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Abstract The establishment pattern of monocultures of

61 species common to Central European semi-natural

grasslands was analysed in a field experiment. The objec-

tives were to identify key traits for successful establish-

ment, defined in terms of above-ground biomass

production, and to characterize the degree of niche overlap

with respect to the use of above-ground resources, such as

light and space. Four months after sowing, 15 species

reached an above-ground biomass of more than 400 g m–2.

Highly productive monocultures adopted extremely dif-

ferent strategies of space filling in terms of canopy height,

biomass density and centre of gravity of vertical biomass

distribution. Regression tree analysis identified (1) the

number of seedlings and (2) a trade-off between the

development of a large number of small-sized shoots of

species with intensive clonal growth in contrast to the

establishment of fewer large-sized shoots as the two most

important traits for successful establishment. Further vari-

ables associated with high above-ground biomass produc-

tion by individual species were traits known to be relevant

to the relative growth rate of herbaceous species, such as

specific leaf area, leaf nitrogen or allocation between

shoots and roots. The principle finding of this study is that

the success of the 15 most productive species was not

based on a single pathway but on a variable combination of

traits. There are clearly many possible combinations of

morphological and physiological features that will result in

a species becoming productive, and these combinations

differ among species in a local species pool.

Keywords Biomass production � Canopy structure �
Functional traits � Ordination analysis � Regression tree

analysis

Introduction

The threat to species diversity over the last decades has

attracted growing attention to the consequences of this

decline on ecosystem functioning (Loreau et al. 2001). A

steadily increasing body of evidence indicates that an

understanding of the changes in ecosystem properties re-

quires an analysis of the functional characteristics of the

species involved (Walker et al. 1999; Hooper et al. 2005).

All plant species compete for the same major resources

– available light, water, carbon dioxide, minerals and

space. Morphological, physiological and phenological dif-

ferences result in plant species adapting various strategies

to acquire these resources. The grouping of species into

functional types is one widely accepted approach to mak-

ing studies of the underlying complex mechanisms more

comprehensible (Schulze 1982; Smith et al. 1997). Plant

functional types are defined as groups of species that have

comparable effects on major ecosystem processes (func-

tional effect groups) or which respond similarly to envi-

ronmental changes (functional response groups) (Dı́az and

Cabido 2001). The underlying logic of the approach is that

similarities between species can be attributed to a set of

key functional traits (e.g. Grime et al. 1997; Lavorel et al.
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1997; Westoby 1998; Weiher et al. 1999) and that trait

combinations result in discrete groups rather than a con-

tinuum. Another common approach to predict species ef-

fects on ecosystem functioning is to focus on single traits

that are supposed to be most important for a given eco-

system process. Both the functional group approach and the

focus on single traits are closely related as long as single

traits tend to co-vary with other traits.

Functional types or single traits have been applied

successfully in many cases to predict effects on ecosystem

processes (functional effects). Experimental studies have

demonstrated the existence of relationships between plant

traits and soil properties such as microbial biomass, pH and

nitrate concentrations (Groffman et al. 1996; Wardle et al.

1998), nitrogen cycling (Wedin and Tilman 1990; Wedin

and Pastor 1993; Craine et al. 2002), decomposition

(Cornelissen 1996; Cornelissen and Thompson 1997) or

primary productivity (review in Lavorel and Garnier 2002).

Many other studies have identified key processes and

associated feedbacks which facilitate an understanding of

the differences in response (see reviews in Weiher et al.

1999; Westoby et al. 2002). For example, the competitive

ability of adult plant individuals under nutrient-rich con-

ditions appears to be associated with fast growth and high

relative growth rates coupled with a rapid transfer of cap-

tured resources into new leaves and roots, but also to a

short life span of individual plant parts (e.g. Grime and

Hodgson 1987; van der Werf et al. 1993; Ryser and Urbas

2000). Leaf nitrogen concentration, specific leaf area, low

tissue density and high shoot-root ratios are positively re-

lated to the relative growth rate and the rate of photosyn-

thesis (e.g. Hilbert 1990; Garnier 1991, 1992; Poorter and

Remkes 1990; Hunt and Cornelissen 1997; Aerts and

Chapin 2000).

Correlative relationships between traits have been de-

rived from comparisons within and between ecosystems

(e.g. Reich et al. 1997; Enquist and Niklas 2002; Westoby

et al. 2002; Dı́az et al. 2004; Reich and Oleksyn 2004).

However, there are also some studies which show that traits

which may co-vary on a large scale can, in fact, vary

independently on a local scale (e.g. Fonseca et al. 2000;

Lavorel and Garnier 2002; Eviner and Chapin 2003).

