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Trade-offs are central to many topics in biology, from the evolution of life histories to ecological mechanisms of species coexistence.

Trade-offs observed among species may reflect pervasive constraints on phenotypes that are achievable given biophysical and

resource limitations. If so, then among-species trade-offs should be consistent with trade-offs within species. Alternatively, trait

variation among co-occurring species may reflect historical contingencies during community assembly rather than within-species

constraints. Here, we test whether a key trade-off between relative growth rate (RGR) and water-use efficiency (WUE) among

Sonoran Desert winter annual plants is apparent within four species representing different strategies in the system. We grew

progeny of maternal families from multiple populations in a greenhouse common garden. One species, Pectocarya recurvata,

displayed the expected RGR–WUE trade-off among families within populations. For other species, although RGR and WUE often

varied clinally among populations, among-family variation within populations was lacking, implicating a role for past selection

on these traits. Our results suggest that a combination of limited genetic variation in single traits and negative trait correlations

could pose constraints on the evolution of a high-RGR and high-WUE phenotype within species, providing a microevolutionary

explanation for phenotypes that influence community-level patterns of abundance and coexistence.

KEY WORDS: Community assembly, G-matrix, genetic correlation, growth rate, stress tolerance, water-use efficiency, winter

annual plants.

The concept of trade-offs is an organizing principle that integrates

many areas of ecology and evolution. Trade-offs are invoked to

explain everything from resource partitioning and predator–prey

dynamics (Tilman 1994; Rees et al. 2001; Amarasekare 2003) to

the evolution of behaviors and life histories (Stearns 1992; Werner

and Anholt 1993; Wolf et al. 2007). Ecologists have hypothe-

sized that many of the same trade-offs that shape life histories,

behaviors, and growth strategies also affect species interactions,

coexistence, and community structure (Grubb 1977; Chesson and

Huntly 1988; Tilman and Pacala 1993; Geritz et al. 1999; Turnbull

et al. 1999; Rees et al. 2001; Suding et al. 2003; Vasseur et al.

2011). Similarly, trade-offs are described at many different levels

of biological organization, from genetic trade-offs within species

(Herms and Mattson 1992; Stearns 1992; Robinson et al. 1996;

Lankford et al. 2001) to broad comparisons across species and

habitats (Reich et al. 1999; Fine et al. 2004; Schiesari et al. 2006;

Mooney et al. 2010).

Missing trait combinations in interspecific comparisons

are often interpreted as evidence of deeper constraints operat-

ing within species that are set by biophysical and allocational
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Table 1. Summary of ANCOVA for each trait (water-use efficiency,

WUE and relative growth rate, RGR).

Trait Effect F/cov df P

WUE Species 19.48 3, 8 0.0005
Germination date 1.79 1, 131 0.1827
Transplant date 0.70 1, 131 0.4052
Population 0.07 1 0.0001
Seed family 0 1 1.0000

RGR Species 37.54 3, 8 <0.0001
Germination date 1.24 1, 262 0.2660
Transplant date 40.66 1, 262 <0.0001
Population 0.01 1 0.3360
Seed family 0.05 1 0.2681

Species was treated as a fixed effect. Date of germination and date of trans-

plant were included as covariates. Population (nested within species) and

seed family (nested within population) were included as random effects.

Analysis is restricted to three sites from which we collected all four species

and thus includes a subset of the populations that are used in single-species

analyses. Significance of random effects was tested using likelihood ratio

tests with 1 degree of freedom (df). We report F-values for fixed effects

and covariance parameter estimates (cov) for random effects. Statistically

significant values (P < 0.05) are indicated in bold.

constraints on phenotypes (Grime 1979; Tilman 1988; Vincent

et al. 1996; Rees et al. 2001; Suding et al. 2003; Bonsall et al.

2004; Kneitel and Chase 2004). If this view is correct, then trade-

offs should appear fractal, remaining evident as one zooms in

on ever-finer levels of biological organization. However, mecha-

nisms other than phenotypic constraints can give rise to apparent

trade-offs at higher levels. For example, phenotypes may be miss-

ing from a community not because of phenotypic constraints but

because species with those trait combinations are unavailable in

the regional species pool or cannot stably persist in the local com-

munity (Belyea and Lancaster 1999; Weiher et al. 2011; Ricklefs

2012). Alternatively, phenotypes may be missing because particu-

lar trait combinations are not favored by natural selection (“selec-

tive constraints” sensu Arnold 1992). Few studies have explicitly

linked constraints within species to the diversity of strategies

among coexisting species (Tessier et al. 2000; Dudley et al. 2007;

Rees and Venable 2007)

In a literature largely isolated from community ecology,

evolutionary biologists have discussed how to define and quan-

tify phenotypic constraints and their underlying sources at ge-

netic, developmental, or physiological levels (Antonovics and Van

Tienderen 1991; Houle 1991; Arnold 1992; Zera and Harshman

2001). We use the hierarchical conceptual framework proposed by

Arnold (1992), in which developmental and functional constraints

affect patterns of mutational input (i.e., the spectrum of mutations

that are possible) and hence the pattern of genetic (co)variation

for a set of traits. Phenotypic evolution could be limited

simply by a lack of additive genetic variation in a trait or set

of traits. Although standing genetic variation is usually plentiful

(Lewontin 1974; Gomulkiewicz and Houle 2009), Blows and

Hoffman (2005) reviewed a number of cases where additive ge-

netic variation in ecologically important traits is surprisingly low.

When considering multiple traits, constraints can arise from the

pattern of genetic covariation for a set of traits, which is the prod-

uct of mutational input, linkage disequilibrium, and pleiotropy

from shared developmental pathways or coupled physiological

processes (Arnold 1992; Conner 2002). Although phenotypic cor-

relations determine the pattern of trait variation that is exposed

to selection, the underlying genetic variances and covariances de-

termine the direction and rate of response to selection. Because

recombination can reduce all but the strongest linkage disequilib-

rium within several generations, genetic covariation due primarily

to linkage disequilibrium may not present a long-term phenotypic

constraint (Falconer and Mackay 1996). An integration of ecology

and evolutionary biology would benefit from evaluations of trade-

offs where knowledge about the genetic architecture of traits is

robust, or at minimum, functional hypotheses for pleiotropy as the

cause of a negative association between two traits are justifiable

(Zera and Harshman 2001).

