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Environmental stress can alter genetic variation and covariation underlying functional traits, and thus affect adaptive evolution
in response to natural selection. However, the genetic basis of functional traits is rarely examined in contrasting resource en-
vironments, and consequently, there is no consensus regarding whether environmental stress constrains or facilitates adaptive
evolution. We tested whether resource availability affects genetic variation for and covariation among seven physiological traits
and seven morphological/performance traits by growing the annual grass Avena barbata in dry and well-watered treatments. We
found that differences in the overall genetic variance-covariance (G) matrix between environments were driven by physiological
traits rather than morphology and performance traits. More physiological traits were heritable in the dry treatment than the well-
watered treatment and many of the genetic correlations among physiological traits were environment dependent. In contrast,
genetic variation and covariation among the morphological and performance traits did not differ across treatments. Furthermore,
genetic correlations between physiology and performance were stronger in the dry treatment, which contributed to differences in
the overall G-matrix. Our results therefore suggest that physiological adaptation would be constrained by low heritable variation
in resource-rich environments, but facilitated by higher heritable variation and stronger genetic correlations with performance
traits in resource-poor environments.
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The genetics of functional traits can influence their short-term
adaptive evolution. For example, the evolutionary response of a
trait to natural selection is directly proportional to the amount
of additive genetic variation for that trait (Falconer and Mackay
1996). In addition, genetic covariance among traits can cause cor-
related responses to natural selection, but whether the response
to a specific selection regime is constrained or accelerated de-
pends on the strength and sign of the genetic covariances among
traits (Lande 1979; Conner and Via 1992; Caruso 2004). The

additive genetic variation for and covariation among traits is sum-
marized by the genetic variance—covariance (G) matrix (Lande
1979). This makes the G-matrix an effective tool for predicting
the multivariate response to selection (Lande and Arnold 1983)
and for comparing the genetic architecture of different popula-
tions (Phillips and Arnold 1999; Steppan et al. 2002; Mezey and
Houle 2003). When the G-matrices of two populations differ, the
future evolutionary trajectory of these populations will differ as
well.
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Populations grown in contrasting environments can also ex-
hibit different G-matrices (Begin and Roff 2001; Conner et al.
2003). This is because resource availability and environmental
stress, in addition to altering the phenotype, can alter the ex-
pression of genetic variation and covariation (Service and Rose
1985; Holloway et al 1990; Hoffmann and Parsons 1991; Sgré
and Hoffmann 2004). For example, environmental stress can de-
crease the amount of environmental variance for a trait without
altering the additive genetic variance. In contrast, environmental
stress can increase the additive genetic variation of a trait if pheno-
typic differences between genetic lines are only expressed when
resources are limiting (hypotheses summarized in Hoffmann and
Merild 1999). As a result, the evolutionary potential of popula-
tions to respond to natural selection may differ under contrasting
environmental conditions, or in years with contrasting resource
availability.

Not all functional traits are equally affected by environmen-
tal variation, but few studies have assessed how specific classes
of traits influence variation in the G-matrix (e.g., Sleeman et al.
2002; Brock and Weinig 2007; Steven et al. 2007). Variation in
the G-matrix may depend on the phenotypic plasticity of the un-
derlying traits. For example, a G-matrix for a group of highly
canalized traits should be relatively insensitive to environmental
variation, whereas a G-matrix for highly plastic traits would dif-
fer depending on environmental conditions (Brock and Weinig
2007). In addition to the amount of phenotypic plasticity, other
aspects of the plastic response could also influence the G-matrix.
In particular, physiological traits respond rapidly to changes in
environmental conditions and can also revert back to the previous
phenotype if the environment returns to its initial state (e.g., Fay
and Knapp 1993; Piersma and Drent 2003). In contrast, morpho-
logical traits and performance measures such as leaf mass per
unit area (LMA), growth and fitness respond slowly to changes
in environmental conditions (Schlichting and Pigliucci 1998) and
this response is often irreversible (e.g., Piersma and Drent 2003;
Brakefield et al. 2007). The greater environmental sensitivity of
physiological traits compared to morphological and performance
traits may make a G-matrix for physiology more likely to dif-
fer across environments than a G-matrix for morphological and
performance traits.

Because they are sessile, plants are vulnerable to many forms
of abiotic and biotic stress. Of these potential stressors, drought
is ubiquitous, highly variable across space and time, and the most
limiting to plant growth in many environments (Knapp et al. 2001;
Knapp and Smith 2001). Plants respond to water limitation by al-
tering their physiology, morphology, and development. Stomatal
closure, which is the most immediate physiological response, min-
imizes evaporative water loss but simultaneously reduces diffu-
sion of CO; to the site of photosynthesis in the chloroplast (Wong
etal. 1979). Longer-term physiological responses include changes

in the biochemical regulation of photosynthesis that enhance car-
bon fixation to compensate for reduced CO, concentration in the
leaf (Sultan et al. 1998; Lawlor 2002; Farquhar et al. 2002; Flexas
et al. 2004; Caruso et al. 2006; Sherrard and Maherali 2006).
The slower, nonreversible morphological and developmental re-
sponses to water limitation include smaller stomata to restrict
water loss (Dunlap and Stettler 2001; Galmes et al. 2007), denser
leaves that resist desiccation (higher LMA) (Ackerly 2004), and
earlier flowering in annuals to escape water stress (Geber and
Dawson 1990; McKay et al. 2003; Heschel and Riginos 2005;
Sherrard and Maherali 2006). These functional traits are herita-
ble as well as genetically correlated with each other in natural
populations of many species (Geber and Dawson 1990, 1997;
Dudley 1996; Ackerly et al. 2000; Arntz and Delph 2001; Caruso
etal. 2005). However, genetic variation for and covariation among
functional traits is rarely measured in environments with contrast-
ing resource availability or environmental stress. As aresult, there
is no consensus on whether growth environment constrains or fa-
cilitates the evolutionary response of plant functional traits to
natural selection.

