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Abstract
Studies on biodiversity–ecosystem functioning (BEF) in highly controlled experiments often yield results incompatible with
observations from natural systems: experimental results often reveal positive relationships between diversity and productivity, while for natural systems, zero or even negative relationships have been reported. The discrepancy may arise due to a
limited or closed local species pool in experiments, while natural systems in meta-community contexts experience dynamic
processes, i.e., colonization and extinctions. In our study, we analysed plant community properties and above-ground biomass within a semi-natural (i.e., not weeded) experiment in an agricultural landscape. Eleven replicates with four different
diversity levels were created from a species pool of 20 wildflower species. We found an overall significant negative relationship between total diversity and productivity. This relationship likely resulted from invasion resistance: in plots sown with
low species numbers, we observed colonization by low-performing species; colonization increased species richness but did
not contribute substantially to productivity. Interestingly, when analysing the biomass of the sown and the colonizer species
separately, we observed in both cases positive BEF relationships, while this relationship was negative for the whole system.
A structural equation modelling approach revealed that higher biomass of the sown species was linked to higher species richness, while the positive BEF relationship of the colonizers was indirect and constrained by the sown species biomass. Our
results suggest that, in semi-natural conditions common in extensive agroecosystems, the negative BEF relationship results
from the interplay between local dominant species and colonization from the regional species pool by subordinate species.
Keywords BEF · Colonization · Invasibility · Phylogenetic diversity · Species richness
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Introduction
The observation that species extinction is accelerating
worldwide is leading to increasing concern over how ecosystem functioning, and ultimately the provision of ecosystem services to human societies, will be affected. As a
result, several controlled biodiversity experiments [e.g.,
Cedar Creek (Tilman et al. 1996), BIODEPTH (Hector
et al. 1999) and the Jena Experiment (Roscher et al. 2004),
among many others] have been established during the last
20 years to evaluate so-called ‘biodiversity effects’. Species richness (and composition) were manipulated, with
the aim of exploring the relationship between biodiversity
and ecosystem functioning (BEF) (Hooper et al. 2012).
Community productivity is regularly used as a surrogate
for ecosystem functioning, as it represents an important
characteristic of agricultural systems and a functional
component of crucial interest for humanity. However, the
transferability of these results remains controversial, as
the direction of the relationship contrasts substantially
between experimentally assembled simplified plant communities and naturally complex ecosystems (Chapin et al.
1997; Grace et al. 2007; Assaf et al. 2011). Highly controlled studies where species richness was maintained by
weeding frequently reported that, irrespective of plant
identity, an increase in species richness resulted in an
increase in biomass (Hector et al. 1999; Van Ruijven and
Berendse 2003; Roscher et al. 2005). The results often
contrast with those from natural systems, where a variety of relationships have been observed, from positive,
to null, or negative (Thompson et al. 2005; Grace et al.
2007; Rose and Leuschner 2012). Several theories have
been proposed to explain the discrepancy between experimental and semi-natural or natural systems (Lepš 2004).
In contrast with the control exercised in BEF studies,
natural plant communities experience a variety of smallscale environmental gradients, e.g., soil acidity, fertility,
or microclimate. Environmental filtering and variable levels of competition along these environmental gradients
may modulate the species richness in a way that does not
necessarily translate into a linear shift in productivity
(Rychtecká et al. 2014). Another rarely investigated aspect
of the BEF relationship is the effect of colonization from
the surrounding species pool into the studied communities
(Roscher et al. 2009, 2013).
Theoretical models that take into account the size of the
species pool and recruitment limitation predict variable
outcomes for the link between diversity and productivity,
depending on the level of immigration (Loreau and Mouquet 1999; Cardinale et al. 2000; Mouquet et al. 2002).
Colonizer species modify species richness and composition in such a way that the positive BEF relationship