Here, we use quantitative genetics to test whether a key trade-

off among species is apparent within species using an experimen-

tally tractable and well-studied group of winter annual plants

native to the Sonoran Desert. By focusing on distantly related

species (members of four genera from three families) that span

the range of phenotypes observed in this community, we can ex-

amine whether within-species constraints limit the distribution

of phenotypic variation upon which selection and community as-

sembly can act. Sonoran Desert winter annuals are highly variable

in abundance from year to year (Venable 2007). Although years

with high precipitation during the growing season tend to favor

all winter annuals, species also exhibit reversals in relative per-

formance from year to year (Kimball et al. 2012). Temporally

decoupled population dynamics promote species coexistence via

the storage effect, and appear to be related to differences among

species for a few key functional traits (Angert et al. 2009).

To understand the functional trait differences that foster coex-

istence, our previous work has examined traits that affect resource

uptake and allocation in the nine most common species (repre-

senting seven genera from five families) and that predict variation

in environmental responses and population dynamics (Angert et

al. 2007, 2010; Huxman et al. 2008, 2013; Kimball et al. 2010,

2011, 2012; Gremer et al. 2012; Barron-Gafford et al. 2013).

Species differ greatly in relative growth rate (RGR; Angert et al.

2007) and in leaf carbon isotope discrimination (Huxman et al.

2008), which is inversely related to integrated water-use efficiency

(WUE; Dawson et al. 2002). Across species, RGR trades-off with

WUE: the most water-use efficient species display the lowest
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Table 2. Summary of univariate ANOVA for trait variation within each of the four study species.

Position Species Trait Parameter Population Germdate Transdate Family

High RGR/low WUE S. micropoides WUE F/cov 1.08 – – 0
df 5, 131 – – 1
P 0.3719 – – 1.0000

RGR F/cov 1.71 0.39 – 0.13
df 5, 139 1, 324 – 1
P 0.1372 0.5333 – 0.0674

E. lanosum WUE F/cov 0.24 – – 0.06
df 4, 69.9 – – 1
P 0.9142 – – 0.8072

RGR F/cov 1.63 – – 0.15
df 4, 103 – – 1
P 0.1714 – – 0.1209

Low RGR/high WUE P. recurvata WUE F/cov 9.57 – 0.29 0.27
df 4, 87.8 – 1, 154 1
P <0.0001 – 0.5898 0.0001

RGR F/cov 5.33 16.51 – 0.12
df 4, 139 1, 287 – 1
P 0.0005 <0.0001 – 0.0395

E. texanum WUE F/cov 4.41 – – 0.16
df 4, 62.1 – – 1
P 0.0034 – – 0.1674

RGR F/cov 0.58 0.57 – 0
df 4, 226 1, 226 – 1
P 0.6787 0.4517 – 1.0000

Species are ordered according to their previously described position along a trade-off between relative growth rate (RGR) and water-use efficiency (WUE)

(Angert et al. 2007; Huxman et al. 2008). Each model included a fixed effect of population and a random effect of seed family nested within population.

If supported by the Akaike information criterion, models also included date of germination (Germdate) or date of transplant (Transdate) as a covariate.

Significance of fixed effects was tested using Satterthwaite’s approximation for denominator degrees of freedom. Significance of random effects was tested

using likelihood ratio tests. We report F-values for fixed effects and covariance parameter estimates (cov) for random effects. Statistically significant values

(P < 0.05) are indicated in bold.

growth rates, especially when compared to high-RGR species

under conditions of abundant resource availabilities. Studies of

phenotypic selection in the field indicate that natural selection

favors phenotypes with high values of both RGR and WUE, sug-

gesting that this among-species trade-off exists due to some type

of genetic constraint (Kimball et al. 2013). The trade-off appears

to manifest in part because species with high RGR can rapidly

increase leaf area following periods of high rainfall, when soil

moisture persists long enough to allow sufficient carbon gain to

offset water loss from large, thin leaves (Angert et al. 2007, 2010).

Because periods of high rainfall are rare, species with high RGR

suffer relatively lower fitness in dry years that have predominantly

small rainfall events (Kimball et al. 2012). Although plasticity in

RGR is quite high, species-level differences in WUE are more

stable across years (S. Kimball, unpubl. data). Species with high

WUE have high leaf nitrogen and photosynthetic characteristics

that promote carbon gain at low temperatures (Huxman et al.

2008; Gremer et al. 2012; Barron-Gafford et al. 2013). This al-

lows them to capitalize on small, but relatively frequent, rainfall

events, when it is substantially cooler than during dry prestorm

periods (Huxman et al. 2008). But, this incurs performance costs,

particularly at high temperatures, because high leaf nitrogen is

associated with high respiration rates and thus lower conversion

efficiency of photosynthetic assimilates to biomass (Ryan 1995;

Amthor 2000; Turnbull et al. 2003; Barron-Gafford et al. 2013).

The overarching hypothesis of this study is that genetic

constraints, driven by the functional constraints described above,

hinder the construction of a phenotype with both high RGR and

high WUE. Thus, we predicted a negative genetic correlation

between RGR and WUE within species. We examined genetic

correlations at two nested levels within species: among popula-

tions and among families within populations. Because genetically

based differences in traits within populations are the raw material

for evolutionary change, trait correlations among families are

an important level of investigation. However, it is also possible

that genetic variation in fitness-related traits within populations

will be low, hindering statistical detection of a trade-off among

families. In this case, evolutionary divergence among populations
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might provide a more accurate representation of long-term

genetic constraints. For example, if populations from cooler, drier

environments have evolved higher WUE, we would expect to see

correlated decreases in RGR. Trait correlations among families

and among populations should be congruent if evolutionary

divergence is constrained by genetic covariances that remain

consistent over time. To increase our power for detecting trade-

offs within species, we sampled populations across gradients

with approximately threefold variation in winter precipitation

and approximately 5°C variation in mean winter temperature.

We conducted the study with plentiful soil moisture and nutrients

so that individuals could reach their maximum growth potential,

allowing us to detect the trade-off between growth potential and

tolerance of low resources. Our specific objectives, questions,

and hypotheses are as follows:

1. Examine the relative rankings of species’ trait values when

grown in a common environment: Do phenotypes in a simpli-

fied environment mirror phenotypes in the field? We hypothe-

sized that the previously observed trade-off between RGR and

WUE among species would be evident under the uniformly

high-resource conditions of the greenhouse.

