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How species diversity influences ecosystem functioning has been the subject of many experiments and remains  
a key question for ecology and conservation biology. However, the fact that diversity cannot be manipulated without 
affecting species composition makes this quest methodologically challenging. Here, we evaluate the relative importance 
of diversity and of composition on biomass production, by using partial Mantel tests for one variable while controlling 
for the other. We analyse two datasets, from the Jena (2002–2008) and the Grandcour (2008–2009) Experiments.  
In both experiments, plots were sown with different numbers of species to unravel mechanisms underlying the relationship 
between biodiversity and ecosystem functioning (BEF). Contrary to Jena, plots were neither mowed nor weeded in 
Grandcour, allowing external species to establish. Based on the diversity–ecosystem functioning and competition theories, 
we tested two predictions: 1) the contribution of composition should increase with time; 2) the contribution of composition 
should be more important in non-weeded than in controlled systems. We found support for the second hypothesis,  
but not for the first. On the contrary, the contribution of species richness became markedly more important few  
years after the start of the Jena Experiment. This result can be interpreted as suggesting that species complementarity, 
rather than intraspecific competition, is the driving force in this system. Finally, we explored to what extent the estimated 
relative importance of both factors varied when measured on different spatial scales of the experiment (in this case, 
increasing the number of plots included in the analyses). We found a strong effect of scale, suggesting that comparisons 
between studies, and more generally the extrapolation of results from experiments to natural situations, should be made 
with caution.

The current global decline of biodiversity is causing concern 
over how ecosystem functioning and the provision of eco-
system services will be affected. In order to understand the 
consequences of biodiversity loss, manipulative biodiversity 
experiments (e.g. Cedar Creek, BIODEPTH or the Jena 
Experiment; Tilman et al. 1996, Hector et al. 1999, Roscher 
et al. 2004) have tried to explore the dependent relationships 
between biodiversity and ecosystem functioning (Hooper 
et al. 2012). While some experiments have analysed ecosys-
tem multifunctionality (Gamfeldt et al. 2008, Zavaleta et al. 
2010, Mouillot et al. 2011), most studies have concentrated 
on the species richness–biomass relationship. Although posi-
tive relationships between diversity and productivity are fre-
quently reported (Hector et al. 1999, Hooper et al. 2005, 
2012, Roscher et al. 2005, Cardinale et al. 2012, Isbell et al. 
2015), the topic remains contentious as the direction of the 
relationship varies substantially between natural ecosystems 
and experimentally assembled plant communities (Chapin 
III et al. 1997, Grace et al. 2007, Assaf et al. 2011, Wardle 

2016). While the idiosyncratic hypothesis anticipates that 
ecosystem functioning changes unpredictably with varying 
species richness because each species contributes unequally 
to productivity (Lawton 1994), the mass ratio hypothesis 
states that the characteristics of the dominant species in the 
community govern ecosystem properties. As a consequence, 
not only the number of species, but also species identity 
and therefore composition, is essential when members of a 
community disappear (Aarssen 2001).

Analyses of the role of composition in modulating the 
diversity–productivity relationships have yielded contrasting 
results, from studies reporting commensurate importance 
of diversity and composition (Hector et al. 2011), to those 
emphasizing the role of composition (Harvey et al. 2013, 
Sandau et al. 2014). Attempts to disentangle diversity 
effects from compositional effects are complicated because 
of the very different nature of the two variables: plant spe-
cies richness is a quantitative variable that is easy to include 
in statistical models; whereas composition can be described 
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by the presence/absence or abundance of each species in 
the experimental plots. Composition is thus inherently 
multivariate, and each plot can be visualized as a point in 
an n-dimensional space, where n corresponds to the total 
number of species in the study. The contrasting nature of 
richness and composition raises analytical problems when 
incorporated together into a statistical model (Sandau et al. 
2014).

The classical approach in biodiversity–ecosystem func-
tioning analyses is to consider species composition as a 
random variable, with each different sown mixture consid-
ered as a different level drawn from the set of all possible 
compositions from the experimental species pool (Hector 
et al. 2011). Alternative models have been developed, e.g. 
approaches based on the Price equation (Fox 2006, Fox 
and Harpole 2008), or on pairwise interactions between 
plant species (the diversity interaction model and its vari-
ants; Kirwan et al. 2007, Connolly et al. 2013). Also, an 
experimental design has been devised specifically to separate 
the effects of species richness and of species identity (Bell 
et al. 2009). These models are tailored for experimental stud-
ies and their application to observational data is difficult or 
even impossible. Kahmen et al. (2005) and Sandau et al. 
(2014) have proposed statistical methods suitable for such 
situations. The first one uses an ordination method to reduce 
the multidimensionality of species composition to few axes; 
the coordinates of the plots on these axes can then be used 
as explanatory variables in regression models. The second 
approach assumes that the similarity in species composition 
between plots induces statistical dependence between the 
observations; this dependence is included in regression mod-
els as a correlation structure in a way similar to phylogenetic 
regression correcting for species relatedness.