We examined whether environmental water stress influences
genetic variation for and covariation among plant functional traits
associated with drought adaptation across genotypes in Avena
barbata Pott. ex Link. In a companion paper (Sherrard and Ma-
herali 2006), we reported that phenotypic selection on physi-
ology and flowering time was stronger in well-watered versus
water-limited environments. We concluded that plant physiology
and development could evolve more rapidly in environments or
years when water is not limiting; however, this interpretation as-
sumed that the G-matrix did not differ across environments. To
determine if evolutionary responses to natural selection can differ
across moisture environments, we analyzed data from Sherrard
and Mabherali (2006) and addressed two questions: (1) Does en-
vironmental stress through water-limitation affect the amount of
heritable genetic variation for and covariation among functional
traits associated with drought adaptation? (2) Is the response of
the G-matrix to the resource environment influenced by func-
tional distinctions among classes of traits? In other words, is a
G-matrix of physiological traits more likely to differ between en-
vironments than a G-matrix of morphological and performance
traits?

Materials and Methods

STUDY SPECIES AND RECOMBINANT INBRED

LINES (RILS)

Avena barbata is a highly selfing (>95%; Clegg and Allard
1973) European annual grass that has invaded the Mediterranean
climatic region in the Southwestern United States since its in-
troduction over 200 years ago (Garcia et al. 1989). The study of
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adaptation in A. barbata to contrasting moisture environments has
a long history because of the occurrence of natural ecotypes asso-
ciated with mesic and xeric habitats in California. These ecotypes
differ at five allozyme loci (Clegg and Allard 1972; Hamrick
and Allard 1972) as well as numerous AFLP markers (Gard-
ner and Latta 2006) and a suite of quantitative traits including
seed size, adult size, below ground allocation, root depth, com-
petitive ability, and fecundity (Hamrick and Allard 1975; Latta
et al. 2004; Gardner and Latta 2008). Areas of California receiv-
ing less than 500 mm of annual rainfall are monomorphic for
one allozyme combination (the “xeric ecotype” Clegg and Allard
1972), whereas regions receiving more rainfall contain a mix of
xeric and mesic populations that assort based on local soil and mi-
croclimatic conditions (Hamrick and Allard 1972; Hamrick and
Holden 1979).

The recombinant inbred line (RIL) genotypes used in this
experiment, were produced by crossing a single individual from
the xeric and mesic ecotypes. Plants used for this initial cross were
collected in the 1980’s from mesic and xeric sites in Northern
California by Dr. Pedro Garcia and their allozyme genotype was
verified (Latta et al. 2004). The F offspring from this cross were
heterozygous at all loci that differed between the two parents.
A single F; individual was then allowed to propagate by self-
fertilization, producing abundant F, seeds. The F, seeds were
selfed for four generations through single-seed descent to produce
an Fg generation of 188 RILs in which each line is homozygous
and fixed for a unique combination of alleles from the parental
ecotypes (Lynch and Walsh 1998; for details see Latta et al. 2004;
Gardner and Latta 2006).

EXPERIMENTAL DESIGN

To estimate heritable genetic variation and covariation, we se-
lected 26 RILs that were representative of the greenhouse fitness
range of all 188 lines. We employed a randomized complete block
design, consisting of four temporal blocks of 56 plants (n = 224),
so that all physiological measurements would be made on plants
at the same life stage. Two germinated seeds from the 26 RILs and
the two parental genotypes were planted every 12 days. We ger-
minated seeds from each RIL by removing the palea and lemma
and placing them on moist filter paper for 96 h at 4°C. After re-
frigeration, the seeds were returned to room temperature but left
in the dark for an additional 24 h. A single seedling from each
RIL was planted in a 4.1-L pot with Pro-Mix BX growth medium
(Premier Tech, Riviere-du-Loup, Quebec, Canada) and placed
on a greenhouse bench. During the experiment, relative humidity
was maintained at approximately 50% and temperature fluctuated
diurnally from 20°C to 30°C. To ensure that incident irradiance

on the bench remained above 300 wmol m~2 s~!

, we provided
the plants with supplemental light (16 h days). We watered the

developing seedlings daily for a three-week period.
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After the establishment, half the plants from each RIL were
assigned to a dry treatment and the other half to a well-watered
treatment. The volumetric water content (VWC) of both treat-
ments was monitored using a soil moisture probe (Hydrosense
CD620, Campbell Scientific Corp., Edmonton, Alberta, Canada).
Well-watered plants were watered daily to saturation (mean
VWC = 31.1 & 9.9%), and plants in the dry treatment received
175 mL of water per week (mean VWC < 5% throughout the
treatment. This dry treatment was designed to simulate a constant
dry growing season. Although drought can be episodic and un-
predictable at the xeric site in California, monthly precipitation
averages roughly 120 + 20.00 mm through the growing sea-
son (http: //groups.ucanr.org/sierrafoothill/ About%S5FSierra%SF
Foothill%5SFREC/Natural_Resources.htm). The dry treatment re-
sulted in plants receiving the equivalent of 132 mm precipitation
throughout the experiment, which is comparable to the total rain-
fall occurring during the driest growing season on record at the
xeric site (165 mm; October 1976 to March 1977) and 69 mm
less rainfall than any growing season at the mesic site since
1953 (http://ucce.ucdavis.edu/files/filelibrary/6194/34945 htm).
On days when physiological measurements were made, plants
were watered after data collection. All plants were provided with
100 mL of 20-20-20 fertilizer (Plant Products Inc., Brampton,
Ontario, Canada) at a concentration of 2.5 g/L every two weeks.
To minimize any potential watering treatment x fertilizer effects,
fertilizer was applied after daily watering. However, we cannot
rule out the possibility that more fertilizer was washed away in the
well-watered than the dry treatment. Physiological measurements
began 70 days after planting (49 days after the treatments were
initiated), before the plants flowered. Within each block, plants
were measured in random order.

TRAIT MEASUREMENTS

Photosynthesis (A) and transpiration (E) were measured on all
224 plants (eight plants from each of 26 RILs and from the mesic
and xeric parental lines) in the experiment using an open gas-
exchange system (LI-6400, Li-Cor Inc., Lincoln, NE) at 26°C, a
vapor pressure deficit of 1.9-2.0 kPa and a saturating irradiance of
1500 pmol m~2 s~!. We used saturating light for all gas-exchange
measurements to ensure they would not be biased by daily light
fluctuations and that photosynthetic capacity would not be limited
by suboptimal light. Stomatal conductance (g,) was calculated
from transpiration using a boundary layer conductance of 3.54—
4.82 mol m—2 s~!, which was determined from fan speed and leaf
area using the energy balance algorithms of the LI-6400. Leaf
area was calculated from the leaf dimensions.