Furthermore, a study on experimental monocultures has

shown that the mechanisms by which plant species influ-

ence biogeochemical cycling, such as by biomass produc-

tion, litter chemistry, carbon input from root turnover and

exudation, soil moisture and temperature, differ among

species (Eviner 2004). These findings emphasize the

uniqueness of these species and their effects on ecosystem

processes.

In the present study, we investigated the establishment

of 61 grassland species in experimental monocultures in

order to identify traits which are associated with the suc-

cess of the species. We concentrated our analysis on above-

ground productivity during the first growing season as the

functional effect on the ecosystem level and investigated a

number of traits at the plant individual and population le-

vel. Our main questions were: which plant traits determine

a successful monoculture development? Do successful

species coincide in combinations of certain traits, or are

there several strategies? Additionally, we studied the spa-

tial structure of biomass distribution to ask whether there

are similar strategies to use such above-ground resources as

space and light among the most successful species.

Materials and methods

Study site

The experimental site of the study was located at the

floodplain of the Saale river in Jena (Thuringia, Germany;

50�55¢N, 11�35¢E, 130 m a.s.l.). The soil is a nutrient-rich

riverside soil (Eutric Fluvisol) developed from up to 2 m-

thick loamy fluvial sediments. The site was used as an

arable field before the sowing of the experimental species

and has been heavily fertilized over the last decades. Mean

annual air temperature is 9.3�C, and the average annual

precipitation amounts to 587 mm in the area around Jena

(Kluge and Müller-Westermeier 2000). Central European

semi-natural species-rich grasslands, which are tradition-

ally mown twice a year (Arrhenatherion alliance according

to the vegetation classification of Ellenberg 1988), served

as the target plant community. A pool of 61 species com-

mon to these grasslands was chosen for the study (Roscher

et al. 2004). A complete species list is given in Table 1. All

species were grown in two monoculture plots of

3.5 · 3.5 m as part of a large biodiversity experiment. The

experimental site was divided into four blocks following a

gradient of soil characteristics. Each block contained 30

monocultures selected randomly from the species pool. The

occurrence of identical species replicates in the same block

was not allowed.

Plots were sown from 11 to 16 May 2002. Modifications

in the number of seeds sown was based on laboratory

germination tests; the objective was to obtain 1000 ger-

mination events (seedlings per square metre). Seeds of

Ajuga reptans, Carum carvi, Cirsium oleraceum, Pastinaca

sativa, Pimpinella major, Primula veris, Ranunculus acris,

R. repens and Sanguisorba officinalis were pre-treated with

gibberellic acid (500 mg l–1; 24 h) to break dormancy.

Seeds of some legume species (Lathyrus pratensis, Lotus

corniculatus, Medicago lupulina, Trifolium campestre, T.

dubium, Vicia cracca, V. sepium) and Geranium pratense

were scarified (scratched) to perforate the testa. All plots

were weeded twice during the first growing season to
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Table 1 Species list and measured variablesa during the first growing season of the experiment (2002)
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remove unwanted species. Eight weeks after sowing

(beginning of July), plots were mown to a height of 10 cm

and the biomass removed. A second mowing was carried

out in September 2002 (for detailed description see Ro-

scher et al. 2004).

Data collection

Seed mass was determined by weighing five batches of 50

seeds for each species. Seedling emergence was controlled

weekly in the field. Two weeks after the first appearance of

the seedlings, but not later than 8 weeks after sowing, we

counted established seedlings in two randomly selected

quadrants (50 · 50 cm) per plot. The number of estab-

lished individuals or shoots (in the case of species with

vegetative reproduction) was determined at the end of the

first growing season by counting the same subplots. This

number is referred to as ‘‘plant shoots’’. Total vegetative

cover was estimated visually (using a 5% scale), and

average canopy height of foliage was measured monthly.

Fifteen weeks after sowing (end of August 2002) (two–)

five randomly selected shoots per plot were harvested

above the soil surface. Shoots were put in sealed plastic

bags immediately after harvesting, stored in a cool box and

transported to the laboratory. All measurements were done

as soon as possible (between 1 and 8 h after harvest). The

harvested plant material was field fresh and did not show

any signs of wilting. Shoots were separated into stems,

leaves and reproductive (flowering or fruiting) parts, and

the total leaf area per shoot was measured immediately as

part of the biomass separation process (LAI-3100 Area

Meter; LI-COR, Lincoln, Neb.). Petioles and the rachis of

compound leaves were included in the leaf area measure-

ments. Leaf area measurements comprised the entire shoot

and were not restricted to the upper adult leaves of a shoot

(Cornelissen et al. 2003) because our aim was to encom-

pass the species-specific plastic adaptation of trait values to

the growing conditions in monoculture stands of species-

dependent densities. Dry weight per plant compartment

was obtained after drying for 48 h (70�C). Leaf tissue was

analysed for total nitrogen and carbon concentration with

an elemental analyzer (Vario EL Element Analyzer; Ele-

mentar, Hanau, Germany). Based on these measurements

the following variables were calculated for each species:

• specific leaf area (SLA), which is the total leaf area per

shoot divided by total leaf mass per shoot (mm2
leaf

mg–1
leaf);

• leaf mass fraction (LMF), which is the leaf dry weight

per shoot dry weight (mgleaf mg–1
shoot);

• stem mass fraction (SMF), which is stem dry weight per

shoot dry weight (mgstem mg–1
shoot);

• leaf area ratio (LAR), which is the product of specific

leaf area and leaf mass fraction (mm2
leaf mg–1

shoot);

• mass-based leaf nitrogen (leaf Nmass), which is nitrogen

mass per leaf dry weight (mgN g–1
leaf);

• area-based leaf nitrogen (leaf Narea), which is nitrogen

mass per leaf area (gN m–2
leaf).

Leaf inclinations were estimated in the field using the

classification scheme of Barkman (1979). Field data were

summarized in three categories as the deviation from hor-

izontal position (see Table 1).

Above-ground biomass was determined by harvesting

plant material in strata of 10 cm in two randomly selected

20 · 50-cm sampling areas per plot (early in September

2002). The sample area was extended to 50 · 100 cm in

plots with sparse vegetation cover. The area was clipped to

3 cm above ground. Only a sub-area of 10 · 20 cm was

harvested to the ground surface in order to minimize

destructive sampling. Clipped vegetation was sorted into

living plant material and litter. The dry weights of the

samples were used to calculate strata biomass per square

metre and added together to make up the above-ground

biomass production per square metre. For some species

with very low abundances and cover, the number of shoots

per square metre was counted, multiplied with the average

dry mass per shoot (see above) and used as the estimate for

above-ground biomass production. In order to obtain a

measure of vertical biomass distribution in the canopy, we

computed weighted mean height (WMH) – or centre of

Table 1 continued
a Values presented in the table are the means calculated from two replicated monocultures. Nomenclature and data on life history follow

Rothmaler (2002). Abbreviations for functional traits: LAR, leaf area ratio; SMF, stem mass fraction; SLA, specific leaf area; LMF, leaf mass

fraction
b Ast, Asteraceae; Api, Apiaceae; Bra, Brassicaceae; Cam, Campanulaceae; Dip, Dipsacaceae; Fab, Fabaceae; Ger, Geraniaceae, Jun, Junc-

aceae; La, Lamiaceae; Pla, Plantaginaceae; Poa, Poaceae; Pol, Polygonaceae; Pri Primulaceae; Ran, Ranunculaceae; Ros, Rosaceae; Rub,

Rubiaceae; Scr, Scrophulariaceae
c p, perennial; b, biennial; bh, biennial or perennial hapaxanthous; a, annual to annual overwintering
d Leaf angle was defined as: er, erect (+60 to +90� deviation from a horizontal plane); ep, erecto-patent (+30 to +70� deviation from a horizontal

plane); sp, spreading (lower half erecto-patent, upper half horizontal); arc, arcuate (lower half erecto-patent, upper half hanging (–30 to –60�); p,

patent (+10 to +40� deviation from a horizontal plane); h, horizontal (–20 to +20� deviation from a horizontal plane). Leaf inclination following

Barkman (1979) was summarized into three categories for statistical analysis (in parenthesis): 1, predominantly vertical leaf orientation;

2, predominantly inclined leaf orientation; 3, predominantly horizontal leaf orientation
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gravity – (cm) of above-ground biomass by multiplying the

biomass of each layer (mi) with the mean height of the

layer (hi) and dividing the sum of hi · mi by the total

biomass in accordance with Gibson et al. (1987):

WMH ¼
Pk

i¼1 himi
Pk

i¼1 mi

Biomass density (g m–3) was estimated as biomass

(g m–2) divided by the height of the upper layer (hmax) to

characterize the three-dimensional space filling per stand.

Below-ground biomass was sampled by removing a soil

core sample [5 (diameter) · 30 (depth)cm] centered at a

randomly chosen plant individual per plot. Below-ground

biomass was washed from the soil cores over a 2-mm and

200-lm-mesh sieve until it was free of soil and picked out

with tweezers. Samples were dried at 70�C for 48 h before

weighing. Below-ground biomass per square metre was

estimated by multiplying the number of individuals per

square metre by below-ground biomass per core. Only for

species with an intensive vegetative growth and tightly

packed shoots (e.g. grasses, Trifolium repens) was below-

ground biomass per core area used directly to calculate

below-ground biomass per square metre corrected for

above-ground plant cover. Above-ground biomass (g m–2)

was divided by below-ground biomass (g m–2) as estimate

of the shoot-root ratio.