2. Determine how genetic variation is partitioned among families

and populations: Do populations and families differ in RGR

and WUE, and are population differences related to climate of

origin? We hypothesized that populations from cooler, drier

environments would have higher WUE and lower RGR than

populations from warmer, wetter environments.

3. Estimate intraspecific covariation in RGR and WUE: Is there

evidence for a genetically based trade-off within species

(within or among populations)? We hypothesized that RGR

and WUE would negatively covary within species, posing a

genetic constraint on the construction of a phenotype with both

high RGR and high WUE.

We are not aware of any previous studies that have examined

genetic constraints within multiple, co-occurring species. The re-

sults of this study shed light on the microevolutionary processes

that shape functional trait diversity within a community and in-

fluence patterns of abundance and coexistence.

Methods
STUDY SPECIES

We selected four species for this study based on their positions

along the previously documented trade-off between RGR and

WUE and their abundance during the year of collection: Eriophyl-

lum lanosum (Asteraceae; high RGR, low WUE), Stylocline mi-

cropoides (Asteraceae; high RGR, low WUE), Pectocarya recur-

vata (Boraginaceae; low RGR, high WUE), and Erodium texanum
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(Geraniaceae; low RGR, high WUE). This nomenclature is

consistent with previous work on this system; synonymy and cur-

rently accepted nomenclature are given in Kimball et al. (2011).

Eriophyllum lanosum makes relatively large, showy inflores-

cences and is self-incompatible (Mooring 2002). Erodium tex-

anum exhibits variable floral morphology, ranging from showy,

magenta flowers to flowers that lack petals and self-pollinate

in the bud (A. Angert, unpubl. data). Pectocarya recurvata has

diminutive, white, nonshowy flowers and is highly self-fertilizing

(S. Kimball, unpubl. data). Stylocline micropoides is fully auto-

gamous and does not produce open flowers (S. Kimball, unpubl.

data).

SOURCE MATERIAL

Five or six populations of each species were sampled from south-

ern Arizona and southeastern California (Fig. 1, Table S1). We

extracted climatic variables, averaged over the period 1961–1990,

for each site based on its latitude and longitude using the Climate

WNA database (Wang et al. 2012). From each population, we

collected seeds from up to 30 maternal plants (i.e., families; exact

sample sizes in Table S2). For a subset of two to four popula-

tions from all species except self-incompatible E. lanosum, we

also collected living seedlings in the field and transported them

back to the University of Arizona greenhouse, where the plants

were allowed to grow to reproductive maturity, self-fertilize, and

produce seed. In a separate experiment conducted in parallel with

the main experiment, we examined the potential for maternal en-

vironmental effects by comparing growth rates between plants

grown from field-collected versus greenhouse-generated seeds

(Appendix S1).

PLANT PROPAGATION

In December 2008, three field-collected seeds per family were

sown on 1.5% agar in Petri dishes. Upon germination, seedlings

were transplanted to 2.5 cm diameter × 16 cm deep conical

pots (Ray Leach “Cone-tainers,” Steuwe & Sons, Inc., Tangent,

OR) containing a mixture of 55% potting soil, 30% sand, and

15% vermiculite and transferred to the Colorado State University

Greenhouse. The greenhouse ranged between 18°C and 22°C

with a 16/8 h photoperiod. Because the species germinate after

different lengths of time following seed sowing, species were

sown in reverse order of germination speed to minimize variation

among individuals in age (SD of germination date = 1.9 days, SD

of transplant date = 1.3 days). Nonetheless, to preserve sample

sizes and balance in the experimental design, late-germinating in-

dividuals were included. This caused germination to span 14 days

and transplanting to take place over 10 days. We recorded date

of germination and date of transplant as potential covariates for

the analyses (see below). One week after initial transplant, when

the bulk of individuals had been transplanted, we randomized

individuals among 33 racks, each holding a maximum of 96 pots.

Pots were watered to field capacity daily and fertilized weekly

to sustain the high-resource conditions in which the trade-off

between RGR and WUE is likely to be observed (Angert et al.

2007, 2010; Huxman et al. 2008; Kimball et al. 2012).

TRAIT MEASUREMENT

Growth analysis using harvests of individuals over time showed

that differences among species in whole-plant RGR are largely

driven by differences in leaf area allocation (Angert et al. 2007,

2010) and the photosynthetic gains derived from this strategy. It

is impossible to measure a single individual’s RGR from biomass

directly because it requires destructive sampling. Thus, here we

estimated individual RGR by measuring total leaf area at three

time points: 7 January, 21 January, and 4 February 2009. Because

of the large number of plants and the need to make measurements

within a short period of time, we took digital images including a

size standard to estimate total plant leaf area using the software

ImageJ 1.43u (Abràmoff et al. 2004).

To describe relative change in leaf area over time, we com-

pared linear models to Ricker models, which allow for a decrease

in growth rate through time. Leaf area was log-transformed. Mod-

els were fit in R 2.9.2 using maximum-likelihood estimation in the

bbmle package (Bolker and Team 2012) for Ricker models and

ordinary least squares using the lm function for linear models.

The Akaike information criterion was lower for the linear model

than the Ricker model, so we used slope of ln-transformed size

versus time as the estimate of RGR for each individual.

Leaf carbon isotopes were measured from dried tissue col-

lected prior to the onset of reproduction for most individuals.

Due to cost constraints, we obtained carbon isotope data for

subsamples of 15 families per population per species. Samples

were analyzed for carbon isotope ratios (δ) at the University of

New Hampshire Stable Isotope Laboratory on a mass spectrom-

eter (DELTAPlus XP, Thermo Fisher Scientific, Waltham, MA)

interfaced to an elemental analyzer (model ECS4010, Costech

Analytical Technologies Inc., Valencia, CA). Isotope ratios were

converted to discrimination (�, ‰) according to the formula � =
(δa − δp)/(1 + δp/1000), where δa is the carbon isotope ratio of

CO2 in the air and δp is the carbon isotope ratio of the leaf tissue

(Farquhar et al. 1989). The isotopic composition of the air was es-

timated from air samples taken within the greenhouse during the

time of leaf development. Net discrimination against 13C varies

with both photosynthetic demand for CO2 and stomatal regulation

of CO2 availability, hence � is an estimate of the time-integrated

concentration of CO2 within the leaf relative to the atmosphere

(Ci/Ca). Ci/Ca is directly related to WUE when plants experi-

ence similar respiratory and atmospheric evaporative demands

(Ehleringer et al. 1993), which can be reasonably assumed for

these greenhouse-grown plants. As such, � is inversely related
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Figure 1. Map of population collection sites (top panel) encompassing a longitudinal gradient in average winter precipitation (bottom

left) and a latitudinal gradient in average winter maximum temperature (bottom right). Population codes as follows: GO, Goff, California;

KE, Kelbaker Road, California; MO, Mountain Springs Road, California; OR, Organ Pipe National Monument, Arizona; RI, Rincon Mountains,

Arizona; SE, Sentinel, Arizona; SO, Sonoran Desert National Monument, Arizona; TU, Tumamoc Hill, Arizona.

to WUE, such that lower values of � indicate higher WUE. We

multiplied � estimates by –1 so that a trade-off between RGR

and WUE results in a negative correlation. Hereafter, we refer to

–� as WUE.