Gas exchange was initially measured 70 days after germi-
nation, before the plants began to flower. At this time, we mea-
sured light-saturated instantaneous photosynthetic rate (A) and
stomatal conductance to water vapor (g;), under ambient CO,
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concentration (400 wL/L). In addition, we measured apparent
chlorophyll concentration (Chl) before the plants flowered, on
the three youngest fully expanded leaves of each plant using a
portable chlorophyll meter (SPAD 502, Minolta Inc., Ramsey,
NJ).

To examine the difference in instantaneous gas exchange
between pre- and postreproductive plants, we measured photo-
synthetic rate and stomatal conductance again, after the plants
had flowered. Under ambient CO, conditions and 110 days after
germination, we measured instantaneous gas exchange on leaves
attached to the culm (A,; g,). All pre- and postreproductive mea-
surements were made between 0830 and 1230 EST from 4 May
to 27 July 2004.

Photosynthesis is biochemically regulated by two enzymatic
processes. When C; is high, photosynthesis is primarily limited
by ribulose 1,5-bisphosphate (RuBP) regeneration and when C;
is low it is primarily limited by ribulose 1,5-bisphosphate (RuBP)
carboxylase-oxygenase (Rubisco) activity (Sharkey 1985; Geber
and Dawson 1990, 1997). To determine the CO, saturated pho-
tosynthetic capacity (A,.; which represents the rate of RuBP
regeneration) and the maximum rate of carboxylation (Vi pay;
which represents Rubisco activity), we measured the response
of light saturated photosynthesis (A) to the manipulation of in-
tercellular CO, concentration (A/C; curve). A/C; curves were
constructed for all 224 plants, by varying the concentration of
CO; in the LI-6400 cuvette chamber from 50 to 1800 (wL/L),
at 100200 (pL/L) intervals. Data were fit to the nonlinear
model

[A=a(l — exp( — bCi))+c], (D

where c is the y-intercept, 1/b is the rate constant, and CO, satu-
rated A (A,,qy) 1S calculated as a + ¢ (Jacob et al. 1995; Reid and
Fiscus 1998). V .. Was calculated as the linear regression of the
A/C; curve when photosynthesis is CO; limited (i.e., at intercel-
lular concentrations of CO, lower than 200 wL/L) (Wullschleger
1993; Geber and Dawson 1997). A/C; curves were constructed
for each block over a six-day period, during the first set of gas-
exchange measurements (70 days after germination). Because
photosynthesis is also dependent on nitrogen concentration, there
is typically a positive relationship between leaf nitrogen and pho-
tosynthetic capacity (reviewed in Field and Mooney 1986). To
correct for variation in A, and V.. caused by differences
in nitrogen concentration (N%), rather than regulation of en-
zyme activity, we report the biochemical photosynthetic variables
as Apa/N and V. /N. Nitrogen concentration was measured
through dry combustion (900°C) using the Variomax CN Ele-
mentar Analyzer (Elementar Americas, Inc., Mt Laurel, NJ), on
a haphazard sample of nonsenesced vegetative and reproductive
leaf tissue from each individual. To avoid destructive sampling

while the experiment was still ongoing, tissue was harvested at
the end of the study (165 days after germination). Harvested leaves
were of different ages and reported values therefore represent an
estimate of whole-plant leaf N.

We also measured three morphological traits associated with
drought adaptation (leaf mass per area (LMA), leaf stomatal
length, and leaf stomatal density). We measured LMA for each
plant as: leaf dry mass (g)/leaf area (cm?) on a 3-cm portion
of leaf tissue, excised from a leaf attached to the culm, after
the reproductive gas-exchange measurements were completed.
We limited sampling of LMA to the reproductive stage to avoid
destructive sampling of plants before all physiological measure-
ments had been completed. Because of this, however, we could
not account for potential ontogenetic changes in LMA (e.g., Gunn
et al. 1999). To measure stomatal length and density, we made a
mould of the adaxial and abaxial surface of a leaf for each indi-
vidual using polyvinylsiloxane dental impression material (‘Ex-
trude’ Medium; Kerr Manufacturing Co., Orange, CA) and used
the hardened mould as a cast for clear nail polish. We mea-
sured stomatal length on the nail polish impression as the av-
erage distance in micrometers between the junctions of the guard
cells (Malone et al. 1993; Maherali et al. 2002) for a total of
eight stomates per leaf side. We measured stomatal density on the
nail polish impression as the average number of stomates in two,

1-mm?

viewing areas per leaf side. The measurements and counts
were made using a light microscope interfaced with a Nikon
Coolpix4500™ digital camera, and ImageJ (Abramoft et al. 2004,
U.S. National Institute of Health; http://rsb.info.nih.gov/ij/). The
values reported for stomatal length and density are averages of
the abaxial and adaxial surfaces.

In addition to physiology and morphology, we measured
four performance traits (the day of first flower [DFF], vegeta-
tive biomass, the proportion of seeds aborted, and seed number).
We chose to include the day of first flower as a performance trait
because previous research has shown that flowering time is a key
determinant of spikelet and seed production in the greenhouse
(Gardner and Latta 2008). At the end of the study (165 days
after germination), all aboveground biomass was harvested for
each individual. This tissue was divided into reproductive (culm
and panicle) and vegetative (nonflowering tillers) components,
dried to a constant mass (48 h at 65°C) and weighed. Any leaves
attached to the culm were included as part of the reproductive
biomass. At the time of harvest, all plants had flowered and were
still producing culms; however, to represent a realistic growing
season length in the field, the study was terminated before the
plants were finished flowering. Because environmental stress can
influence the amount of seed abortion in plant populations (Volis
et al. 2004), we estimated the proportion of seeds aborted for each
individual as the number of empty fruit per 100 randomly selected
fruit. Because each A. barbata spikelet produces two single-seed
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florets, we were able to calculate seed number as the product of:
total spikelet number x 2 x the proportion of aborted seeds. No
culms or glumes were lost prior to the final harvest.