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disappears quickly once cessation of weeding allows external species to establish within the plots (Pfisterer et al.
2004). In semi-natural and natural systems, local plant
communities are part of a larger network of meta-communities and so are subject to processes such as colonization
and local extinction (Rösch et al. 2015). Colonizer species
contribute to the diversity of the community but, depending on their functional traits, may not necessarily add to
the overall productivity (Jain et al. 2014). Regional species
diversity could thus influence the diversity–productivity
relationship equally or even more strongly than local species richness and has been suggested to control ecosystem
level processes (Tscharntke et al. 2012).
Phylogenetic diversity has been argued to represent a better correlate of productivity than simple species richness in
BEF experiments, based on the expectation that functional
traits are phylogenetically conserved (Cavender-Bares et al.
2009). Phylogenetic distance between species is assumed
to influence functional trait variation, which determines
ecological and functional (niche) differences and is thus
thought to improve ecosystem functioning (Narwani et al.
2015). Cadotte et al. (2008) presented a meta-analysis of
27 diversity experiments, finding that phylogenetic diversity
was a far better predictor of variation in productivity than
species richness or functional group diversity. This result
supports the hypothesis that phylogenetically distinct communities can augment resource partitioning and thus optimize resource exploitation (Cavender-Bares et al. 2009; but
see Venail et al. 2015).
Here, we analyse the BEF relationship in experimental
wildflower strips distributed as a meta-community within an
extensive agricultural landscape (Fabian et al. 2012, 2013,
2014; Bruggisser et al. 2012). Immigration of internal and
external colonizers was allowed, which created an intermediate setting between experimental and observational
studies. We show that this experimental approach is useful
for disentangling the relationships between diversity and
productivity of the resident and the colonizer species, and
that it provides insights into the discrepancy between results
obtained in experimental and unmanipulated systems. Our
study is partially comparable to studies analysing the consequences of discontinuing experimental manipulations in
highly controlled BEF experiments, which were necessary
for maintaining the different experimental diversity levels
(Pfisterer et al. 2004; Petermann et al. 2010). We examine
the changes in species richness and composition and their
impact on productivity in order to elucidate the mechanisms
behind the observed relationship between diversity and biomass. To achieve this goal, it is first necessary to consider
separately the biomass of the sown species and of the colonizer species, as in Roscher et al. (2009). Second, we use
structural equation modelling to study how the biomasses of
both groups of species are interrelated between themselves
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and to the experimental treatments and community descriptors. Specifically, we ask the following questions:
(1) Does sown species richness result in a positive relationship between diversity and total biomass, as often
observed for highly controlled and manipulated BEF
experiments? Performing the classical BEF analysis
with sown species richness levels as the explanatory
variable, we expect a positive relationship. However,
we predict the positive slope to be low as colonizer
species may blur the effect of the underlying degree of
richness (e.g., Pfisterer et al. 2004).
(2) How does immigration of colonizer species and associated change in species richness influence the positive
relationship between total biomass and sown species
richness as expected above? We predict either no or a
negative relationship between biomass and total number of species, as often found in observational studies (e.g., Kahmen et al. 2005). In this respect, we also
examine the invasion resistance (Hector et al. 2001) of
sown communities to colonizers.
(3) How are sown species and colonizer species contributing to the observed relationship? To explore this question in more detail, we separate the productivity measure into the contribution of sown species biomass and
of colonizer species biomass. Since these two groups
are dependent, as together they yield the total biomass,
we use structural equation modelling to explore several
“causal” scenarios for the effects of factors known to
influence productivity: species richness, phylogenetic
diversity, and composition.
Finally, we frame our results within the context of a new
theory for the BEF relationship, derived from a dynamical
competition model. We believe that the outcomes of our
study contribute to the reconciliation between the opposing
results from experimental and observational studies.

