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Abstract. Functional traits are often used as species-specific mean trait values in comparative plant ecology or
trait-based predictions of ecosystem processes, assuming that interspecific differences are greater than intraspecific
trait variation and that trait-based ranking of species is consistent across environments. Although this assumption is
increasingly challenged, there is a lack of knowledge regarding to what degree the extent of intraspecific trait variation
in response to varying environmental conditions depends on the considered traits and the characteristics of the stud-
ied species to evaluate the consequences for trait-based species ranking. We studied functional traits of eight peren-
nial grassland species classified into different functional groups (forbs vs. grasses) and varying in their inherent growth
stature (tall vs. small) in a common garden experiment with different environments crossing three levels of nutrient
availability and three levels of light availability over 4 months of treatment applications. Grasses and forbs differed in
almost all above- and belowground traits, while trait differences related to growth stature were generally small. The
traits showing the strongest responses to resource availability were similarly for grasses and forbs those associated
with allocation and resource uptake. The strength of trait variation in response to varying resource availability differed
among functional groups (grasses . forbs) and species of varying growth stature (small-statured . tall-statured spe-
cies) in many aboveground traits, but only to a lower extent in belowground traits. These differential responses altered
trait-based species ranking in many aboveground traits, such as specific leaf area, tissue nitrogen and carbon concen-
trations and above-belowground allocation (leaf area ratio and root : shoot ratio) at varying resource supply, while
trait-based species ranking was more consistent in belowground traits. Our study shows that species grouping accord-
ing to functional traits is valid, but trait-based species ranking depends on environmental conditions, thus limiting the
applicability of species-specific mean trait values in ecological studies.
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Introduction
There is a growing consensus that the use of functional
traits has the potential to gain a better understanding
of the functioning of organisms, how they relate to the
environment and to address unresolved issues of com-
munity ecology and ecosystem research (Lavorel and
Garnier 2002). It is mostly assumed that trait variation
between species is much larger opposed to intraspecific
trait variability (Diaz and Cabido 1997; McGill et al.
2006). This assumption is reflected in the a priori classifi-
cation of plant species into functional groups, i.e. group-
ing of species according to similarities in their functional
characteristics, as well as the application of more recently
developed trait-based approaches (Lavorel et al. 1997;
Dyer et al. 2001). However, both genetic differentiation
and environmental variation are well-known factors,
which may affect the phenotypic expression of functional
traits (Coleman et al. 1994; Violle et al. 2012). In natural
environments, plants are exposed to variation in multiple
environmental factors and simultaneously compete for
resources above- and belowground (Chapin et al. 1987).
Trait variation at different levels of plant organization,
ranging from physiological and biochemical to morpho-
logical characteristics, and allocation between plant
organs enable plant species to adjust to a wide range of
ecological conditions. Light availability and thus carbon
acquisition via photosynthesis as well as soil nutrient
availability are the most limiting factors for plant growth
in temperate grasslands. Variation in traits associated
with light acquisition and carbon assimilation, especially
morphological and physiological leaf traits [e.g. specific
leaf area (SLA) and leaf nitrogen concentrations (LNCs)],
shoot traits associated with a better positioning of plant
organs for light interception in dense canopies (e.g.
height growth, allocation between leaves and supporting
tissue) and biomass allocation between above- and
belowground plant organs [root : shoot ratio (RSR) and
leaf area ratio (LAR), i.e. leaf area per total dry mass]
are typical responses to variation in light availability
(Givnish 1988; Valladares and Niinemets 2008). In turn,
variation in morphological root characteristics associated
with nutrient uptake (e.g. specific root length (SRL), i.e.
root length per unit root mass) and altered allocation
between roots and shoots may result from changes in
the availability of belowground resources (Ryser and
Lambers 1995; Hill et al. 2006). However, different levels
of nutrient availability may also induce an alteration in
leaf morphological traits such as leaf dry matter content
(LDMC) and SLA (Chapin et al. 1987; Hodgson et al. 2011).
The close integration of plant carbon and nutrient metab-
olism requires a balance of various resources for growth.
Thus, the acquisition of a single resource (e.g. carbon) is

not independent of the availability of others (e.g. nutri-
ents), and it is commonly assumed that plants allocate
proportionally more resources to organs, which deter-
mine the capture of the most limiting resource to achieve
a ‘functional equilibrium’ (Bloom et al. 1985; Poorter et al.
2012). An alternative explanation, however, is based on
the observation that allocation into different plant organs
is a function of plant size following non-linear allometric
relationships (Coleman et al. 1994; Müller et al. 2000).
Therefore, the degree of plasticity in changing allometric
allocation is important to reduce resource imbalances
(Shipley and Meziane 2002).

The most commonly accepted classification of non-
legume herbaceous species into functional groups distin-
guishes between monocots (grasses) and dicots (forbs),
mainly due to their taxonomy, phylogeny and differences
in their growth forms (Dyer et al. 2001; Reich et al. 2003a).
It has been shown that grasses have lower LNCs, greater
leaf thickness and leaf tissue density, as well as smaller
root diameters (RDs) and invest a smaller proportion of
total biomass into leaves than forbs (Grime et al. 1997;
Craine et al. 2001; Reich et al. 2003b; Poorter et al. 2012).
Higher tissue density correlates with greater leaf longevity
and plays a central role in plant strategies of nutrient acqui-
sition and use (Grime et al. 1997; Aerts and Chapin 2000).
Species with greater tissue density are thought to minimize
nutrient loss and to maintain growth at low resource supply
(¼ conservative species), while species with low tissue
density are capable of fast resource acquisition and are
more responsive in terms of growth to increased nutrient
availability (¼ exploitative species) (Chapin 1980; Reich
et al. 2003b). However, many ecological characteristics do
not differ consistently between grasses and forbs, but dis-
play a large variation within these functional groups
(Grime et al. 1997; Craine et al. 2001; Tjoelker et al. 2005).
It has been hypothesized that exploitative species show
greater trait plasticity than conservative species in response
to nutrient availability (Crick and Grime 1987), but to our
knowledge the few experimental studies testing this
hypothesis on herbaceous species focussed exclusively on
grass species and did not obtain consistent results (Van
de Vijver et al. 1993; Grassein et al. 2010).