Data analysis

Data on plant individuals, counts of seedlings and shoots

and biomass samples were averaged per plot. A logarithmic

or square-root transformation was applied in the case of

non-normality. Percentage cover and leaf and stem mass

fractions were square-root arcsin-transformed. Analysis of

variance (ANOVA) was used to test for effects of the

experimental blocks on the measured variables. Because no

significant block effect was detected, the means of all

variables were calculated for identical replicates of each

single species. In general, data analysis was performed per

species.

Analysis focused on above-ground biomass as a func-

tional effect. Traits supposedly being related to above-

ground biomass production during the first growing season

and used as predictors are listed in Table 2. The chosen

traits comprise population characteristics as well as mea-

surements on the individual plant level. The number of

shoots counted at the end of the first growing season was

divided by the number of seedlings and used as an estimate

of the establishment success of seedlings (= relative

change of shoot number). This measure combines the ef-

fects of seedling survivorship on the one hand and the

capacity for vegetative growth of several species on the

other. Stand characteristics necessarily linked with above-

ground biomass, such as cover, canopy height, the derived

variables biomass density and centre of gravity of biomass

distribution, were not included in these analyses. Spearman

rank correlations were calculated for all variables. A

standardized principal component analysis (PCA) was

performed with the matrix of plant traits considered to be

predictors for above-ground biomass (see Table 2). Rela-

tive loadings of traits in an eigenvector represent their

relevance to a given axis. The relative importance of axes

in explaining the variation among species is indicated by

the eigenvalues. A regression tree model was fitted to

analyse the explanatory power of predictor traits for above-

ground productivity over the first growing season as a

functional effect. Tree models are a useful exploratory tool

by which to analyse data with non-linear relationships and

high-order interactions (De‘ath and Fabricius 2000). Such

trees are constructed by splitting the data repeatedly into

two groups (nodes) according to a threshold value of the

explanatory variable. The mean values of the possible re-

sponse variables above and below this threshold as well as

the deviance are calculated. The explanatory variable that

accounts for the greatest decrease in deviance is selected

for the partitioning (Crawley 2002). In theory, the regres-

sion tree can be grown until each terminal node (= leaf)

represents a single species, but a complex tree is often too

well adapted to the particular set of attributes and is hardly

reproducible for new data. To decide upon a reasonable

tree size, we therefore used cross-validation to assess the

reliability of the partitioning splits. In the cross-validation

procedure the data are randomly divided into a training set

(used for constructing the regression tree) and a test set

(used to evaluate the predictive power). There is typically

an optimum intermediate size of the tree where the pre-

diction error is minimized. The construction of a regression

tree, therefore, proceeded in two steps. First, all functional

attributes were included in a tree analysis based on a

chosen minimal node size of 4 and a minimal node devi-

ance of 0.01. In a second step, the subset of variables in-

cluded in the maximum tree was used as the basis for the

cross-validation procedure. Data analysis was performed

using S-PLUS ver. 6.1 (Insightful Corp., Seattle, Wash.).

CANOCO (ter Braak and Šmilauer 1998) was applied for

ordination analysis.

Results

Above-ground biomass and stand structure

Seven weeks after sowing (end of June 2002) 14 species

reached a cover of more than 50%. Only two species

(Anthriscus sylvestris, Heracleum sphondylium) failed to
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germinate completely during the first growing season, and

these were excluded from further analysis. In September

2002 (4 months after sowing), 39 species covered at least

50% and 20 species exceeded 95% cover. At this time the

above-ground biomass varied between 1 g m–2 (Primula

veris) and 580 g m–2 (Achillea millefolium). Fifteen spe-

cies (25% of all species) produced more than 400 g m–2; of

these highly productive monocultures, five were legumes,

five were grasses and five were non-legume herbs. Canopy

height ranged from 20 cm (Festuca rubra) to more than

60 cm (Centaurea jacea, Onobrychis viciifolia). There

were highly significant positive correlations between

above-ground biomass and stand characteristics such as

cover, canopy height, weighted mean height of biomass

distribution and biomass density (Table 2). The 15 most

productive monocultures developed clearly different strat-

egies of vertical biomass distribution (Fig. 1; Table 1).

Weighted mean height (centre of gravity) of biomass dis-

tribution ranged from 9 cm (F. rubra) to 32 cm (O. vicii-

folia); biomass density varied between 447 g m–3 (Phleum

pratense) and 1875 g m–3 (Crepis biennis) for these spe-

cies. Species with a higher centre of gravity of biomass

distribution tended to exhibit a lower biomass density, but

medium values of centre of gravity were coupled with

strongly different biomass densities.

Relationships between above-ground biomass

and other growth variables

Principal components analysis

The two leading axes of the PCA of the matrix of growth

variables explained more than 47% of the total variation.

