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Summary

1. Efforts to understand the effects of plant traits on carbon and nutrient cycling have recently
focused on species variation and the potential for species data to improve predictions of past, present
and future variation in ecosystems. However, the evolutionary lability of relevant traits among
closely related species and the extent of intraspecific variation warrant further consideration.
2. Here, we examine interspecific and intraspecific variation in leaf N, LMA, root N and SRL at
multiple scales, using Helianthus as a representative study system.
3. Substantial evolutionary lability of traits is demonstrated by interspecific variation in phylogeneti-
cally explicit analyses of closely related Helianthus species, and population differentiation of wild
H. anomalus and cultivated H. annuus.
4. Intraspecific variation in leaf N and LMA, including genetic, environmental and ontogenetic
responses, demonstrates that trait values for a single species can encompass a surprisingly large
portion of the range encompassed by species in the leaf economics spectrum.
5. Synthesis. We recommend using data from selected natural populations to model effects of leaf N
and LMA on decomposition, while using data from common garden experiments to determine
evolutionary lability and thus inform potential for evolutionary change. If the high evolutionary
lability of traits demonstrated for Helianthus is found for other important genera, this would suggest
that these key ecophysiological traits are likely to respond to the selective pressures of global
climate and land-use change.

Key-words: biogeochemical cycling, decomposition, ecophysiology, evolution, Helianthus, leaf
economics spectrum, leaf mass per area, leaf nitrogen, specific root length

Introduction

Efforts to understand the effects of plant traits on carbon and
nutrient cycling have recently focused on variation among
species and the potential for using information from species’
trait data bases to improve predictions of past, present and
future variation in ecosystems (Cornwell et al. 2008; Brovkin
et al. 2012; Freschet, Aerts & Cornelissen 2012; Lavorel
2013). This approach will be most effective if the plant traits
most relevant for carbon and nutrient cycling are relatively
stable evolutionarily (i.e. phylogenetically conserved), and
interspecific variation is generally greater than intraspecific
variation, so that published values in global data sets are rep-

resentative of a given species. However, there is growing
awareness that the evolutionary lability of relevant traits
among closely related species and intraspecific variation need
to be taken into consideration (Albert et al. 2010a,b; Kattge
et al. 2011; Makkonen et al. 2012; Wright & Sutton-Grier
2012; Cordlandwehr et al. 2013). Here, we consider these
issues using Helianthus as a representative study system and
the GLOPNET data base as a reference for the well-described
variation in leaf traits across a large number of species.
The GLOPNET data base, compiled from plant species in

many ecosystems and across many families, is one source of
species trait values that has received attention for potential
use in ecosystem modelling (Cornwell et al. 2008; Falster
et al. 2011; McMahon et al. 2011; Van Bodegom et al.
2012; Lavorel 2013). It was used to identify the world-wide
leaf economics spectrum (LES), which is a pattern of corre-*Correspondence author: E-mail: donovan@plantbio.uga.edu
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lated leaf traits among species that reflects a range of leaf
strategies related to carbon and nutrient capture and use
(Reich, Walters & Ellsworth 1997; Reich et al. 1999; Wright
et al. 2004) (Fig. 1a). The traits most often described as part
of the LES are leaf photosynthetic rate (A) on both a leaf area
and mass basis, leaf N on an area and mass basis (N), leaf
mass per unit area (LMA), and leaf life span (LL). Species at
the more resource-conservative end of the LES have a high
LMA that reflects greater investment in carbon skeleton and
thus leaf structure per unit area and permits longer LL, and
lower rates of A and leaf N invested to support A. In contrast,
species at the more resource-acquisitive end of the LES have
a lower LMA that reflects lower investment in leaf structure
per unit area, a shorter LL, and higher rates of A and leaf N.
Leaf P and respiration rates, additional traits considered in the
LES, generally show the same patterns as leaf N and photo-
synthetic rate, respectively. When considering the GLOPNET
data, it is important to keep in mind that these species data
predominately reflect plants in naturally occurring populations
with an unknown degree of influence by the abiotic and biotic
environment. In addition, the majority of the GLOPNET data
describe species means at a given site, neglecting the potential
for intraspecific variation across environments.
Other plant traits have been directly or indirectly linked

to the LES. Fine roots (typically the thinnest, most distal
branches of the root system) are often considered function-
ally analogous to leaves in that both tissues are rapidly
turned over and are mainly involved in resource uptake.
Specific root length (SRL; root length per unit root mass) is
one of the most commonly measured root morphological