In temperate grasslands, usually a small number of
species with an inherent taller growth achieves domin-
ance and contributes the largest fraction of community
biomass. A larger number of species with an inherent
small growth stature is therefore more likely restricted
to grow in low light conditions because taller growing
species intercept a disproportionately larger fraction of
light (Weiner 1990). Consequently, competition for light
is asymmetric. Although soil resources are less likely
pre-emptable, competition belowground has also been
suggested to be size-asymmetric (Rajaniemi 2003). This
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size-asymmetry in competition raises the question how
inherently tall- and small-statured species differ in their
potential of responding plastically to varying light and
nutrient availability.

Although it is well known that plants need to adjust to
multiple local environmental factors, most experimental
research focussing on functional trait variation to resource
availability has manipulated single resources, such as
nutrients (e.g. Al Haj Khaled et al. 2005; Mokany and Ash
2008; da Silveira Pontes et al. 2010; Kazakou et al. 2014)
or light (Ryser and Eek 2000; Semchenko et al. 2012),
while the interaction of light and nutrient availability on
functional trait expression has rarely been studied or has
been restricted to a smaller set of traits (Olff et al. 1990;
Shipley and Almeida-Cortez 2003; Freschet et al. 2013). Pre-
vious studies manipulating single resources have shown
that some aboveground traits are more plastic than others
(Poorter et al. 2012; Kazakou et al. 2014) and that species
ranking according to trait values is often consistent across
environments (Mokany and Ash 2008; Kazakou et al. 2014).
However, these results need to be extended to variation in
multiple environmental factors covering species which may
be assumed to play a different ecological role in natural
communities and involving a larger set of traits.

In the present study, we grew eight perennial grassland
species (four grasses, four forbs) of varying growth stature
under controlled resource supply over 4 months at different
combinations of light and nutrient availability to test the
following hypotheses. (i) Grass species possess trait values
associated with a more conservative use of resources and
forb species show trait values indicative for a more exploit-
ative use of resources, while differences between small-
and tall-statured species in traits not directly related to
height growth are small if grown as single plant individuals.
(ii) The magnitude of trait variation in response to resource
availability differs among traits and is greatest in traits
related to allocation and the uptake of light and nutrients
to maintain the ‘functional equilibrium’ at varying resource
availability. (iii) The direction of trait variation in response to
light and nutrient availability does not differ between
grasses and forbs or small- and tall-statured species, but
the extent of trait variation differs between forbs and
grasses due to their different resource-use strategies. (iv)
Trait-based species ranking varies across environments,
but may be consistent for traits with similar plasticity across
species or if differences in trait plasticity do not exceed
interspecific trait differences.

Methods

Experimental design

Eight perennial species were chosen for the experiment.
The four forb species and four grass species, including

both small-statured and tall-statured species, are
typical representatives of Central European semi-natural
temperate grasslands (Molinio-Arrhenatheretea; Ellenberg
1988) (Table 1). Seeds were acquired from a commercial
supplier (Rieger-Hoffman GmBH, Blaufelden-Raboldshau-
sen, Germany). Seeds were pre-germinated in petri-dishes
on moistened filter paper in an unheated glasshouse in
April 2011. Seedlings in the stage of cotyledon emer-
gence were separated and transferred into quickpots of
20 cm3 volume (Hermann Meyer KG, Rellingen, Germany).
At the time of primary leaf emergence, single seedlings
were transplanted into pots (volume 3 L, diameter
16.5 cm, height 18.5 cm) from 30 to 31 May 2011. Sieved
topsoil from a close-by field (0–30 cm, czernozem;
Altermann et al. 2005) at the experimental field station
Bad Lauchstädt (Germany, 51823′38′′N, 11852′45′′E)
was used as substrate [soil texture: loamy sand; pH
7.29; nitrogen 1.18 mg N g21, carbonate 1.27 %, organic
carbon 15.14 mg C g21, C : N ratio 12.83, phosphorus
(from double lactate extracts) 15.86 mg P kg21, potassium
(from calcium acetate lactate extracts) 51.7 mg K kg21].
Plants were cultivated at ambient temperatures in a green-
house with a roof, which automatically closes at rain.

Three weeks after transplanting, plants were randomly
assigned to orthogonally crossed shade × fertilizer treat-
ments of three levels each. The levels for shade
treatments were full sunlight (¼ control), 40 % shade
(¼ medium) and 70 % shade (¼ high), each replicated
in six blocks arranged on tables (98 × 200 cm size). Shad-
ing was accomplished by fastening one (for 40 % shade)
or two layers (for 70 % shade) of green shading cloth
(polyethylene, aperture size 2 × 10 mm, Hermann
Meyer KG, Rellingen, Germany) to aluminium frames at
96 cm height and closed on all sides. All plants received
micronutrient solution [1 mL Hoagland A-Z solution, see
Supporting Information—Table S1] and 1 mL of FeCl3 in
100 mL distilled water at the beginning of the experi-
ment. NPK fertilization was applied equivalent to
62.5 mg nitrogen in total, spread over eight applications
administered biweekly in 50 mL custom mixed fertilizer
solution containing 6.9 g L21 CaHPO4, 8.35 g L21 K2SO4,
12.68 g L21 MgSO4 . 7H2O and 3.57 g L21 NH4NO3 for
high-level fertilization, equivalent to 200 kg ha21 year21

nitrogen. Half the dosage was applied for medium-level
fertilization, equivalent to 100 kg ha21 year21 nitrogen.
These resemble the commonly applied fertilizer inten-
sities in agriculturally managed semi-natural grasslands
in Europe (Olff et al. 1990). Other plants did not receive
additional nutrients throughout the whole duration of
the experiment (¼ control).