The first axis accounted for 30.5% of the variation and the

Table 2 Spearman rank correlation of species characteristics established in monocultures during the first growing season 2002 (n = 59)
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second axis for 17.0%. The first axis was characterized by

high loadings for variables such as the stem mass fraction

(SMF) and the negatively correlated leaf mass fraction

(LMF). Further variables with higher importance on this

axis were mass-based nitrogen in leaf tissue, specific leaf

area, shoot-root ratio and rooting depth. The number of

seedlings and time to seedling emergence (being highly

significantly correlated rs = –0.589, P < 0.001, n = 59)

explained most of the variation on the second axis of PCA

(Fig. 2a; Table 3). In Fig. 2b, species were divided into

three groups defined by the lower (15 least productive

species) and upper (15 most productive species) quartiles

of values for above-ground biomass production. Species’

groups were enveloped with polygons. The positions of the

15 most productive species in ordination space were de-

noted with symbols. Species with low biomass production

during the year of establishment occupy the two upper

quadrants of the two-dimensional ordination space,

whereas the opposite quadrants comprise the polygons of

species with intermediate and high above-ground biomass

production. A long time to seedling emergence and a low

number of seedlings were correlated with the division into

high- and low-productive species, respectively. However,

the extent of ordination space covered by the polygon of

the 15 most productive species along the first ordination

axis clearly indicates that several trait combinations were

responsible for high biomass production.

Regression tree analysis

Further insight into the traits which lead to high biomass

production was extracted from the regression tree analysis

(Fig. 3). Cross-validation indicated an optimal tree size of

four leaves, thus making further sub-partitioning based on

the chosen criteria questionable (Fig. 4). The first split of

data (N1) was based on the number of seedlings and

indicated that species with fewer than 168 seedlings per

square metre (less than 20% of the aimed seedling density

of 1000 seedlings per square metre) generally reached a

low standing crop. The second split of the left branch (N2),

which comprised species with few seedlings, was based on

the time to seedling emergence. It separated five species

that germinated within 2 weeks after sowing from 14

species that needed more than 2 weeks for germination.

The early-germinating species were split with a low pre-

dictive power based on seed mass (N4). Species with a

lower seed mass obtained higher biomass, but only one of

these species (Festuca pratensis) was among the 15 most

productive species at the end of the first growing season.

Species separation on the opposite branch (N5) was based

on the dry mass of individual shoots, but nearly all species

of this branch (except for Ranunculus acris and Veronica

chamaedrys) belonged to the species with the lowest bio-

mass production.

In a continuation of the regression tree in terms of the

right half, which comprises all species with a higher

number of seedlings, the first splitting divided species with

dry mass of single shoots above and below 1.5 g (N3). All

subsequent divisions of the tree were not very reliable

according to the results of cross-validation, but they were

helpful in providing some insights into the strategies of

individual species. The next split (N6) separated a group of

five species and included species with a high germination

success, but a low rate of survivorship of these seedlings.

Species with a higher survivorship were redivided based on

differences in shoot mass (N12). Five species with a shoot

mass of more than 245 mg belonged to the 15 most suc-

cessful species in terms of above-ground biomass. These

species – three grasses (Arrhenatherum elatius, Dactylis

glomerata, Phleum pratense) and two legumes with the

capacity for vegetative growth (Trifolium fragiferum, T.

repens) – were additionally characterized by a lower spe-

cific leaf area compared to a group of less productive

species group (N14). Only one species (Festuca rubra) of

those with a shoot mass of less than 245 mg reached a high

biomass production during the first growing season.

Among the species with a high mass of individual

shoots, those with a shoot-root ratio larger than 2.9 (N7,
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Fig. 1 Relationship between weighted mean height (cm) of biomass

distribution and biomass density (g m–3). Strata of 10 cm were

harvested in all monocultures in September 2002. Species were

divided into three categories according to above-ground biomass

production: filled circle (upper quartile) 15 most productive species –

above-ground biomass >400 g m–2, open circle species of interme-

diate productivity (30 species – above-ground biomass between 120

and 400 g m–2, filled inverted triangle (lower quartile) 14 least

productive species – above-ground biomass <120 g m–2. Dashed
lines mark the upper and lower quartiles of data distribution for

weighted mean height of biomass distribution (cm) and biomass

density (g m–3)
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N8) comprised the most productive species, with the

exception of Achillea millefolium and Medicago · varia

that reached a high above-ground biomass production in

combination with a higher below-ground biomass (shoot-

root ratio <2.9). The highly productive legumes Trifolium

hybridum and Onobrychis viciifolia and the non-legume

herbs Centaurea jacea and Leucanthemum vulgare were

characterized by high numbers of seedlings during estab-

lishment. The slightly more productive T. hybridum and L.