STATISTICAL ANALYSES

Within each treatment, we calculated the mean values for all 14
traits using the family line values for the 26 RILs (the parental
ecotypes were analyzed separately) in the experiment. To deter-
mine whether the traits were phenotypically plastic, and whether
the genetic lines differed in plasticity, we used a two-way analy-
sis of variance (ANOVA) with genetic line and treatment as fixed
factors. All statistical analyses were done on residuals to account
for the block effect on trait values. We also compared the pheno-
typic values of the two parental ecotypes within each treatment
using a paired two-tailed 7-test. We present P-values for these
analyses both before and after sequential Bonferroni correction
for multiple tests (Sokal and Rohlf 1995).

Within each treatment, we calculated the heritability for each
trait as the intraclass correlation (t = (Gé)/(crg + og)), where
o gz is the between line variance and ¢,2 is the within-line envi-
ronmental variance. Because each RIL is 96.75% homozygous
(Gardner and Latta 2006), variation from individual to individ-
ual within each line is mostly caused by random environmental
effects. Therefore, the intraclass correlation is equivalent to the
broad-sense heritability (H?) (Falconer and McKay 1996), which
represents all possible genetic contributions to phenotypic vari-
ation (additive genetic variation, dominance effects, epistatic ef-
fects, and maternal effects; Lynch and Walsh 1998). However,
because the RILs are homozygous at each locus, and have under-
gone a history of controlled breeding with constant environmental
conditions, dominance and maternal environmental effects should
be minimal, leaving additive and epistatic variance among lines.
Terms for the intraclass correlation were calculated using the
mean squares (MS) from one-way analyses of variance (ANOVA).
The error mean squares (MSe) term from the ANOVA is consid-
ered equivalent to the within-line environmental variance, 03. The
genetic line mean squares (MSg) term in the ANOVA is equiv-
alent to o2 + ncf,, where n is the number of individuals per
genotype (Lynch and Walsh 1998). Therefore, to calculate H?
using the intraclass correlation, 6? = MSe and c§ = [(MSg —
MSe)/n]. Because most traits were affected by block, the mean
squares were calculated on residuals after the block effect was
removed.

To make standardized comparisons of the additive and phe-
notypic variation between traits, we calculated the coefficient of
phenotypic variation (CVp) as 1004/Vp /X and the coefficient of
additive variation (CV,) as 100./V, /X, where V is the total phe-
notypic variation, V, is the additive genetic variation, and X is
the population mean for the trait (Houle 1992). We compared H?,
CVp, and CV, between treatments, and phenotypic differences
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between the parental lines, using a two-tailed paired #-test. We
also compared H?, CV,4, and CVp between classes of traits that
differed in the speed and reversibility of their responses to environ-
mental stress (i.e., physiological vs. morphological/performance
traits), using the nonparametric Mann—Whitney U test (SYSTAT
8.0, Systat Software Inc., San Jose, CA).

In addition to heritabilities and coefficients of variation, we
calculated genetic correlations among all traits using Pearson
product-moment correlations. Correlations were estimated from
the family means of the residuals. Family mean correlations have
been commonly used to estimate genetic correlation among traits
(e.g., Geber and Dawson 1997; McKay et al. 2003) because they
are amenable to standard significance tests and are straightfor-
ward to interpret. However, family mean correlations can often
be biased because they include a component of environmental
variance (Lynch and Walsh 1998). Consequently, we consider a
significant family mean correlation between two traits to be rep-
resentative of significant genetic covariation if both traits also
exhibited nonzero heritabilities (Lynch and Walsh 1998; Culley
et al. 2006). We present P-values for all heritabilities and cor-
relations both before and after sequential Bonferroni correction
for multiple tests (Sokal and Rohlf 1995). Statistical analyses
for the heritabilities and genetic correlations were performed
using JMP (ver. 5.1.2 SAS Institute, Cary, NC), except where
indicated.

GENETIC (G) VARIANCE-COVARIANCE MATRICES

We constructed genetic (G) variance—covariance matrices using
family means of standardized residuals. Using common princi-
pal components (CPC) analysis (Flury 1988; Phillips and Arnold
1999), we compared the G-matrices between the A. barbata lines
in well-watered and dry treatments. CPC analysis compares the
structure of variance—covariance matrices, and tests their relat-
edness based on the Flury hierarchy of hypotheses (Phillips and
Arnold 1999). This method determines the relationship between
the matrices based on the number of principal components (PCs)
based vectors shared. In the hierarchy, matrices can be equal, pro-
portional, share all or some of the same PCs, or have completely
unrelated structures.

Using CPC (Phillips 1998), we employed the Step-up and
Jump-up approaches (Phillips and Arnold 1999) to assess which
model in the hierarchy best fit the data. In the Step-up approach,
the initial assumption is that the matrices are unrelated. Then, in a
step-wise fashion, each new model is tested against the previous
model using a parametric chi-square test. For example, the model
in which the matrices share five PCs is tested against the model
in which the matrices share four PCs. The lowest order com-
parison that is significant (P < 0.05) determines the best-fitting
model. The Jump-up approach tests each model of the hierarchy
against the model in which the matrices have unrelated structure.
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Table 1. Mean (SE) of traits measured for Avena barbata RILs in the contrasting dry and well-watered treatments. Preflowering measure-
ments of photosynthetic capacity (Apax/N), carboxylation efficiency (V ¢nax/N), chlorophyll concentration, instantaneous photosynthetic
rate (A), and stomatal conductance (g;) were made 70 days after germination. The second set of measurements, photosynthetic rate
(A;) and stomatal conductance (g,) and leaf mass per area (LMA), were made 110 days after germination (after plants flowered). We
compared values across environments and genetic lines using a two-way ANOVA (F-statistics shown and significance is indicated with
*P<0.05, **P<0.01, ***P<0.001). Values that remain significant after sequential Bonferroni correction for multiple tests are indicated in

bold. N=26 family lines in both environments.

