
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Agriculture, Ecosystems and Environment 145 (2011) 67– 76

Contents lists available at ScienceDirect

Agriculture,  Ecosystems  and  Environment

jo ur n al homepage: www.elsev ier .com/ lo cate /agee

Plant  leaf  economics  and  reproductive  investment  are  responsive  to
gradients  of  land  use  intensity

Patrick  Lienin ∗, Michael  Kleyer
Landscape Ecology Group, University of Oldenburg, P.O. Box 2503, 26111 Oldenburg, Germany

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 27 May  2010
Received in revised form 11 January 2011
Accepted 25 March 2011
Available online 6 May 2011

Keywords:
Leaf economics spectrum
Functional traits
Disturbance
RLQ analysis
Soil nutrients
Reproduction

a  b  s  t  r  a  c  t

Relationships  between  functional  leaf  traits  across  large  sets  of plant  species  emphasized  the  existence
of  a  major  axis  describing  a trade-off  between  rapid  acquisition  and  conservation  of resources  forming
the  so-called  “leaf  economics  spectrum”.  It is  uncertain  which  environmental  factors  determine  the eco-
nomics spectrum  and  whether  traits  associated  with  reproduction  co-vary  with  the  economics  spectrum.
To determine  these  trait–environment  relationships  for agricultural  ecosystems,  this  study  was  con-
ducted  at  field,  pasture,  and  heathland  sites  forming  a strong  land  use  gradient  in  Northwest  Germany.
The  abundance  of  49 species  was  recorded  in  85  plots  together  with  their  traits  (canopy  height, specific
leaf area,  leaf  N, leaf  N:P,  leaf  and stem  dry matter  content,  life  cycle,  reproductive  investment  (RI) in  seed
mass  and  seed  number),  as  well  as  parameters  describing  soil resources  and  land  use  disturbances.  RLQ
multivariate  analysis  of  the data  set related  an  environmental  table  to a species  trait  table  using a species
abundance  table  to  extract  the  joint  structure  between  them.  Thereafter,  we  clustered  the species  on  the
RLQ axis  to extract  functional  groups.  Traits  associated  with the  leaf  economics  spectrum  were  strongly
related  to  soil  resources  that  co-varied  with  disturbance  intensity.  A  division  of  the  whole  land  use  gra-
dient  into  agricultural  and  heathland  sites  showed  that  RI  was  not  decoupled  from  trait–environment
relationships  although  the  direction  of the  RI–environment  relationship  was  opposite  in  the  two  subsets.
Species  were  clumped  rather  than  linearly  arranged  in the  trait–environment  space  and the functional
groups  broadly  corresponded  to  weed  communities,  pastures  with  differing  intensities,  and  heathlands.
The  trade-off  in  plant  economics  responding  to soil  resources  supports  predictions  of  previous  theoretical
and empirical  work.  Different  RI–environment  relationships  in agricultural  sites  and  heathlands  empha-
size  the  relevance  of  local  scales  in  trait–environment  studies.  In  general,  the  results  point  to  some  of the
biological  mechanisms  controlling  functions  and  services  of  agricultural  ecosystems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Agricultural land uses depend to a large part on ecological
functions provided by plants, such as biomass production and
decomposition, forage quality, nutrient and water cycles. In turn,
these functions depend on the growth of plants, their carbon gain,
recruitment and dispersal. For these processes, plant functional
traits are widely accepted as powerful indicators (Lavorel and
Garnier, 2002; Lavorel et al., 2007; Violle et al., 2007). For instance,
specific leaf area (SLA) serves as a good predictor for potential
growth rate (Garnier, 1992; Westoby et al., 2002) and leaf nitro-
gen and phosphorus contents (leaf N, leaf P) are related to leaf
growth and defense strategy (Reich et al., 2008). Studies exploring
bivariate and multivariate relationships between leaf traits across
large species sets have emphasized the existence of a major axis
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describing a trade-off between rapid acquisition and conservation
of resources (Grime et al., 1997; Reich et al., 1999; Díaz et al., 2004).
The so-called “leaf economics spectrum” was recently extended to
provide evidence for a “plant economics spectrum”, wherein the
trade-off is consistent across leaf, stem, and root traits (Freschet
et al., 2010).