Each species was cultivated with five replicates per
treatment combination except for Prunella vulgaris L.,
for which one treatment combination (high shade ×
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high fertilization) was lost due to seedling mortality. In
total, 344 plants were grown. All plants were manually
watered with tap water on a regular basis according to
the estimated pot weight for 60 % water capacity and ac-
counting for increasing plant size throughout the experi-
ment. Plants assigned to different shading treatments
were randomly assigned to blocks and re-arranged within
blocks every 4 weeks.

Data collection

Four months after initiating treatments with different
light and nutrient availability, all plants were harvested
from 10 to 20 October 2011. Shortly before the harvest,
stomatal conductance (SC-1 Leaf Porometer, Decagon
Devices Inc.) and leaf greenness (¼ unitless measure of
foliar chlorophyll content; SPAD 502 Plus Chlorophyll
Meter, Spectrum Technologies, Inc.) were measured
(5–7 October 2011, between 10:00 and 15:00 h). Stoma-
tal conductance was measured at one fully expanded leaf
per individual using the auto mode of the porometer (tak-
ing the first 30 s of stomatal conductance data to predict
the final stomatal conductance occurring under true
steady state conditions). Leaf greenness was measured
with five replicates on fully expanded leaves and aver-
aged per individual. At the point of harvest, maximum
(stretched) plant height was recorded. Plants were cut
at ground level and stored overnight in a cooling chamber
at 4 8C in wet paper towels to achieve water saturation.
The following day, aboveground plant parts were sepa-
rated into inflorescences, leaves and stems (including
leaf sheaths in the case of grasses) and dead material
(leaves with less than two-third of green tissue). Ten
fully expanded leaves per plant were chosen, blotted
dry using tissues to remove any surface water and imme-
diately weighed. Then, leaf area of the bulk sample was
measured with a LI-3100 Area Meter (LI-COR Inc.,
Lincoln, NE, USA). If grass individuals had more than 10
tillers, only 10 were randomly chosen for separation and

measurements. At the time of harvest, single individuals
(,10 %) of A. elatius and K. arvensis and �40 % of
P. lanceolata plants had reached the reproductive stage.
Belowground biomass was cleaned by rinsing off all soil
over a 0.5 mm sieve. Root material was weighed and sub-
samples of 0.5–1 g fresh weight, representing the typical
distribution of different root sizes of the plant individual,
were stored at 220 8C. The root subsamples were thawed
at a later point and scanned in deionized water on a flat-
bed scanner at 800 dpi and analysed with image analysis
software (WinRHIZO; Regent Instruments, Quebec City,
Canada). Root diameters calculated with this software
are weighted by the overall length of analysed roots,
thus attenuating the potential effect of thicker tap
roots, if present. For each plant compartment, dry weight
was determined after drying at 70 8C for 48 h. Total be-
lowground biomass was derived by extrapolating dry
mass of the scanned subsamples from the fresh mass
to dry mass ratio of the remaining root system.

Three individuals per species and treatment combin-
ation were randomly selected for chemical analyses.
Leaves (used for leaf area measurements), residual above-
ground and root material of these individuals were separ-
ately chopped, finely ground with a ball mill and C and N
concentrations were determined using an elemental ana-
lyser (Vario EL III Element Analyzer, Elementar, Hanau,
Germany). All variables derived from these measurements
are summarized in Table 2.

Data analysis

Data analysis was conducted with the statistical software
R 3.0.2 (R Core Team 2013) including the package lme4
(Bates et al. 2013). The software Canoco 4.5 (Biometris
International, Wageningen) was used for multivariate
analysis.

Linear mixed-effects models were used to determine to
what extent differences among species assigned to dif-
ferent functional groups (forbs vs. grasses) and varying
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Table 1. Studied species, plant height (Jäger 2011), grouping into functional groups (grasses vs. forbs) and growth stature (small vs. tall).

Species Family Height (cm) Functional group Stature

Anthoxanthum odoratum L. Poaceae 20–50 Grass Small

Lolium perenne L. Poaceae 10–60 Grass Small

Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C. Presl Poaceae 60–120 Grass Tall

Dactylis glomerata L. Poaceae 50–120 Grass Tall

Plantago lanceolata L. Plantaginaceae 10–50 Forb Small

Prunella vulgaris L. Lamiaceae 5–30 Forb Small

Centaurea jacea ssp. jacea L. Asteraceae 15–80 Forb Tall

Knautia arvensis (L.) Coulter Dipsacaceae 30–80 Forb Tall
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in growth stature (small vs. tall) as well as variation in
resource availability (shade as linear term with 1 ¼ full
light, control, 2 ¼ 40 % shade, 3 ¼ 70 % shade; fertilizer
as linear term with 1 ¼ no fertilization, control, 2 ¼me-
dium fertilization, 3 ¼ high fertilization) and their inter-
actions explained variation in the measured variables.
Starting from a constant null model with block and
species identity as random terms, the fixed effects
were added stepwise in the following sequence: fertiliza-
tion, shade, fertilization × shade interaction, functional
group identity (grass vs. forb) and growth stature (tall vs.
small) and their respective interaction with fertilization
and shade. In order to evaluate the statistical signifi-
cance of model improvement by sequential addition
of fixed effects, the maximum likelihood method and
likelihood ratio tests were applied. Data were trans-
formed to logarithms to approach a better normal distri-
bution except for stomatal conductance, leaf greenness,
leaf N and C concentrations (no transformation), RSR
(cubic root transformation) and height (square root
transformation).

