitative traits between allozyme ge-
notypes of Avena barbata from contrasting habitats. Journal of
Ecology 92:57–71.

Latta, R. G., A. D. Johansen-Morris, and K. M. Gardner. 2007. Hy-
bridization, recombination, and the genetic basis of fitness vari-
ation across environments in Avena barbata. Genetica 129:167–
177.

Long, S. P., and C. J. Bernacchi. 2003. Gas exchange measurements,
what can they tell us about the underlying limitations to photo-
synthesis? procedures and sources of error. Journal of Experimental
Botany 54:2393–2401.

Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative
traits. Sinauer, Sunderland, MA.

Maherali, H., C. D. Reid, H. W. Polley, H. B. Johnson, and R. B.
Jackson. 2002. Stomatal acclimation over a subambient to elevated
CO2 gradient in a C3/C4 grassland. Plant Cell and Environment
25:557–566.

Maherali, H., M. E. Sherrard, M. H. Clifford, and R. G. Latta. 2008.
Leaf hydraulic conductivity and photosynthesis are genetically cor-
related in an annual grass. New Phytologist 180:240–247.

Maherali, H., C. M. Caruso, and M. E. Sherrard. 2009. The adaptive
significance of ontogenetic changes in physiology: a test in Avena
barbata. New Phytologist 183:908–918.

Malone, S. R., H. S. Mayeux, H. B. Johnson, and H. W. Polley. 1993.
Stomatal density and aperture length in 4 plant species grown
across a subambient CO2 gradient. American Journal of Botany
80:1413–1418.

McKay, J. K., J. H. Richards, and T. Mitchell-Olds. 2003. Genetics
of drought adaptation in Arabidopsis thaliana. I. Pleiotropy con-
tributes to genetic correlations among ecological traits. Molecular
Ecology 12:1137–1151.

Mitchell-Olds, T., and R. G. Shaw. 1987. Regression analysis of natural

This content downloaded from 129.173.074.049 on February 04, 2016 04:55:54 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?pmid=15083357&crossref=10.1007%2Fs00442-004-1553-z
http://www.journals.uchicago.edu/action/showLinks?pmid=11209775&crossref=10.1111%2Fj.0014-3820.2000.tb01242.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2445670
http://www.journals.uchicago.edu/action/showLinks?pmid=17017059&crossref=10.1111%2Fj.0014-3820.2006.tb00503.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1146%2Fannurev.pp.33.060182.001533
http://www.journals.uchicago.edu/action/showLinks?pmid=18373589&crossref=10.1111%2Fj.1420-9101.2008.01522.x
http://www.journals.uchicago.edu/action/showLinks?pmid=18373589&crossref=10.1111%2Fj.1420-9101.2008.01522.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.0022-0477.2004.00852.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.0022-0477.2004.00852.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1365-3040.2002.00832.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2407256
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0065-2296%2808%2960370-5
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0065-2296%2808%2960370-5
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F421477
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2410783
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F421477
http://www.journals.uchicago.edu/action/showLinks?pmid=24306196&crossref=10.1007%2FBF00386231
http://www.journals.uchicago.edu/action/showLinks?pmid=12694278&crossref=10.1046%2Fj.1365-294X.2003.01833.x
http://www.journals.uchicago.edu/action/showLinks?pmid=12694278&crossref=10.1046%2Fj.1365-294X.2003.01833.x
http://www.journals.uchicago.edu/action/showLinks?pmid=18182076&crossref=10.1111%2Fj.1558-5646.2007.00311.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs004420050114
http://www.journals.uchicago.edu/action/showLinks?pmid=11209773&crossref=10.1111%2Fj.0014-3820.2000.tb01240.x
http://www.journals.uchicago.edu/action/showLinks?pmid=17006737&crossref=10.1007%2Fs10709-006-9012-x
http://www.journals.uchicago.edu/action/showLinks?pmid=18637067&crossref=10.1111%2Fj.1469-8137.2008.02548.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21652382&crossref=10.3732%2Fajb.92.1.37
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2845914
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2640438
http://www.journals.uchicago.edu/action/showLinks?pmid=2759424
http://www.journals.uchicago.edu/action/showLinks?pmid=17822398&crossref=10.1111%2Fj.1469-8137.2007.02210.x
http://www.journals.uchicago.edu/action/showLinks?pmid=17822398&crossref=10.1111%2Fj.1469-8137.2007.02210.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1365-3040.1985.tb01227.x
http://www.journals.uchicago.edu/action/showLinks?pmid=14512377&crossref=10.1093%2Fjxb%2Ferg262
http://www.journals.uchicago.edu/action/showLinks?pmid=14512377&crossref=10.1093%2Fjxb%2Ferg262
http://www.journals.uchicago.edu/action/showLinks?pmid=19552693&crossref=10.1111%2Fj.1469-8137.2009.02916.x
http://www.journals.uchicago.edu/action/showLinks?pmid=19402881&crossref=10.1111%2Fj.1469-8137.2009.02845.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1365-3040.1995.tb00596.x
http://www.journals.uchicago.edu/action/showLinks?pmid=16626456&crossref=10.1111%2Fj.1365-294X.2005.02835.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21238209&crossref=10.1016%2FS0169-5347%2897%2901274-3
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F319193&pmid=18707288
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F319193&pmid=18707288
http://www.journals.uchicago.edu/action/showLinks?pmid=16592002&crossref=10.1073%2Fpnas.69.8.2100
http://www.journals.uchicago.edu/action/showLinks?pmid=16817538
http://www.journals.uchicago.edu/action/showLinks?pmid=16592002&crossref=10.1073%2Fpnas.69.8.2100
http://www.journals.uchicago.edu/action/showLinks?pmid=16817538