STATISTICAL ANALYSIS

We used univariate analysis of variance (ANOVA) to partition

variation in both traits (WUE and RGR) among species, popu-

lations, and families. To test for differences among species, we

ran ANOVA with a fixed effect of species, two covariates (day

of germination and day of transplant), and random effects of

family nested within population and population nested within

species. Population was treated as a random effect because we

restricted this analysis to an unplanned set of sites from which all

four species could be sampled (TU, SO, OR; abbreviations as in

Table S1). To test for differences among populations and families

within each species, we ran models separately for each species

and trait with a fixed effect of population and a random effect of

family nested within population. These models also included day

of germination or day of transplant as covariates when they im-

proved model fit (i.e., differences in Akaike information criterion

> 2; Burnham and Anderson 2010). Prior to each analysis, we

standardized the phenotypic distributions of each trait to a mean

of 0 and an SD of 1 by subtracting the grand mean and dividing

by the SD of a particular dataset (e.g., for the among-species

analysis, the grand mean across all species; for each within-

species analysis, the grand mean across all populations of a given

species). Models were fit using restricted maximum likelihood
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(ReML) in Proc Mixed, SAS 9.3 (SAS Institute Inc., Cary, NC).

F-tests for fixed effects used the Satterthwaite approximation for

denominator degrees of freedom (Satterthwaite 1946). We con-

structed a planned contrast between least squares means estimates

for the two putatively high RGR/low WUE species (E. lanosum

and S. micropoides) versus the two putatively low RGR/high WUE

species (P. recurvata and E. texanum). To test the significance of

random effects, we used likelihood ratio tests with 1 degree of

freedom to compare models with and without the random effect.

We partitioned total phenotypic variation in each trait into

fractions attributable to variance among populations (Vpop), vari-

ance among families within populations (Vfam), and variance

among individuals within families (Vres). Because population was

treated as a fixed effect, Vpop was calculated as the variance among

best linear unbiased estimates (BLUE) of population means. Vari-

ance among families is an estimate of ½ to ¼ of the average ad-

ditive genetic variation within populations, although it is a max-

imum estimate because it may be inflated by maternal effects

and by dominance effects. For the highly self-fertilizing species

S. micropoides and P. recurvata, Vfam estimates are likely to be

closer to ½ of the average additive genetic variation because the

majority of individuals within families are full siblings. For the

self-incompatible species E. lanosum, the Vfam estimate is likely

to be closer to ¼ of the additive genetic variation because in-

dividuals within families are half-siblings, and for E. texanum,

which appears to have a mixed mating system, estimates will be

somewhere between ½ and ¼ of the additive genetic variation.

Thus, the degree of relationship among individuals within fam-

ilies varies unavoidably across species in the study, but it best

reflects the structure of genetic variation within natural popula-

tions; for example, creating outcrossed families for highly selfing

species would likely inflate estimates of genetic variation.

To relate trait variation among populations within each

species to environmental variables, we first tested for latitudi-

nal or longitudinal clines in each trait using Proc Reg in SAS

9.3. Latitude and longitude were examined separately because of

collinearity (r = –0.78). We then tested for relationships with cli-

matic variables (obtained for each population as described above)

using multiple regressions. After exploring correlations among

candidate climatic variables, we selected three with low collinear-

ity (all |r| < 0.70; Table S3): winter (December–February) maxi-

mum temperature, winter minimum temperature, and winter pre-

cipitation. Separate models were fit for each species and trait.

Family was included as a random effect to avoid pseudoreplica-

tion. The covariates, day of germination or day of transplant, were

included as necessary as described above.

Following Colautti and Barrett (2011), we modeled variance

and covariance in RGR and WUE with a fixed effect of popu-

lation, a random effect of seed family nested within population,

and repeated measurements (i.e., of multiple traits) of individuals

within families using Proc Mixed in SAS 9.3. We used “solution”

statements to obtain BLUE of population means and best lin-

ear unbiased predictions (BLUP) of family means. These models

used ReML to estimate the G-matrix, or the average (co)variance

matrix among seed family means within populations, and the R-

matrix, the residual (co)variance within seed families. We evalu-

ated the significance of genetic correlation estimates in two ways.

First, we used the Delta method (Lynch and Walsh 1998) to calcu-

late the SE of each correlation. We report confidence intervals as

±1.96 SE. Due to large SE, these confidence intervals are some-

times truncated at ±1. Second, we conducted a likelihood ratio

test of a model with an unconstrained G-matrix and a model with

the covariance between RGR and WUE constrained to be zero. To

estimate the D-matrix, or the average (co)variance matrix among

population means within species, we calculated variance and co-

variance among BLUE because population was treated as a fixed

effect (cf. Colautti and Barrett 2011). We report confidence in-

tervals around among-population correlations that were obtained

from Fisher’s r-to-z transformation using the “fisher” option in

Proc Corr, SAS 9.3 (SAS Institute Inc.).

Results
VARIATION AMONG SPECIES

Species differed in WUE and RGR (Table 1, Fig. 2), with rankings

that were largely consistent with prior expectations based on field

observations. RGR of E. texanum (a low-RGR/high-WUE species

in prior work; Angert et al. 2007; Huxman et al. 2008) and WUE

of S. micropoides (a high-RGR/low-WUE species in our prior

work) were both higher than expected, but the other species rank

orders were as predicted. Furthermore, the planned contrast of

least squares mean estimates for S. micropoides and E. lanosum

(high RGR/ low WUE) versus least squares mean estimates for

P. recurvata and E. texanum (low RGR/ high WUE) was signifi-

cantly different in the predicted directions for both traits (WUE,

F1,8 = 6.66, P = 0.0326; RGR, F1,8 = 7.69, P = 0.0242; Fig. 2).