traits and is thought to reflect the economics of root invest-
ment (carbon cost versus potential return in resource acquisi-
tion) as well as species’ ecological strategies, similar to
LMA in leaves (Ryser 2006). Other leaf, root and stem mor-
phological and chemical traits have been related to the LES,
along with relative growth rate (RGR), nutrient resorption,
vein architecture and a host of other traits, in the context of
establishing the existence of correlations in tissue form and
function across plant organs (Tjoelker et al. 2005; Withing-
ton et al. 2006; Freschet et al. 2010b; Liu et al. 2010; Fres-
chet, Aerts & Cornelissen 2012). For example, a large-scale
study of subarctic vegetation revealed strong correlations
among leaf, stem and root traits linked to plant defence,
chemistry and growth (Freschet et al. 2010a). This growing
emphasis on whole-plant functional traits has led to the concept
of a ‘plant economics spectrum’ as discussed by Peter Reich, in
this issue (Reich 2014). Basically, this concept links the LES
and other functional traits to existing categorizations of traits
traditionally associated with contrasting plant ecological strate-
gies, such as competitive and ruderal species versus stress-toler-
ant species, non-stress-tolerant versus stress-tolerant species,
and inherently faster versus slower growing species (Grime
1977; Poorter, Remkes & Lambers 1990; Lambers & Poorter
1992; Chapin, Autumn & Pugnaire 1993; Reich et al. 2003;
Poorter et al. 2009a). Notably, there is growing evidence that
the traits of the LES, particularly LMA and leaf N, are closely
related to tissue decomposition rates and therefore carbon and
nutrient cycling, placing trait correlations such as the LES at
the centre of ecosystem modelling efforts (Cornwell et al.
2008).
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Fig. 1. Relationships between leaf nitrogen (leaf N) and leaf mass per area (LMA) for multiple Helianthus studies compared to background of
GLOPNET species. For Helianthus methods details, see text, Table 1 and Supporting Methods. (a) Species means, (N = 1958 all species,
N = 377 herbaceous species) from GLOPNET data base that describes the World-wide Leaf Economics Spectrum (Wright et al. 2004). (b) Spe-
cies means for glasshouse grown Phoebanthus (N = 1 species, eight replicate plants) and Helianthus (N = 14 species, eight replicate plants per
species) (see Fig. 2 and Table 1 Study A for species identities) from the phylogenetically explicit comparison of trait variation among species
and populations. (c) Population means for H. anomalus Qst-Fst glasshouse study (N = 8 populations, 15–45 replicate plants per population, Study
C). (d) Accession means for glasshouse grown cultivated H. annuus (N = 205 accessions, 1–3 replicate plants per accession, Study D).
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Trait correlations such as those in the LES have been
hypothesized to be the evolutionary result of a combination
of selection and constraints, and there is an ongoing debate
about the relative contributions of these components (Wright
et al. 2004; Shipley et al. 2006; Donovan et al. 2011).
Essentially, within the observed ranges of any two LES
traits, the LES axis is made up of trait combinations that are
observed in plants, that is, occupied trait space, in contrast
to the other combinations that do not occur that make up
the empty, or unoccupied, trait space. The missing trait com-
binations may be attributable to selection having eliminated
individuals with specific trait combinations that result in less
favourable plant carbon and nutrient balance and thus limit
fitness. Alternatively, the genetic architecture for these traits
may make it impossible for those specific trait combinations to
occur, that is, a genetic constraint. Complicating this issue is
that directional selection can lead to a reduction in genetic
diversity, itself a genetic constraint. In addition, environmen-
tally induced correlation between traits, due to the effect of
environmental gradients on trait expression, is another plausi-
ble explanation for the correlations among the field-based data
which comprise the LES (Rausher 1992). While the current
evidence suggests that there is little support for genetic con-
straints as the underlying cause of the LES, further experimen-
tation is needed, and resolving the debate is not necessary for
the current discussion. Rather, we will focus on the lability
and range of trait combinations that do occur.
For the emphasis on ecosystem carbon and nutrient cycling

in this symposium and Special Feature, we will focus primarily
on leaf N and LMA, and, to a lesser extent, root N and SRL.
As with leaves, root surface area, rather than root length, is the
functional unit of resource uptake. Therefore, root mass per
unit surface area (RMA) may better represent the costs and
benefits of root construction and more closely parallel LMA
for leaves. However, as very limited data in the literature exist
for RMA, this review will evaluate SRL as the below-ground
analogue of LMA, along with root N as the counterpart of leaf
N. Global investigations of relationships between leaf traits
and decomposability have found strong negative correlations
between LMA and litter decomposability, as well as positive
correlations between leaf N and decomposability (Cornwell
et al. 2008; Fortunel et al. 2009), highlighting the potential
for using species’ or community trait values in predictions of
carbon and nutrient cycling across ecosystems. A number of
studies have investigated potential relationships between SRL,
root N and decomposition. Interspecific studies have revealed
a positive relationship between SRL and decomposition rate
(Hobbie et al. 2010), a negative relationship (Aulen, Shipley
& Bradley 2012) or no relationship at all (Birouste et al.
2012), although this may depend on the taxonomic groups
under investigation, as well as their mycorrhizal status (Aulen,
Shipley & Bradley 2012). Nevertheless, studies of this type in
herbaceous plants, the focus of the present review, have typi-
cally found a positive relationship between SRL and rate of
tissue decomposition (Hobbie et al. 2010; Aulen, Shipley &
Bradley 2012). Similar to leaves, root N has been shown to be
positively correlated with root decomposition rate in interspe-

cific investigations (Silver & Miya 2001; Aulen, Shipley &
Bradley 2012; Freschet, Aerts & Cornelissen 2012).
Here, we use Helianthus as a representative study system

and use data from both previously published and unpublished
studies to address the following questions: (i) How much evo-
lutionary lability is revealed for leaf and root traits related to
carbon and nutrient cycling when plants are grown under non-
resource-limiting common garden conditions to minimize
environmental variation? (ii) What is the extent of intraspecific
variation for these traits when additional sources of variation
such as environment and ontogenetic stage are considered? All
studies referenced in this review are listed in Table 1.

Helianthus as a system for assessing traits
related to carbon and nitrogen cycling

The genus Helianthus (Asteraceae) provides an excellent sys-
tem for addressing variation in traits related to carbon and
nutrient cycling because it includes dozens of diverse species
with native distributions that cover much of North America
and contains a major seed oil and confectionary crop species,
cultivated H. annuus. The genus encompasses a range of hab-
itats (wetlands to deserts), life histories (annuals and herba-
ceous perennials) and leaf life spans (1–12 months). Although
annuals and herbaceous perennials were underrepresented in
the GLOPNET data set, any universal explanation of leaf trait
variation should be evident within these life-history groups as
well. The genus Helianthus has the advantage of being rela-
tively short-lived and small so that it is possible to grow rela-
tively large numbers of plants in common garden conditions
to assess leaf traits and obtain robust estimates of fitness as
reproductive success. Furthermore, the genus is genomically
enabled (H. annuus genome is largely sequenced, with thou-
sands of markers available http://compgenomics.ucdavis.edu/),
which will facilitate future efforts to identify the genetic basis
of trait variation (i.e. numbers and identity of genes, and dif-
ferences in gene expression) and putative genetic constraints
due to pleiotropy or linkage.
The Helianthus data summarized here are a compilation of

published and unpublished data. Key trait methodology com-
mon to all studies is briefly described here. For each study,
the individual plant was the experimental unit, and leaf mea-
surements were taken on the most recently fully expanded
leaf that was healthy and not shaded. Leaves were excised
from the plant, measured for surface area (including petiole),
dried at 60 °C and weighed. LMA was calculated as dry mass
divided by fresh leaf area. Fine roots (first- and second-order)
were collected, spread out in a thin layer of water to minimize
overlap and digitally scanned with a desktop scanner. Root
images were analysed using the program WinRHIZO (Regent
Instruments, Quebec, Canada) for the determination of total
root length. Fine root samples were then dried at 60 °C and
weighed. SRL was calculated as the total root length of a
sample divided by the mass of that sample. Leaf and root N
concentrations were determined on dry tissue that was ground
to a fine power and analysed at the University of Georgia
Analytical Chemistry Laboratory with Micro-Dumas Combus-
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tion (NA1500; Carlo Erba Strumentazione, Milan, Italy).
Additional methodological details can be found in the online
Supporting Information (Table 1 and Methods S1) and the
original publications cited.
In this review, we will examine the evolutionary and eco-

logical lability of leaf and root traits relevant to carbon and
nutrient cycling, first through the investigation of genetic vari-
ation among species and populations under common garden
conditions, followed by the assessment of intraspecific varia-
tion due to environmental and ontogenetic responses.

