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Abstract Variation in climate has been demon-
strated to be a powerful driver of selection and local
adaptation among plant populations. Variation in
functional traits among populations can also be
indicative of the drivers of local adaptation. However,
it is not clear to what extent species exhibit consistent
patterns of local adaptation as revealed by common,
heritable trait-environment relationships among pop-
ulations. To address this, we conducted a meta-
analysis of common garden studies of grass popula-
tions to quantify the degree of heritability of several
commonly measured functional traits, and whether
demonstrated heritability was driven by climate. We
found that leaf size, specific leaf area (SLA) and total
biomass all displayed strong broad-sense of heritabil-
ity. Both leaf area and SLA decreased significantly
with increasing temperature seasonality among pop-
ulations within species, while total biomass increased
with increasing annual and dry season precipitation,
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and decreased with increasing precipitation seasonal-
ity. These results indicate similar, consistent drivers of
local adaptation among species of grasses. Further
information on trait-environment relationships within
species could greatly improve our ability to predict
broad scale patterns in functional diversity across
multiple levels of ecological organization. Expanding
the range of traits and regions incorporated in common
garden research, in the present case by incorporating
root traits and Southern Hemisphere taxa, will provide
even greater benefits to the fields of restoration,
conservation, and global change ecology.

Keywords Functional trait - Poaceae - Intraspecific
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Introduction

Variation in climate has been demonstrated to be a
powerful driver of selection, evolution, and trait
differentiation among populations of plants (McMil-
lan 1957; Rehfeldt et al. 1999). There is strong
evidence for adaptation to local climate and environ-
ment at a number of spatial scales and levels of
organization (Joshi et al. 2001; Leimu and Fischer
2008). The degree to which plants are adapted to local
environmental  conditions  has  wide-ranging
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implications for both basic and applied biology (Joshi
et al. 2001; Kawecki and Ebert 2004).

In a parallel approach to the study of inter-population
variability, functional ecologists have been increasingly
focused on relationships between trait values of pop-
ulations and their local environment (Violle et al.
2012). Intraspecific variation in functional traits—
organismal characteristics that mediate performance in
a specific environmental context—accounts for on
average between a quarter and a third of total trait
variation within communities (Albert et al. 2010a;
Siefert et al. 2015). Identifying consistent and strong
trait-environment relationships within species can also
help identify the strength and nature of local adaptation
within populations of plants inhabiting extensive or
topographically complex ranges. Thus, determining the
degree to which intraspecific trait-environment rela-
tionships are consistent and predictable is critical for
our ability to scale patterns and consequences of
functional diversity (de Bello et al. 2010; Albert et al.
2011), as well as predict responses of communities to
environmental change (Albert et al. 2010b; Jung et al.
2014). Establishing scalable and consistent trait—envi-
ronment relationships within species has practical
application for establishing seed transfer zones (Bower
et al. 2014), and to better inform assisted migration
under changing climate.

At broad spatial scales, plant functional traits
respond to climate based on consistent physiological
tradeoffs between sets of correlated traits (Grime et al.
1997; Pillar et al. 2010). For example, specific leaf
area (SLA), or the area per unit dry mass of a leaf,
reliably decreases with nutrient availability in grasses
and decreases with temperature across all vegetation
types, illustrating a tradeoff between growth rate and
tissue quality in response to external factors (Wright
et al. 2004; da Silveira et al. 2015). While such broad
patterns in trait—environment relationships have been
studied extensively, whether or not they hold within
species across the range of their realized climate
niches requires further examination. For example,
Bussotti et al. (2014) reviewed functional trait varia-
tion and associated adaptive capacity to climate
change broadly in European trees and found that
interactions between climate and phenotypic expres-
sion—specifically with respect to drought response—
seem to be species-specific. However, these diverse
responses of disparate tree lineages may mask consis-
tent patterns within more phylogenetically constrained
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groups. It is possible that consistent, heritable trait—
environment relationships exist within more narrowly
defined clades.

To that end, we conducted a meta-analysis of
broad-sense trait heritability (population-level pheno-
typic variance) and trait-environment relationships
from common garden studies of grasses. Grass
(Poaceae) is one of the most speciose plant families
(Gibson 2009) and represents a recently evolved,
monophyletic group with a relatively simple growth
form that creates a high potential for consistent,
heritable trait-environment relationships. By stan-
dardizing environmental features, common gardens
can help to distinguish between purely genetic and
plastic responses to environmental variation (Kawecki
and Ebert 2004). Through this meta-analysis, we
address the questions: (1) for which traits consistently
express significant broad-sense heritability (as demon-
strated by a significant amount of trait variance
explained by population)? and (2) are relationships
between source climate and intraspecific trait expres-
sion consistent among species? Based on previous
meta-analysis, we hypothesize that aspects of temper-
ature will be more strongly correlated with plant
functional traits than precipitation (Moles et al. 2014).