Materials and methods
Experimental wildflower strip manipulations
The data were derived from the Grandcour Experiment,
which was conducted in 12 wildflower strips situated in agricultural fields and meadows, and was originally designed
to analyse multitrophic interactions in meta-communities.
In Switzerland, wildflower strips are an agri-environmental
scheme in which 24 plant species are sown in otherwise
homogenous agricultural landscapes in order to provide
shelter and food resources for threatened and beneficial species (Nentwig 2000; Haaland et al. 2011). The study region
surrounding the village of Grandcour, 10 km south of Lake

Neuchâtel (479 m altitude; coordinates: 46°52′N, 06°56′E),
represents a typical Swiss lowland agricultural landscape
with a mosaic of arable fields interspersed with small fruit
orchards, gardens, forest patches, permanent and temporary
grasslands and farm buildings. Annual average air temperature is 10.1 °C and annual precipitation 941 mm (http://
www.agrometeo.ch/fr/meteorology/datas).
The experiment followed a semi-manipulative/semimensurative approach (Fabian et al. 2012; Bruggisser et al.
2012; Sandau et al. 2014). Experimental plant communities were established in spring 2007 by sowing different
diversity levels (2, 6, 12 and 20 sown plant species, all from
the tall herb functional group). Each field was treated with
two successive stale seed beds before sowing. Sown mixtures were generated by constrained random draw from a
20 species pool based on the conventional wildflower seed
mixture (Günter 2000). Each of the four plant mixtures was
then randomly sown in a 9 m × 6 m plot within a block of
216 m2. Within fields, the sown species richness mixtures
were nested replicates, while between fields the species composition of plant mixtures varied. The 20 species mixture
was the sole reproduced in all fields. Species composition
of each diversity plot was chosen by constrained random
draw from the 20 plant species pool: (1) plants were chosen
so that they appeared in the 2, 6 and 12 species levels the
same number of times across all 12 wildflower strips; and
(2) within a wildflower strip, there was no overlap in the
species chosen in the 2, 6 and 12 species levels. Seed density was kept constant between the diversity levels, which
resulted in a decreasing population size with increasing species richness. Thus, the experiment can be described as an
incomplete (not all combinations of plants are considered)
split-plot design, with wildflower strips as random factors,
and with the diversity factor nested within an exclosure treatment (split-plot). This treatment used fences and molluscicide to control the main herbivores and their predators, and
was composed of three levels: control = no fence, predator
and herbivore exclusion = 8 mm fence (PHE) and predator
exclusion = 25 mm fence (PE) (see Electronic Supplementary Materials, Fig. S1, and Fabian et al. 2012). One of the
fields was flooded shortly after sowing in July 2007 and was
replaced by another field sown in September 2007. This later
established field is not considered in the present study due
to the different development time of the vegetation, which
resulted in reduced establishment of the sown species. Ultimately, this experimental setup resulted in a split-plot design
with 11 fields × 3 exclosure levels × 4 diversity levels, for
a total of 132 plots. Note that the LAI measurements (see
below) yielded aberrant results in six plots, which were
excluded from the analyses. Additional information on the
experimental setup can be found in the Electronic Supplementary Materials, Appendix S1. In our statistical models,
we included sown species richness (SownS) and exclosure
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treatment as fixed factors, and Field identity and split-plot
structure as random factors.

Vegetation
Apart from the removal of agriculturally harmful weeds (i.e.,
Cirsium arvense, Rumex obtusifolius), weeding was kept to
a minimum and the establishment of external and internal
colonizers was accepted. The experimental plots were not
mown. This is contrary to most classical BEF experiments
[e.g., Cedar Creek; Tilman (2001) and Jena Experiment;
Roscher et al. (2004)], where sown communities are generally maintained by eliminating species that were not part of
the originally sown community. In addition, several annual
species from the originally sown assemblage had already
vanished after the first year. Consequently, in our case, the
total number of species (S) represents realized species richness, which can be decomposed into the remaining species
(RemS) of the sown species assemblage, and the species
emerging from the seed bank and/or colonizing from the
surrounding landscape matrix, as well as from the sown
mixtures of neighbouring plots (“external” and “internal”
colonizers, ColS).
In early autumn 2008, we recorded species richness, identity and abundance by identifying each plant species and
visually estimating their cover using the standard BraunBlanquet scale within each plot. The list of species is given
in Electronic Supplementary Materials, Appendix S2. As a
surrogate for productivity, the response variable was total
above-ground biomass assessed from leaf area index (LAI)
measurements to minimize disturbance. We calibrated
the LAI measures with results from the classical clipping
method in eight plots (the Pearson correlation between the
two sets of measurements was 0.89, p = 0.003, for more
information see Electronic Supplementary Materials,
Appendix S3), allowing us to express total biomass in dry
weight (g m−2). Biomass for the remaining sown species and
for the colonizer species was estimated by multiplying the
cover by the average height of each plant species, with the
latter being obtained from the LEDA Traitbase (Kleyer et al.
2008) or InfoFlora (www.infoflora.ch, accessed in October
2015). This number was then summed over all species in
both groups. These “volumes” were expressed as proportions that were multiplied by the total above-ground biomass, yielding the two dependent response variables RemB
and ColB, respectively. Note that this estimate assumes that
the density of all species is similar.