224 The American Naturalist

selection: statistical inference and biological interpretation. Evo-
lution 41:1149–1161.

Mooney, H. A., J. Ehleringer, and J. A. Berry. 1976. High photosyn-
thetic capacity of a winter annual in Death Valley. Science 194:
322–324.

Mousseau, T. A., and D. A. Roff. 1987. Natural selection and the
heritability of fitness components. Heredity 59:181–197.

Neter, J., W. Wasserman, and M. H. Kutner. 1989. Applied linear
statistical models. Irwin, Homewood, IL.

Nobel, P. S. 1991. Physicochemical and environmental plant physi-
ology. Academic Press, New York.

Padilla, D. K., and S. C. Adolph. 1996. Plastic inducible morphologies
are not always adaptive: the importance of time delays in a sto-
chastic environment. Evolutionary Ecology 10:105–117.

Picotte, J. J., D. M. Rosenthal, J. M. Rhode, and M. B. Cruzan. 2007.
Plastic responses to temporal variation in moisture availability:
consequences for water use efficiency and plant performance.
Oecologia (Berlin) 153:821–832.

Pigliucci, M. 2001. Phenotypic plasticity: beyond nature and nurture.
Johns Hopkins University Press, Baltimore.

Reich, P. B., D. S. Ellsworth, M. B. Walters, J. M. Vose, C. Gresham,
J. C. Volin, and W. D. Bowman. 1999. Generality of leaf trait
relationships: a test across six biomes. Ecology 80:1955–1969.

Reid, C. D., and E. L. Fiscus. 1998. Effects of elevated [CO2] and/or
ozone on limitations to CO2 assimilation in soybean (Glycine max).
Journal of Experimental Botany 49:885–895.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic plasticity.
Annual Review of Ecology and Systematics 24:35–68.

Scheiner, S. M., and R. F. Lyman. 1989. The genetics of phenotypic
plasticity. I. Heritability. Journal of Evolutionary Biology 2:95–107.

Schluter, D. 1988. Estimating the form of natural selection on a
quantitative trait. Evolution 42:849–861.

Schwinning, S., and O. E. Sala. 2004. Hierarchy of responses to re-
source pulses in arid and semi-arid ecosystems. Oecologia (Berlin)
141:211–220.

Sharkey, T. D. 1985. Photosynthesis in intact leaves of C3 plants:
physics, physiology and rate limitations. Botanical Review 51:53–
105.

Sherrard, M. E., and H. Maherali. 2006. The adaptive significance of
drought escape in Avena barbata, an annual grass. Evolution 60:
2478–2489.

Sherrard, M. E., H. Maherali, and R. G. Latta. 2009. Water stress
alters the genetic architecture of functional traits associated with
drought adaptation in Avena barbata. Evolution 63:702–715.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry. 3rd ed. W. H. Freeman,
New York.

Stanton, M. L., and D. A. Thiede. 2005. Statistical convenience vs.
biological insight: consequences of data transformation for the
analysis of fitness variation in heterogeneous environments. New
Phytologist 166:319–338.

Stanton, M. L., B. A. Roy, and D. A. Theide. 2000. Evolution in
stressful environments. I. Phenotypic variability, phenotypic se-
lection, and response to selection in five distinct environmental
stresses. Evolution 54:93–111.

Sultan, S. E. 1995. Phenotypic plasticity and plant adaptation. Acta
Botanica Neederlandica 44:363–383.

Sultan, S. E., and F. A. Bazzaz. 1993. Phenotypic plasticity in Polyg-
onum persicaria. I. Diversity and uniformity in genotypic norms
of reaction to light. Evolution 47:1009–1031.