All the above methods allow a test of the statistical effect 
of species richness or of species composition on productiv-
ity, however they cannot measure their relative contribu-
tions because the two variables are included differently in 
the models. To measure the relative contributions of species 
richness and species composition, Hector et al. (2011) used 
a method that considers all explanatory variables as random 
factors (Gelman 2005). They used a Monte Carlo Markov 
chain (MCMC) approach to estimate the parameters of both 
species composition and species richness, and computed the 
standard deviation of their posterior distributions as a mea-
sure of contribution of each variable. Based on the data of 
several biodiversity–ecosystem functioning experiments, 
they concluded that the contributions of species richness 
and of species composition were very similar. This article has 
however elicited further discussion (Connolly et al. 2011), 
and the use of a continuous variable (i.e. species richness) as 
a random factor is disputable (Bates 2010).

A straightforward method to explore the relative impor-
tance of richness and composition is to use Mantel tests. 
In this way, both factors are treated as pairwise distances 
among sites. Information on productivity, species richness 
and species composition are expressed in matrices contain-
ing the Euclidean distances in productivity between plots 
(the ‘response variable’), and the Euclidean distances in spe-
cies richness, as well as distances in species composition, 
respectively (the ‘explanatory variables’). It is important to 

understand that Mantel tests do not assume a particular 
relationship between variables (e.g. a positive or negative 
linear relationship between species richness and biomass); 
they simply assess the following question: do pairs of plots 
with similar richness/composition also tend to have similar 
biomass? This is achieved by evaluating the linear relation-
ship between the pairwise distance values of the matrices. 
By using partial Mantel tests, it is possible to partial out the 
effect of each variable in turn (in this way accounting for a 
possible correlation between the variables), and thus to assess 
their relative importance (Legendre and Legendre 1998, pp. 
557). The pros and cons of partial Mantel tests have been 
the subject of several articles (Harmon and Glor 2010); 
one notable concern is its low statistical power compared to 
other approaches. In our case, our aim is not to find the best 
model to explain variation in biomass between plots, but to 
assess the relative contributions of diversity and composition 
as explanatory variables. In this case, a decisive advantage of 
Mantel tests is that both explanatory variables are treated in a 
similar way, i.e. as dyadic data between observations.

Here we analyse used the results of two biodiversity 
experiments: the Jena Experiment (Weigelt et al. 2010), and 
the Grandcour Experiment, which consisted of 12 sown 
wildflower strips in Switzerland (Fabian et al. 2013, Sandau 
et al. 2014). A major difference between both experiments 
is that the latter was not mown nor weeded, meaning that 
colonizer species could establish in the experimental plots.

In addition to the general question of which variable 
(diversity versus composition) is more important in 
explaining variation in productivity, we explore several 
hypotheses regarding how the relative importance of both 
factors evolves with time, differs between study types, and 
changes with spatial scale. Specifically, our three research 
questions are:

1) How does the relative importance of species rich-
ness and of plant composition change with time in the Jena 
Experiment? We hypothesize that the contribution of spe-
cies richness will decrease and that of plant composition 
will increase. As less competitive species will be excluded by 
dominant species (Tilman and Downing 1994, Aarssen et al. 
2003), species richness will tend to homogenise; at the same 
time, plots with the same dominant species will tend to have 
similar productivity, and hence increase the contribution of 
composition.

2) Is the relative importance of species richness and spe-
cies composition different in controlled experiments with 
weeding than in experiments where colonizing species are 
allowed? We hypothesize that species richness is less impor-
tant in experiments without weeding because variability in 
species richness between the plots will be reduced due to 
compensatory effects of colonizing species modulated to 
biotic resistance (i.e. colonizers can more readily become 
established within in species poor communities).