Phylogenetic diversity
We used the freely available online software Phylomatic
(Webb and Donoghue 2005) to construct a dated phylogeny that covered all 113 plant species observed in all 144
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plots. Recent work did not reveal important differences in
the capacity to uncover correlations of phylogenetic diversity and ecological patterns between the application of a
fully resolved molecular phylogeny or a supertree with
polytomies, as in our case (Cadotte et al. 2008, 2009).
Congener data were employed for species identified only
to the genus level. Using the R-package picante (Kembel et al. 2010), we determined the phylogenetic diversity (PD) within each experimental plot by calculating
the mean pairwise phylogenetic distance weighted by the
abundance of present species (Webb et al. 2002). This was
achieved for the remaining sown (RemPD) and the colonizer species (ColPD).

Plant species composition
Due to non-independence among plots that share species, in BEF analyses, it is essential to take into account
the composition of the experimental plots in order to
avoid so-called ‘hidden treatments’ (Huston 1997). In a
recent paper (Sandau et al. 2014), we demonstrated that
incorporating compositional similarity between plots in
GLMMs improved model fit. Here, we followed Kahmen
et al. (2005) and used nonmetric multidimensional scaling (NMDS) (Legendre and Legendre 1998) to reduce the
dimensionality of composition. We chose this approach,
as composition can then be easily included in the statistical model as a fixed effect (Sandau et al. 2014). NMDS
is not influenced by non-normally distributed data, as
it uses rank order instead of Euclidian distances, and is
considered very robust (Minchin 1987). We computed
NMDS for the different groups of species in our experimental plots: the sown assemblages, the total plant community, the remaining sown species, and the colonizer
species. The axes representing composition for the different groups were based on Sørensen dissimilarity for
the sown composition (presence/absence data), and on
Bray–Curtis dissimilarity for the total, the remaining,
and the colonizer groups (cover data). The coordinates
along two or three quantitative axes, depending on the
stress values, were used as quantitative variables expressing plant composition and were entered in the statistical
model as fixed effects. Using the metaMDS function from
the vegan package (Oksanen et al. 2015) with 50,000
random starting points, we calculated NMDS plot scores
for sown plant species mixtures (two axes: nmdsSownX,
nmdsSownY; stress value = 0.14), for the remaining sown
plant composition (two axes: nmdsRemX, nmdsRemY:
stress value = 0.18), and for the composition of colonizers (three axes: nmdsColX, nmdsColY, nmdsColZ; stress
value = 0.23). NMDS plots for these three groups are given
in Electronic Supplementary Materials, Appendix S4.
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Statistical analyses
We built general linear mixed effect models (GLMMs)
using the lme function from the nlme-package (Pinheiro
et al. 2013) to investigate the influence of species richness,
composition, phylogenetic diversity, and exclosure treatment on productivity. To meet the normality assumption
of our statistical models, some variables were Box–Cox
transformed; in all cases, we examined the distribution of
the residuals with QQ plots. The response variable ‘total
above-ground biomass’ was Box–Cox-transformed with
the power parameter γ = 0.54 using the car-package version
2.1-0 (Fox and Weisberg 2011). As customarily done in BEF
studies (e.g., Hector et al. 1999), the variables sown richness
(SownS), remaining sown species (RemS), colonizer species
(ColS), and total species richness (S = RemS + ColS) were
log2-transformed. These variables were included in the different models to analyse the classical BEF relationship. Note
that, to account for the different abundances (here, covers)
of the plant species, we also performed analyses with Hill
number H1 (Hill 1973) instead of species richness, and with
evenness measures based on Shannon index in addition to
species richness. Since the inclusion of these additional variables did not improve the fits of the statistical models [see
Rohr et al. (2016) for an argument], they are not presented
here. Composition and phylogenetic diversity were measured as explained above; exclosure treatment was included
as a factor with three levels (Control, PE, PHE), with Control corresponding to the intercept. All quantitative variables
were scaled to zero mean and unit standard deviation, which
allows for the comparison of parameter estimates. The 11
fields and the split-plot design were included as random
effects.
In our analyses, we retained in all models the combination
of (1) exclosure treatment, (2) sown species diversity and
(3) the NMDS-axes representing the sown species composition, as these variables reflect the design of the experimental
setup. Our most complex model for total biomass contained
the additional predictor variables species richness of remaining and colonizer species, phylogenetic diversity, and the
NMDS-axes representing composition for the remaining
sown species and for the colonizer species.
We applied an information theoretic framework for model
selection (Jørgensen 2004). Using the dredge function of the
package MuMin (Bartón 2015, v 1.15.1.), we fitted models
with all possible combinations of predictor variables. First,
we ranked models according to the values of the Akaike
Information Criterion for finite sample sizes (AICc) before
selecting all “plausible” models with a ΔAICc ≤ 6. We chose
this value because it has been shown that the most parsimonious model may not be included when using the usual criterion of ΔAICc ≤ 2 (Richards 2005). Next, we singled out
models with AICc values lower than those of all the models