To decompose the variability attributable to model
terms, mixed-effect models were fitted with the re-
stricted maximum likelihood method. Variance compo-
nents associated with random effects (block, species
and residual) were estimated from the full model. To
assess the fraction of variability associated with the

fixed effects, a series of hierarchical models was fitted.
For each individual effect, the share of explained variabil-
ity was estimated as the difference between the total
variability attributed to random effects in models not in-
cluding and models including the respective fixed effect.

Resource availability is a critical determinant for inflor-
escence development and plant individuals must reach a
critical size to initiate flowering in many herbaceous spe-
cies (Sugiyama and Bazzaz 1998). To control for possible
effects of plant developmental stage on trait differences,
we introduced developmental stage (vegetative vs. repro-
ductive) as a covariate before the experimental factors in
additional models. The inclusion of developmental stage
had only minor effects on the outcome of statistical
analyses.

Additionally, the above-mentioned model was modi-
fied following a suggestion by Shipley and Meziane
(2002) to test for non-linear allometric allocation in LAR
and RSR as a function of plant size. The natural logarithm
of total leaf area (or shoot biomass respectively) was
modelled by additionally fitting the natural logarithm of
total biomass (or root biomass, respectively) and its inter-
action with the previously described terms. The random
term including species identity was modified by account-
ing for species-specific differences in the allometric
relationship to plant size, i.e. the natural logarithm of
total biomass and root biomass, respectively. Significant

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Summary and description of variables investigated in this study.

Variable Unit Description Variable group Abbreviation

Specific leaf area mleaf
2 kgleaf

−1 Leaf area per unit leaf dry mass Leaf SLA

Leaf dry matter content mgdw leaf gfw leaf
−1 Leaf dry mass per water-saturated leaf fresh weight Leaf LDMC

Leaf nitrogen concentration mg N gleaf
−1 Leaf nitrogen concentration Leaf LNC

Leaf carbon concentration mg C gleaf
−1 Leaf carbon concentration Leaf LCC

Leaf greenness Unitless measure of leaf chlorophyll concentration Leaf LeafG

Stomatal conductance mmol m22 s21 Stomatal conductance per leaf area Leaf gs

Leaf mass fraction gleaf gshoot
−1 Leaf mass per aboveground shoot mass Shoot LMF

Shoot nitrogen concentration mg N gshoot
−1 Shoot nitrogen concentration Shoot SNC

Shoot carbon concentration mg C gshoot
−1 Shoot carbon concentration Shoot SCC

Plant height cm Stretched plant height Shoot Height

Leaf area ratio mmleaf
2 mgplant

21 Leaf area per total plant biomass Allocation LAR

Root:shoot ratio groot g 21
shoot Root biomass per aboveground biomass Allocation RSR

Root nitrogen concentration mg N groot
−1 Root nitrogen concentration Root RNC

Root carbon concentration mg C groot
−1 Root carbon concentration Root RCC

Specific root length mroot groot
−1 Root length per root mass Root SRL

Root length density cmroot cmsoil
23 Root length per soil volume Root RLD

Root diameter mm Average root diameter Root RD

Total biomass g Total plant biomass Performance BM

AoB PLANTS www.aobplants.oxfordjournals.org & The Authors 2015 5

Siebenkäs et al. — Effects of resource availability on functional trait variation



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3. Summary of mixed-effects model analyses for functional traits combining all species. Models were fitted by stepwise inclusion of fixed effects. Likelihood ratio tests (x2) were used to
assess model improvement and the statistical significance of the explanatory terms (P values). For abbreviations and description of variables see Table 2.

SLA LDMC LNC LCC LeafG gs

x2 P x2 P x2 P x2 P x2 P x2 P

Fertilizer 0.27 0.606 1.24 0.265 63.15 ,0.001 1.25 0.263 87.91 ,0.001 4.72 0.030

Shade 52.75 ,0.001 32.84 ,0.001 15.45 ,0.001 6.43 0.011 31.63 ,0.001 1.93 0.165

Fertilizer × shade 1.57 0.210 0.02 0.877 0.52 0.470 0.48 0.488 3.11 0.078 0.18 0.673

Functional group (FG) 1.14 0.285 14.34 ,0.001 8.61 0.003 6.50 0.011 10.74 0.001 22.56 ,0.001

FG × fertilizer 14.77 ,0.001 9.27 0.002 0.93 0.334 1.60 0.206 21.49 ,0.001 3.01 0.083

FG × shade 4.18 0.041 27.30 ,0.001 1.54 0.215 0.78 0.378 70.01 ,0.001 2.70 0.100

Growth stature (GS) 3.15 0.076 0.64 0.425 3.93 0.047 3.97 0.046 3.43 0.064 3.13 0.077

GS × fertilizer 1.15 0.284 0.89 0.346 0.37 0.543 1.04 0.309 0.89 0.344 0.18 0.671

GS × shade 0.67 0.413 6.82 0.009 2.96 0.085 10.24 0.001 0.36 0.550 4.08 0.043

FG × GS 0.32 0.575 2.22 0.136 1.67 0.196 3.94 0.047 0.15 0.701 5.77 0.016

LMF SNC SCC Height LAR RSR

x2 P x2 P x2 P x2 P x2 P x2 P

Fertilizer 0.24 0.627 74.40 ,0.001 0.71 0.401 18.58 ,0.001 21.02 ,0.001 121.78 ,0.001

Shade 26.90 ,0.001 27.60 ,0.001 5.62 0.018 26.98 ,0.001 56.29 ,0.001 37.25 ,0.001