Methods

We conducted a search using the term “Common
garden®*” and “*grass*” in mid-September 2015
using Web of Science, which initially yielded 365
studies. References to studies selected for data
extraction were also examined. This was reduced to
148 studies with at least one grass species in which
some trait was evaluated in a common garden-style
experiment. Further inclusion criteria were (1) source
population coordinates for the seeds used in the
common garden, and/or (2) an F-value and degrees of
freedom from a trait-by- population ANOVA. If the
study was published in the past 10 years, authors were
approached to obtain these data. When data were
presented in a graphic format, values were determined
via Image J plot digitization (Schneider et al. 2012).
We analyzed a total of 26 studies (including studies
counted multiple times for reporting on more than one
species), though not all 26 offered both information for
the trait-population analysis and climatic correlates
(Table 1). The majority of studies took place in the
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northern hemisphere and concentrated in the United
States and Europe (Table 1, Fig. 2). For the analysis,
we grouped all functional traits reported in a given
category (Fig. 1) from each study. Sample sizes of
studies reporting on a given functional trait were
generally small, even when reported functional traits
were collapsed into more encompassing categories.
For a given trait, sample sizes did not exceed 15 when
analyzed for heritability and eight for analysis of
climate drivers. Traits were grouped into 21 categories
(Fig. 1, see supplemental material document 5 for
details on category components), as different mea-
surements were utilized in multiple studies that
represent similar types of traits. For example, seed
mass, seed number, and number of flowering heads, as
well as other measurements, were all categorized as
reproductive effort. The six trait categories with the
largest sample size based on F value reporting (Fig. 1)
were reproductive effort, aboveground biomass, speci-
fic leaf area, height, leaf size and total biomass. Both
biomass measures reflect average individual biomass,
not population biomass. These six categories were
included in all further analyses based on their adequate

sample size. Analysis included 34 different species
and 27 genera. Almost all species included in the study
were perennials. Analyses were performed on all
species grouped together for the same trait category.

To assess trait heritability, F' values from trait-by-
population ANOVAs were extracted from the litera-
ture and converted to Fisher’s Z effect size (Del Re
2013). To quantify effect sizes of trait—-environment
correlations, climate data were acquired from World-
Clim, which provides 30 arc-second (~ 1 km) reso-
lution raster layers interpolated from weather station
data (Hijmans et al. 2005), using population coordi-
nates provided in each study. These data represent
30 year normals from the period ~ 1960-1990.
Based on a principal components analysis of 19
standard bioclimatic variables, we identified six
approximately orthogonal climate variables: mean
annual temperature, mean annual precipitation, pre-
cipitation of driest quarter, mean diurnal temperature
range, temperature seasonality, and precipitation sea-
sonality. Temperature and precipitation seasonality
illustrate the respective range of annual values, and are
calculated as 100 x temperature standard deviation

Fig. 1 Histogram of trait
categories reporting trait by
population outcomes used in
heritability analysis
throughout published
literature. The first six
categories were used for
analysis. The same six were
subsequently used in trait—
climate relationship
analysis. There were no
significant relationships
between height and
aboveground biomass, and
any of the given climate
variables. Despite marginal
evidence of heritability for
reproductive effort, this trait
category still has one
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Table 2 Statistical outcomes of trait-heritability analysis

Functional category Mean Fisher’s Z 95% CI P value n

Aboveground biomass 0.2 — 0.04, 0.43 0.095 11
Height 0.27 — 0.04, 0.58 0.092 7
Leaf size 0.21 0.03, 0.4 0.023 9
Reproductive effort 0.17 — 0.02, 0.36 0.077 15
SLA 0.25 0.03, 0.48 0.026 8
Total biomass 0.3 0.09, 0.51 0.005 6

Significant outcomes bolded. Significant outcomes indicate population-level differences within the indicated trait category persisted
when grown in a standardized climate. N indicates the number of studies used in analysis for each trait category, for example, 15

publications reported on some aspect of reproductive effort

and the coefficient of variation of precipitation,
respectively. These variables were then used to assess
correlations between climate and population-mean
trait values within studies. These correlation effect
sizes were based on back-transformed Fisher’s
Z values.