vulgare had a lower seed mass compared to C. jacea and

O. viciifolia.

The trade-off between the mass of individual shoots and

the number of shoots developed during the first growing

season is illustrated in Fig. 5. On the one hand, the 15 most

productive monocultures included species with a large

number of shoots caused by an intensive vegetative growth

coupled with a low investment in the biomass of individual

shoots. This strategy is typically performed by grasses, but

the creeping legumes Trifolium fragiferum and T. repens

showed a similar behaviour. On the other hand, successful

species developed relatively few shoots with a high mass of

individual shoots, such as the legumes T. hybridum, Ono-

brychis viciifolia and Medicago · varia and some highly

productive non-legume herbs. Reduced major axis regres-

sion of the logarithms of shoot mass versus shoot density

resulted in a slope of –1.02 for the 15 most productive

species. Species of intermediate productivity were located

close to this regression line, whereas the poorly established

species were scattered below it.

Discussion

Functional features (‘‘traits’’) and measures of species

performance do not have a consistent definition because

any specific categorization may depend on the function

under consideration. Applied in the broadest sense, func-

tional traits at the species level can be considered to be

biochemical, physiological, morphological, developmental

and/or behavioural mechanisms (Geber and Griffen 2003).

The productivity of ecosystems has been related to a large

number of traits of different plant species at several levels

of organization. Such traits include measures at the whole-

plant level (e.g. growth form, life span, maturation age,

period of photosynthetic activity), at the whole-shoot level

(e.g. shoot height, canopy architecture), at the leaf level

(e.g. specific leaf area, dry matter content, nitrogen con-

centration, leaf life span, leaf phenology) and root char-

acteristics (rooting depth, specific root length) (Lavorel and

Garnier 2002). In addition to these traits, which mainly

cover the adult stage of plant life cycle, regeneration and

demographic traits may be important during establishment

as well as for ecosystem stability.

Our analysis focusing on the establishment of 61 grass-

land species in a field experiment indicated that both traits

directly related to seedling recruitment and traits describing

growth and development at the individual and population
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Fig. 2 Principal components analysis (first vs. second axis) of the

trait matrix (Table 3) based on 59 species. a Biplot including the

complete trait matrix. Open circles indicate species positions. b
Biplot including traits selected in regression tree analysis (Fig. 3).

The classification of species into three groups is in accordance with

above-ground biomass production of the species. Polygons indicate

the ordination space covered by the 15 most productive species (I),
species with intermediate productivity (II) and the 14 least productive

species (III). The 15 most productive species are denoted by closed
circles. Abbreviations of species names: Am Achillea millefolium, Ae
Arrhenatherum elatius, Cb Crepis biennis, Cj Centaurea jacea, Dg
Dactylis glomerata, Fp Festuca pratensis, Fr Festuca rubra, Ka
Knautia arvensis, Lv Leucanthemum vulgare, Mv Medicago · varia,

Ov Onobrychis viciifolia, Pp Phleum pratense, Tf Trifolium fragife-
rum, Th Trifolium hybridum, Tr Trifolium repens
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Table 3 Eigenvalues and trait

scores for the four leading axes

of the principal component

analyses (PCA) of the trait

matrix based on species in the

first year of the experiment 2002

(n = 59)

Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.305 0.170 0.138 0.113

Trait scores

Seed mass 0.479 0.289 0.190 0.485

No. of seedlings 0.155 –0.699 0.340 –0.059

Time to seedling emergence –0.361 0.703 –0.070 –0.242

Depth of the roots 0.571 –0.205 –0.182 0.595

Shoot-root ratio 0.757 0.173 –0.013 –0.018

Shoot no. (relative change) –0.316 –0.040 0.339 –0.031

Dry mass per shoot 0.406 –0.317 –0.229 0.447

Leaf angle 0.342 0.655 –0.163 0.379

Stem mass fraction (SMF) 0.881 –0.316 0.096 –0.387

Leaf mass fraction (LMF) –0.875 0.185 –0.095 0.379

Leaf area ratio (LAR) –0.485 0.148 –0.744 0.289

Specific leaf area (SLA) 0.538 –0.027 –0.763 –0.164

Leaf nitrogenmass 0.717 0.539 –0.010 0.209

Leaf nitrogenarea 0.142 0.589 0.629 0.374

|
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(25) Med lup

(34) Bro ere
(36) Lat pra
(54) Vic sep

(41) Ver cha
(44) Ran acr
(46) Car car
(48) Pas sat
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(47) Aju rep
(49) Ran rep
(50) Tri cam
(53) Ger pra
(55) San off
(56) Cam pat
(57) Car pra
(58) Luz cam
(59) Pri ver