within which they were nested. The application of this rule
created a model subset that excluded unduly complex models (Richards 2008). We then performed a model averaging
approach that allowed accounting for model uncertainty. We
derived estimates of model parameter values from the subset of candidate models. Relative importance of explanatory
variables was calculated by summing model weights, AICω,
across all models of the subset where the variable was present. The explanatory power of parameters that are not present in any model is usually deemed to be unimportant. We
report both the best model and the model averaging results.
The above approach considered biomass globally. We
further separated biomass into the contributions of remaining and of colonizer species. As the proportions of aboveground biomass of the two groups are not independent, we
used structural equation models (SEM) to explore the fit of
several a priori causal models, starting with the most complete one (Electronic Supplementary Materials, Appendix
S5), from which we evaluated simpler plausible models.
The variables representing species composition (the NMDS
axes) and phylogenetic diversity were initially linked to all
four response variables (richness and biomass of colonizer
and of remaining sown species) and were then subjected
to backward elimination, using AICc as a criterion. Note
that the selection process was not applied individually to
the NMDS axes representing species composition, but to the
group of variables (two axes for the remaining sown species,
three axes for the colonizer species).
We used piecewise SEM (package piecewiseSEM in
R; Lefcheck 2016) for this purpose. This approach offers
the possibility to include random effects, in our case the
field and split-plot structure. All paths were assumed to be
directional. The variables for the biomasses were Box–Cox
transformed (remaining sown species RemB, γ = 0.84; colonizer species ColB, γ = 0.33). All statistical analyses were
performed using R version 3.2.2 (R Development Core Team
2015).

Results
Diversity–productivity analyses and community
invasibility
The initial sown species richness varied between 2 and 20
species, whereas total species richness in plots ranged from
9 to 42. Across all plots, we found 113 different plant species, the sown species included (Electronic Supplementary
Materials, Appendix S2). While there was still a strong correlation between the number of species sown in plots and
the diversity of remaining sown species (Pearson’s productmoment correlation, r = 0.978, df = 124, p < 0.001); there
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Fig. 2  Results for the realized species richness, displayed on a logscaled x-axis. a Total above-ground biomass per m
 2 as a function
of the total number of species. b Above-ground biomass separated
between the remaining sown species (black) and the colonizer species (grey) as a function of their respective realized species richness
(RemS and ColS, respectively)
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Fig. 1  Results for the sown species richness, displayed on a logscaled x-axis. a Total above-ground biomass per m
 2. b Number of
colonizer species. c Above-ground biomass separated between the
remaining sown species (dark grey) and the colonizer species (light
grey); boxplots give minimum, 1st quartile, median, 3rd quartile, and
maximum values, with observations outside 1.5 times the interquartile range being plotted as dots