3) Is the relative importance of species richness and of 
plant composition different at different spatial scales? This 
question can be tackled in the Grandcour Experiment that 
was set up as a metacommunity experiment. We hypothesize 
that the observed values can vary strongly with spatial scale, 
depending on the variability in species richness and in species 
composition at different spatial scales.
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Methods

Datasets

We used two datasets, the first from an experiment con-
ducted in 12 wildflower strips in Switzerland, the Grand-
cour Experiment (Fabian et al. 2012, Bruggisser et al. 2012, 
Sandau et al. 2014); the second from the Jena Experiment 
(Weigelt et al. 2010). In the Grandcour Experiment, the 
number of species was manipulated by sowing different mix-
tures in 2007. A treatment to control the main herbivores 
and their predators was applied with fences (with three levels: 
no fence, small-meshed fence and large-meshed fence). Each 
of the 12 experimental fields contained the three levels of 
herbivore–predator control treatment, and in each level four 
9  6 m subplots were sown with different plant mixtures  
(2, 6, 12 and 20 sown plant species, all from the tall herb 
functional group), resulting in a total of 144 subplots (further 
information in the Supplementary material Appendix 1). An 
important difference from classical biodiversity–ecosystem 
functioning experiments was the absence of weeding and 
of mowing; consequently, species richness is expressed as 
the total number of species. Plant species composition was 
described by the percentage cover of all plant species in the 
subplots, estimated by visual inspection. Total aboveground 
biomass was assessed from leaf area index measurements, 
calibrated with results derived by the classical clipping 
method in eight subplots (Pearson correlation between both 
measurements was 0.89). Species percentage cover, species 
richness and biomass were measured in late summer 2008 
and 2009.

In the Jena Experiment, temperate grassland communi-
ties with changing species richness and functional group 
number were created from a pool of 60 species. Different 
species richness levels (2, 4, 8, 16 and 60) were sown in 66 
plots of 20  20 m organized in four blocks (note that we do 
not consider plots sown with zero or one species). Biomass 
was harvested in 3–4 subplots of 0.2  0.5 m in each plot 
in late spring and late summer, usually in May and August 
and sorted to species. Plant species cover was estimated in a 
separate 9-m2 subplot. Plots were mown and weeded twice a 
year. For our analyses we used the published data from 2002 
to 2008, totalling 12 sampling sessions (for more informa-
tion see Weigelt et al. 2010).

Statistical analyses

For the purpose of comparing the relative contribution of 
species richness versus composition, we use partial Mantel 
tests. Mantel tests allow for the comparison of two distance 
(or similarity) matrices measured on the same observational 
units (e.g. geographic distances versus differences in leukae-
mia incidences for a selection of localities; Mantel 1967). This 
is achieved simply by measuring the correlation r between all 
corresponding entries of both matrices, and using permuta-
tions of the columns and their corresponding row to assess 
the statistical significance of r. Partial Mantel tests, based 
on partial correlation coefficients (Legendre and Legendre 
1998), were devised to account for one or several additional 
distance matrices, with the aim of partialling out their contri-
bution in the correlation between the two matrices of interest. 

The partial correlation coefficients can be used to assess the 
relative importance of each set of variables from which the 
distance matrices are computed, and the unique and com-
mon importance of each set can be evaluated. Note however 
that the total amount of variation, and thus the percentage 
of unexplained variance (Borcard et al. 1992, Fabian et al. 
2012), cannot be measured with this approach.

We computed distance matrices containing the differences 
(Euclidean distance) in biomass between (sub)plots, the 
differences in realized species richness (i.e. based on the 
observed and not the sown number of species), and Bray–
Curtis floristic coefficients. For the latter, we used raw 
percentage cover of the plant species (using relative cover 
yielded highly similar results). Matrices were computed for 
each sampling session. Distance matrices were computed 
with the vegdist function of the vegan package (Oksanen 
et al. 2015) in R (< www.r-project.org >). In our analyses, 
we also considered the random effects created by fields in the 
Grandcour Experiment or by blocks in the Jena Experiment, 
by adding a design matrix defining field or block member-
ship of the plots (Legendre and Legendre 1998). A distance 
of 0 was given to pairs of (sub)plots if they belonged to the 
same field or block, and 1 if otherwise. For the Grandcour 
Experiment, we also accounted for the herbivore–predator 
control treatment by adding three design matrices defin-
ing the within-field membership to each level (no fence, 
small-meshed fence and large-meshed fence), in this way 
considering this treatment as a random factor.