(33) Pla lan
(38) Bel per
(42) Tri dub
(43) Gal alb
(45) Tra pra

(31) Poa tri
(39) Cyn cri

(17) Ant odo
(28) Gle hed

(8) Fes rub
(20) Alo pra

(35) Bro hor
(37) Hel pub
(40) Tri fla
(51) Poa pra

(4) Tri fra
(5) Tri rep
(11) Phl pra
(13) Dac glo
(14) Arr ela

(18) Hol lan
(21) Leo his
(23) Pru vul
(32) Leo aut

(29) Tar off
(30) Rum ace (1) Ach mil

(6) Med var (2) Cre bie
(9) Kna arv

(22) Cir ole
(24) Pla med
(26) Vic cra

(3) Tri hyb
(7) Leu vul

(10) Cen jac
(13) Ono vic
(16) Dau car
(17) Lot cor
(19) Tri pra

(N1) Number of seedlings (m-2)
(N2) Time to seedling emergence (weeks)
(N3) Dry mass per shoot (mg)
(N4) Seed mass (mg)
(N5) Dry mass per shoot (mg)
(N6) Relative increase in shoots
(N7) Shoot:root ratio
(N8) Shoot:root ratio
(N9) Area-based leaf nitrogen (g m-2)
(N10) Number of seedlings (m-2)
(N11) Seed mass (mg)
(N12) Dry mass per shoot (mg)
(N13) Mass-based leaf nitrogen (mg g-1)
(N14) Specific Leaf Area (mm2 mg-1)
(N15) Dry mass per shoot (mg)
(N16) Area-based leaf nitrogen (g m-2)
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<2.5 >2.5 <1497 >1497

N4 N5

<3.8 >3.8 <464 >464

N6 N7

<0.65 >0.65 <2.0 >2.0

N8

>2.9

N9

>1.19
>279

>0.76
N10

N11N12

<245 >245

N13 N14

N15
N16

>22.1<22.1<23.7 >23.7

<72.8 >72.8
>1.1

Fig. 3 Regression tree of above-ground biomass production (= func-

tional effect) of all species in monoculture (n = 59). Functional traits

(Table 2) were used as predictor variables. Each node (N) is

numbered. The variables determining the split (= nodes) are listed

in the legend. The thresholds for partitioning are given above the

branches. The values of the variable on the left branch are lower than

the value at the node, but they are higher on the right branch. All

species are listed on terminal leaves of the tree. Species ranks

according to their above-ground biomass production are given in

parentheses. For the abbreviations of the species names, see Table 1
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level were key factors for above-ground biomass production

during the first growing season. We found a number of

significant correlations between biomass production, stand

structure and measured functional traits, or between the

functional traits themselves (Table 2). The majority of these

relations, however, showed considerable scatter. While

these findings support the fact that not a single trait but a

combination of several traits is relevant to biomass pro-

duction, thereby supporting the conclusions expressed in

the review by Lavorel and Garnier (2002), they also

emphasize the importance of certain particular traits that do

not coincide among species. Thus, our results do not allow

us to support any single one of a number of general strat-

egies, as shown by Craine et al. (2002). Our analyses of the

trait matrix by ordination and regression tree analyses re-

vealed the uniqueness of trait combinations for individual

species. Nevertheless, both the ordination and regression

tree analyses indicated that a high germination rate was

particularly crucial to reach a high above-ground biomass

during the first growing season. However, even this ‘‘rule’’

has an exception: one species, Festuca pratensis, belonged

to the 15 most productive species despite its inability to

establish a high number of seedlings.

Several studies have reported that smaller seed size and/

or early seed emergence are correlated with higher seedling

relative growth rates (e.g. Fenner 1983; Gross 1984; Ship-

ley and Parent 1991). Contrary observations do exist,

however, and a survey, including several studies by Shipley

and Peters (1990), failed to find such a relationship. Little

information exists on the relationship between seedling

establishment and the subsequent development of plant

species. Fenner (1987) identified a variety of causes for

seedling mortality that make survivorship unpredictable and

context-dependent (Leishman 1999). In our study, we found

a positive correlation between the number of emerged

seedlings and a short time for seedling emergence. The 15

most productive species germinated within 2 weeks after

sowing, whereas all species of the group with the lowest

biomass production, except Vicia sepium, needed 3 weeks

or longer for seedling emergence. Despite these results, fast

germination was not a guarantee for a successful subsequent

development and the highest biomass production.

Further analysis clearly demonstrated that a variety of

combinations of species-dependent traits supported a high

productivity in monocultures. The most productive species

differed considerably in terms of shoot mass and the

number of shoots grown during the first growing season.