The question arises whether this ‘primary axis of plant special-
ization’ (Grime et al., 1997) responds to environmental conditions.
Studies examining rainfall (Wright et al., 2004) and soil nitrogen
(N) (Freschet et al., 2010) support the idea that plants specializing
in resource acquisition prefer resource-rich conditions, whereas
plants specializing in resource conservation are found mainly in
environments characterized by resource-poor conditions. When
analyzed on a global scale, these leaf economics–environment rela-
tionships were relatively weak (Wright et al., 2004). Individual
traits forming the plant economics spectrum have also been related
to environmental conditions. Leaf dry matter content (LDMC), SLA,
leaf N, and leaf P were found to be responsive to soil resource avail-
ability. For instance, nutrient-poor conditions have been found to

0167-8809/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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preferably support perennial plants with a low SLA and a high LDMC
(Cunningham et al., 1999; Potter and Klooster, 1999; Pakeman et al.,
2009). Perennials with short-lived leaves tend to have a long-term
disadvantage against longer lived leaves, which are essential for
conservation of resources when the nutrient supply is scarce (Ryser,
1996; Ackerly et al., 2002). However, these studies often used lim-
ited environmental descriptors and the most significant factors
contributing to the environmental specialization of a plant with
a given ‘score’ on the economics axis remain to be determined.

Next to soil resources, disturbances resulting in plant biomass
loss play a key role in structuring plant communities. Particularly
in agricultural landscapes, communities are shaped by different
disturbance regimes characterized by selectivity, intensity, fre-
quency and timing of biomass destruction, in addition to multiple
combinations of resource availability (nutrients, water), and man-
agement history (Grime, 2002; Foster et al., 2003; Pausas and
Lavorel, 2003). By this means, a specific combination of land man-
agement and soil resources also determines the trait composition
of plant communities (Roy and Blois, 2006; Aubin et al., 2007;
Kleyer et al., 2008). Variations in leaf economics, plant height, life
span, and seed traits were found to respond to agricultural land
use (McIntyre and Lavorel, 2001; Pausas et al., 2004; Díaz et al.,
2007; Castro et al., 2010). Disturbance intensity alone can also affect
growth traits. For instance, meadow plants need to allometrically
increase SLA to achieve a given height when mowing frequency is
increased (Kühner and Kleyer, 2008). Grazing or soil disturbance
(e.g. ploughing) encourages plants with traits likely linked to rud-
eral syndromes such as short stature, flat rosette morphology, rapid
growth rate, and short lived leaves (McIntyre and Lavorel, 2007).

Numerous studies emphasized the effects of disturbance on
regenerative traits, such as plant life span, age at first reproduc-
tion, and reproductive investment (RI), which is the product of
seed mass and seed number (e.g. Harper, 1977; Tilman, 1988;
Obeso, 2002). This can be traced back to the r/K selection theory
(MacArthur and Wilson, 1967), which assumes that sites with fre-
quent disturbances are inhabited with r-selected species exhibiting
rapid regeneration, high reproductive effort, and vegetative traits
associated with low competitive ability. On the other hand, K-
selected species occurring in sites characterized by an absence of
large-scale disturbances exhibit slow regeneration, low reproduc-
tive effort, and high competitive ability. In contrast to the tight
coupling between regenerative and vegetative traits assumed by
the r/K theory, Grime (1988) postulated that regenerative phase
traits are uncoupled from those associated with carbon gain in the
established phase. Indeed, several studies found that regenerative
and vegetative traits did not co-vary (e.g. Shipley et al., 1989; Díaz
and Cabido, 1997; Grime et al., 1997). While many studies explored
whether co-variation of regenerative and vegetative traits can be
found in large sets of species, these relationships are rarely put
in the context of a trait–environment analysis. Much remains to
be determined about how environmental conditions affect species’
positions on the plant economics spectrum and how regenerative
traits are related to traits associated with carbon gain and the envi-
ronment, particularly on local scales (Wright et al., 2005; Freschet
et al., 2010).

In this study we aimed at quantifying these trait–environment
relationships in an agricultural landscape composed of modern and
traditional land uses. The land uses ranged from heathland and pas-
ture to farmland differing in utilization intensity, and were chosen
to maximize the gradients of disturbance and soil resources. All
land uses have a long and continuous agricultural history, apart
from heathlands which are now managed for nature conservation.

We asked to which extent trait–environment relationships were
consistent across these different land uses. Our expectation was
that traits associated with resource acquisition should characterize
plants in intensively managed and fertilized sites whereas plants

with traits associated with resource retention should be found
in resource-poor sites. In agricultural landscapes, disturbance and
nutrient gradients are often correlated because an increase in the
frequency of harvests requires an increase in fertilization. This
suggests that higher investments in reproduction to cope with
increasing disturbances are accompanied by higher and faster veg-
etative growth. We  therefore expected that traits associated with
reproduction and vegetative growth should show a coupled rather
than uncoupled response to land use intensity. However, this may
not be relevant in unfertilized heathlands managed for conserva-
tion rather than production.