We used the function mantel of the ecodist package 
(Goslee and Urban 2007) to perform the partial Mantel 
tests with 10 000 permutations based on Pearson correla-
tions r. We used two models, both with distances in biomass 
as ‘dependent variable’, to compare 1) the effect of species 
richness while controlling for composition, and 2) the effect 
of composition while controlling for species richness. The 
block membership matrices for the Jena Experiment, or 
the four field and treatment membership matrices for the 
Grandcour Experiment, were always included. We reported 
the one-tailed p-values, testing the null hypothesis r  0, 
since negative r indicate that pairs of (sub)plots with similar 
richness (or composition) have divergent biomasses. As the 
two explanatory matrices representing the distance in spe-
cies richness and species composition may be correlated, we 
determined the overlap of their explanatory power according 
to the formula:

overlap =
+ − +( ) ( )r r r rp p1

2
2
2

1
2

2
2

2
with rp1 and rp2 the partial Mantel coefficients as defined 
above, and r1 and r2 the partial Mantel coefficients for the 
two Mantel tests models with either species richness (species 
composition), while not controlling for the effect of species 
composition (species richness), (note that these are partial 
coefficients since the experimental structure was always 
included in the models).

Additionally, for the Jena dataset, we performed two 
complementary analyses useful for the interpretation of the 
Mantel tests’ results. Firstly, we analysed if plant composi-
tion and species richness between plots tended to become 
more homogeneous or heterogeneous with time. For each 
sampling session, we computed the average pairwise Bray–
Curtis distances, and the Euclidean distances in average 
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Results

Temporal trends in contributions of species richness 
and composition

In the Jena Experiment, across all years, we found that 
richness contributed to 62% and composition to 38% of  
the similarity in biomass production (Table 1). Nevertheless, 
the contribution of composition relative to richness 
changed with time since the establishment of the experi-
ment. We found a strong temporal trend in the contribu-
tions of species richness and species composition to biomass, 
with species richness becoming more important with time  
(Fig. 1). This trend, expressed as the percentage contribution 
of species richness (Table 1), was significant (generalized 
least squares model on logit transformed data with AR1  
correlation structure; slope for richness contribution   
0.089, p-value  0.006).

The decrease in the contribution of plant composition 
was not merely due to a homogenization of the different 
communities with time. On the contrary, plots sown 
with 8 and 16 species tended to become more different in 
composition (Table 2). In addition, the increase in contri-
bution of species richness was not due to an increase in the 
heterogeneity of species number; only plots with 16 sown 
species showed a significant positive trend (Table 2). Finally, 
we examined if there was a relationship between species 
proportional abundance and their propensity to decrease or 
increase during the course of the experiment. We found weak 
and non-significant negative trend (Fig. 2). Note that these 
analyses were not possible for the Grandcour Experiment 
since data were collected only during two sampling sessions.

Difference between weeded and non-weeded 
experiments

In the Grandcour Experiment, the partial Mantel test for  
the effect of species richness on total biomass was not signifi-
cant, whereas the effect of composition was highly significant 
(Table 1). These results were consistent for both years. 
Species richness explained little variation in total biomass 

species richness, between all plots of the same sown diversity 
level. Generalized least square models with AR1 correlation 
structure were applied to detect trends (Zuur et al. 2009), 
using the function gls of the nlme package (Pinheiro et al. 
2013).

Secondly, we analysed the relationship between the aver-
age biomass of the species and their tendency to increase or 
decrease during the six years of data. Since globally the total 
biomass decreased in the course of the experiment, we used 
relative biomass in each plot and at each sampling session to 
analyse the temporal trends of the species. This trend was esti-
mated separately for the spring and summer sampling sessions, 
as there is a strong seasonal effect (in general more biomass 
in spring). We computed non-parametric Spearman corre-
lations between relative biomass and sampling session date 
for each species in each plot to describe its temporal trend. 
We counted the number of times each species decreased or 
increased in the plots where it was present. The average bio-
mass of each species was computed from the relative biomass 
over all plots and sampling sessions; these values were then 
ranked. These ranked averages were used as explanatory vari-
able for the binomial response variable ‘number of increases 
versus decreases in proportional biomass’. We used a general-
ized mixed-effects model for this analysis, with season as ran-
dom factor and quasi-binomial family (function glmmPQL 
of the MASS package; (Venables and Ripley 2002)).

Finally, for the Grandcour Experiment, we performed 
partial Mantel tests as above to assess the effect of spatial 
scale on the relative contribution of richness and composi-
tion on productivity. To simulate varying scales of the experi-
ment, we first computed the partial Mantel tests for the 12 
individual fields (fine scale analysis), then on combinations 
of 2, 4, 6, 8 and 10 fields pooled, effectively broadening 
the scale of observation. All possible combinations of fields 
were considered, resulting in 66, 495, 924, 495 and 66 tests, 
respectively.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.44bm6 > (Sandau et al. 2016).