The plotting of shoot number and shoot mass on log-log-

scale (Fig. 5) visualized a trade-off between shoot density

and shoot size. Highly productive species were found at

different positions of the regression line. Population biol-

ogy studies with plant monocultures of different densities

have demonstrated that the relationship between shoot

mass and shoot number plotted on log-log-scale is repre-

sented by regression line with a slope of –1 at maximum

yield (‘‘law of constant final yield’’; Kira et al. 1953 in

Harper 1977). In our study of species with an above-ground
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tree size of four terminal leaves
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Fig. 5 Relationship between shoot mass (mg) and shoot density (m–2)

plotted on a log-log-scale. The separation into three groups is based on

the above-ground biomass production of the species. For explanation of

the symbols, see Fig. 1. Reduced major axis regression (Quinn and

Keough 2002) was fitted for the 15 most productive species

(y = 5.67 – 1.02x). The null hypothesis (slope = –1) was not rejected

(t = 0.019, P = 0.493, n = 15)
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biomass production of more than 400 g m–2 the regression

of log shoot mass over log shoot number resulted in a slope

of nearly –1, even though a uniform regression line was not

the expected result in a comparison of species with dif-

ferent plant architecture. A comparison of the most pro-

ductive species showed that species with small-sized shoots

reached a high total biomass due to an increase in shoot

number by vegetative growth during the first growing

season. This characteristic was particularly strong in

Festuca rubra and the poorly germinated F. pratensis

(Table 1). In contrast, number of shoots of species with

large shoots decreased as the number of counted seedlings

increased. This reduction may be due to a low seedling

survival, but it may also result from mortality at a later

stage of stand development.

Species differences in terms of germination success and

population development are expected to result in species-

specific differences in the extent of intra-specific competi-

tion. Increasing intra-specific competition during stand

development implies a change in environmental conditions,

such as the light climate or nutrient availability for plant

individuals. Such changes are known to induce phenotypic

adaptation in plant species. Modular growth and indeter-

minate development enable plants to have a particularly

flexible response to a changing environment (Sultan 1995;

Geber and Griffen 2003). Competition for light may lead to

increased biomass allocation to above-ground plant parts

and induce stem elongation (Bloom et al. 1985). Taller

growth favours individual plants in the interception of more

light but necessitates increasing the allocation of resources

to supporting tissue (Tilman 1988; Lambers and Poorter

1992; Hirose and Werger 1995). The specific leaf areas of

leaves developing under high light conditions in the upper

strata of a plant stand often differ within the same plant

individual when compared to plant parts developed in the

lower canopy (Poorter and de Jong 1999). Additionally,

features such as leaf area ratio, nitrogen concentration in

plant tissue or allocation to below-ground biomass have

been shown to change during ontogeny in perennial herbs

(Niinemets 2004, 2005). However, a comparative analysis of

the leaf traits specific leaf area and leaf nitrogen concen-

trations also indicated that inter-specific variation exceeds

changes within a species (e.g. Garnier et al. 2001, 2004).

Nevertheless, the expression of phenotypic plasticity is an

important characteristic of plant species that underlies spe-

cies-specific genetically manifested morphological and

physiological constraints. The potential for plastic adapta-

tion is an often neglected aspect in the analysis of plant

growth and their effects on ecosystem processes, mainly due

to the difficulty in measuring plasticity (Weiher et al. 1999).

The wide spread of the most productive species in the

ordination space (Fig. 2b) and among the leaves of the

regression tree (Fig. 3) indicated that a variety of unique

trait combinations assembled at the population level

(number of shoots), at the plant individual level (shoot

mass, shoot-root ratio) and/or at the leaf level (specific leaf

area) enabled individual species to be highly productive in

monocultures. The diverse stand architecture of the most

productive monocultures showed that these species differ

in the use of such above-ground resources as light and

space. These findings agree with the argumentation of

Reich et al. (2003) that the selection for traits resulting in

different plant strategies may be equally strong within a

site as across environmental gradients. The great variety of

trait combinations leading to similar functional effects

contributes to the resilience of ecosystems against stress

(Walker et al. 1999). Obviously, our study refers to the

behaviour of species in monocultures during their estab-

lishment, and an assessment of the relative importance of

the trait plasticity induced by intra-specific competition and

environmental conditions falls outside of the context of our

analysis. As such, our analysis does not allow us to predict

whether the importance of individual traits will change

with the age of the monocultures. We used a wide range of

grassland species for our experiment. Despite all of the

these species being typical for semi-natural Central Euro-

pean grasslands of alluvial plains with nutrient-rich soil

conditions, we cannot exclude the influence of different

soil preferences of individual species on the outcome of our

study.

Although there may be additional traits related to above-

ground biomass production that were not included in our

analysis, our results show that there are numerous ways of

getting into the league of the most productive species and

that it depends on the environmental conditions and com-

petitive effects determining which species become domi-

nant (= highly productive) in mixtures of species. The

study confirms that the uniqueness of trait combinations in

most species does not allow any prediction of functional

effects from single or few co-varying traits (Eviner and

Chapin 2003) or the use of categorical or continuous

functional classifications.
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