Finding general responses of co-varying functional traits to
environmental gradients may  improve predictions regarding the
ecological services vegetation provides for farmers and conserva-
tionists, such as biomass production, nutrient cycling and carbon
storage. However, results may  be significantly influenced by the
span of the environmental gradients (Kühner and Kleyer, 2008).
Trait–environment relationships are usually assessed by compar-
ing the ecological performance of the species bearing the traits,
thereby separating responsive from non-responsive traits. At the
scale of a single landscape, ranges of environmental predictors are
inevitably restricted and may  not encompass the full distribution
of abundant species. On the other hand, gradients can be too long
for rare and specialised species. Their niches can only be mod-
elled on smaller scales with higher sampling resolution and less
environmental variation (Thuiller et al., 2004). Moreover, strong
environmental differences with a large gradient often produce
strong variation of trait expression that may  override local scale
variations. On the other hand, consistency of trait–environment
relationships across several scales may  be a strong indicator of
generality. In order to assess consistency in trait–environment rela-
tionships across scales, we repeated our analyses on two subsets
representing the productive agricultural environments and the less
productive nature reserves managed for conservation.

Linking plant traits to environmental conditions via plant
abundances in plots was accomplished using two  fourth-corner
methods. RLQ analysis (Dolédec et al., 1996) consists of a multi-
variate ordination of species abundance data constrained by species
trait data and environmental variables, while fourth-corner analy-
sis (Dray and Legendre, 2008) quantifies and tests the correlation
between species traits and environmental variables.

2. Materials and methods

2.1. Study site

The study site (subdivided into three sub-sites) is located in
Northwest Germany (52◦55′N, 8◦15′E; 52◦57′N, 8◦07′E; 52◦55′N,
7◦56′E). The climate is oceanic with dominant westerly winds.
Mean annual rainfall is 740 mm and the mean monthly tempera-
tures range from 0.9 ◦C in January to 16.6 ◦C in July with a mean
annual temperature of 8.7 ◦C. Within the study sites, elevation
ranges from 19 to 44 m above sea level. Soils are mostly sandy on
moraine sediments. From the Middle Ages until the 19th century,
the common land-use practice was “Plaggen” cultivation. In this
land use system, the top soil including the litter layer was  removed
from forests and heathlands, used as bedding for cattle, and after
being enriched with slurry, spread on arable fields for fertilization.
As a consequence of this exploitative land use, the forests almost
vanished. Open heaths and even denuded soils were predominant.
Sand drifted from denuded soils and accumulated in sand dunes.
This land use system was  abandoned after the invention of mineral
fertilizer. Today, the remaining heathlands are extensively man-
aged and confined to small areas (Behre, 2008). Nevertheless, the
soils at the study sites are presumably still affected from this his-
torical management.
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We  used random stratified design to select 85 non-contiguous
plots. With information on management strategies derived from
interviews with farmers as well as our own monitoring, the selected
plots were stratified by broad categories of land-use intensity and
soil moisture (well-drained versus dry soils, as well as arable fields,
pastures, and heathlands with sheep grazing). As a result, we
created a gradient of sites ranging from farmland, intensive and
extensive grassland (well-drained soils) as well as semi-natural
grasslands (dry soils), shrub land (well-drained and dry soils), and
fallow land. For later analyses, we additionally split the data set
into subset ‘agriculture’ comprising 40 plots on farmland (ranging
from arable fields to pasture and margins on relatively well-drained
soils), and a subset ‘heath’ comprising 45 plots managed for conser-
vation, comprising heaths and dry acidic grasslands. All fieldwork
was done in 2007 and 2008.

2.2. Environmental parameters

In each plot, undisturbed soil samples using a soil sample ring
of 100 cm3 were taken from each soil horizon up to 60 cm depth.
The samples were analyzed in the laboratory for bulk density, and
physical and chemical properties. Field and lab measured variables
included soil solution pH, soil texture, soil density (Schlichting et al.,
1995), and available soil potassium (K) and phosphorus (P) per
unit mass (Table 1). K was extracted with ammonia-lactate solu-
tion and measured with a flame photometer (Egnér et al., 1960;
SpektrAA 300, Varian, USA) and P via a continuous flow analyzer
(Murphy and Riley, 1962; Skalar Analytic, Netherlands). P and K
were used as indicators of soil nutrient availability (Binkley and
Vitousek, 1989). Soil texture and organic carbon content were used
to estimate plant available water (AG Boden, 2005). Available N
could not be measured due to logistic constraints.