Table 1. Results of partial Mantel tests for the Grandcour and the Jena datasets. The r-value is the partial Pearson coefficient. For species 
richness, it is interpreted as the correlation between pairwise distances in species richness and in biomass, once distances in species 
composition have been accounted for; and vice versa for species composition. Statistically significant results are in boldface type.

Species richness Species composition Percentage contribution

Experiment/month or year r-value p-value r-value p-value Species richness Species composition Overlap

Jena/13 0.058 0.135 0.140 0.002 28.9% 69.3% 1.8%
Jena/16 0.148 0.003 0.112 0.001 56.3% 42.5% 1.2%
Jena/25 20.031 0.730 0.198 0.0001 0.0% 100.0% 0%
Jena/28 0.039 0.206 0.145 0.0002 20.7% 77.6% 1.6%
Jena/37 0.089 0.051 0.113 0.003 44.1% 55.9% 0%
Jena/40 0.153 0.007 0.051 0.075 75.0% 25.0% 0%
Jena/50 0.070 0.112 0.060 0.081 54.0% 46.0% 0%
Jena/52 0.339 0.0002 20.004 0.548 100.0% 0.0% 0%
Jena/61 0.210 0.005 0.059 0.099 78.1% 21.9% 0%
Jena/64 0.176 0.007 0.024 0.272 88.1% 11.9% 0%
Jena/73 0.368 0.0001 20.068 0.947 100.0% 0.0% 0%
Jena/76 0.186 0.006 0.008 0.421 94.6% 3.9% 1.5
Grandcour/2008 0.032 0.215 0.150 0.001 16.6% 78.5% 5.0%
Grandcour/2009 0.014 0.353 0.102 0.002 11.6% 82.9% 5.5%
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Change in the contribution of composition at 
varying spatial scales

We explored if spatial scale affected the contributions of 
species richness and composition by analysing the Grandcour 
data of 2008 for each field separately, and in combinations  
of 2, 4, 6, 8 and 10 fields, in order to simulate increasing  
scale (Fig. 4). Within the 12 individual fields, species 

(14% on average) compared to floristic composition (81% 
on average).

In the Jena Experiment, the contribution due to species 
richness alone was higher (62% on average); this value 
was significantly larger than the average percentage in the 
Grandcour Experiment (difference in percentage  48%, 
p-value  0.047, permutation test with 2000 simulations). 
However, when comparing the percentage contributions in 
Grandcour with those of the first two years in Jena (to match 
the Grandcour Experiment with measurements during two 
years), the contribution was still larger in Jena, but the 
difference between the two experiments was less marked 
(average of 14% compared to 26%, respectively).

A lower contribution of species richness in the non-
weeded experiment could be due to decreasing variability in 
species richness between the plots with time. Figure 3 pres-
ents the coefficient of variation for species richness in the 
Jena and in the Grandcour Experiment. As hypothesized, 
the decrease in the coefficient of variation from the start of 
the experiment for species richness was much larger in the 
Grandcour than in the Jena Experiment (Fig. 3).
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Figure 1. Evolution of the percentage contribution of species richness to total biomass in the Jena Experiment. Month 0 corresponds to the 
start of the experiment when plants were sown. The fitted line is the result of a generalized least-square regression with AR1 correlation 
structure on the logit-transformed percentages.

Table 2. Temporal trends in average distances (as a measure of 
heterogeneity) for species composition and for species richness 
between all pairs of plots. Parameters are results of AR1 regression 
models for average distances against sampling session in the Jena 
Experiment. Averages are computed for plots with similar sown 
species richness. A positive (negative) slope indicates that species 
composition or species richness became more heterogeneous 
(homogeneous) with sampling session. Statistically significant slopes 
are in boldface type.

Species composition Species richness

Sown species richness Slope p-value Slope p-value

2 0.0007 0.427 20.005 0.739
4 20.002 0.051 20.005 0.741
8 0.005  0.001 0.009 0.403

16 0.008 0.004 0.018  0.001
60 0.005 0.400 20.0003 0.963
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Figure 2. Relationship between the proportion of times each plant 
species was found to increase in biomass during the course of the 
Jena Experiment, and its average relative biomass in the plots where 
it occurred. Biomass is expressed as the rank of species ranged 
between 0 and 1. We considered separately spring and summer 
sampling periods. The solid line is the result of a generalized linear 
mixed-effects model with quasi-binomial family and sampling sea-
son as random factor (slope  –0.18, p  0.64); white dots and 
dotted line are for the spring sampling sessions, black dots and 
dashed line for the summer sampling sessions.
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in biomass, and thus plots with the same dominant species 
would tend to have similar productivity. As said above, these 
expectations are rejected by our supplementary analyses 
(Table 2). Secondly, the dominant species in the experiment 
did not tend to increase in biomass with time (Fig. 2).