Fertilizer × shade 3.85 0.050 0.67 0.411 5.66 0.017 0.00 0.980 0.85 0.357 3.53 0.060

Functional group (FG) 14.48 ,0.001 17.69 ,0.001 1.47 0.225 12.24 ,0.001 1.48 0.224 0.77 0.380

FG × fertilizer 1.17 0.280 0.39 0.534 1.37 0.241 1.33 0.249 20.31 ,0.001 13.30 ,0.001

FG × shade 8.70 0.003 13.69 ,0.001 5.27 0.022 6.14 0.013 13.66 ,0.001 5.19 0.023

Growth stature (GS) 0.29 0.592 3.15 0.076 1.62 0.203 1.72 0.190 ,0.01 0.951 8.93 0.003

GS × fertilizer 4.77 0.029 0.38 0.539 ,0.01 0.972 2.45 0.118 0.04 0.842 8.99 0.003

GS × shade 15.03 ,0.001 20.17 ,0.001 ,0.01 0.974 12.32 ,0.001 5.84 0.016 0.23 0.631

FG × GS 1.02 0.313 5.34 0.021 0.35 0.552 2.05 0.152 0.35 0.554 2.96 0.085
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interactions of total biomass (or root biomass) with the
experimental factors indicate deviations of the allometric
slope dependent on resource availability, functional
group identity or growth stature, while significance of
the main experimental factors shows differences in the
allometric intercept.

Furthermore, standardized principal component ana-
lysis (PCA) was applied to trait data of all species in com-
bination to elucidate the major sources of variation in
multiple traits. Data were corrected for block effects
and transformed if necessary to achieve normal distribu-
tion before multivariate analyses. The resulting scores
describing the distribution of plant individuals along the
leading principal components were subjected to variance
decomposition as described above for single traits.

The magnitude of intraspecific trait variation was
estimated by calculating coefficients of variation (CVs,
standard deviation over mean) across shade × nutrient
treatments for each species based on mean values per
treatment. In order to test for differences in the magnitude
of trait variation between functional groups (grasses vs.
forbs) and dependent on growth stature (tall vs. small), a
two-factorial ANOVA was utilized. The consistency of spe-
cies ranking in trait values across fertilizer × shade treat-
ments was tested with Spearman’s rank correlation.
A high correlation coefficient (r . 0.75, n ¼ 36) resembles
a consistent ranking of species independent of resource
availability.

Results

Leaf traits

Fertilization had positive effects on LNCs and leaf greenness
and negative effects on stomatal conductance, while fer-
tilization did not impact SLA, LDMC and leaf carbon
concentrations (LCCs) [see Supporting Information—
Fig. S1A–F] (Table 3). Reduced light availability due to
shading affected all leaf traits with exception of stomatal
conductance (Table 3). Specific leaf area and LNC in-
creased, while LDMC, LCC and leaf greenness decreased
under shading [see Supporting Information—Fig. S2A–F]
(Table 3). Nutrient and light availability did not interact
in their effects on leaf traits.

Grass and forb species differed in all leaf traits with the
exception of SLA (Table 3). Forbs had greater LNC, leaf
greenness and stomatal conductance and had lower
LDMC and LCC than grasses. Variation in SLA, LDMC
and leaf greenness in response to nutrient and light avail-
ability also differed between grasses and forbs. While in
forb species SLA tended to decline and LDMC tended to
increase with increasing fertilization, the opposite was
observed in grass species. The positive effects of fertiliza-
tion on leaf greenness were stronger in grasses than in
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forbs, whereas the decrease of leaf greenness in response
to shading was more pronounced in forbs than in grasses.
In contrast, the responsiveness of SLA (increase) and
LDMC (decrease) to shading was more pronounced in
grasses than in forbs. Leaf traits barely differed among
species with tall and small growth stature, except for
LNC and LCC, which were larger in tall-statured species.
However, in small-statured species, shade had a stronger
negative effect on LDMC and LCC. The opposite was the
case for stomatal conductance (gs); gs of tall-statured
species showed a greater variation in response to shade
than gs of small-statured species.

Shoot traits

Fertilization increased plant height and shoot nitrogen
concentrations (SNCs), but did not affect leaf mass frac-
tion (LMF) and shoot carbon concentrations (SCCs) [see
Supporting Information—Fig. S1G–J] (Table 3). Shading
decreased SCC and increased LMF, SNC and height [see
Supporting Information—Fig. S2G–J]. Nutrient and
light availability showed interactive effects on SCC. With
both increasing nutrients and shade SCC declined. Forb
and grass species differed in all aboveground shoot traits
with exception of SCC. Grass species allocated less shoot
mass to leaves (lower LMF), grew taller and had lower SNC
than forb species. The effects of shading on shoot traits
also differed between grasses and forbs. Grasses showed
a stronger increase in LMF, SNC and height than forbs in
response to shading, but shading led to a more pro-
nounced reduction of SCC in forbs than in grasses. Above-
ground shoot traits did not differ among species with tall
and small growth stature, but the increase in plant height,
SNC and LMF in response to shading was more pro-
nounced in small-statured than in tall-statured species.

Above- and belowground allocations

Fertilization as well as shading increased allocation in
favour of aboveground plant organs [higher LAR, smaller
RSR; Supporting Information—Figs S1K and L and S2K
and L, Table 3]. Root : shoot ratio decreased with increas-
ing shade because shading reduced root mass stronger
than shoot mass. Nutrient and light availability did
not interact in their effects on LAR and RSR. Above- and
belowground allocations did not differ between func-
tional groups, but the increase in LAR and the decrease
in RSR in response to fertilization and shading were
more pronounced in grasses than in forbs. Tall-statured
species had a greater RSR than small-statured species,
and fertilization led to a stronger decline in RSR in small-
statured than in tall-statured species. In contrast, LAR did
not depend on the growth stature. The increase in LAR in
response to shading was more pronounced in small-
statured than that in tall-statured species.