To rank sampling plots across a gradient of disturbance, a sin-
gle index was calculated using the (1) type of disturbance (cutting,
ploughing as part of rotational arable, fertilizer use, herbicide use,
and former events), (2) intensity (percentage of biomass removal),
and (3) return interval of disturbance (e.g. cut once per year = 1;
cut twice per year = 2). In areas with cattle grazing, plots were also
(and additionally) fenced to prevent grazing. To quantify biomass
removal by grazing, 1 m2 was harvested inside and outside the
fence, and the difference between values resulted in removal of
above-ground biomass in percent. More information on this index
can be found in Kleyer (1999) and White and Jentsch (2001).

2.3. Species selection and trait measurements

Plant species composition and abundance of each plot was
recorded by frequency analyses with a 1 m × 1 m frame, with grids
of 0.1 m × 0.1 m.  Species that were prevalent in at least 10% of the
sampling plots were selected for trait measurement resulting in
a total of 49 species with trait information. The following 9 plant
traits were selected for their known or assumed responses to dis-
turbance and soil fertility (Table 1): plant life span (PLS, qualitative),
rosette growth (ROS, qualitative), SLA, LDMC, leaf N, leaf N/P ratio
(leaf N/P), stem dry matter content (SDMC), canopy height (CAN),
and RI.

Leaf traits and canopy height were measured on 10 individ-
ual plants, distributed evenly across the plots where they were
present. From each individual, 2 randomly selected light-exposed,
fully expanded leaves were collected. Regenerative traits (e.g. seed
mass and weight) were measured on 10 additional individuals col-
lected later in the season. The final trait value assigned to a species
was the average over all sampled individuals. See Cornelissen et al.
(2003),  Garnier et al. (2007) and Kleyer et al. (2008) for details
on measurement of traits. Chemical analysis of leaf C, N, and P
contents were conducted on each individual. Replicate analysis Ta
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of C and N were carried out on each of these samples using an
Elemental analyzer (Allen, 1989; CHNS 1112 Analyzer Flash EA,
Thermo Electron Corporation) and their values averaged. Leaf P
was analyzed using a Continuous Flow Analyzer (Murphy and
Riley, 1962; Skalar Analytic, Netherlands). Data on PLS and rosette
growth form were taken from the LEDA database (Kleyer et al.,
2008).

2.4. Statistical analysis

Prior to the main analysis, correlation coefficients for all traits
and environmental variables were calculated to test if two variables
were highly correlated (Pearson r > 0.8). CAN, seed mass, and seed
weight trait variables, as well as disturbance and all soil nutrient
data were log10-transformed to approach normality.

We used RLQ analysis to investigate the relationships between
species traits and environmental characteristics of sites, based on
species abundance (Dolédec et al., 1996). In this method R repre-
sents a matrix whose rows are sites and columns the environmental
characteristics; Q represents a matrix whose rows are plant species
and columns the trait attributes for each species; L represents a
matrix whose rows are sites and columns the abundance of each
plant species per site. The purpose of this analysis is to extract the
joint structure between the two tables R and Q using the third table
L. Table L is assumed to measure the intensity of the relationships
between R and Q.

RLQ has been frequently used to describe trait–environment
relationships, for instance to analyze plant invasions in terms
of traits (Thuiller et al., 2006) or co-variations between traits of
alpine plants and the abiotic environment (Choler, 2005). The
mathematical model underlying RLQ analysis is fully explained in
Dolédec et al. (1996).  Here we describe only some basic proper-
ties. Firstly, three separate ordinations were calculated prior to the
co-inertia analysis. Table L was ordinated via correspondence anal-
ysis (CA), an eigenanalysis method that provides a joint scaling of
sites and species scores and maximizes the correlation between
them. The ordination of tables R and Q was done by a principal
component analysis (PCA). To interpret these analyses, we  used
the correlation between each variable and the components of the
PCA. RLQ analysis was subsequently performed by a three-table
co-inertia analysis. RLQ analysis selects axes that maximize the
co-variance between the sample scores constrained by the envi-
ronmental variables (Table R) and the species scores constrained
by the species traits (Table Q; Dolédec and Chessel, 1994). These
axes comprise scores as a compromise between maximizing the
correlation and explaining the variation in each table. The scores of
the first two axes were used to define functional groups. We  used
Ward’s hierarchical clustering (Everitt et al., 2001) with Euclidean
distances between species scores. This method minimizes within-
group sums of squares and tends to form clusters with nearly the
same number of species per cluster, assuming that species are
evenly distributed in trait space (Legendre and Legendre, 1998). The
optimal number of clusters was determined with the Harabasz’s
index (Gordon, 1999).