High evolutionary lability among closely related
species and populations under ‘optimal’
conditions

Comparisons of closely related species and populations within
species can be used to assess evolutionary diversification,
particularly when done under common garden conditions to

minimize environmental variation and thus highlight geneti-
cally based differences (Chapin 1974; Ryser & Aeschlimann
1999; Santiago & Kim 2009). Here, we present the results of
several studies of Helianthus all done under ‘optimal’ com-
mon garden conditions, defined here as well-watered and
well-fertilized glasshouse conditions expected to maximize
growth.

PHYLOGENETICALLY EXPLIC IT COMPARISONS

DEMONSTRATE TRAIT VARIAT ION AMONG SPECIES

AND POPULATIONS

One way to assess the potential for species to adapt to chang-
ing conditions is to examine trait variation in groups of
closely related species that occupy diverse habitats, as well as
disparate populations of individual species (Table 1, Studies
A and B). Here, we assess this fine-scale interspecific and
population-level intraspecific variation with a phylogenetically

Table 1. Summary of experiments included in the review. ‘Optimal’ study conditions denote well-watered and fertilized. For further descriptions
of individual studies and methods, see main text and Methods S1

Study Study location, conditions Study date Primary species investigated

A) Phylogenetically explicit leaf
trait common garden study*

UGA Glasshouses ‘optimal’ Summer 2012 H. agrestis† H. angustifolius† H. annuus†
H. atrorubens† H. carnosus† H. debilis†
H. floridanus† H. heterophyllus† H. longifolius†
H. microcephalus† H. niveus† H. porteri†
H. radula† H. silphioides† P. tenuifolius†

B) Phylogenetically explicit root
trait common garden study*

UGA Glasshouses, ‘optimal’ Summer 2012 H. agrestis† H. angustifolius† H. annuus†
H. atrorubens† H. carnosus† H. debilis†
H. floridanus† H. heterophyllus† H. longifolius†
H. microcephalus† H. porteri† H. radula†
H. silphioides† P. tenuifolius†

C) Qst-Fst Study‡ UGA Glasshouses, ‘optimal’ Winter 2008 H. anomalus †
D) Cultivated Sunflower
Differentiation*

UGA Glasshouses, ‘optimal’ Spring 2013 Cultivated H. annuus (205 breeding lines)

E) Response to nutrients/water§ UGA Glasshouses, factorial
of high/low nutrients/water

Fall 2009-Winter
2010

H. porteri†

F) Response to Heavy Metals* UGA Glasshouses, ‘optimal’
and heavy metal stress

Spring 2013 H. annuus† H. argophyllus† H. exilis†

G) Ontogenetic changes
in leaf traits¶

UGA Growth Chambers,
‘optimal’

Fall 2011-Winter
2012

H. annuus† H. radula† H. mollis†

H) H. anomalus vs. ancestral
parent comparison 1**

UGA Glasshouses, ‘optimal’ Fall 1998 H. annuus H. anomalus H. petiolaris

I) H. anomalus vs. ancestral
parent comparison 2††

UGA Glasshouses, ‘optimal’ Summer 2001 H. annuus H. anomalus H. petiolaris

J) Relative Growth Rate‡‡ UGA Glasshouses, ‘optimal’ Summer 2007 H. annuus H. anomalus H. petiolaris
K) UT Native Populations§§ Field study, native populations Summer 2002 H. anomalus
L) UT Resource
Manipulations¶¶

Field study, native populations
with resource manipulations

Summer 2003 H. anomalus

M) UT Common Garden*** Field study, common gardens,
no resource additions

Summer 2002,
2003

H. annuus H. anomalus H. petiolaris

*unpublished studies with methods detailed in Methods S1.
†multiple populations investigated for a given species;
‡(Brouillette et al. 2013);
§(Gevaert 2011);
¶(Mason, McGaughey & Donovan 2013);
**(Schwarzbach, Donovan & Rieseberg 2001);
††(Rosenthal et al. 2002);
‡‡(Brouillette & Donovan 2011);
§§(Donovan et al. 2007, 2009);
¶¶(Ludwig, Jewitt & Donovan 2006);
***(Ludwig et al. 2004; Donovan et al. 2009, 2010).
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explicit comparison of multiple populations of 14 species of
Helianthus and a member of the sister genus Phoebanthus,
using the most current and well-supported phylogeny of the
genus (Fig. 2) (Timme, Simpson & Linder 2007). These
species are all diploid herbaceous annuals and perennials and
occupy habitats ranging from deserts to wetlands, prairies to
forests, coastal dunes to rock outcrops. Leaf and root traits
were assessed in separate parallel glasshouse common garden
studies (see Table 1, Studies A and B, and Methods S1).
Using continuous maximum likelihood ancestral state recon-

struction (Revell 2012), it is evident that at both the species and
population level, leaf N and LMA are quite evolutionarily labile
(Fig. 2a,b). Based on Blomberg’s K (Blomberg, Garland &
Ives 2003), leaf N and LMA evolution has no phylogenetic sig-
nal for species sampled so far in this genus, that is, that trait
evolution did not differ from a Brownian motion model (K not
significantly different from 1, see Methods S1). At the species
level, with populations from across the species range weighted
equally in the species mean, sister species often possess con-
trasting leaf trait values, indicating the ability of these important
leaf traits to be evolutionarily labile during speciation (Fig. 2a).
At the population-level, at least half of the species examined
exhibit strong among population differences for either LMA or
leaf N, thus providing further evidence of the strong evolutionary