The inclusion of root mass in analyses of shoot mass to
test for size-dependent variation in root : shoot allocation
[see Supporting Information—Table S2] showed that
the allometric slope varied between grasses and forbs
[significant interaction FG × log(root mass)]: forbs had a
steeper allometric slope (a) than grasses (aforbs ¼ 0.74
vs. agrasses ¼ 0.51). Different resource availability and
growth stature, however, did not affect allometric slopes
in root : shoot allocation. Testing the size dependency of
variation in LAR [see Supporting Information—Table
S2] rendered that the allometric slope varied dependent
on nutrient availability, i.e. fertilization led to a steeper
slope (acontrol ¼ 0.40 vs. afertilized ¼ 0.78), while shading
or differences between functional groups or growth
statures did not affect allometric slopes.

Belowground traits

Fertilization increased root nitrogen concentrations
(RNCs) and RD and decreased SRL and root carbon con-
centrations (RCCs) [see Supporting Information—Fig.
S1M–Q] (Table 3). Shading led to larger SRL and RNC,
but resulted in lower root length density (RLD) and RCC
[see Supporting Information—Fig. S2M–Q] (Table 3).
Shading and fertilization interacted in their effects on
RCC; in shade and at high nutrient availability RCC
declined to the lowest levels.

Grass and forb species differed in all belowground traits
except for RCC: forbs had lower SRL and RLD than grasses,
but RNC and RD were greater in forbs than in grasses. The
increase of RNC in response to shade was larger in grasses
but the positive effect of fertilization on RNC was greater
in forbs. Species of different growth stature differed in
their SRL; small-statured species exhibited a higher SRL.
Fertilization led to a larger increase in RLD in small-
statured compared with tall-statured species. The effects
of shading and fertilization on RNC were stronger in small-
statured than in tall-statured species.

Plant biomass

Performance expressed as total plant biomass increased
with fertilization [see Supporting Information—Fig.
S1R] and decreased with shading [see Supporting
Information—Fig. S2R], but both factors did not interact
in their effects on total plant biomass (Table 3). Grass
species produced more biomass than forbs, and positive
effects of fertilization were more pronounced in grasses
than in forbs. Total plant biomass did not differ among
species with tall and small growth stature.

Attribution of sources of variation in multiple traits

The two leading axes of a standardized PCA of trait values
across all species (Fig. 1) accounted for almost 60 % of
variation. The first axis explaining 37 % of variation had
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high positive loadings for LDMC and RLD, opposed to high
negative loadings for tissue N concentrations (SNC, RNC
and LNC), LMF and stomatal conductance. The second
axis explaining 19 % of variation had high positive load-
ings for SLA, LAR and SLR and high negative loadings
for RSR. The major sources of variance explaining vari-
ation in multiple traits along the two leading axes were
differences between functional groups (first axis 69 %,
second axis 15 %) and due to shading (first axis 15 %,
second axis 53 %) [see Supporting Information—Fig.
S3]. The third axis mainly represented trait variation
due to species identity (40 %) and fertilization (10 %).

Magnitude of intraspecific trait variation

Intraspecific trait variation quantified as CV across treat-
ments differed greatly among traits, while differences
among grasses vs. forbs and small vs. tall-statured species
in intraspecific trait variation were often non-significant
(Table 4). Overall, grasses had a greater intraspecific vari-
ation in stomatal conductance, LNC, LDMC, SNC and RSRs
than forbs (Fig. 2). Small-statured species varied more in
their LDMC and less in their leaf greenness than tall-
statured species.

In general, carbon concentrations (SCC, LCC and RCC)
showed the smallest intraspecific variation in response
to different levels of resource availability (Fig. 2). Intraspe-
cific variation in nitrogen concentrations (SNC, LNC and
RNC) was greater, but comparable in different plant

organs. Leaf dry matter content and leaf greenness
were less variable than SLA, LNC and stomatal conduct-
ance among leaf traits, while LMF was less variable
than height and SNC among shoot traits. Intraspecific
variation in RNC and SRL were similar, but smaller than
intraspecific variation in RLD. Characteristics related to
above-belowground allocation (LAR and RSR), RLD as
well as performance quantified as total biomass had
the greatest intraspecific variation in response to varying
resource availability.

Attribution of sources of variation in single traits

Traits with a great plasticity in the response to shading were
SLA, LAR (.50 % of variance), while the environment-
induced variation in traits related to nitrogen-acquisition
(LNC, leaf greenness, SNC and RNC), RSR and plant bio-
mass were attributable to additive effects of shading
and fertilization (.20 % of variance in total) (Fig. 3).
A large proportion of variance in LDMC, leaf greenness,
gs, plant biomass as well as all whole-shoot and root
traits with exception of C concentrations was due to dif-
ferences between functional groups. Differences due to
growth statures mostly explained a minor proportion of
variance with exception of RSR and SRL. Species identities
often explained .10 % of residual variance with excep-
tion of tissue nitrogen concentrations, LCC and gs.

Consistency of species ranking in trait values

Species ranking across all shade × fertilizer combinations
remained conserved for LDMC, gs, plant height, root-
morphological traits (RLD, SRL and RD) and plant biomass
(Fig. 4). These traits had in common that .50 % of trait
variation was attributable to the summed effects of func-
tional group, growth stature and species identity (Fig. 3).
The inconsistent ranking of species in other traits was
mostly manifested through all treatment combinations,
with exception of leaf greenness, where deviating species
ranking was mainly caused by deep shade (not shown).