To test the significance for the explicit trait–environment rela-
tionships we used the fourth-corner statistic (Dray and Legendre,
2008). This method measures the link between species traits and
environmental variables by a Pearson correlation coefficient (two
quantitative variables), by a Pearson Chi square (�2) and G statis-
tic (for two qualitative variables), and by a Pseudo-F and Pearson
r (for one quantitative and one qualitative variable). Five different
permutation models can be used to test significance. We  applied
permutation model 4 (with 999 permutations) to test the null
hypothesis (H0) that species are distributed according to their pref-
erences for site conditions, but independent of their traits (Dray and
Legendre, 2008). The entire set of analyses described above was

Table 2
Results of the RLQ analysis for each axis. Eigenvalues (A) are provided from the
decomposition of the cross matrix and represent a squared covariance (“pseudo-
eigenvalue”). “Total variance” is the percentage of total variance explained by each
axis. Weighted correlation ratios between the environmental (B) and species trait
(C)  variables and the RLQ axes (abbreviations as in Table 1).

Variables Axis 1 Axis 2

(A) Eigenvalues 7.97 0.06
Total variance explained 99.07 0.71

(B) Environmental variables
Dist −0.85 −0.36
Soil K −0.64 −0.54
Soil P −0.92 0.17
pH −0.93 0.15
Water −0.60 0.51

(C) Species traits
PLS 0.38 0.32
ROS −0.57 0.35
CAN 0.27 −0.44
SLA −0.87 −0.04
LDMC 0.90 −0.28
SDMC 0.89 0.09
RI 0.10 −0.83
Leaf N −0.64 −0.20
Leaf N/P 0.70 −0.30

repeated for the split data set with subset ‘agriculture’ and ‘heath’
individually.

All statistical analyses were performed with the ade4- and
stats-package implemented in the R software, version 2.10.0 (R
Development Core Team, 2010).

3. Results

3.1. Separate ordination of the trait and environmental variables

The broad value ranges in trait and environmental variables
indicated gradients of considerable length (Table 1). The first two
PCA axes of the site environmental variables accounted for almost
80% of the total variance (first axis: 64%). The first axis was nega-
tively correlated with soil P and K content, pH value, disturbance
index, and water holding capacity, while the second axis had a
strong positive correlation with water holding capacity (Fig. 1A).
The first two  PCA axes of the species trait variables accounted for
58% of the total variance. The first axis was positively correlated
with LDMC and leaf N/P and negatively associated with SLA, leaf N,
and ROS (Fig. 1B). The second axis was negatively correlated with
PLS and ROS and positively correlated with RI, whereas CAN showed
a low correlation.

3.2. Joint structure between species traits and environmental
variables

The first two  axes of the RLQ analysis explained 99.12% and 0.67%
of the total matrix variance that links the environmental character-
istics in table R with species traits in table Q (Table 2). The first RLQ
axis was  strongly negatively correlated with all environmental vari-
ables, namely disturbance, pH value, water holding capacity, soil K
and P content (Fig. 1C, Table 2B). This axis appeared as the main gra-
dient ranging from low nutrient availability and low disturbance to
more productive areas with higher disturbance. The first RLQ axis
was negatively correlated with ROS, SLA, and leaf N, and positively
correlated with LDMC, SDMC, leaf N/P, and ROS (Table 2C). While
the first axis separated the species mainly according to their leaf
economies, the second axis was  weakly related to reproduction and
vertical expansion, in particular RI and CAN.
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Fig. 1. Display of environmental variables (A; abbreviation explained in Table 1), species traits (B; abbreviation explained in Table 1) along the first two  PCA axes, and display
of  environmental parameters and species traits (C) along the first two RLQ axes.

3.3. Fourth-corner analysis of environmental variables and
species traits

Permutation tests of the fourth-corner analysis revealed that
disturbance index, pH value, soil P, water holding capacity, and to a
limited extend soil K were significantly positively correlated with
SLA, ROS, and leaf N (Table 3), while all other traits were negatively
correlated with these environmental variables. CAN, RI and PLS

Table 3
Correlations between traits and environmental parameters with tests of signifi-
cance, provided by the fourth-corner analysis (see 2.4 for details; abbreviations as
in  Table 1).

Dist Soil K Soil P pH Water

PLS
0:−0.56 0:−0.48 0:−0.39

ROS 0.5:0.60 0.5:0.48 0.5:0.38
1:−0.11 1:−0.06 1:−0.04
** * *

CAN
SLA 0.69*** 0.46*** 0.76*** 0.71*** 0.43***

LDMC −0.64*** −0.36** −0.75*** −0.69*** −0.52***

SDMC −0.67*** −0.37** −0.67*** −0.66*** −-0.38**

RI
Leaf N 0.45** 0.28* 0.45** 0.44** 0.25*

Leaf N/P −0.52** −0.27** −0.66** −0.59** −0.36*

*** p < 0.001.
** p < 0.01.
* p < 0.05.

had no or weakly significant correlations with the environmental
variables.