lability of these traits (Fig. 1b). Furthermore, note how the use
of species means for these taxa disregards substantial among
population variation, resulting in species means that do not
well-represent the trait values of individual populations
(Fig. 2b; e.g., H. porteri, H. heterophyllus, H. longifolius).
Additionally, the leaf trait variation seen here among Helian-
thus species occupies a substantial proportion of the trait space
observed for the GLOPNET data (Fig. 1b). Here, species-level
LMA ranges from 38 to 62 g m�2 and leaf N from 2.9 to 5.5%
in Helianthus, as compared to an LMA range of 14 to 277 g
m�2 and a leaf N range of 0.9% to 5.8% across global herba-
ceous dicots in GLOPNET (Wright et al. 2004). Such large
interspecific variation among closely related species has been
documented in other growth forms as well. For example, for
nine species of the tropical rain forest tree genus Inga sampled
in the field, LMA of adult trees was found to vary between 56
and 101 g m�2, while leaf N varied from 2.77 to 4.28%
(Palow, Nolting & Kitajima 2012). Similar lability had been
documented in common garden studies for Eucalyptus (422
species, LMA varied from 114 to 666 g m�2, leaf N varied
from 0.6 to 2.1% (Schulze et al. 2006)) and Sonchus (14 spe-
cies, LMA varied from 38 to 82 g m�2(Santiago & Kim 2009).
These genera each span a significant portion of the trait varia-
tion reported in GLOPNET, where LMA varied from 14.4 to

(a) (b)

(c) (d) Fig. 2. Maximum likelihood continuous
ancestral state reconstructions of leaf and root
traits across diverse sunflower species.
Species and population-level trees adapted
from the most current phylogeny of
Helianthus (Timme, Simpson & Linder 2007)
(see Fig. S1). (a) Species-level reconstruction
of leaf nitrogen (leaf N) and leaf mass per
area (LMA) (Study A). (b) Population-level
reconstruction of leaf nitrogen and LMA
(Study A). (c) Species-level reconstruction of
root nitrogen (root N) and specific root length
(SRL) (Study B). (d) Population-level
reconstructions of root nitrogen and SRL
(Study B). Note the strong evolutionary
lability of traits both among closely related
species and among populations within many
species.
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1509.5 g m�2 and leaf N from 0.25 to 6.36% (Wright et al.
2004).
In a parallel common garden study including 14 of the

same 15 species (Table 1, Study B), root traits of SRL and
root N were also evolutionarily labile, showing a number of
relatively large transitions in trait values between sister taxa,
both within and among species (Fig. 2c,d). Other studies have
documented large interspecific variation in these traits in tem-
perate trees (Pregitzer et al. 2002; Comas & Eissenstat 2009;
Chen et al. 2013) but we are not aware of any detailed intra-
generic investigations of SRL and root N to date. In a study
which examined root traits of a broad range of tree species in
the field, representing 15 families, SRL was found to range
from 10.9 m g�1 to 115.1 m g�1 among species (Comas &
Eissenstat 2009), while in the present study, which only
examined species belonging to a single genus, the range of
SRL values among species was equally as large, ranging in
Helianthus from 209.9 to 359.2 m g�1. Similarly, root N,
which ranged from 1.00% to 3.12% among diverse tree spe-
cies (Comas & Eissenstat 2009), ranged from 1.85 to 4.68%
across Helianthus species of this study. These findings further
highlight the evolutionary lability of these traits among clo-
sely related species in a single genus. It is clear that the leaf
and root traits of any given Helianthus species are not repre-
sentative of the genus as a whole. It is our expectation that
this principle likely holds for other genera and functional
groups, though it should be noted that Helianthus and Inga
are particularly diverse genera containing species native to
many different habitat types, increasing the probability of
observing large trait differentiation among species.
Correlated trait evolution is often a focus of studies among

closely related species, and negative correlations among leaf
N and LMA are widely reported across diverse species as
described in the introduction, often within genera or other clo-
sely related groups. Similarly, positive relationships between
SRL and root N are sometimes, but not always, found in
among species comparisons (Tjoelker et al. 2005; Comas &
Eissenstat 2009). However, we found no significant correla-
tions between LMA and leaf N or SRL and root N, at either
the species or population level. The lack of relationships
between these two pairs of traits in the present common gar-
den studies may be due to a variety of reasons. Biologically,
it is possible that the non-limiting fertilization regimes
resulted in luxury consumption and storage of high levels of
tissue nitrogen, resulting in a lack of correlation with tissue
structural investment (LMA and SRL). Additionally, relation-
ships between leaf N and LMA appear to be affected by the
extent of variation in LL among species (Funk & Cornwell
2013). In a recent analysis of the GLOPNET data set, it was
found that as variation in LL decreases among species, the
LMA–N relationship weakens. This is presumably because as
variation in LL decreases, the supposed ‘economic’ value of
investing in high LMA decreases as well, weakening LES
relationships involving LMA (Funk & Cornwell 2013). The
relatively small range of variation in LL seen among the 14
Helianthus species in this study (1–7 months) as compared
to the large range of LL seen in the GLOPNET data set

(approximately 1–288 months) may explain the lack of
relationship seen between leaf N and LMA. Interestingly,
however, leaf N and root N were found to be significantly nega-
tively correlated at the species level between our two parallel
studies (r = 0.59, P = 0.027). Strong interspecific correlations
have been found between leaf N and root N in several regional
and global studies (Craine 2005; Tjoelker et al. 2005; Freschet
et al. 2010b; Liu et al. 2010), though all of these have found
positive relationships between the two traits.
An analysis of the correlations between traits with phyloge-

netically independent contrasts (PICs) is the next logical step
for assessing whether there is evidence of correlated trait evo-
lution while controlling for species’ evolutionary relatedness,
provided that there is sufficient power. In this study, our
preliminary PIC analyses for these Helianthus taxa found no
correlation for LMA and leaf N, or for SRL and root N.
However, we consider these results to be highly tentative, as
our power to detect such a correlation is low due to the small
number of species involved, the weaknesses of the current
single-gene phylogeny for the genus (potential topology and/
or branch–length errors may bias PICs), as well as the large
proportion of species of the genus for which we have no data
(Diaz-Uriarte & Garland 1998; Freckleton 2009). Addition-
ally, even small errors in a phylogeny have been shown to
have a large impact on PICs if ‘there is considerable disagree-
ment between phenotypic and phylogenetic similarities among
taxa’ (Martins & Housworth 2002), as is the case for our
highly evolutionarily labile traits. As such, we withhold con-
clusions about correlated trait evolution in Helianthus pending
an improved phylogeny and data on significantly more taxa,
the acquisition of which are both underway in the Donovan
laboratory.