All meta-analytical calculations were performed
using R and the Metafor package (Viechtbauer 2010).
When studies presented multiple data points per trait
category, the values were averaged and weighted by
the inverse of their variance. Effect sizes were fit to
general linear random-effects models, which does not
make the assumption that effect sizes are the same
between studies, and therefore, accounts for variabil-
ity between studies (Koricheva et al. 2013). When
studies reported on more than one species the results
were not pooled. That is, if data for multiple species
were reported within a single study (see Leva et al.
2013), then each species was treated as a separate data
point, and therefore, analyzed separately. These types
of results were viewed as independent enough to have
been published as two separate studies, had the authors
chosen to do so.

Finally, we constructed a funnel plot, an indirect
method of assessing publication bias in this field of
literature. Funnel plots depict effect size plotted
against standard error (Chaplin-Kramer et al. 2011).
Symmetrical funnel plots with an equal number of
studies plotted on either side of the centerline suggest
little publication bias or thoroughly measured hetero-
geneity amongst the studies. Asymmetry in the funnel
plot indicates an unequal number of studies published
with significant versus non-significant results, sug-
gesting bias toward publishing significant results. We
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checked for the potential impact of publication bias on
our dataset using the trim and fill method (Duval and
Tweedie 2000a, b). Briefly, the trim and fill method re-
assesses the overall effect size using the symmetrical
portion of the funnel plot to estimate the center of the
funnel plot, then using the remaining studies in the
symmetric part of the plot and their estimated,
symmetric counterpoints to estimate the true mean
and variance.

Results

Leaf size, SLA, and total biomass all exhibited a
significant mean effect size for heritability (all
P < 0.025), while mean effect sizes for aboveground
biomass, height and reproductive effort were only
marginally  insignificant (all 0.05 > P < 0.1;
Table 2). As significant heritability is a prerequisite
for significant trait-environment relationships among
populations, only results for leaf size, SLA and total
biomass are further assessed. We note that the sample
sizes of studies per functional trait category are small,
and that as more research in this field is conducted, we
may find that marginally insignificant outcomes may
become significant with greater statistical power
(Koricheva et al. 2013). We also note that outcomes
did not change when studies reporting on annual
species were excluded.

All three traits exhibited significant mean effect
sizes for at least one dimension of climate (Table 3).
Leaf size and SLA both had significant, negative mean
effect sizes for temperature seasonality. Total biomass
had significant mean effect sizes for mean annual



Plant Ecol (2018) 219:369-379 375
Table 3 Statistical results Climate variable mean Fisher’'s Z 95% CI P value
of climate-trait correlations
SLA MAT - 0.7 — 0.8, 0.66 0.846
Study N: 6 Diurnal range — 0.18 — 0.8, 0.44 0.572
Temperature seasonality — 0.44 — 0.85, — 0.03 0.037
MAP — 0.08 — 05,033 0.693
Precipitation seasonality 0.19 — 043,08 0.549
Precipitation of driest quarter —— 0.01 — 0.59, 0.57 0.968
Leaf size MAT 0.42 —0.13, 0.97 0.137
Study N: 3 Diurnal range 0.01 —0.3,0.33 0.931
Temperature seasonality — 0.64 —0.88, — 0.39 < 0.001
MAP — 0.04 — 05,042 0.866
L Precipitation seasonality 0.14 — 0.6, 0.88 0.707
Significant results bolded. S )
Significant outcomes Precipitation of driest quarter 0 —0.37,0.37 0.999
indicates the variable of the Total biomass MAT —0.15 — 0.55, 0.25 0.458
home climate is correlated Study N: 3 Diurnal range - 0.12 - 0.63, 038 0.629
with th? trait outcorr}e When Temperature seasonality 0.1 — 0.28, 0.48 0.612
grown in a standardized
climate, suggesting the MAP 0.26 0.2, 0.33 < 0.001
given climate variable may Precipitation seasonality —0.14 —0.21, — 0.08 < 0.001
be a contributor to broad- Precipitation of driest quarter 0.18 0.12, 0.25 < 0.001

sense heritability

precipitation (positive), precipitation seasonality (neg-
ative) and precipitation of the driest quarter (positive).