VARIATION AMONG POPULATIONS WITHIN SPECIES

Significant variation among populations in RGR or WUE was not

detected by ANOVA for either high-RGR species, E. lanosum or

S. micropoides (Table 2). One or both traits exhibited significant

variation among populations for the high-WUE species, P.

recurvata and E. texanum (Table 2). To further explore trait

differentiation among populations, we examined relationships

between traits and spatial (Table 3) or climatic (Table 4) predictor

variables. Collection sites encompassed a longitudinal gradient in

winter precipitation, with precipitation increasing toward the east

(b = 15.44, R2 = 0.67, P < 0.05) and a latitudinal gradient in win-

ter temperature, with temperatures decreasing toward the north

(b = –1.64, R2 = 0.54, P < 0.05; Fig. 1). For S. micropoides,
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A B

Figure 2. Least squares mean estimates of (A) water-use efficiency (WUE, measured as the inverse of carbon isotope discrimination, �)

and (B) relative growth rate (RGR) for each species. Species are ordered based on positions along a previously documented trade-off in

the field between high RGR (left) and high WUE (right). Species abbreviations are as follows: STMI, S. micropoides; ERLA, E. lanosum;

PERE, P. recurvata; and ERTE, E. texanum.

a high-RGR species, WUE increased with increasing latitude

(Table 3). WUE decreased with increasing winter temperatures

for the low-RGR species, P. recurvata and E. texanum (Table 4),

consistent with the latitudinal trends for S. micropoides. Together,

these patterns suggest that WUE tends to be greater in populations

from colder, northern sites. Variation in WUE was also related

to population longitude (Table 3) and to winter precipitation

(Table 4) for S. micropoides and P. recurvata, although in opposite

ways for these two species. For S. micropoides, WUE was greater

for western populations (Table 3). In contrast, WUE of P. recur-

vata increased to the east and with increasing winter precipitation

(Tables 3 and 4). For E. lanosum, RGR was positively related to

winter maximum temperature (Table 4). However, RGR was not

significantly related to latitude for any species (Table 3). RGR

increased toward more eastern sites (Table 3) and with increasing

precipitation (Table 4) for P. recurvata, whereas RGR decreased

with increasing precipitation for E. lanosum (Table 4).

VARIATION AMONG FAMILIES WITHIN POPULATIONS

RGR and WUE varied significantly among seed families within

populations for only one species, the low-RGR/high-WUE P. re-

curvata (Table 2). Variance component estimates for high-RGR

species tended to be higher for families than for populations,

whereas the opposite was true for high-WUE species (Table 5).

Estimates of broad-sense heritability ranged from 0 (WUE of S.

micropoides and RGR of E. texanum) to 0.71 (WUE of P. recur-

vata and E. texanum) (Table 5).

COVARIATION BETWEEN RGR AND WUE AMONG

POPULATIONS WITHIN SPECIES (D-MATRICES)

Estimates of the correlation between WUE and RGR among

populations of S. micropoides and E. texanum were numerically

Table 5. Proportion of phenotypic variance partitioned among

populations within species (Vpop), among seed families within

populations (Vfam), and residual variation among individuals

within families (Vres) for water-use efficiency (WUE) and relative

growth rate (RGR).

Species Trait Vpop Vfam Vres H2

S. micropoides WUE 0.0450 0 0.9568 0
RGR 0.0338 0.1286 0.8376 0.2662

E. lanosum WUE 0.0109 0.0615 0.9301 0.2400
RGR 0.0413 0.1467 0.8120 0.6121

P. recurvata WUE 0.2908 0.2500 0.4592 0.7050
RGR 0.0958 0.1259 0.7783 0.2784

E. texanum WUE 0.1585 0.1504 0.6991 0.7084
RGR 0.0130 0 0.9870 0

Average within-population broad-sense heritabilities (H2) are calculated as

4 × Vfam/(Vfam + Vres) for the outcrossing species Eriophyllum lanosum and

Erodium texanum and as 2 × Vfam/(Vfam + Vres) for the highly selfing species

Pectocarya recurvata and Stylocline micropoides. For each trait, variance

components are obtained from univariate models and are standardized to

sum to 1.

negative, consistent with a trade-off between RGR and WUE, but

confidence intervals around these correlations contained 0

(Table 6, Fig. 3). The opposite was true for E. lanosum and P.

recurvata: the correlation between RGR and WUE tended to

be positive, consistent with genetic variation in the ability to

acquire limited resources, but again these correlations were not

significantly different from 0.

COVARIATION BETWEEN RGR AND WUE AMONG

FAMILIES WITHIN POPULATIONS (G-MATRICES)

Due to estimates of zero variance in WUE among families of S.

micropoides and in RGR among families of E. texanum (Table 5;
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A B

DC

Figure 3. Best linear unbiased estimates of water-use efficiency (WUE, measured as the inverse of carbon isotope discrimination) and

relative growth rate (RGR) for populations of (A) S. micropoides (STMI), (B) E. lanosum (ERLA), (C) P. recurvata (PERE), and (D) E. texanum

(ERTE).

Table S4), family-level correlations between RGR and WUE were

not estimable for these species. The estimates of genetic corre-

lation for E. lanosum and P. recurvata were both strongly neg-

ative (Table 6). For E. lanosum, this estimate was truncated at

the bounds of the distribution and had wide confidence intervals

(Table 6). For P. recurvata, the negative correlation was signifi-

cantly different from zero according to both the confidence inter-

val calculation and likelihood ratio test (Table 6).

Discussion
We examined genetic variation within each of several, coexist-

ing species to test whether genetic constraints shape an important

community-level trade-off between growth capacity and toler-

ance of low resources. Within species, we found that RGR and

WUE often varied clinally among populations, but genetic vari-

ation among families within populations was often undetectable.

Population differentiation along latitudinal and longitudinal gra-

dients of climate suggests the action of past natural selection.

Yet, there appears to be little standing genetic variation within

populations, likely hindering response to continued selection for

three of the four species studied here. These results suggest that

the predominant ongoing constraint in this community is a lack

of standing genetic variation in single traits. Even when genetic

variation exists for particular traits, covariation between them

may be antagonistic to the action of natural selection (Blows and

Hoffman 2005). For the fourth species, despite significant stand-

ing genetic variation in RGR and WUE, genetic correlation es-

timates revealed a strong trade-off between RGR and WUE that

would hinder response to selection for simultaneously high val-

ues of both of these traits, at least over the short term. Indeed,

natural selection appears to favor an unobserved phenotype with

high RGR and high WUE within natural populations of all four

of these species (Kimball et al. 2013). Nonetheless, we do not

observe native species that attain both high RGR and high WUE

in the field, suggesting that pervasive genetic constraints such

as those described here could be hindering further response to

selection.