3.4. Clustering of species groups based on environmental
variables and species traits

Six stable clusters were identified showing how multiple trait
expressions combine into functional groups (FGs, Fig. 2A and B). FG
A contained only two species, Echinochloa crus-galli and Solanum
nigrum, which were mainly found in arable fields. These annuals
got high SLA and leaf N, grew rather tall and strongly invested in
regeneration, whereas they showed a low stem and leaf dry matter
content. FG B species primarily inhabited sites with intensive man-
agement (pastures), therefore grew to a small size (low CAN), had a
high SLA, a low SDMC, a low LDMC, and a low leaf N/P. FG C species
occurred at moderately managed sites (medium disturbance and
lower nutrient availability), and had a higher CAN compared to
FG B species. FG D species had similar expressions than those in
clusters B and C, but had lower leaf nutrient contents and were
found at sites with more dry soils. In contrast to the four clusters,
species at dry sites (heathland or dry grassland) with a low level of
disturbance and those with a limited nutrient supply were mostly
perennial and characterized by a low SLA, leaf N and RI, but high
LDMC and SDMC (FG E). FG F comprised juvenile tree species enter-
ing the heath communities. Because populations of these species
are usually removed by conservation management before maturity
and first flowering, we  did not assign any reproductive output to
these taxa.
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Fig. 2. Display of species with cluster groups along the two  first RLQ axes (A), functional group identity and abbreviations of species (C; nomenclature following Jäger and
Werner  (2002)). Trait attributes for each cluster are displayed in (B). The vertical bar graphs show the nominal variables (PLS and ROS; abbreviations and units are explained
in  Table 1). Box plots show quantitative variables with the range of each variable (middle black line represents the median).

3.5. Separate RLQ-analysis of the two subsets

The first two axes of the RLQ analysis for subset ‘agriculture’
explained 87.9% and 8.1% of the total variance of the matrix that
links the environmental characteristics in table R with species
traits in table Q (Fig. 3A). The correlations between environmental

parameters were similar to the larger scale described above with
the exception of water holding capacity showing opposite corre-
lations with the axes than in the larger scale. Also, soil P and K,
disturbance, and water holding capacity had moderately negative
correlations with the second axis. While most of the traits showed
relationships with the first axis comparable to the larger scale, RI
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Fig. 3. Display of environmental variables and species traits (abbreviations
explained in Table 1) along the first two RLQ axes for the divided data set ‘agriculture’
and ‘heath’.

was aligned with SLA and leaf N and therefore negatively corre-
lated. CAN was positively correlated with the first axis and thus
aligned with LDMC, SDMC, and leaf N/P, whereas ROS had no cor-
relations. The second axis had lower and weaker correlations with
environmental parameters and traits, correlating negatively with
SLA, leaf N, RI, CAN, and leaf N/P, and correlating positively with
plant life span. The first two axes of the RLQ analysis for subset
‘heath’ explained 98.5% and 1.3% of the total variance of the matrix
that links the environmental characteristics in table R with species
traits in table Q (Fig. 3B). Environmental parameter correlations
were very similar to those seen with the larger scale described
above. In contrast to the results found in the set of agricultural
plots, CAN and RI were positively correlated with the first axis.

4. Discussion

4.1. Leaf economic spectrum in relation to soil resource and land
use

Our study showed strong correlations among several leaf traits
that correspond to the leaf economics spectrum as proposed by
Wright et al. (2004),  as has been previously observed (Grime et al.,
1997; Reich et al., 1999; Díaz et al., 2004). SDMC was linked with
LDMC. The close association between leaf and stem traits, among
others, prompted Freschet et al. (2010) to postulate a plant eco-
nomics spectrum. In contrast to the leaf economics spectrum, leaf
N/P reflects the balance between uptake and losses of N and P in
response to the availability of these nutrients in the soil (Güsewell,
2004). Species with lower N and P concentrations tend to have
higher leaf N/Ps, thus high leaf N/Ps are often found in stress-
tolerating plants whereas plants with high growth rates have low
N/Ps (Sterner and Elser, 2002; Niklas et al., 2005; Westoby and
Wright, 2006). Therefore, as expected, we found that leaf N/P co-
varied with the economics spectrum, although it is less directly
connected to plant carbon gain (Güsewell, 2004).