Several non-exclusive explanations might underlie 
our observations. Firstly, dominant plant species could be 
preferentially attacked by herbivores or other enemies, which 
could control their expansion (Janzen–Connell hypothesis; 
Sedio and Ostling 2013). Secondly, intraspecific competi-
tion may increase for a dominant species to a point at which 
individual fitness decreases, allowing other species to establish 
(Deng et al. 2012). Thirdly, complementarity effects could 
become more prevalent with time, which was suggested by 
Marquard et al. (2009) for the Jena Experiment. Notably, 
Roscher et al. (2013b) found an increase in functional trait 
diversity through time in the Jena experiment, with a change 
from traits associated with fast growth towards traits related 
to conservation of growth-related resources and successful 
reproduction. They concluded that assembly processes in 
their experiment appeared to maximize functional diversity 
through niche differentiation, a mechanism that did not 
exclude the loss of species with low competitive abilities. 
Fourth, one cannot, however, dismiss the effect of distur-
bance by repeated weeding and mowing (Wardle 2001, 
Roscher et al. 2009, 2013a). By creating open space, it could 
allow less competitive species (i.e. good colonizers in the 
scheme of the competition–colonization tradeoff; Cadotte 
2007) to persist and possibly increase in such systems. It 
is however worth noting that a comparison of the weeded  
and non-weeded subplots in the Jena Experiment did not 
detect a change in functional composition between these 
treatments (Roscher et al. 2013b).

Note that we assume that the contribution of composition 
is linked to the selection effect, and that of species richness 
to complementarity effects. On the one hand, if selection 
effects are the only driver of the biodiversity–ecosystem 
functioning relationship, two plots with similar dominant 
species should both have similar biomass; at the same time, 
two plots with the same species richness may or may not 
have the same biomass. It is the presence of particular species 
that is important, and this will be captured by a high simi-
larity in species composition between plots. Note however 
that this requires the use of quantitative (i.e. based on plant 
cover) measures of similarity or distance: with qualitative 
measures, the occasional rare species are likely to blur this 
effect. On the other hand, if complementarity is the key pro-
cess, plots with greater numbers of species are more likely to 
better exploit the resources, whatever species identity, and 
thus attain greater biomass levels. Consequently, similarity 
in species richness is expected to be related to similarity in 
biomass. Of course, both processes are not exclusive (Loreau 
2001), and this justifies the use of partial Mantel tests. In 
this respect, it is interesting to note that the contributions 
common to species richness and species composition are 
extremely small in the Jena Experiment (Table 1). This is 
expected in correctly balanced experimental designs. The 
greater but still moderate common contributions in the 
Grandcour Experiment can be attributed to the absence 
of weeding, and the resulting presence of non-planned 
colonizing species.

richness was significant four times at the 5% level, while 
plant composition was significant five times. When broaden-
ing the scale of observation, the median values of the Mantel 
r did not change markedly for species richness, and decreased 
slightly for plant composition. However, the p-values showed 
a clear trend: they became large and non-significant for 
species richness, while the opposite was apparent for plant 
composition. When measuring the relative contribution 
of species richness (Fig. 4e), we found that median values 
for the different numbers of fields varied around the 17% 
obtained for the complete dataset (Table 1); note the large 
variability of the estimated contributions when considering 
all possible combinations of subplots.

Discussion

Temporal trends in contributions of species richness 
and composition

Contrary to our expectations, the contribution of commu-
nity composition to biomass decreased over the six years of 
the Jena Experiment, while the contribution of species rich-
ness increased. Thus, at the start of the experiment, plots 
with similar sown mixtures tended to have similar biomass, 
while after six years this effect vanished. Concerning species 
richness, plots with similar sown diversity had different pro-
ductivity at the beginning of the experiment, but harboured 
similar biomasses already after three years. Moreover, we 
showed that the observed trends in the relative contribu-
tions of composition and of species richness are not mere 
consequences of a decrease in between-plots heterogene-
ity in composition and/or an increase in between-plots 
heterogeneity in species richness (Table 2).