was no correlation between sown species level and total
species richness (r = 0.021, df = 124, p = 0.812).
The results of the traditional BEF analysis, which used
sown species richness as an explanatory variable, confirmed
our first hypothesis: the sown species richness levels and
the aboveground biomass were weakly but significantly
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positively correlated (0.200 ± 0.067 SE, t = 2.996, p = 0.004)
(Fig. 1a). In contrast, replacing sown species richness with
total species richness produced a significant negative relationship (− 0.242 ± 0.079 SE, t = − 3.063, p = 0.003, Fig. 2a).
Note that exclosure treatment was not associated with productivity in either of the two models.
Greater sown species richness increased the resistance to “invasion”. Significantly fewer colonizer species could immigrate into higher diversity plots
(slope = − 0.657 ± 0.061 SE, t = − 10.840, p < 0.001)
(Fig. 1b). In line with this result, when separating the biomass of remaining sown species and of colonizer species,
we found that the latter decreased markedly with sown species richness (− 0.500 ± 0.071 SE, t = − 7.086, p < 0.001),
while the former increased (0.460 ± 0.067 SE, t = 6.851,
p < 0.001) (Fig. 1c). The relationships between the biomass
of remaining sown species and of colonizer species and
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their corresponding realized species richness (RemS and
ColS, respectively) were strongly positive for both groups
(0.497 ± 0.068 SE, t = 7.337, p < 0.001; 0.630 ± 0.070 SE,
t = 8.969, p < 0.001, respectively) (Fig. 2b), which is an
intriguing result since the combination of the two groups
yielded the negative relationship between total biomass and
total species richness (Fig. 2a).

Influence of species composition and phylogenetic
diversity on total biomass
In addition to different measures of species richness, other
factors are known to influence productivity. We included
species composition (NMDS-axes) and phylogenetic diversity (PD) to explain total community above-ground biomass;
the full model also included the exclusion treatment and the
sown, remaining sown, and colonizer species richness. After
model selection, the best model (ΔAICc = 0.098) showed
significant effects of the second NMDS-axis of sown species
composition, of the first NMDS axis of the remaining sown
species composition, and of species richness of the colonizer
species (Table 1). Since the model selection did not reveal
a single best model with ΔAICc < 2, we complemented the
analysis with a model averaging approach. Thirty-three
models had a reasonable likelihood to be the best model
(i.e., models with ΔAICc ≤ 6 relative to the model with the

smallest AIC value) and had model weights ranging from
0.10 to 0.01 (Electronic Supplementary Materials, Appendix S6). Excluding overly complex models resulted in a
subset of 12 candidate models, which yielded the results
presented in Table 2. The negative role of colonizer species richness for community biomass then became apparent,
as evidenced by the high value for relative variable importance (Σωi= 0.90) and the marginally significant negative
correlation (r = − 0.226, p = 0.056); colonizer composition
was not significant and of minor relevance (Σωi = 0.46). As
in the best model described above, the second NMDS-axis
representing the remaining sown species composition was
significantly associated with total above-ground biomass
(0.045, p = 0.030), but showed a moderate relative variable importance (Σωi = 0.63). Phylogenetic diversity of the
remaining species (Σωi= 0.57) displayed an even smaller
variable importance, and the measure was not significant.
Note that the variables SownS, exclosure treatment and the
quantitative NMDS scores for sown species composition
were included in all models, as they represent the experimental setup.

Structural equation modelling for the biomass
of the sown and of the colonizer species
The best a priori “causal” model is presented in Table 3
and summarized in Fig. 3. Interestingly, it shows that the
positive relationship between the diversity and biomass of

Table 1  Results for the best linear mixed effects model explaining
total aboveground biomass per plot
Parameter

Estimate

Adjusted SE

t value

p value

(Intercept)
PE
PHE
log2 (SownS)
nmdsSownX
nmdsSownY
log2 (ColS)
RemPD
nmdsRemX
nmdsRemY