LOW STANDING GENETIC VARIATION IN TRAITS

WITHIN MOST SPECIES

Limited standing genetic variation in RGR or WUE could pose an

evolutionary constraint on attaining a high RGR and high WUE

phenotype, independent of the relationship between WUE and
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Table 6. Correlations between water-use efficiency (WUE) and

relative growth rate (RGR).

Species D G

S. micropoides −0.47 –
(−0.92, 0.58)

E. lanosum 0.21 −1.00
(−0.83, 0.92) (−24.74, 20.57)

P. recurvata 0.57 −0.99∗

(−0.67, 0.96) (−1.91, −0.06)
E. texanum −0.73 –

(−0.98, 0.50)

Among-population correlations are calculated from variances and covari-

ances among best linear unbiased estimates of standardized population

means (i.e., from the D-matrix). Among-family correlations are estimated

by restricted maximum likelihood estimates of genetic variances and co-

variances (i.e., from the G-matrix). Confidence intervals around correlations

among population means were estimated from Fisher’s r-to-z transforma-

tion using the “fisher” option in SAS Proc Corr. Confidence intervals around

correlations among family means were calculated as ±2 SEs, estimated by

the Delta method (Lynch and Walsh 1998). Results from likelihood ratio tests

of models with unconstrained G-matrices compared to models with the co-

variance between RGR and WUE constrained to be zero are given following

the genetic correlation estimate (∗P < 0.05).

RGR. We detected few significant differences among families

within populations, in contrast to the frequently significant differ-

ences among populations within species (as revealed by gradients

in trait values with respect to latitude, longitude, temperature,

and precipitation; but see Table 2). Only for P. recurvata did

we detect significant among-family variation in RGR and WUE.

Interestingly, this is the only species for which we detected a

strong, significant negative genetic correlation between RGR

and WUE. The among-family component of phenotypic variance

was not significant for any other species, and was even estimated

to be zero for WUE of S. micropoides and RGR of E. texanum.

Although C isotopes are reliable indicators of differences in

WUE between species (Ehleringher et al. 1993), they might be

less reliable for smaller differences within species because differ-

ences of a few ppm can be caused by factors unrelated to Ci/Ca

(Warren and Adams 2006), potentially leading to type 2 errors

(i.e., failure to detect genetic variation when it exists due to a

low signal: noise ratio). Nonetheless, other greenhouse studies

have detected genetic variation in WUE using C isotopes and

similar levels of replication as our design (Condon et al. 1990;

Donovan and Ehleringer 1994; Olivas-Garcia et al. 2000; Anyia

et al. 2007). Maternal environmental effects, which we could not

account for, could spuriously increase estimates of additive ge-

netic variance, so it is particularly interesting that several species

had little apparent among-family variation. Fitness components

and fitness-related traits often exhibit low heritabilities because

selection on them reduces additive genetic variance and/or

because of a greater influence of environmental variance (Fisher

1930; Kimura 1958; Price and Schluter 1991; Merilä and Sheldon

1999). Genetically based differences among populations and low

standing variation within populations are both consistent with

the action of past and ongoing natural selection on these key

functional traits.

STRONG, NEGATIVE GENETIC CORRELATION

BETWEEN RGR AND WUE FOR THE ONLY SPECIES

WITH SIGNIFICANT GENETIC VARIATION IN BOTH

TRAITS

Genetic correlations between RGR and WUE among families

within populations reveal the structure of standing genetic co-

variance on which selection can act, while the magnitude of a

genetic correlation that is antagonistic to the direction favored by

natural selection determines the degree to which adaptive evolu-

tionary responses might be slowed. For the two species for which

we could estimate among-family genetic correlations (P. recur-

vata and E. lanosum), both estimates were strongly negative and

antagonistic to phenotypic selection in the field (Kimball et al.

2013). However, it is equally important to note that a complete

lack of detectable genetic variation in one or the other trait, even

under uniform greenhouse conditions, precluded calculation of a

genetic correlation for the other two species. As is often the case

in studies of genetic correlation (Lynch and Walsh 1998), confi-

dence intervals surrounding the estimates were very wide, and for

only one species (P. recurvata) was the correlation significantly

different from zero. Greater numbers of families and individuals

per family will be required to estimate genetic correlations with

greater precision and confidence, perhaps requiring a future focus

on fewer study species. Although bivariate correlations must be

very high to pose long-term evolutionary constraints on their own,

as the dimensionality of the multivariate phenotype increases, the

strength of pairwise correlations necessary to pose an evolution-

ary constraint decreases (Blows and Hoffman 2005). Our previous

work has uncovered a suite of functional traits that contribute to

the emergent trade-off between RGR and WUE (Angert et al.

2007, 2010; Huxman et al. 2008; Kimball et al. 2011; Gremer

et al. 2012). It remains possible that weak correlations among

these lower level traits constrain the joint evolution of RGR and

WUE.

CONCEPTUAL AND LOGISTICAL CONSIDERATIONS

WHEN ESTIMATING GENETIC CORRELATIONS

The utility of G-matrices for revealing evolutionary constraint

has been questioned (Houle 1991; Pigliucci 2006) because fac-

tors such as inbreeding depression (Rose 1984) can lead to

spuriously high estimates of correlation, while known allo-

cation trade-offs might not result in strong negative genetic

EVOLUTION NOVEMBER 2014 3 1 5 9



AMY L. ANGERT ET AL.

correlations (Charlesworth 1990; Houle 1991). Maternal envi-

ronmental effects can also impact correlation estimates, for ex-

ample, by leading to spurious positive correlations when dif-

ferent families experience “good” versus “bad” environments

(Reznick et al. 1986). Unfortunately, our use of field-collected

seeds precluded estimates of maternal effects, but it is inter-

esting to note that we did not detect strong positive correla-

tions, as might be expected if well-provisioned seeds had both

high RGR and high WUE whereas poorly provisioned seeds

had low RGR and low WUE. Estimates of genetic correlations

also are dependent on the environment in which they are mea-

sured (Giesel et al. 1982; Conner et al. 2003; Sgro and Hoff-

mann 2004), and the G-matrix itself can evolve (Johansson et al.