Traits Trait values F-statistics

Dry treatment Well-watered treatment G E GxE
Apax/N 5.203 (0.223) 8.775 (0.439) 1.067 43.565*** 0.532
V emax/N 36.960 (4.260) 30.496 (1.873) 1.294 2.192 0.886
Chlorophyll concentration 44.702 (0.505) 35.417 (0.600) 2.301** 246.564*** 1.093
A 6.575 (0.335) 9.125 (0.361) 1.606* 31.323*** 0.614
gs 0.0627 (0.0043) 0.254 (0.0094) 0.804 271.324*** 0.679
A, 7.959 (0.458) 7.359 (0.417) 1.521 1.995 1.595%
Ssr 0.111 (0.0095) 0.358 (0.015) 1.361 252.306*** 1.199
LMA 0.00459 (0.00009) 0.00500 (0.00014) 3.538%** 16.211*** 1.750*
Stomatal length 26.218 (0.333) 28.239 (0.393) 3.640*** 33.917*** 0.593
Stomatal density 57.978 (1.358) 51.731 (1.268) 3.113*** 24.382*** 1.034
Day of first flower 92.067 (2.435) 100.000 (2.464) 12.550%** 38.104*** 1.513
Vegetative biomass 7.455 (0.493) 23.915 (1.680) 3.817*** 243.077*** 1.480
Proportion of seeds aborted 0.146 (0.012) 0.360 (0.019) 2.449%** 194.028*** 1.667*
Number of seeds 523.567 (31.865) 806.129 (61.417) 2.310** 24.051*** 0.902

Beginning at the bottom of the hierarchy, each hypothesis is tested
until a model differs statistically based on a parametric ¥ test
(P < 0.05).

We used these statistical approaches to compare three types
of G-matrices across the two treatments. The first G-matrix con-
tained all 14 measured traits. We then divided the overall G-matrix
into two classes of traits to identify which portion of the matrix
contributed more to the environmental differences. The second
G-matrix was composed of just the seven physiological traits
(Apmax/N, Vemar/N, A, g5, chlorophyll concentration, A,, and gg,).
The third G-matrix consisted of the remaining seven morpho-
logical and performance traits (LMA, leaf stomatal length, leaf
stomatal density, day of first flower, vegetative biomass, propor-
tion of seeds aborted, and seed number). All covariances were
included in the CPC analyses regardless of whether the traits
were heritable. We note that the outcome of the CPC analysis
can depend on the traits included in each matrix. For this rea-
son, we used CPC analysis on the physiological and morpho-
logical/performance G-matrices only to summarize comparisons
across environments for specific classes of traits for which we
had an a priori hypothesis. Our interpretations of environmentally
caused differences in the entire G-matrix are based on examining
environment-specific differences in pairwise genetic correlations,
rather than trait groupings.

Results

The dry treatment represented an effective abiotic stress, as plant
performance was significantly reduced under water limitation
(Table 1). Genetic lines in the well-watered treatment had 221%
more vegetative biomass and produced 54% more seeds. Increased
seed production was achieved in the well-watered treatment de-
spite an eight-day delay in flowering time, and 146% higher
seed abortion compared to the dry treatment (Table 1). For the
morphological traits, leaf mass per area (LMA) was 9% higher
and stomata were 8% longer in the well-watered treatment. In
contrast, stomatal density was 12% higher in the dry treatment
(Table 1), which is a common response to moderate drought stress
(e.g., Yang et al. 2004; Xu and Zhou 2008) because of reductions
in leaf size. Seventy days after germination, the well-watered ge-
netic lines had 39% higher photosynthetic rate (A), 303% higher
stomatal conductance (g;), and 69% higher photosynthetic ca-
pacity (A,./N). In contrast, chlorophyll concentration was 26%
higher in the dry treatment and V,,,,/N did not differ signifi-
cantly between treatments (Table 1). One hundred and ten days
after germination, the well-watered genetic lines had 215% higher
stomatal conductance (g,,). Although photosynthetic rate (A ,) did
not differ significantly between the two treatments (Table 1), there
was genetic variation for phenotypic plasticity in this trait (sig-
nificant G x E; Table 1), which could be responsible for the
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Table 2. Mean (SE) of traits measured for the parental mesic and xeric lines of Avena barbata in the contrasting dry and well-watered
treatments. See Table 1 for abbreviations of the physiological traits. Statistical differences of traits between environments were deter-
mined using paired two-tailed t-tests (t-ratios are shown and significance is indicated with *P<0.05, **P<0.01, ***P<0.001). Values that
remain significant after sequential Bonferroni correction for multiple tests are indicated in bold.

Dry treatment

Well-watered Treatment

Mesic line Xeric line t-stat Mesic line Xeric line t-stat
AN 5.120 (0.934) 5.349 (1.076) —0.174 6.562 (1.646) 9.897 (3.037) —1.109
V emax/N 31.349 (4.646) 34.450 (1.637) —0.618 19.425 (3.685) 36.333 (14.078) —1.452
Chlorophyll conc. 44.108 (2.441) 47.742 (1.573) —2.045 35.442 (3.232) 38.350 (2.556) —2.405
A 7.655 (0.926) 6.400 (0.972) 1.168 6.463 (0.600) 10.163 (2.188) —1.685
gs 0.0781 (0.019) 0.0565 (0.006) 1.828 0.205 (0.0704) 0.254 (0.0647) —2.311
A, 6.518 (2.159) 6.953 (1.213) —0.152 5.388 (1.173) 7.783 (2.283) —1.043
sr 0.0977 (0.051) 0.0736 (0.007) 0.601 0.238 (0.0628) 0.300 (0.0570) —0.740
LMA 0.00456 (0.00045) 0.00477 (0.00064) —0.441 0.00457 (0.00021)  0.00580 (0.00023) —3.717*
Stomatal length 28.964 (0.615) 24.110 (1.286) 9.587** 27.278 (1.286) 25.917 (0.639) 1.381
Stomatal density 49.750 (3.066) 59.563 (4.701) —2.264 49.313 (4.701) 51.750 (4.077) —0.701
Day of first flower 87.250 (4.975) 103.500 (3.448) —4.679* 105.667 (3.528) 123.250 (8.477) —1.126
Vegetative biomass 8.178 (1.276) 8.570 (1.640) —0.337 20.453 (1.080) 34.680 (7.192) —2.021
Seeds aborted 0.105 (0.0401) 0.1525 (0.0251) —1.656 0.488 (0.199) 0.532 (0.0742) —2.667
Seed number 605.240 (65.400) 338.82 (44.881) 5.085%  409.370 (177.493) 312.077 (209.539) 0.496

nonsignificant treatment effect. Therefore, 13 of 14 traits were
phenotypically plastic, with A,, LMA, and the proportion of
aborted seeds exhibiting genetic variation for phenotypic plas-
ticity (Table 1).