We pooled all outcomes from the heritability
assessment (F-tests) to generate the funnel plot, which
proved to be markedly asymmetrical (Figure S1). Trim
and fill analysis suggests 23 hypothetical studies not
significant at the P < 0.05 level were not published.
With these 23 studies, (df = 78), the mean Fisher’s
Z value was 2.18, with a P value of 0.029 (95% CI
0.014, 0.278). Despite the suggestion of strong
publication bias from the funnel plot analysis, signif-
icant heritability still holds when unpublished data are
taken into account, indicated by the trim and fill
analysis (Fig. 2).

Discussion

Through meta-analysis of grass common garden
studies, we found several traits exhibited consistent
broad-sense heritability across species, and further-
more that these traits exhibited consistent trait—
environment relationships. These results indicate
consistent patterns of climatic selection via functional
traits that may help to develop predictive models of
patterns of local adaptation in grasses. These promis-
ing results, coupled with potential publication bias and

a relative dearth of functional trait data, indicate that
additional research in this realm is highly warranted.

Differences in heritability among traits indicates
that leaf physiology and overall plant size play
important roles in mediating local adaptation to abiotic
and biotic selective factors, whereas reproductive
effort and aboveground size (biomass and height) may
be less critical. The latter may reflect greater plasticity
in these traits due to high interannual or microenvi-
ronmental variability in conditions necessary for
germination and growth (Galloway et al. 2008;
Nagashima and Hikosaka 2011), though it is worth
noting that reproductive effort was nearly significantly
heritable (P = 0.077). These results pertain largely to
perennial species. Heritability in reproductive effort
would be, we predict, stronger in perennials as
environmental adaptation may not have the chance
to occur in the lifespan of an annual plant. Conversely,
the demonstrated relationships of SLA, leaf size and
total biomass with climate suggest these traits may
represent fundamental tradeoffs in response to con-
sistent selection pressures. Other factors, such as light
environment, also play an important role in driving
variation in leaf traits and morphology (Poorter et al.
2012), but could not be accounted for due to limited
information on source population environments
beyond climate.

@ Springer
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Fig. 2 Map of grass common garden population sources used in meta-analysis. Polygons indicate the geographic extent of source

populations in the given study

Environmental responses of consistently herita-
ble traits indicated independent selective effects of
temperature and precipitation. In the case of temper-
ature, leaves with low SLA typically have thicker cell
walls and denser tissues, which may serve to buffer the
effects of temperature fluctuations and extremes (Pons
et al. 2008). Leaf size responds to climate similar to
SLA. Especially in areas with high insolation and arid
locations, smaller leaf size relates the plant’s ability to
regulate temperature and transpiration (Butterfield and
Wood 2015). The positive relationship between total
biomass and measures of precipitation may be asso-
ciated with interactions between soil characteristics
and fertility, water use efficiency the competitive
environment (Van Wijk 2011). Coupled with the lack
of consistent trend in aboveground biomass, the size-
precipitation relationships indicate that belowground
biomass may display strong relationships to climate.
This finding would be in concordance with research
linking belowground traits to soil moisture (Nippert
et al. 2012; Pérez-Ramos et al. 2012), however, data
were lacking for this meta-analysis.

The relatively small number of studies that were
suitable for this analysis, from amongst the many grass
common garden studies, underlines an unfortunate gap
between quantitative genetics and functional ecology
approaches to local adaptation research. Rather than
measuring traits associated with reproduction or grass
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morphology, our results suggest that functional traits
(e.g., SLA) are likely to exhibit more consistent
patterns of heritability as well as relationships with
climate, which are critical links for tying common
garden research to applications such as seed transfer
zones or conservation (Wang et al. 2010). Further-
more, only a few studies included characterizations of
belowground traits, with little consistency in specific
traits or methods (Kik et al. 1990; Leva et al. 2013).
Given the significance of roots in the percentage of
total biomass in grasses and their potentially unique
functions (Sandel et al. 2016; Butterfield et al. 2017),
root traits should be quantified to complete the
functional profile of grasses and other groups. It is
also of note that the majority of the research of this
field is located within the Northern hemisphere,
particularly in the United States and Europe. In
conclusion, our meta-analysis reveals that traits relat-
ing to leaf and whole-plant size are more heritable than
traits relating to the reproductive effort. These results
suggest that leaf and size-related traits may be good
candidates for identifying predictable variation in
functional traits across the distributions of grass
species as a function of climate, whereas other,
perhaps localized factors such as soils and the biotic
environment may be important in driving variation in
other functional traits. These findings are encouraging,
and given the evidence of publication bias, small
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sample sizes of traits and the potential practical
applications for this research related to restoration and
assisted migration, additional research in this field
would be beneficial.
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