2012).

We conducted this experiment in a greenhouse setting, which

has strengths and weaknesses. The major strength of a uniform

greenhouse environment is that genetic differences are less likely

to be obscured by environmental heterogeneity. For example, dif-

ferences in resource acquisition or availability in a heterogeneous

natural environment can mask trade-offs (van Noordwijk and

de Jong 1986; Houle 1991; Venable 1992; Reznick et al. 2000;

Worley et al. 2003). A possible drawback of a simplified green-

house environment is that it might not capture all relevant axes

of environmental variation, in which case estimated trait values

might not translate to field conditions (e.g., realized RGR un-

der competitive field conditions might be quite different than

RGR in greenhouse pots). Such context dependency is of partic-

ular relevance to our study, where temporal variation in resource

availability affects both the plasticity of trait expression (Angert

et al. 2010) and the fitness consequences of different trait values

(Kimball et al. 2012). For this reason, we grew plants with plen-

tiful soil moisture and nutrients in warm ambient temperatures,

conditions that were likely to make the trade-off between maxi-

mum growth potential (RGR) and WUE most evident. It is perhaps

counterintuitive that the trade-off should be most evident under

conditions of high, rather than low, resource availability, because

allocation trade-offs are often most apparent when resources are

limiting. However, in our study system, high-RGR species have

high plasticity of leaf area and carbon gain in response to pulses

of resource availability, and hence only express their high growth

potential under conditions of high water availability and warm

temperatures (Angert et al. 2007, 2010). Conversely, differences

in WUE among species are less plastic, and high-WUE species

are less able to convert extended resource pulses to biomass in

warm temperatures because of respiratory load (Barron-Gafford

et al. 2013). Ideally, one would estimate genetic correlations in

natural environments using very large, randomized field trials,

but such a design was impractical for a study on multiple species.

Conner et al. (2003) reported that estimates of genetic correla-

tions between floral characters were similar in sign, although

not necessarily in magnitude, between field and greenhouse

environments.

VARIATION AMONG POPULATIONS SUGGESTS

LOCAL ADAPTATION, BUT NOT LONG-TERM

CONSTRAINT

Populations were sampled from south-central Arizona to south-

eastern California (a distance of �700 km) across a large portion

of these species’ geographic ranges, a scale at which it is com-

mon to detect genetic differentiation among populations of sessile

organisms (Hereford 2009; Leimu and Fischer 2008). Clinal vari-

ation in traits along environmental gradients can be helpful for

inferring local adaptation (Endler 1977), and in this case, we

were particularly interested in whether divergence in RGR or

WUE would entail concomitant changes in the other trait due to

phenotypic constraints. Correlations among populations within

species reflect the net result of long-standing constraints and past

natural selection. Interestingly, these longer term outcomes can

reveal evolution along “lines of least genetic resistance,” or a

tendency for populations to diverge along the axes of greatest

genetic covariation (Mitchell-Olds 1996; Schluter 1996; Colautti

and Barrett 2011). However, in this study, simultaneous changes

in both traits with respect to the same environmental gradient

were not detected for any species except P. recurvata, and in this

case, both traits increased with increasing precipitation. Consis-

tent with the lack of concomitant change in both traits along envi-

ronmental gradients, estimates of among-population correlations

(D-matrices) were equally split between positive and negative

values, and they were never significantly different from zero. Al-

though the among-family correlation for P. recurvata suggests the

potential for a strong constraint, the among-population correlation

for this species is inconsistent with its action in the past.

Clinal variation in RGR and WUE with respect to longitude

and precipitation was heterogeneous in sign and magnitude

among species, whereas clinal variation with respect to temper-

ature and latitude was more consistent among species. WUE

was higher in populations from drier, western sites only for S.

micropoides, whereas P. recurvata showed the opposite pattern.

This suggests that populations of these species might attain

high WUE in different ways. For example, the westernmost

populations of S. micropoides might attain high WUE through

stomatal regulation of water loss in highly xeric environments,

as has been reported for populations of Impatiens capensis in

eastern North America (Heschel et al. 2002), whereas high

WUE in eastern populations of P. recurvata might be driven

by high carbon gain rather than low water loss (Huxman et al.

2008), as has also been found in Patagonian species (Golluscio

and Oesterheld 2007). Populations from cooler, northern sites

appear to have evolved higher WUE more consistently (P.

recurvata, E. texanum, and S. micropoides). The association
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between high latitude (or low temperature) and high WUE

fits with our understanding of WUE in these winter annual

species. WUE appears to be attained by maximizing carbon gain

during periods of low temperature, resulting in greater carbon

gain relative to water loss (Huxman et al. 2008; Gremer et al.

2012; Barron-Gafford et al. 2013). This is particularly important

for annuals that must grow during winter months, particularly in

more northerly populations. We also found lower RGR among

northern populations of E. lanosum, consistent with previous

studies on several species of Pinus (Hoeksema and Thompson

2007) and Arabidopsis thaliana (Li et al. 1998). It is unlikely that

natural selection would favor lower RGR for short-lived annual

plant species, even in cooler sites, unless reduced RGR is a corre-

lated response to selection for higher WUE or other, unmeasured

traits. This provides a bit of circumstantial evidence to suggest

that RGR could be constrained by some sort of trade-off.

LOWER DIFFERENTIATION AMONG POPULATIONS

FOR HIGH-RGR SPECIES

We did not detect significant variation in RGR or WUE among

populations of the two high-RGR species, S. micropoides and E.

lanosum, using ANOVA, although some population differentia-

tion was suggested by regressions of trait variation on latitude,

longitude, and climatic variables. We did detect variation among

populations of the two high-WUE species, P. recurvata and E.

texanum. Variance among families tended to be relatively greater

than variance among populations for the two high-RGR species,

S. micropoides and E. lanosum, whereas variance among popula-

tions tended to be relatively greater than variance among families

for the two low-RGR species, P. recurvata and E. texanum. Dif-

ferences in mating system (e.g., outcrossing vs. selfing) could

affect the amount and spatial distribution of genetic variation; for

example, outcrossing could promote greater effective population

sizes and genetic connectivity among populations while hinder-

ing genetic differentiation. Although the species differ in mating

system, the differences do not line up in a way that relates clearly

to position along the RGR-WUE trade-off or levels of differenti-

ation among populations and families. Differences in population

size also could affect levels of standing genetic variation. Interest-

ingly, long-term demographic data from Tumamoc Hill indicate

that P. recurvata, the only species in which we detected signifi-

cant among-family genetic variation in both RGR and WUE, has

the largest census population size of these four species, both in

terms of plants above ground and seeds in the seed bank (Venable

2012).