Discussion

Interspecific trait differences (Hypothesis 1)

The classification of grasses and forbs into distinct func-
tional groups is widely applied in ecological studies.
Grasses and forbs are known to differ in their shoot and
root architecture and anatomy; however, it was repeatedly
shown that this grouping may not be based on single
characteristics, but that trait combinations including
both above- and belowground traits distinguish between
grasses and forbs most efficiently (Craine et al. 2001;
Reich et al. 2003a; Tjoelker et al. 2005). Plant resource-
use strategies may be described along a fundamental
trade-off between resource acquisition and resource

Figure 1. Standardized PCA of trait values across all studied species
at different levels of resource availability. Abbreviations: SLA, specific
leaf area; LDMC, leaf dry matter content; LNC, leaf nitrogen concen-
tration; LCC, leaf carbon concentration; LeafG, leaf greenness; gs, sto-
matal conductance; LMF, leaf mass fraction; SNC, shoot nitrogen
concentration; SCC, shoot carbon concentration; LAR, leaf area
ratio; RSR, root : shoot ratio; RNC, root nitrogen concentration; RCC,
root carbon concentration; RLD, root length density; SRL, specific
root length; RD, root diameter.
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Table 4. Summary of two-factorial analysis of variance (ANOVA) of trait variation in response to resource availability estimated as coefficient of
variation (CV, standard deviation over means) across treatments. Given are F-values and statistical significance of the explanatory terms
(P values). For abbreviations and description of variables see Table 2.

SLA LDMC LNC LCC LeafG gs

F P F P F P F P F P F P

Functional group (FG) 2.72 0.174 11.46 0.028 8.24 0.045 1.72 0.260 0.57 0.493 7.81 0.049

Growth stature (GS) 0.12 0.743 9.44 0.037 2.12 0.219 1.67 0.266 13.47 0.021 0.48 0.526

FG × GS 0.33 0.598 1.48 0.291 0.03 0.876 0.28 0.625 0.64 0.467 0.12 0.744

LMF SNC SCC LAR RSR Height

F P F P F P F P F P F P

Functional group (FG) 1.45 0.295 24.43 0.008 6.56 0.063 5.42 0.080 14.62 0.019 0.62 0.475

Growth stature (GS) 2.24 0.209 7.10 0.056 1.14 0.346 1.01 0.371 2.71 0.175 5.43 0.080

FG × GS 0.78 0.427 0.11 0.753 ,0.01 .0.999 0.10 0.769 2.15 0.216 0.06 0.814

RNC RCC SRL RLD RD Biomass

F P F P F P F P F P F P

Functional group (FG) 1.02 0.371 2.20 0.212 0.79 0.426 1.26 0.324 3.40 0.139 2.04 0.227

Growth stature (GS) 4.78 0.094 0.04 0.858 0.02 0.897 0.04 0.848 1.02 0.369 1.01 0.372

FG × GS 0.02 0.889 0.06 0.815 1.59 0.276 ,0.01 0.971 0.60 0.483 0.71 0.448

Figure 2. Intraspecific trait variation in response to resource availability estimated as coefficient of variation (CV, standard deviation over
means) across treatments. Shown are means (+1 SE) across species. Hatched bars represent grass species.
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conservation and related to a ‘fast-slow’ plant economic
spectrum (Reich 2014). High root N concentrations and
SRLs are mechanistically related to root respiration,
reflecting patterns of high metabolic activity associated
with nutrient uptake and assimilation, and fast growth
(Reich et al. 2003a; Tjoelker et al. 2005; Roumet et al.
2006). High leaf N concentrations correlate positively
with leaf respiration and net photosynthesis rates and

negatively with tissue longevity (e.g. Lambers and Poorter
1992; Reich et al. 2003a), while low tissue N concentra-
tions indicate high nutrient retention (Aerts and Chapin
2000). In our study, grass species were characterized by
greater LDMC, lower tissue N concentrations and had
thinner roots, which is in line with our Hypothesis 1 that
grasses possess trait combinations indicating a more con-
servative use of resources, while forbs were characterized

Figure 3. Estimated variance decomposition based on mixed-effects model analyses shown in Table 3. Note the variance components for block
effects and residuals were combined in the graph, as well as the respective interactive effects of FG, GS × resource availability (as ‘interactions’).

Figure 4. Species ranking in trait values across shade × fertilizer treatments, tested with Spearman’s rank correlation, where a high correlation
coefficient (r . 0.75) indicates a consistent ranking of species independent of resource availability. For colours of trait groups see Figure 2.
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by trait combinations associated with a more exploitative
use of resources (greater tissue N concentrations, higher
stomatal conductance and leaf greenness). In contrast,
grass species had greater SRLs than forbs, which is sup-
posed to be associated with an exploitative use of
resources and greater rates of nutrient uptake. Species
with ‘fast’ traits are assumed to grow best in higher
resource conditions, while ‘slow’ species are thought to
be superior when resource are scarce and conservation
of resources results in better growth (Reich 2014). Never-
theless, grown as single plants, grass species accumu-
lated more biomass than forb species in all treatments,
which might be explained by greater costs for ‘fast’ traits
of forb species. Trait differences between inherently
small- and tall-statured species were generally small,
which is also consistent with Hypothesis 1. Small-statured
species had higher SRL, but invested less biomass into
belowground organs (smaller RSR) than tall-statured spe-
cies, resulting in comparable values for RLD. There was no
evidence for differences in height growth and total bio-
mass production after 4 months, showing that stature
did not matter for growth when resource supply was
externally controlled and not limited by competition.
The greater RSR of tall-statured compared with small-
statured species suggests that growth of tall species in
their natural habitats is more likely limited by below-
ground resources (nutrients) and evolutionary processes
selecting for greater investment into roots. It could be
argued that differences in RSR were due to non-linear
allometric allocation dependent on plant size (e.g. Shipley
and Meziane 2002). Mixed-model analyses, however,
showed that growth stature only affected the intercept
of root : shoot allometry, while having no significant
effects on the slope of this relationship [see Supporting
Information—Table S2].