Several phenotypic traits also differed between the two
parental ecotypes within each treatment. In the dry treatment, seed
production and stomatal length were both significantly higher and
flowering time was significantly earlier in the mesic parental line
than the xeric (Table 2). In the well-watered treatment, LMA
was significantly higher in the xeric parental line than the mesic
(Table 2).

GENETIC VARIATION
Heritable variation for the physiological traits was higher in the
dry treatment (average H> = 0.180) than the well-watered treat-
ment (average H? = 0.059; Tables 3 and 4). In the dry treatment,
there was significant heritable variation for A,,,,/N, A, and g,,. In
addition, there was marginally significant heritable variation for
chlorophyll concentration, A, and g;. In the well-watered treat-
ment there was significant heritable variation for chlorophyll con-
centration and A ,, but no heritable variation for A,,,./N, Vna/N,
A, g5, and g, (Table 3). For the coefficients of variation (CV,4 and
CVp), additive variation was higher for the physiological traits in
the dry treatment (average CV,4 = 19.835) than the well-watered
treatment (average CV4 = 5.301), whereas phenotypic variation
did not differ between treatments (Table 4).

Heritable variation for the morphological and performance
traits did not differ between the dry (average H> = 0.378)
and the well-watered treatment (average H> = 0.326; Table 4).
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All seven morphological and performance traits were heritable
in both treatments (Table 3) and there was no difference be-
tween treatments for the coefficients of variation (CV4 and CVp;
Table 4).

GENETIC CORRELATIONS

There were several genetic correlations among traits that differed
across environments (Table 5). In no case did the sign of these
correlations change, but in many cases genetic correlations were
statistically significant in one environment and not in the other.

Of the 21 pairwise correlations between physiological traits,
there were five significant genetic correlations in the dry treat-
ment and three in the well-watered treatment (Table 5). In the
dry treatment, g; was positively correlated with A and A,;,,/N
(Table 5), indicating that genetic lines with high rates of gas
exchange early in development also had high biochemical ca-
pacity for photosynthesis. In the well-watered treatment, both A
and A, were positively correlated with chlorophyll concentration
(Table 5). A, was correlated with g, in both treatments, indicating
that genetic lines with high transpiration rate also had high carbon
assimilation.

Most of the significant genetic correlations among pairs of
morphological and performance traits were common to both treat-
ments. Genetic lines that flowered earlier produced more seeds
and less vegetative biomass in both treatments (Table 5). Simi-
larly, genetic lines with more vegetative biomass produced fewer
seeds in both treatments. There was also a strong negative corre-
lation between leaf stomatal density and leaf stomatal length in
both treatments.
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Table 3. Broad-sense heritabilities (H2) of physiological, performance, and morphological traits for Avena barbata in contrasting dry end
well-watered treatments. Preflowering measurements of photosynthetic capacity (Anax/N), carboxylation efficiency (V¢max/N), chloro-
phyll concentration, instantaneous photosynthetic rate (A), and stomatal conductance (g;) were made 70 days after germination. The

second set of measurements, photosynthetic rate (A,) and stomatal conductance (g;,) and leaf mass per area (LMA), were made 110
days after germination (after plants flowered). H> that were significantly different from 0 in a one-way ANOVA are denoted with *s or
°s (°P<0.10, *P<0.05, **P<0.01, ***P<0.001). Values that remain significant after sequential Bonferroni correction for multiple tests are
indicated in bold. N=26 family lines in both treatments. Also included are the coefficients of additive (CV,) and phenotypic variation

(CVp).

Dry treatment Well-watered treatment

H? CVa CVp H? CVa CVp
Apar/N 0.218** 15.702 33.621 0 0 53.468
Vemax/N 0.076 28.649 103.870 0 0 63.962
Chlorophyll concentration 0.119° 3.366 9.737 0.206** 6.043 13.318
A 0.122° 15.131 43.297 0.024 5.898 38.237
8s 0.131° 21.010 58.080 0 0 42.972
A, 0.289*** 22.139 41.165 0.148* 18.045 46.845
8sr 0.307*** 32.850 59.255 0.033 7.121 39.300
Leaf mass per area 0.290*** 7.622 14.138 0.331*** 11.461 19.917
Leaf stomatal length 0.140* 3.988 10.661 0.363*** 5.799 9.621
Leaf stomatal density 0.198** 8.259 18.552 0.297*** 9.711 17.827
Day of first flower 0.688*** 12.614 15.207 0.564*** 11.278 15.018
Vegetative biomass 0.612*** 30.952 39.577 0.314*** 28.255 50.413
Proportion of seeds aborted 0.361*** 35.127 58.486 0.224** 19.194 40.554
Number of seeds 0.355*** 25.024 42.016 0.187* 28.962 66.915

The main difference in genetic architecture between the dry
and well-watered treatment was associated with correlations be-
tween a physiological trait and a morphological/performance trait.
There were nine significant correlations among these classes of
traits in the dry treatment and only three in the well-watered
treatment (Table 5). In the dry treatment, genetic lines with high
gas exchange early in development (A and g;) produced more

vegetative biomass and flowered later, whereas lines with high gas
exchange after flowering (g,,) produced less vegetative biomass
(Table 5). In addition, genetic lines with high photosynthetic rate
at flowering time (A,) had smaller stomata in the dry treatment. In
the well-watered treatment, genetic lines with high photosynthetic
rate early in development (A) produced more vegetative biomass
and had larger stomata (Table 5).

Table 4. Mean (SE) values for broad-sense heritabilities (H?), the coefficients of additive (CV4) and phenotypic variation (CV5) across
the two treatments. Values were compared using paired two-tailed t-tests and significant differences are indicated in bold. For the
comparison across all traits, physiological traits and morphological/performance traits, N=14, 7, and 7 respectively. *P<0.05, **P<0.01.