Sultan, S. E., and H. G. Spencer. 2002. Metapopulation structure
favors plasticity over local adaptation. American Naturalist 160:
271–283.

van Buskirk, J., and U. K. Steiner. 2009. The fitness costs of devel-
opmental canalization and plasticity. Journal of Evolutionary Bi-
ology 22:852–860.

van Kleunen, M., and M. Fischer. 2005. Constraints on the evolution
of adaptive phenotypic plasticity in plants. New Phytologist 166:
49–60.

———. 2007. Progress in the detection of costs of phenotypic plas-
ticity in plants. New Phytologist 176:727–730.

van Tienderen, P. H. 1991. Evolution of generalists and specialists in
spatially heterogeneous environments. Evolution 45:1317–1331.

Volis, S., S. Mendlinger, and D. Ward. 2002. Adaptive traits of wild
barley plants of Mediterranean and desert origin. Oecologia (Ber-
lin) 133:131–138.

Volis, S., K. J. F. Verhoeven, S. Mendlinger, and D. Ward. 2004.
Phenotypic selection and regulation of reproduction in different
environments in wild barley. Journal of Evolutionary Biology 17:
1121–1131.

Weinig, C., J. Johnston, Z. M. German, and L. M. Demink. 2006.
Local and global costs of adaptive plasticity to density in Arabi-
dopsis thaliana. American Naturalist 167:826–836.

Wilkinson, L. 1997. SYSTAT 7.0: statistics. SPSS, Chicago.
Wullschleger, S. D. 1993. Biochemical limitations to carbon assimi-

lation in C3 plants: a retrospective analysis of the A/Ci curves from
109 species. Journal of Experimental Botany 44:907–920.

Xu, Z., and G. Zhou. 2008. Responses of leaf stomatal density to
water status and its relationship with photosynthesis in a grass.
Journal of Experimental Botany 59:3317–3325.

Associate Editor: Susan Kalisz
Editor: Mark A. McPeek

This content downloaded from 129.173.074.049 on February 04, 2016 04:55:54 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1438-8677.1995.tb00793.x
http://www.journals.uchicago.edu/action/showLinks?pmid=15760350&crossref=10.1111%2Fj.1469-8137.2004.01296.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fjxb%2F49.322.885
http://www.journals.uchicago.edu/action/showLinks?pmid=15034778&crossref=10.1007%2Fs00442-004-1520-8
http://www.journals.uchicago.edu/action/showLinks?pmid=15312084&crossref=10.1111%2Fj.1420-9101.2004.00738.x
http://www.journals.uchicago.edu/action/showLinks?pmid=3316130&crossref=10.1038%2Fhdy.1987.113
http://www.journals.uchicago.edu/action/showLinks?pmid=17636336&crossref=10.1007%2Fs00442-007-0794-z
http://www.journals.uchicago.edu/action/showLinks?pmid=18648104&crossref=10.1093%2Fjxb%2Fern185
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2409972
http://www.journals.uchicago.edu/action/showLinks?pmid=17997755&crossref=10.1111%2Fj.1469-8137.2007.02296.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1146%2Fannurev.es.24.110193.000343
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF02861058
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F503530&pmid=16685640
http://www.journals.uchicago.edu/action/showLinks?pmid=15760373&crossref=10.1111%2Fj.1469-8137.2004.01311.x
http://www.journals.uchicago.edu/action/showLinks?pmid=15760373&crossref=10.1111%2Fj.1469-8137.2004.01311.x
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F341015&pmid=18707492
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2409882
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1420-9101.1989.2020095.x
http://www.journals.uchicago.edu/action/showLinks?pmid=17263110&crossref=10.1111%2Fj.0014-3820.2006.tb01883.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2409084
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2409084
http://www.journals.uchicago.edu/action/showLinks?pmid=10937187&crossref=10.1111%2Fj.0014-3820.2000.tb00011.x
http://www.journals.uchicago.edu/action/showLinks?pmid=19226418&crossref=10.1111%2Fj.1420-9101.2009.01685.x
http://www.journals.uchicago.edu/action/showLinks?pmid=19226418&crossref=10.1111%2Fj.1420-9101.2009.01685.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1890%2F0012-9658%281999%29080%5B1955%3AGOLTRA%5D2.0.CO%3B2
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00442-002-0999-0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00442-002-0999-0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2408904
http://www.journals.uchicago.edu/action/showLinks?pmid=19054049&crossref=10.1111%2Fj.1558-5646.2008.00580.x
http://www.journals.uchicago.edu/action/showLinks?pmid=17738049&crossref=10.1126%2Fscience.194.4262.322
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF01239351
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fjxb%2F44.5.907
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1438-8677.1995.tb00793.x