Effects of light and nutrient availability on trait
expression (Hypothesis 2)

In accordance with results from earlier studies, shading
resulted in greater investment into aboveground plant
organs (higher LAR and lower RSR), higher tissue N con-
centrations, but lower tissue C concentrations (lower C/N
ratios due to reduced growth) and the formation of leaves
with larger SLA (Ryser and Lambers 1995; Ryser and Eek
2000; Evans and Poorter 2001). Less is known about the
effect of shade on belowground morphology. Ryser and
Eek (2000) showed that SRL of D. glomerata increased,
when light availability was reduced to 20–30 % of full
daylight, which is consistent with our results. A better
nutrient availability is known to increase allocation to
aboveground plant organs (higher LAR and lower RSR)
(Elberse and Berendse 1993; Ryser and Lambers 1995).
Root-morphological changes, i.e. a decreased RD and

increased SRL, have been described in response to phos-
phorus deficiency, but less concordant effects have been
observed for nitrogen deficiency (Hill et al. 2006). In our
study, using NPK fertilization, we found decreasing SRL
and increasing RD with fertilization in congruence with
other studies (Fransen et al. 1999; Grossman and Rice
2012). Despite shading- or fertilization-induced plastic
changes in all studied traits (Table 3), the magnitude of
trait responsiveness varied greatly among traits. Allocation
between above- and belowground plant organs (LAR and
RSR), traits related to resource uptake (SLA and SRL) and
RLD, which is closely related with SRL, were the most plas-
tic characteristics in all studied species (Fig. 2) as predicted
by our Hypothesis 2. However, plasticity in tissue nitrogen
concentrations also showed considerable variation in
response to resource availability suggesting that C and
nutrient metabolism were not balanced at different levels
of resource supply.

Extent and structure of trait variation as affected by
functional groups and growth stature (Hypothesis 3)

Albeit similar responses across all studied species, signifi-
cant interactions between functional group identity and
resource availability (shade, fertilization) in several leaf
traits (SLA, LDMC and leaf greenness), above- and below-
ground allocations (RSR and LAR), height and shoot C and
N concentrations showed that aboveground traits of
grasses and forbs differed in their responsiveness to
environmental variation as suggested by our Hypothesis
3, while this was not the case for root-morphological traits
(Table 3). Although studies comparing pairs of grass species
from fertile and infertile habitats suggested that exploit-
ative species show greater plasticity to nutrient availability
than conservative species (Crick and Grime 1987; Grassein
et al. 2010), we found that grass species having traits char-
acteristic for a conservative use of resources were more
plastic in several traits (LDMC, LNC, gs, SNC and RSR) than
forb species (Fig. 2, Table 4). In accordance with our expec-
tations, we also found that trait variation of small-statured
species in response to light availability was greater than
in tall-statured species in many aboveground traits, sug-
gesting that inherently small species, which often suffer
from light competition in their natural habitats, have
been selected for greater responsiveness to shade
(Table 3).

Effects of light and nutrients on trait-based species
ranking (Hypothesis 4)

A number of recent studies have pointed out that intra-
specific trait variation might be equally important to
consider in ecological studies than interspecific trait dif-
ferences (Albert et al. 2011; Violle et al. 2012). The con-
sistency of trait-based species ranking in different
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environments depends on the direction of trait variation
in response to environmental variation and the relative
magnitude of inter- vs. intraspecific variation (Garnier
et al. 2001). Several studies, mostly conducted at varying
nutrient supply, delivered heterogeneous results. For
example, consistent species rankings have been found
for leaf traits such as SLA and LDMC (Al Haj Khaled et al.
2005; Mokany and Ash 2008; Kazakou et al. 2014), while
Rose et al. (2013) reported less consistent species rank-
ings in these traits. However, it has also been emphasized
that the stability of species rankings depends on the con-
sidered trait (Kazakou et al. 2014). Our study manipulat-
ing nutrient supply in combination with different levels of
shading, provided clear evidence that trait-based species
ranking is only consistent across environments, when
trait variation in response to resource availability is
small compared with differences between functional
groups, growth statures or dependent on species identity
(Figs 2 and 3) or if the magnitude and direction of trait
variation does not differ between species, confirming
Hypothesis 4. For example, species ranks in all root-
morphological traits (RLD, SRL and RD) were largely
consistent although these traits differed greatly in their
intraspecific variation in response to resource availability
(Fig. 3), but plasticity in these traits did not differ between
functional groups or dependent on growth stature
(Table 3). In contrast, species ranking in LDMC and plant
height was also consistent, probably due to great differ-
ences in trait values between species buffering against
the differential effects of resource availability dependent
on functional group identity or growth statures.

Conclusions
The usefulness of trait-based definitions of plant func-
tional groups depends on their repeatability (Gitay and
Noble 1997) implying that environment-induced vari-
ation in trait expression is similar across species. Our
study showed that species assigned to the predefined
functional groups of grasses and forbs differed in most
studied traits. The differentiation between grasses and
forbs based on multiple traits remained robust irrespect-
ive of light and nutrient availability (Fig. 1), and the iden-
tity of traits most responsive to variation in resource
availability was similar among grasses and forbs (Fig. 2)
justifying species classification into the commonly used
functional groups (Dyer et al. 2001; Tjoelker et al. 2005).
However, small interspecific differences in combination
with varying plasticity in response to the environmental
conditions altered trait-based ranking among species in
several traits. The varying consistency in trait-based rank-
ing may limit the usefulness of functional groups as well
as the applicability of species-specific mean trait values in

predicting species or community responses to environ-
mental variation.
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