Functional group Dry treatment Well-watered treatment t-stat
All traits
H? 0.279 (0.051) 0.192 (0.047) 2.176*
CVy 18.745 (3.000) 10.840 (2.659) 2.584*
CVp 39.119 (7.169) 37.026 (5.261) 0.463
Physiological traits
H? 0.180 (0.037) 0.059 (0.034) 2.802*
CVy 19.835 (3.959) 5.301 (2.640) 3.328*
CVp 49.861 (11.862) 42.586 (6.412) 0.980
Morphology/performance traits
H? 0.378 (0.083) 0.326 (0.047) 0.766
CVy 17.655 (5.103) 16.380 (3.778) 0.488
CVp 28.377 (7.462) 31.466 (8.764) —0.625
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Table 6. Across environment comparison of the overall, physiological and morphological/performance G-matrices using CPC. Results of
both the step-up and jump-up approach for statistically comparing the two models are presented.

Functional group of traits

All traits Physiology Morphology/

performance
Step — up approach Two common PCs One common PC Equality
Jump — Up Approach Five common PCs One common PC Equality

CPC ANALYSES

The G-matrices from the dry and well-watered treatment with
all 14 traits shared some PCs but were not equal to one another
(Table 6). The Step-up approach suggested that these matrices
shared two PCs and the Jump-up approach suggested they shared
five PCs. In addition, the G-matrices consisting of only physi-
ological traits shared some principal components but were not
equal to one another (Table 6). Both the Step-up approach and
Jump-up approach suggested that these physiological trait matri-
ces shared one PC. In contrast, both the Step-up approach and
Jump-up approach suggested that the G-matrices consisting only
of morphological and performance traits were equal to one an-
other (Table 6).

Discussion

G-MATRIX COMPARISONS ACROSS

RESOURCE ENVIRONMENTS

Physiological traits were more important for driving environment-
dependent differences in genetic architecture of A. barbata
than morphological and performance traits. We found that the
G-matrices consisting of physiological traits differed between the
two treatments, but the matrices composed of morphological and
performance traits did not (Table 6). This result is similar to stud-
ies in Silene latifolia and Arabidopsis thaliana, where differences
in the G-matrix were primarily driven by one functional group of
traits (vegetative) over another (floral) (Brock and Weinig 2007,
Steven et al. 2007).

Although the comparisons indicated that the environmental-
sensitivity of the physiological G-matrix differed from the mor-
phological/performance G-matrix, this pattern was not associ-
ated with contrasting plastic responses between classes of traits
because almost all traits were phenotypically plastic (Table 1).
These results differ from those of Brock and Weinig (2007), who
found that trait plasticity was a key determinant of differences in
the G-matrices of A. thaliana raised in contrasting light quality
environments. Our results suggest that phenotypic plasticity for
individual traits is not necessarily responsible for variation in the
G-matrix across environments.

GENETIC VARIATION

Variation in the physiological G-matrix may instead be caused by
differences in broad-sense heritability (H?) across environments.
We found that heritable variation for physiology was higher in
the dry than the well-watered treatment (Tables 3 and 4). Higher
H? was caused by increased expression of additive genetic vari-
ation in the dry treatment (CV,, Table 4) because phenotypic
variation (CV,) did not differ between treatments (Table 4). Our
results are therefore consistent with the hypothesis that environ-
mental stress increases heritable variation for physiology because
the phenotypic differences between the genetic lines only became
apparent when resources were limiting (Hoffmann and Merild
1999). The effects of water-limitation on heritable variation for
physiology have been considered in a small number of other stud-
ies. In contrast to our results, previous studies found that heritable
variation for plant physiological traits either decreases (e.g., John-
son et al. 1990) or remains constant under water limitation (e.g.,
Donovan and Ehleringer 1994). These opposing empirical results
may suggest that, like other types of traits, heritable variation for
physiology does not consistently increase or decrease under unfa-
vorable conditions, but rather, responds variably (Hoffmann and
Parsons 1991; Ceccarelli 1994; Hoffmann and Merild 1999; but
see Charmantier and Garant 2005).

The observation that H? for the morphological and perfor-
mance traits did not differ between treatments (Table 4) is con-
sistent with the similarity in the morphological and performance
G-matrix across environments. Our results differ from those of
some other plant and animal studies, which found that heritable
variation for morphological and performance traits was reduced
under stressful conditions (e.g., Bennington and McGraw 1996;
Merild 1997; Conner et al. 2003; Gardner and Latta 2008). How-
ever, other studies have reported no change in heritable variation
for morphological and performance traits under stress (e.g., Merild
and Fry 1998; reviewed in Ceccarelli 1994 and Charmantier and
Garant 2005), which is consistent with our results.

Variation in the G-matrices across environments may also
have been influenced by differences in the amount of heritable
variation for the two groups of traits. We found that H?> was
lower for the physiological traits than the morphological and
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performance traits across both treatments (Ugos2),14,14 = 179,
P < 0.001; Table 3), which was due to marginally higher pheno-
typic variation (Ug.052),14,14 = 134, P = 0.098) rather than lower
additive genetic variation (Ug 05(2),14,14 = 124, P = 0.232). Heri-
table variation for physiology may have been lower because phys-
iological measurements respond rapidly to environmental change
(Piersma and Drent 2003), which makes them more sensitive to
daily environmental fluctuations than morphological and perfor-
mance measurements. This leads to increased estimates of en-
vironmental variation and underestimation of H? (Ackerly et al.
2000; Arntz and Delph 2001). Because heritable variation for
physiology was low (Table 3), the genetic covariance among phys-
iological traits was often low as well, which could have caused
differences in the physiological G-matrix. In contrast, all seven
morphological and performance traits exhibited high heritable
variation in both treatments, producing strong and similar genetic
covariances among these traits.

GENETIC CORRELATIONS

Variation in the physiological G-matrix was also caused by
environment-dependent expression of many of the pairwise ge-
netic correlations. For example, preflowering stomatal conduc-
tance (g;) was only correlated with photosynthesis (A,;./N
and A) in the dry treatment, and chlorophyll concentration was
only correlated with photosynthesis (A and A,) in the well-watered
treatment (Table 5). Because photosynthesis is regulated both by
stomatal opening (Wong et al. 1979) and leaf biochemical capac-
ity (Sharkey 1985; Field and Mooney 1986; Geber and Dawson
1997), these correlations should reflect contrasting limitations on
photosynthesis between the two watering treatments. In support
of this prediction, we found that genetic lines with higher stom-
atal conductance had higher photosynthesis in the dry treatment,
where photosynthesis should be primarily limited by stomatal
closure. In the well-watered environment where photosynthesis
would be more limited by biochemical photosynthetic capacity
associated with nitrogen availability, genetic lines with higher
chlorophyll concentration (and thus higher N; Chapman and Bar-
reto 1997) had higher photosynthesis.