QST-FST APPROACH SUPPORTS DIVERSIFYING

SELECTION AS A DRIVER OF TRAIT DIFFERENTIAT ION

IN H. ANOMALUS

Similar to common garden studies which assess genetically
based trait differentiation among species or populations after
eliminating environmental variation, a Qst-Fst approach com-
pares populations for phenotypic trait variation (assessed as
Qst) that can demonstrate evolutionary differentiation and
lability of traits (Table 1, Study C). However, it additionally
compares the Qst for each trait to neutral genetic variation
within and among populations (Fst) in order to assess
whether there is evidence that trait differentiation among
populations resulted from non-neutral processes such as
diversifying selection (Spitze 1993; Leinonen et al. 2008).
We used this approach to look for evidence of adaptive
differentiation of resource related traits in H. anomalus, an
annual sunflower species endemic to nutrient-poor desert
sand dunes in the southwestern United States. For this ho-
moploid hybrid species, previous contrasts with its ancestral
parent species established that hybridization and subsequent
environmental selection resulted in a species with some
transgressive traits and a unique trait combination that is
adapted to the desert dune habitat (Schwarzbach, Donovan
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& Rieseberg 2001; Rosenthal et al. 2002; Rieseberg et al.
2003; Rosenthal, Reiseberg & Donovan 2005; Donovan
et al. 2010). Compared to its ancestral parent species,
H. anomalus exhibits several traits consistent with being
more tolerant of nutrient stress, including a lower RGR and
higher nutrient use efficiency (Brouillette et al. 2006; Brouil-
lette & Donovan 2011). However, experiments at the micro-
evolutionary level have also demonstrated phenotypic
selection for increased leaf N in H. anomalus habitats
(Ludwig et al. 2004; Donovan et al. 2009). Thus, H. anom-
alus provides a good system for testing adaptive differentia-
tion of resource-related traits.
In the Qst-Fst study, H. anomalus populations differed sig-

nificantly for LMA and leaf N (ANOVA P < 0.001) although
they all clustered towards the resource acquisitive end of the
LES (Fig. 1c) (Brouillette et al. 2013). There was a significant
negative correlation between LMA and leaf N consistent with
the primary LES axis and support for strong diversifying selec-
tion for leaf N, though not LMA (r = �0.863, N = 8,
P = 0.006). Additionally, correlations among trait values and
source site characteristics suggest that climate and soil fertility
were among the selective agents driving adaptive differentia-
tion, with hot dry environments selectively favouring correlated
evolution of traits contributing to a resource acquisitive and
earlier reproduction ‘escape’ strategy, despite lower fertility.
The relatively small magnitude of population differentiation for
H. anomalus, as compared to other Helianthus species and the
broad-scale species differences represented by the LES, may be
due to its recent evolutionary origin and endemism to a narrow
set of ecological conditions. Differentiation in response to
strong selection may account for larger differences among pop-
ulations of species with wider habitat preferences.

TRAIT DIFFERENTIAT ION AMONG DOMESTICATED

LINES OF H. ANNUUS

In addition to evolutionary differentiation described for wild
species and populations, it is interesting to consider how
much evolutionary differentiation exists for leaf N and LMA
in domesticated species which have been subject to human
selection (Table 1, Study D). We compared 205 lines of cul-
tivated H. annuus, subsampled from a diversity panel of 288
lines that captures 90% of genetic diversity in cultivated
H. annuus (Mandel et al. 2011, 2013), for leaf N and LMA.
The recent evolutionary diversification among these lines
was likely due to the selection on traits associated with
agriculturally desirable traits such as self-compatibility, seed
yield and oil content, and ease of harvest. Cultivated H.
annuus displayed significant variation for LMA and leaf N
among lines, with LMA ranging from 12.4 to 89.1 g m�2

and leaf N ranging from 0.73 to 4.54% as compared to an
LMA range of 14 to 277 g m�2 and a leaf N range of 0.9%
to 5.8% across global herbaceous dicots in GLOPNET
(Fig. 1d). This range of values reflects significant variation
present in the cultivated germplasm, despite potential bottle-
necks during the domestication process. A similar study
investigating the genetic basis of the LES found significant

variation in leaf traits among recombinant inbred lines of
Arabidopsis thaliana controlled by a few genes of pleiotro-
pic effect (Vasseur et al. 2012).
Leaf mass per unit area and N for cultivated H. annuus

were negatively correlated (N = 205, r = �0.38, P < 0.001),
as predicted, although the relationship lies lower on the
y-intercept relative to the majority of the points on the LES.
In other words, for a given LMA, N is lower than the best-fit
line of the LES (Fig. 1d). This shift towards lower leaf N at a
given LMA may be a potential effect of domestication.
Recently, domesticated crops have shown to have lower N
and be more decomposable than their wild progenitors (Gar-
cia-Palacios et al. 2013), suggesting that artificial selection
has created new trait combinations in domesticated plant sys-
tems in the absence of competition, nutrient deprivation and
herbivory (Cornwell & Cornelissen 2013).

SUMMARY OF EVOLUTIONARY LABIL ITY

These results from common garden studies under non-limiting
water and nutrient conditions that minimize environmental vari-
ation provide evidence that there has been substantial evolu-
tionary differentiation for these traits among populations and
closely related species in the genus Helianthus. This evolution-
ary lability, combined with the evidence of heritable variation
within populations and selection on these traits (Poorter et al.
2009a; Donovan et al. 2011), suggests continued potential for
trait evolution in the near future. But how does the magnitude
of genetically based trait differences among populations and
species, representing the outcome of evolutionary diversifica-
tion, compare to intraspecific variation when considering addi-
tional sources of variation in common garden glasshouse and
field studies, as well as natural populations?