These observed trends contradict our expectations, 
which were based on a hypothesized increase in competitive 
effects through time (Tilman and Downing 1994, Aarssen 
et al. 2003). On the one hand, plots would lose the less 
competitive species with time, and one could thus expect 
a homogenization in between-plot species richness. On the 
other hand, the more competitive species would increase 

Figure 3. Coefficient of variation (CV) of species richness in the  
66 plots of the Jena Experiment (open circles) and in the 144 plots 
of the Grandcour Experiment (solid circles) for each sampling 
session. Sampling session 0 refers to the initial sown species richness.
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between fields, and secondly by including a greater diversity 
of colonizing species (the total number of species recorded 
in 2008 was 113, compared to the 20 species sown). These 
results illustrate a general issue when comparing the contribu-
tions of different sets of variables, namely that the results are 
context (or scale) dependent (Wardle and Zackrisson 2005, 
Lepš et al. 2007, Connolly et al. 2011). Thus, the assumption 
that results from experiments would reflect the relative con-
tributions of diversity and of composition in natural systems 
is unwarranted; also, the results from different experiments 
should be compared with caution. However, comparisons 
of contributions in the same experiment through time are 
exempt from this problem.

Conclusions

In all, our results firstly show that care should be taken 
in evaluating the relative contributions of explanatory fac-
tors across different experiments, as the context (in our 
case, the spatial scale) of the experiment matters (e.g. the 
range in species richness, the particular choice of species, 
the diversity of traits of the species). Secondly, we observe 
a positive temporal trend in the importance of species 
richness and, according to our assumption, of comple-
mentarity effects. This result is in line with other studies 
(Marquard et al. 2009) and we believe that it is ecologi-
cally important, as it indicates that biotic interactions 
between species may not favour particular species at the 
expense of others, but rather lead to more equitable com-
munities. To uncover the processes underlying this type of 
evolution in plant community structure, projects like the 
Jena Experiment are particularly valuable. Also, conduct-
ing long-term experiments in conditions where immigra-
tion can be strictly prevented would be useful to avoid 
disturbances generated by the maintenance of species 
richness. Finally, extending research to other taxonomic 
groups and environments is vital to assess the generality 
of the mechanisms behind the biodiversity–ecosystem 
functioning relationship.      
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Appendix 1 
Description of field methods for the Grandcour Experiment 
We set up a multitrophic experiment in spring 2007 (May–June) by sowing experimental 

wildflower strips. The experimental fields were located around the village of Grandcour, 

Switzerland (46° 52' N, 6° 56' E, elevation 479 m a.s.l.). According to the Bundesamt für 

Meteorologie und Klimatologie MeteoSchweiz the annual precipitation in the region is 941 mm 

while the local mean annual temperature is 10.1°C. The landscape is a mosaic, typical for the Swiss 

lowland, where agricultural elements are interspersed with small traditional fruit orchards, gardens, 

forest patches and grassland. Soils can be classified as cambisol/arenosol and calcaric cambisols 

(Ducommun Dit-Boudry 2010). 

 

Experimental design 
The 12 wildflower strips (72 × 9 m or 108 × 6 m, 648 m2) were each equally divided into three 

trophic treatments: 1) control (C, without fence), 2) vertebrate predator exclusion (PE, 25 mm mesh 

fence), and 3) vertebrate predator and major herbivore exclusion (PHE, 8 mm mesh fence). The full 

details of the experimental design are already published, and can be found in Bruggisser et al. 

(2012) and Fabian et al. (2012). Within each field treatment order was randomly assigned. We 

further divided each treatment into 4 subplots of 54 m2 (6 × 9 m), which we then assigned to one of 

four plant species richness levels. This yielded a total of 144 subplots. 

The species pool for the seed mixtures contained 20 plant species that are part of the 

wildflower mixture used in Swiss nature restoration schemes (Haaland et al. 2011, Haaland and 

Bersier 2011). The mixtures consisted only of species of the tall herb functional group (Roscher et 

al. 2004) (Table S1), as we excluded two legumes, a small herb species, and an exotic species, 

which are present in the conventional mixture. We assembled the four plant richness levels of 2, 6, 

12 and 20 with regard to equal frequency by constrained random draw. Within each experimental 

wildflower strip each diversity level was repeated three times, in each trophic treatment once, so 



that sown composition was kept constant within fields, but varied among fields. While the 20 

species mixture was reproduced in all wildflower strips, the other diversity levels were represented 

by 12 different experimentally sown mixtures. In total this resulted in 37 different sown mixtures. 

To assemble the experimental mixtures, we applied a substitutive design (Jolliffe 2000) 

where each plant species was added in the same proportion to result in maximum evenness. Taking 

into account the individual germination rates of the species predicted by the commercial seed 

provider (UFA Samen Lyssach, Switzerland), we corrected seed density to 1000 germinable seeds 

m-2 (Roscher et al. 2004). 