Acquisitive trait expressions of the leaf economics spectrum
such as high SLA and leaf N in conjunction with lower SDMC and
lower leaf N/Ps could be found on resource-rich sites, whereas
the opposite was true on poor sites. This pattern was consistent
across scales, with similar relationships found for the whole land
use gradient and for both sub-gradients composed of agricultural
and heath sites with different management intensities. Hence, we
can confirm our expectation that environmental gradients select
traits that reflect the leaf (plant) economic spectrum ranging from
acquisitive traits on rich or frequently disturbed sites to retentive
traits on poor sites. The trade-off in plant economics responding
to soil resource availability confirms and supports predictions of
previous theoretical and empirical work (Grime et al., 1997; Reich
et al., 1997; Aerts and Chapin, 2000; Díaz et al., 2004; Wright et al.,
2004; Grime, 2006; Freschet et al., 2010; Laughlin et al., 2010).

Intensity of land management expressed as disturbance pro-
duced similar effects. Disturbed sites were more associated with
acquisitive characteristics, whereas sites with a low disturbance
had higher values of traits with resource-retentive characteristics,
such as high leaf and stem dry matter content and low leaf N/P
(see also Garnier et al., 2004; Louault et al., 2005; Pakeman et al.,
2009). This reflects the fact that disturbance co-varies with resource
supplies in agricultural landscapes. Disturbance also explained the
negative response of CAN to increasing soil resources, which would
be reversed in completely undisturbed systems. Increasing cultiva-
tion intensity (e.g. ploughing, mowing) from heathlands to arable
fields translated to diminishing disturbance return intervals with
a shorter plant growth period. To regenerate within shorter time
periods requires a decreased stem investment resulting in lower
CAN, or an increased relative growth rate that is often correlated
with an SLA increase in SLA (Poorter and Van der Werf, 1998;
Kühner and Kleyer, 2008).

In contrast to single traits, FGs are based on classifying combi-
nations of traits. In our approach, RLQ species scores are clustered
to maximize species’ trait–environment relationships. These com-
binations, or syndromes, could give additional insight into species
adaptation to multiple environmental conditions. First, this anal-
ysis illustrates that species were clumped rather than evenly
arranged in functional space. The main reason for the separation
of functional groups is trait convergence due to environmental fil-
tering, given the strong differences in habitat conditions in this
study (Grime, 2006). Comparing the FGs with plant community
descriptions for the northwest region of Germany (e.g. Pott, 1992;
Fig. 2) revealed that the clumped pattern reflects distinct plant
communities occurring along the land use gradient, with FG A
occurring in weed communities, FGs B to D occurring in pastures
of different grazing intensity and fertility, and FG E occurring in
heaths. FG F consisted of juvenile tree species that entered heaths
and acidic grasslands that were not recently managed. Trait con-
vergence occurs when the environment exerts a strong selective
pressure on multiple traits and filters only a small subset of the
total range of trait expressions in the geographical species pool.
The environmental effect on traits of multiple species in a com-
munity is exemplified by leaf N/P which was  around 10 among all
groups except for the heath species. With a median >20, the heath
species were close to P-limitation (Güsewell, 2004). P-limitation
as indicated by leaf N/P corresponded directly to the low available
soil P values found in the soils of the heathland plots. Note that
the critical leaf N/P values indicating nutrient limitation reported
by Güsewell (2004) refer to pooled above-ground biomass of plant
communities and not to leaves of functionally similar species. In
our case, however, there was  a large overlap between groups and
communities, as explained above.

On the other hand, convergence cannot explain the richness of
co-occurring functionally similar species within groups, particu-
larly in FGs B and D (Fig. 2). Coexistence theory requires that species
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should diverge in trait space to coexist (e.g. May  and MacArthur,
1972; Grime, 2006), suggesting a linear rather than clumpy dis-
tribution. However, recent theoretical works show that species
can either be sufficiently different or sufficiently similar to coex-
ist. The reason for the latter effect in models is that competitive
exclusion is extremely slow among functionally similar species so
that these species coexist almost infinitely in their common envi-
ronmental niche (Scheffer and van Nes, 2006; Fort et al., 2009).
Whether this ‘lumpy pattern’ theory (Scheffer and van Nes, 2006)
is likely to explain clumped species distributions in both functional
and environmental space remains to be tested in experiments.