Extensive intraspecific variation for LMA and
leaf N

While common garden studies under optimal conditions
reveal the extent of evolutionary differentiation of traits
among species and populations, they do not capture the range
of intraspecific variation that may be ecologically relevant for
the biogeochemical cycling under current and future environ-
mental conditions. Here, we examine several case studies in
order to assess the potential magnitude of additional intraspe-
cific variation attributable to variation in the environment and
ontogeny. Other studies have appreciated the potential impor-
tance and extent of intraspecific variation in individual traits
such as leaf N and LMA, but they generally evaluate either
variation for plants in natural populations, where it is not pos-
sible to separate out genetic and other sources of variation, or
in controlled environment studies, where the goal is to inves-
tigate the effects of different environmental drivers (Reich
et al. 2003; Poorter et al. 2009a; Albert et al. 2010a,b;
Wright & Sutton-Grier 2012). Here, we assess the extent and
sources of intraspecific variation for leaf N and LMA with
the goal of sparking an interest in more comprehensive
assessments of interspecific and intraspecific trait space that
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can be attained in both ecological and evolutionary time-
scales and has the potential to affect decomposition and other
ecosystem processes.

TRAIT VARIAT ION IN RESPONSE TO WATER AND

NUTRIENT STRESS IN H. PORTERI

Plants are generally expected to respond to water and nutri-
ent limitations by producing leaves with more conservative
resource-related traits (Chapin 1980; Chapin, Autumn &
Pugnaire 1993; Kramer & Boyer 1995; Reich et al. 2003;
Wright et al. 2005; Ordonez et al. 2009) (Table 1, Study E).
We assessed the response of leaf traits to water and nutrient
limitation for H. porteri, an annual species endemic to rock
outcrops of the southeastern United States. Populations of
H. porteri are spatially isolated and known to experience
substantial spatial and temporal variation in water availabil-
ity, with some populations experiencing 100% mortality dur-
ing drought years (Houle & Phillips 1989; Gevaert 2011). A
glasshouse study compared three H. porteri populations for
responses to resource limitations (factorial of high and low
water and nutrient availability) that might suggest local
adaptation (Gevaert 2011). While there was genetic differen-
tiation among populations for leaf trait and growth responses
(Fig. 3a), and all populations responded to resource limita-
tions with reduced growth, there were no differential treat-
ment responses suggestive of local adaptation. This is
consistent with a population genetic analysis demonstrating
significant gene flow among populations that likely limits
the potential for adaptive differentiation (Gevaert et al.
2013). Nutrient or water and nutrient limitation generally
shifted the populations towards lower leaf N (Fig. 3a) but
with no increase in LMA (Gevaert et al. 2013). Water limi-
tation tended to shift plants towards a lower LMA and higher
leaf N (Fig. 3a). These results demonstrate the magnitude of
intraspecific variation in leaf N and LMA that can be attributed
to variation in water and nutrient availability under controlled
conditions where other sources of variation are minimized.

TRAIT VARIAT ION IN RESPONSE TO HEAVY METAL

STRESS FOR SEVERAL HELIANTHUS SPECIES

High concentrations of heavy metals in soils affect plant
growth and performance in some habitats (Table 1, Study F).
Several varieties of cultivated H. annuus are known to simul-
taneously tolerate and hyperaccumulate heavy metals (Cut-
right, Gunda & Kurt 2010). A glasshouse study of three wild
Helianthus species, with 9–12 populations per species, pro-
vides evidence of leaf trait responses to heavy metal treat-
ment. Although the species were relatively similar for mean
traits values under optimal conditions (mean leaf N for
H. annuus, H. argophyllus and H. exilis was 6.4%, 6.1% and
6.7%, respectively, and mean LMA was 31.5, 30.7 and
28.9 g m�2, respectively), there was differentiation among
populations under optimal conditions (Fig. 3b). There was
even greater variation among these populations exposed to
heavy metal treatments but still able to produce healthy leaves

(Fig. 3c). Leaf trait responses to heavy metal exposure were
extremely labile, with high variation exhibited within and
among species. However, consistent with previous studies
assessing changes in LMA in response to metal exposure
(Sebastiani, Scebba & Tognetti 2004; Fernandez, Zacchini &
Fleck 2012; Iori et al. 2013), leaf trait values generally
shifted down the LES towards more conservative values
in the heavy metal treatments. These shifts are putatively
reflective of toxic responses in which less tolerant plants
divert resources from growth into strategies that enable sur-
vival to reproduction (Ernst 2006).

ONTOGENETIC VARIAT ION IN H. ANNUUS

Another potential source of intraspecific variation is whole-
plant ontogeny (Table 1, Study G). A longitudinal study of

Le
af

 N
 (%

)

0.1

1

10

GLOPNET sp.
H. exilis, OPT 
H. argophyllus, OPT
H. annuus, OPT

0.1

1

10

GLOPNET sp.
H. porteri HWHN
H. porteri HWLN
H. porteri LWHN
H. porteri LWLN

LMA (g m–2)

10 100 1000
0.1

1

10

GLOPNET sp.
H. exilis, HM
H. argophylus, HM
H. annuus, HM

(a)

(c)

(b)