High-RGR species appear to have greater phenotypic plas-

ticity (Angert et al. 2007, 2010), which could partially substi-

tute for adaptive differentiation among populations by enabling a

given genotype to have greater fitness across a range of environ-

ments. On the other hand, adaptive plasticity could promote adap-

tive divergence by facilitating persistence in novel environments

(Ghalambor et al. 2007), so the effect of plasticity on adaptive

differentiation among populations remains difficult to predict. It

is also possible that temporal variance in reproductive success

affects selection on traits in different ways for high-RGR versus

low-RGR species. Because high-RGR species have greater tem-

poral variance in reproductive success from year to year, rare years

with bumper seed crops contribute disproportionately to the ge-

netic composition of the persistent seed bank and selection should

favor specialization toward the good subset of years (Templeton

and Levin 1979; Brown and Venable 1986). If “good” years with

high resource abundance exert relatively similar selection pres-

sures across sites, then adaptive differentiation might be lower

than expected if considering differences in average conditions.

Conversely, low-RGR species have lower variance in reproduc-

tive success, causing selection to favor less specialization toward

particular year types (Templeton and Levin 1979; Brown and Ven-

able 1986). We speculate that this creates greater opportunity for

divergent adaptation to local environments, which differ in aver-

age resource availability, among populations of low-RGR species.

RELATIVE RANKINGS OF SPECIES ARE PRESERVED

IN A COMMON ENVIRONMENT

We originally identified the among-species trade-off between

RGR and WUE (Angert et al. 2007; Huxman et al. 2008)

from a study at a natural field site, in a year with above-

average precipitation, where we monitored growth with se-

quential harvests, analyzed leaf carbon isotopes, and mea-

sured leaf gas exchange. Subsequent investigations have bol-

stered our understanding of this emergent trade-off by dis-

secting its underlying functional basis (Angert et al. 2010;

Kimball et al. 2011; Gremer et al. 2012; Barron-Gafford

et al. 2013) and by demonstrating its relationship to long-term

population and community dynamics (Angert et al. 2009; Kimball

et al. 2010, 2012). The present study demonstrates that differences

among species in RGR and WUE are by and large maintained in

a greenhouse environment with uniformly high resource avail-

ability. Because the key mechanism underlying the expression of

maximum RGR for any species is the ability to rapidly deploy sig-

nificant leaf area, a high-resource environment is the key feature

to quantifying the previously documented trade-off.

There are two exceptions to our finding that species’ rank

orders are consistent with prior results: RGR of E. texanum (pre-

viously described as a low-RGR species) and WUE of S. microp-

oides (previously described as a low-WUE species) were both

higher than expected. Erodium texanum has a ground-hugging,

rosette growth form, and leaf area expansion might be particularly

constrained by neighboring plants in the field, where estimates of

RGR are likely to be density-dependent and influenced by compe-

tition. We have also demonstrated experimentally that E. texanum
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has low competitive ability, particularly in wet conditions

(Gremer et al. 2013). Several studies have reported that rank-

ings in water relations as measured in the field can differ from

rankings when measured in greenhouse or field common gardens

(Roy and Mooney 1982; Sandquist and Ehleringer 1997). One

possible explanation for higher than expected WUE of S. microp-

oides is that the high RGR could have led to increasing stomatal

restriction and hence increased WUE toward the end of the ex-

periment as roots filled the soil volume available within the pot

and sink-driven downregulation of photosynthetic carbon gain in-

fluenced leaf gas exchange. Such are the challenges of creating

realistic environmental conditions in artificial settings, and it is

possible that similar issues had more subtle effects on the relative

rankings of populations and families.

SYNTHESIS AND FUTURE DIRECTIONS

Unique positions along the trade-off axis between RGR and WUE

foster decoupled responses to environmental variation and con-

tribute to coexistence among these species (Angert et al. 2009).

Despite the ubiquity of trade-offs in natural systems, few studies

have examined whether such trade-offs are fractal across multiple

levels of biological organization, from families to populations to

species, within the same community. We find mixed support for

this idea. On the one hand, genetic correlations between RGR

and WUE among families within species, when estimable, were

strongly negative, consistent with the among-species trade-off.

On the other hand, genetic differentiation among populations did

not reveal strong trade-offs between RGR and WUE. The pre-

dominant constraint on the evolution of a high-RGR, high-WUE

phenotype that is missing among the abundant, native species in

this community appears to be a lack of standing genetic variation

in one or both of these traits. The community-centered approach

that we have taken here, focusing on distantly related species,

affords us the opportunity to examine selection pressures and

responses among species that co-occur in local communities and

hence make connections between microevolution and community

assembly. An alternative strategy would sample species within a

clade and populations within those species. Such a phylogeneti-

cally nested design might provide a stronger test of concordance of

within- versus between-species trade-offs by examining patterns

of trait evolution from a recent common ancestor, but it would be

more difficult to link within-species constraints and evolutionary

dynamics to among-species coexistence mechanisms affecting

community patterns. A complementary test of evolutionary con-

straint on these traits would be to conduct artificial selection for

high RGR and high WUE to directly test the ability to construct

a high-RGR and high-WUE phenotype. This would provide a

comparison of realized responses to selection with field-based

estimates of the strength of selection (Conner et al. 2011), and

ultimately, the opportunity to test the performance of such a

phenotype within the community under natural field settings. In

the end, a suite of approaches will be needed to develop a robust

understanding of how functional trait evolution shapes biodiver-

sity patterns within natural communities.
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Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Appendix S1. Effect of seed origin on relative growth rate.
Table S1. Location and climatic profiles of population collection sites.
Table S2. Sample sizes of families for each population and species.
Table S3. Correlation matrix among the climatic variables average winter (December–February) maximum temperature (Tmax), average winter minimum
temperature (Tmin), and average winter precipitation (PPT), obtained for the period 1961–1990 in the ClimateWNA database (Wang et al. 2006), based
on the latitude and longitude of the study populations.
Table S4. Variance-covariance matrices for water-use efficiency (WUE) and relative growth rate (RGR) among populations (D-matrices) and among seed
families (G-matrices) generated from repeated-measures mixed models.
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