4.2. Response of regenerative traits

According to the work of Grime (2002),  Westoby (1998), and
Díaz et al. (2004),  regenerative traits should be uncoupled from
resource-rich—acquisitive traits to resource-poor—retentive traits
axis. On the whole land use gradient, RI indeed did not corre-
late with this axis. However, in contrast to the other traits, this
result was not consistent across scales. At both ends of the whole
land use gradient, species invested more in their reproduction
than at intermediate levels of resource availability and disturbance
intensity. Species from the most disturbed and resource-rich sites
grew fast and produced either many or big diaspores (e.g. Solanum
nigrum), whereas the heath species of the most nutrient-poor sites
grew very slow, but produced many or big diaspores. Both con-
trasting relationships cancelled out when combined in a single
trait–environment analysis.

At agricultural sites, the RI and PLS responses mainly reflected
greater seed output and reproductive effort in annuals (Ross and
Lembi, 2009), which were favoured by strong disturbances on fer-
tilised arable fields and frequently grazed pastures. The hypothesis
that RI is greater when disturbance and/or nutrient availability is
greater was confirmed for this subset but not for the heathland sub-
set. Among the species occurring in the heathland subset, FG E had
the highest RI and occurred at the least disturbed sites with low-
est soil resources. These species had either many light seeds (e.g.
Calluna vulgaris (4978, 0.02 mg); Erica tetralix (10535, 0.01 mg)) or
berries (e.g. Vaccinium vitis-idea (226, 38.24 mg); Empetrum nigrum
(1028, 18.02 mg)) that resulted in similar RI values. Heathlands
often developed from forests as a consequence of plaggen culti-
vation (Behre, 2008) or burning (Mohamed and Gimingham, 1970)
on sandy soils in the Middle Ages in Northwest Europe. Plaggen cul-
tivation periodically denuded soils on communal land at a return
interval of 20–40 years by removing litter and topsoil (Gimingham,
1972; Pott and Hüppe, 1991; Kleyer et al., 2007). Plant species
required long distance dispersal to cover these distant, strongly
disturbed patches. Heathland species such as Calluna vulgaris were
particularly successful in recolonising the bare soil due to pro-
lific production of light seeds facilitating wind dispersal, as well
as the ability to persist in a seed bank and to germinate on bare
soil (Nordhagen, 1938; Düll and Kutzelnigg, 2005). Bird dispersal of
Vaccinium spp. and Empetrum nigrum berries may  be an equally suc-
cessful long distance dispersal mode to sites where vegetation and
topsoil had been removed. Bolmgren and Eriksson (2010) showed
that fleshy fruits are associated with heavier seeds. The evolution
of fleshy fruits dispersed by frugivores was interpreted as a strat-
egy to uphold sufficient long-distance dispersal for heavier seeds
that would otherwise suffer from reduced dispersability (Tiffney
and Mazer, 1995; Bolmgren and Eriksson, 2005). However, the
co-evolution of bird dispersers and endozoochoric dispersal syn-
dromes in plants are still subject to debate (Fenner and Thompson,
2005).

On the whole, the division of the whole land use gradient into
agricultural sites and heathlands showed that regenerative traits
were not decoupled from the main trait–environment relation-

ships, although the pattern was opposite in both subsets. This
became particularly apparent because we  used RI as the product
of seed mass and number. Otherwise, the divergence in the sin-
gle traits among heath species would have produced insignificant
results in the heathland subset. However, RI appeared to be more
related to actual or historical disturbance regimes than to soil fer-
tility.

5. Conclusions

Our comparative approach revealed that higher soil resources
and higher disturbance intensity favoured coordinated leaf and
stem trait expressions indicating faster plant growth and turnover
of investments of nutrients and biomass whereas infertile sites
favoured traits indicating nutrient and biomass retention. This
result points to some of the biological mechanisms controlling
functions and services of agricultural ecosystems. These services
comprise not only the pace and amount of biomass production, but
also the regulation of nutrients and carbon in the vegetation com-
ponent of agro-ecosystems, as well as forage quality indicated by its
nutrient content. However, the degree of chaining of trait responses
to the environment and trait effects on agro-ecosystem properties
still needs to be quantified (Suding et al., 2008).

Regenerative traits were not uncoupled from this pattern at
the scale of individual land use systems, although the direc-
tion of the trait–environment relationship was very different
between these systems. In contrast to the apparently general leaf
economics–soil resources relationship, this result emphasizes the
importance of disturbance magnitudes and spatial arrangements
of past and present land uses on the assembly of plant communi-
ties requiring specific regeneration and dispersal syndromes. The
different responses of RI to the environment in agricultural sites
and heathlands also emphasize the relevance of local scales in
trait–environment analyses. Insignificant relationships on larger
scales may  be just the sum of two  contrasting trends on a lower
scale. Therefore consistency of trends across scales needs to be
taken into account in functional trait–environment studies.
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