Fig. 3. Relationships between leaf nitrogen (leaf N) and leaf mass
per area (LMA) for multiple Helianthus studies compared to back-
ground of GLOPNET species. For Helianthus methods details, see
text, Table 1 and Supporting Methods. (a) Population means (N = 3
populations per treatment, 5–6 replicate plants per population and
treatment, Study E) for glasshouse grown H. porteri in optimal
(HWHN), water-limited (LWHN), nutrient-limited (HWLN) and
water- and nutrient-limited LWLN) treatments. (b) Population means
(N = 9–12 populations per species, 3 replicate plants per population
and treatment, Study F) for three Helianthus species (H. annuus,
H. exilis and H. argophyllus) grown under non-limiting water and
nutrient conditions. (c) Population means same H annuus species and
populations in 3b grown under heavy metal treatments (Study F).
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ontogenetic leaf trait variation in H. annuus, H. mollis and
H. radula found surprisingly large shifts among plant devel-
opmental stages, with intra-individual trait values spanning a
significant proportion of the LES spectrum (Mason, McGaug-
hey & Donovan 2013). This strong pattern existed for all
three species, with leaves shifting to more conservative strate-
gies (lower leaf N, higher LMA) at later ontogenetic stages,
and the magnitude of this shift is demonstrated for H. annuus
(Fig. 4, lines connect different plant ontogenetic stages for
each population, while controlling for leaf age). The variability
seen among stages potentially reflects shifts in leaf trait strategy
with development, shifting from trait combinations supporting
fast growth to more well-defended combinations during repro-
duction. The wide variation seen in this study in comparison
with other reported trait values for wild H. annuus likely
reflects the focus on young, vegetative-stage individuals in
studies of herbaceous plants and also the controlled growth
chamber environment that allowed for the removal of seasonal
effects of temperature and humidity on plant development.
Such intra-individual temporal variation in leaf traits could have
strong effects on litter dynamics and local biogeochemical
cycling in species with large ontogenetic shifts.

INTRASPECIF IC VARIAT ION ACROSS MULT IPLE

STUDIES FOR H. ANOMALUS

We can add results from other studies to the H. anomalus
Qst-Fst trait data (above), in order to assess the extent of
intraspecific variation for this narrowly endemic desert
adapted annually (Table 1, Studies H–M). Two additional
glasshouse studies under optimal conditions found H. anoma-
lus leaf traits similar to those in the Qst-Fst study (Schwarz-
bach, Donovan & Rieseberg 2001; Rosenthal et al. 2002)
(Fig. 5a, Studies H and I). However, an additional glasshouse
study that assessed RGR and leaf level traits under both opti-
mal and nitrogen-limited conditions found substantially more
resource conservative traits for both treatments as compared
to the other glasshouse studies (Brouillette & Donovan 2011)
(Fig. 5a ‘other glasshouse study’ symbols connected by line,
Study J). This demonstrates that plants from different

glasshouse studies can have substantially different trait values,
even when using the same seed source and providing non-
limiting nutrients and water for an ‘optimal’ environment.
The RGR study was not unique among these studies for fac-
tors that might be expected to affect leaf traits, such as pot
size, substrate, water and nutrient availability and application
method, ontogenetic stage, or time of year and thus daily
photon irradiance (Poorter et al. 2009b). This leaves open the
possibility of variation attributable to plant interactions with
other abiotic or biotic factors, or ontogenetic effects. Within
the RGR study, leaf N and LMA in the low-nutrient treatment
were more conservative on the LES (Fig. 5a, and the
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Fig. 4. Relationships between leaf nitrogen (leaf N) and leaf mass
per area (LMA) for growth chamber grown Helianthus (N = 3 popu-
lations each plotted at four ontogenetic stages connected by lines for
each population, six replicate plants per population and ontogenetic
stage, Study G) compared to background of GLOPNET species.
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Fig. 5. Relationships between leaf nitrogen (leaf N) and leaf mass
per area (LMA) for multiple studies of Helianthus anomalus and
H. annuus. For methods details, see text, Table 1 and Supporting
Methods. (a) H. anomalus population means from the Qst-Fst glass-
house study (N = 8 populations, 15–45 replicate plants per popula-
tion, Study C), additional glasshouse studies under optimal conditions
(N = 2 studies, 9–15 plants per study, Studies H and I), relative
growth rate glasshouse study (N = 2 treatments, high- and low-nitro-
gen treatment symbols connected by line, 12 replicate plants per treat-
ment, Study J), native populations sampled on two different dates
(N = 2 populations, with two dates connected by lines for each popu-
lation, 82–114 replicate plants per population and sampling date,
Study K), field common garden populations sampled in 2002 and
2003 (N = 4 populations, 32–141 replicate plants per population
mean, Study M), and field plots supplemented with a factorial of
water and nutrient additions (N = 4 treatments, five replicate plot
means per treatment mean, Study L). (b) H. annuus population means
from phylogenetically explicit comparison of trait variation (N = 3
populations, 8 replicate plants per population, same H. annuus data
as in Fig 2b, Study A), H. annuus heavy metal experiment (same data
as in Fig. 3b and c, Study F), ontogenetic study (same data as in
Fig. 4, Study G), additional glasshouse studies under optimal condi-
tions, (N = 2 studies, 9–15 plants per study, Studies H and I), relative
growth rate glasshouse study (N = 2 treatments, high- and low-nitro-
gen treatment symbols connected by line, 12 replicate plants per treat-
ment and field common garden populations sampled in 2002 and
2003 (N = 5 populations, 20–55 replicate plants per population mean,
Study M).
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magnitude of response to nutrient limitation was approximately
the same as for H. porteri (Fig. 3a).
The H. anomalus trait values from glasshouse experiments

can be compared to those from natural populations that are
more comparable to the GLOPNET. Two natural populations,
located in close proximity to source populations for the glass-
house studies, were sampled in 2002 as a part of phenotypic
selection study (Fig. 5a, with pre-flowering and flowering
sampling date symbols connected by line, Study K) (Donovan
et al. 2007, 2009). The leaf trait data for both natural popula-
tions and both sampling months were closer to the range of
the RGR study than the other glasshouse studies, but with
higher LMA per unit N. Each of the populations shifted to
more conservative traits along the LES from pre-flowering
and flowering sampling, likely due to changes in the environ-
ment as the growing season progressed including declining
soil moisture, as well as ontogenetic changes and the loss of
some individuals to mortality (Donovan et al. 2007). The
potential for large differences between field and glasshouse
studies is consistent with that observed for other species
(Poorter et al. 2009a).
Lastly, we can add in two additional types of field data. In

another native population in the same region, plots of
H. anomalus plants were marked as seedlings and then
received resource additions through the summer 2003 grow-
ing season (control, plus water, plus nutrients, plus water and
nutrients (Fig. 5a, Study L) (Ludwig, Jewitt & Donovan
2006). When sampled in early August (pre-flowering), the
leaf traits for plants from all four treatments clustered near
the natural populations sampled the previous year. Addition-
ally, H. anomalus planted in common garden experiments in
its native habitat and the habitats of its ancestral parents
in 2002 and 2003, with no supplemental resources, clustered
in the same region as the H. anomalus native populations
(Fig. 5a, Study M) (Ludwig et al. 2004; Donovan et al.
2009, 2010).
The intraspecific variation for H. anomalus sampled from

native populations and experiments with range of environ-
mental conditions covers a large portion of the range of varia-
tion seen in the LES (Fig. 5a). The population differences
that reflect adaptation (Qst-Fst study) are small in comparison
with the intraspecific variation occurring among natural popu-
lations and different field and glasshouse experiments. There-
fore, there is a large range of intraspecific trait space that
needs to be considered when trying to predict past, present
and future variation in ecosystem processes.