In contrast to physiology, most of the genetic correlations
among morphological and performance traits were common to
both treatments. For example, we found that stomatal density was
negatively correlated with stomatal length in both environments
(Table 5), which is consistent with previous observations across
plant taxa (e.g., Grubb et al. 1975; Bongers and Popma 1980).
We also found that genetic lines that flowered earlier produced
less vegetative biomass and more seeds in both environments
(Table 5), indicating that an earlier developmental switch from
vegetative to reproductive tissue allocation led to greater seed
production (e.g., Gardner and Latta 2008). This suggests that sim-
ilarity of the morphological/performance G-matrix across treat-
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ments was driven by a shared pattern of genetic correlation in the
underlying traits.

In addition to genetic correlations among physiological traits,
differences in the overall G-matrix between environments were
also caused by stronger genetic correlations between physiology
and plant performance traits in the dry versus well-watered treat-
ment. Plant physiology and development are hypothesized to be
correlated in a way that reflects drought adaptation (Grime 1977,
Ludlow 1989; Geber and Dawson 1997; McKay et al. 2003).
For example, plants that escape drought complete their life cycle
before the onset of water limitation by having high carbon assim-
ilation and high water use to facilitate accelerated development.
Preflowering genetic correlations between gas exchange and de-
velopment in the dry treatment did not support this hypothesis
because genetic lines with high stomatal conductance early in de-
velopment (g,) produced more vegetative biomass, fewer seeds
and flowered later (DFF). At flowering however, when drought
was more intense and heritable variation for stomatal conduc-
tance was higher, high stomatal conductance was correlated with
lower vegetative biomass and earlier flowering, although this sec-
ond relationship was marginally significant (Table 5). This result
suggests that physiological mechanisms that confer drought es-
cape are not uniform throughout development. The lack of cor-
relation between stomatal conductance and plant development in
the well-watered treatment, regardless of direction or time point
(Table 5), suggests that the expression of genetic correlations be-
tween physiology and development are weaker when water is not
limiting.

CONSEQUENCES FOR PHYSIOLOGICAL EVOLUTION

Our work indicates that the potential for physiological traits to
evolve in response to natural selection is highly environment-
dependent. Because heritable variation was higher in the dry
treatment (Table 4), physiological evolution in response to natural
selection should be faster in dry than well-watered environments
or years (Falconer and MacKay 1996). This is particularly true for
physiological traits like A,,,,,/N, g5, and g, which were only her-
itable in the dry treatment (Table 3), and would therefore evolve
slowly in resource-rich environments. However, the rate of evo-
lutionary change for a phenotypic trait in a given environment
also depends on the strength of selection on that trait. In a com-
panion paper, we reported that selection on physiology was much
stronger in the well-watered than the dry treatment (Sherrard and
Mabherali 2006). For example, there were significant linear selec-
tion differentials for five of seven of these physiological traits in
the well-watered treatment, but only one in the dry treatment. As
a result, evolutionary change for physiological traits in A. bar-
bata could be slow regardless of resource environment. Adaptive
physiological evolution would be slow in resource-poor environ-
ments because of weak selection, and constrained in resource-rich
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environments because of low genetic variation. Previous studies
have also reported a pattern of opposing evolutionary constraints
depending on environment quality. In a population of wild sheep,
for example, evolutionary change in birth-weight is impeded by
low heritable variation in poor environments and weak selection
in good environments (Wilson et al. 2006).

Drought escape in winter annuals is characterized by early
flowering and high leaf gas exchange (Ludlow 1989; Chapin et al.
1993; McKay et al. 2003; Heschel and Riginos 2005). Although
the higher number of genetic correlations in the dry environment
could constrain adaptation (Caruso 2004), these correlations may
facilitate the correlated evolution of mechanisms of drought es-
cape in A. barbata. We found that covariation between physiology
and development time was stronger in the dry treatment than the
well-watered treatment (Table 5). For example, genetic lines with
high stomatal conductance at flowering time (g,,) flowered ear-
lier and produced significantly less vegetative biomass (Table 5).
Consequently, selection for reduced vegetative biomass and early
flowering would result in indirect selection for increased stomatal
conductance at flowering time. Thus early flowering and high gas
exchange could both evolve in dry environments even if only early
flowering is under selection in A. barbata (Sherrard and Maherali
2006).

DIFFERENTIAL FITNESS BETWEEN PARENTAL
ECOTYPES

The two distinct genotypes of A. barbata that occur in Califor-
nia are differentially associated with contrasting moisture envi-
ronments (Clegg and Allard 1972; Hamrick and Holden 1979),
suggesting that these genotypes are locally adapted. In contrast to
this hypothesis, we found that the mesic ecotype produced more
seeds than the xeric ecotype in both the well-watered and the
dry treatment (Table 2). Although our results conflict with the
genotype—habitat association observed in California, it is consis-
tent with other field and greenhouse studies in A. barbata that
have shown that the mesic ecotype outperforms the xeric ecotype
across a wide variety of field and experimentally manipulated en-
vironments (Latta et al. 2007; Johnasen-Morris and Latta 2008).
Overall, our results are consistent with the hypothesis that the
distribution of A. barbata genotypes in California has yet to reach
equilibrium (Latta et al. 2007; Johansen-Morris and Latta 2008).

CONCLUSIONS

Although our results are consistent with theoretical and empirical
studies (Hoffmann and Merild 1999; Conner et al. 2003; Sgré and
Hoffmann 2004; Charmantier and Garant 2005) which suggest
that the evolutionary potential for quantitative traits will differ
depending on growth environment, we show that the sensitivity
of the G-matrix to the environment depends on the functional class
of traits examined. The environmental sensitivity of the G-matrix

could not be predicted from differences in phenotypic plasticity or
G x E interactions because traits did not differ systematically in
these attributes. Variation in the G-matrix was instead associated
with differences in heritable variation for physiology between en-
vironments and many environment-specific genetic correlations
between physiological traits and performance traits. Our results
therefore highlight the value of trait-based perspectives (e.g., Roff
1996) in the search for a consensus about the effects of environ-
mental variation on the G-matrix.
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