Fields were prepared similar to conventional wildflower strips. The farmers harrowed the 

fields twice before sowing and sprayed them with the non-selective herbicide Roundup® 

(Glyphosate) to eliminate weeds and to reduce establishment from the seed bank. We scattered the 

seeds by hand; therefore soya groats were added as bulking agent to facilitate an even distribution 

within the subplots. As several studies have suggested that weeding might increase invasion 

(Wardle 2001, Roscher et al. 2009), we kept weeding to a minimum. Further, constant weeding 

would have disturbed other projects in our study system concerned with the fauna (Fabian et al. 

2012, Bruggisser et al. 2012). Only in 2007 we removed Chenopodium album and Amaranthus 

retroflexus to avoid competition for light with germinating seeds. To prevent spread to adjacent 

fields and associated loss of environmental subsidies for the farmer, we removed the harmful 

agricultural weeds Rumex obtusifolium and Cirsium vulgare throughout the whole experiment. 

Besides one field, where due to high pressure of Echinocloa crus-galli mowing was recommended 

in the first year, subplots were not mown. The absence of weeding and mowing distinguishes the 

Grandcour Experiment from other studies such as BIODEPTH, the Jena Experiment or Cedar 

Creek, where grassland plots were cut or burned according to the management regime of the 

surrounding region (Hector et al. 1999, Roscher et al. 2004, Tilman et al. 2006). 

We thus manipulated plant diversity by sowing different diversity levels but permitted 

establishment from external species; hence the communities consisted of the selected sown species 

complemented by locally existing species filling empty space. 

 

Plant community assessment 
We evaluated plant communities in a randomly selected 2 × 2 m quadrat in each subplot, taking 

care that it was placed at least 1 m from the border. Except for some vegetative Poaceae, all 

vascular plants were identified to species level. We estimated individual species cover (%) visually 

each year in early autumn. Community coverage may exceed 100% due to plants overlap. Total 

species richness S in the subplots varied from 6 to 42 species, with a mean of 22.8. 

 



LAI measurements and biomass estimation 
Aboveground biomass is often used as a substitute for (aboveground) productivity. Measuring 

biomass is generally done by clipping plant material, which is the most accurate method. However, 

it was difficult to apply in our experiment due to large amounts of biomass. Moreover, we wanted 

to avoid disturbance to the projects dealing with higher trophic levels. Therefore we measured the 

leaf area index (LAI) with a plant canopy analyser, which is an adequate alternative non-destructive 

method for estimating biomass. The canopy analyser measures light attenuation by the vegetation 

and a standard coefficient is then used to derive the LAI. In each subplot, we recorded above-

canopy reference measurements and 24 below-canopy measurements at ground level in early fall 

2008 and 2009. We covered the fish-eye sensor with a 270° black cap, which helped to account for 

the small subplot size and excluded the effect of the person taking the measurements, while it also 

prevented direct sunlight shining into the lens. We did not adjust measurements for leaf angles. We 

then calibrated the LAI measures with five randomly selected quadrats of 30 × 30 cm in eight 

subplots. Within the quadrats, all plants were clipped at ground level, stored in a paper bag and then 

dried to constant weight at 60 C. We established a linear regression between aboveground biomass 

and LAI in the eight subplots (Pearson product-moment correlation r = 0.89), which was used to 

convert average LAI measures to total aboveground biomass (dry weight g·m-2). Aboveground 

biomass TB ranged from 550.6 g·m-2 to 1799.2 g·m-2 with a mean of 1098.3 g·m-2. Note that our 

estimate of biomass is closely related to the "annual net primary production" (ANPP) measure that 

is typically analysed. As we only determined total community biomass, and because we did not 

establish monocultures for species arriving from the seed bank, analyses of biodiversity effects 

using additive partitioning to separate complementarity and selection effects (Loreau and Hector 

2001, Fox 2006) were not feasible. 
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Table 1. List of sown plant species. 
Species name 

Achillea millefolium L. 

Agrostemma githago L. 
Anthemis tinctoria L. 

Centaurea cyanus L. 
Centaurea jacea L. 

Cichorium intybus L. 
Daucus carota L. 

Dipsacus fullonum L. 
Echium vulgare L. 

Hypericum perforatum L. 
Leucanthemum vulgare LAM. 

Malva moschata L. 
Malva sylvestris L. 

Origanum vulgare L. 
Papaver rhoeas L. 

Pastinaca sativa L. 
Silene latifolia POIR. 

Tanacetum vulgare L. 
Verbascum lychnitis L. 

Verbascum thapsus L. 
	