INTRASPECIF IC VARIAT ION ACROSS MULT IPLE

STUDIES FOR WILD H. ANNUUS

We can also add results from other studies to the H. annuus
data from the phylogenetic, heavy metal and ontogenetic
experiments already presented (denoted as ‘previous gh exp.’
and ‘ontogeny’ in Fig. 5b) in order to assess the extent of
intraspecific variation for this widely distributed weedy annual
(Table 1, Studies H, I, J, M). For two additional glasshouse
studies done under optimal conditions, H. annuus leaf traits

clustered at the resource acquisitive end of the LES with
plants from other optimal studies (Schwarzbach, Donovan &
Rieseberg 2001; Rosenthal et al. 2002) (Fig. 5b). However,
the RGR glasshouse study that found substantially more con-
servative leaf traits for H. anomalus (above) found similarly
more conservative leaf traits for H. annuus under both opti-
mal- and nitrogen-limited conditions (Brouillette & Donovan
2011) (Fig. 5b, symbols connected by line). This again dem-
onstrates that plants from different glasshouse studies can
have substantially different trait values, even when using the
same seed source and providing nutrient and water for an
‘optimal’ environment. In the RGR study, the low-nutrient
treatment shifted H. annuus leaf N and LMA to more conser-
vative values on the LES (Fig. 5b), and the magnitude of
response to nutrient limitation was approximately the same as
for H. anomalus (Fig. 5a) and H. porteri (Fig. 3a). Additional
H. annuus leaf trait data from plants in field common garden
experiments with no resource supplements cluster near the
controlled environment RGR and ontogenetic studies (Ludwig
et al. 2004; Donovan et al. 2007, 2009, 2010).
There is substantial intraspecific variation in leaf N and

LMA for H. annuus, covering a large portion of the range of
variation seen in the LES. This widely distributed species has
more among population variation under optimal conditions
than the narrow endemic H. anomalus (i.e. evolutionary
differentiation among populations) as well as a wider range of
documented intraspecific variation attributable to environmen-
tal variation and ontogeny.

SUMMARY FOR INTRASPECIF IC VARIAT ION

We have documented case studies of substantial intraspecific
trait variation for several Helianthus species, with a small to
moderate amount attributable to genetically based population
differentiation, and a much larger amount attributable to envi-
ronmental and ontogenetic variation. This extensive intraspe-
cific variation is comparable to that observed in other species
and needs to be considered when using leaf traits to predict car-
bon and nutrient cycling (Albert et al. 2010a,b; Kattge et al.
2011; Wright & Sutton-Grier 2012). For example, Corlandwehr
et al. (Cordlandwehr et al. 2013) found that the ability of plant
trait data bases to accurately predict trait values in other field
sites depended strongly on the traits and habitats of interest,
likely as a result of intraspecific variation across studies. Addi-
tionally, substantial environmentally induced variation will
likely reduce the heritabilities of traits in native populations
and thus constrain adaptive differentiation.

Conclusions and recommendations

Plant traits that are expected to have a large effect on carbon
and nitrogen cycling (LMA, leaf N, SRL, root N) have been
demonstrated here to be quite labile both ecologically and
evolutionarily in the Helianthus genus. The potential for eco-
logical lability suggests that the use of trait data from the
literature and large online data bases should include greater
consideration of the source sites and growing conditions,
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depending on the traits and the intended use (Poorter et al.
2009a; Cordlandwehr et al. 2013). For traits that are known
to have relatively little intraspecific variation due to the abi-
otic and biotic environment (e.g. woody vs. not, evergreen vs.
deciduous leaf habit), trait data from many environments are
likely to be appropriate for both phylogenetic analyses to
assess evolutionary lability, and for use in models of ecosys-
tem processes. However, for traits that are known to exhibit
substantial intraspecific variation due to environment, such as
leaf N and LMA, trait data from different sources likely will
be needed for evolutionary and ecological analyses.
For traits that are known to exhibit substantial intraspecific

variation due to environment, common garden studies that
minimize environmental variation are needed to accurately
assess genetically based trait differences needed to reconstruct
ancestral trait states or assess evolutionary lability. More com-
mon garden studies for ecologically important genera will be
needed to determine whether any generalities exist. Evolution-
ary interpretations (e.g. infrageneric or cross-kingdom ‘big tree’
analyses) based on natural population data should be made with
caution at any evolutionary scale given that an unknown portion
of variation is likely to be due to sources other than genetic. In
contrast, trait data from natural populations are more appropriate
for modelling ecosystem processes such as decomposition, and
data from multiple populations within the biologically relevant
geographical scale should be included when possible.
What then are the prospects for incorporating knowledge of

evolutionary relationships into models of past, current and
future rates of decomposition? We recommend that data from
natural populations of important species be used to model
effects of leaf N and LMA on decomposition, while the evo-
lutionary lability from phylogenetic analyses should be used
to estimate the potential for evolutionary change in those
models. If the high evolutionary lability of traits demonstrated
for Helianthus is found in other important genera, this would
suggest that these key ecophysiological traits are likely to
respond to selective pressures of global climate and land-use
change. But, if there is also a large amount of environmental
plasticity for relevant traits, then changes in biogeochemical
cycling in response to short-term climate change may be ini-
tially dominated by plasticity of existing populations and
genotypes, rather than evolutionary change of existing popula-
tions or species turnover.
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