− 0.139
0.102
0.253
0.176
− 0.022
0.237
− 0.241
− 0.178
0.228
0.032

0.218
0.195
0.194
0.117
0.107
0.091
0.092
0.111
0.098
0.112

− 0.637
0.523
1.301
1.499
− 0.207
2.590
− 2.617
− 1.598
2.332
0.286

0.526
0.607
0.208
0.138
0.837
0.011
0.011
0.114
0.022
0.775

The initial full model included the effect of species richness, composition (NMDS-axes) and phylogenetic diversity (PD) of the originally
sown species, of the remaining sown species and of the colonizer species. Given are the model average parameter estimates, the adjusted
standard errors, t values and the p values
Parameters: PE predator exclusion, PHE predator and herbivore exclusion, SownS sown species richness, nmdsSownX and
nmdsSownY 1st and 2nd NMDS axes for sown composition, ColS
species richness of colonizers, RemPD phylogenetic diversity of
remaining sown species, nmdsRemX and nmdsRemY 1st and 2nd
NMDS axes for the composition of remaining sown species. Note
that SownS, PE and PHE, and nmdsSownX and nmdsSownY were
retained in the model as they represent the experimental design

Table 2  Model averaged coefficients for the fitted general linear
mixed effects models explaining total aboveground biomass per plot
Parameters

Estimate Adjusted SE z value p value Variable
importance

(Intercept)
PE
PHE
log2 (SownS)
nmdsSownX
nmdsSownY
log2(ColS)
RemPD
nmdsRemX
nmdsRemY
nmdsColX
nmdsColY
nmdsColZ

− 0.121
0.093
0.218
0.148
− 0.060
0.192
− 0.226
− 0.126
0.163
0.045
0.101
0.023
− 0.029

0.217
0.204
0.209
0.137
0.125
0.089
0.118
0.139
0.148
0.096
0.125
0.067
0.060

0.558
0.458
1.043
1.084
0.479
2.171
1.913
0.907
1.102
0.468
0.807
0.339
0.476

0.577
0.647
0.297
0.279
0.632
0.030
0.056
0.365
0.270
0.640
0.420
0.735
0.634

1.00
1.00
1.00
1.00
1.00
0.90
0.57
0.63
0.63
0.46
0.46
0.46

Legend as in Table 1, with additionally: nmdsColX, -Y, and -Z 1st,
2nd, and 3rd NMDS axes for the composition of colonizer species.
Relative variable importance equals the sum of Akaike weights
for the models including the variable; as SownS, PE and PHE, and
nmdsSownX and -Y were coerced to be present in all fitted models,
their relative importance equals 1
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Table 3  Results of the best piecewise structural equation model using
biomass of the remaining sown species (RemB) and colonizer species
(ColB) as the response variables of interest
Response variable

Predictor variable

Estimate

SE

p value

log2(ColS)

RemB
ColPD
log2(SownS)
log2(RemS)
log2(SownS)
RemPD
log2(RemS)
nmdsRemX
ColPD
nmdsRemY
RemPD
RemB
nmdsColX
RemPD
ColPD
nmdsColY
log2(ColS)
nmdsColZ

− 0.364
0.252
− 0.410
0.050
0.997
− 0.026
0.424
0.173
− 0.168
0.137
− 0.030
− 0.701
0.202
− 0.137
0.094
0.068
0.051
0.015

0.072
0.063
0.270
0.272
0.025
0.025
0.098
0.068
0.073
0.070
0.103
0.079
0.072
0.065
0.068
0.072
0.088
0.061

< 0.001
< 0.001
0.133
0.853
< 0.001
0.312
< 0.001
0.012
0.023
0.056
0.772
< 0.001
0.006
0.037
0.182
0.347
0.565
0.808

log2(RemS)
RemB

ColB

Legend as in Tables 1 and 2, with additionally: ColPD phylogenetic
diversity of colonizer species, RemS number of remaining sown species

colonizers (Fig. 2b) was in fact indirect, being constrained
by the biomass of the remaining sown species: this variable had a strong direct negative influence on both the species richness and biomass of colonizers. As expected, we
find that the experimentally sown species richness strongly
determined the number of remaining sown species; also,
it negatively affected the richness of colonizer species,
but the relationship was not statistically significant despite
the large effect size. The positive diversity–biomass relationship customarily observed in highly controlled experiments is visible in our framework by the positive effect of
remaining sown species diversity on their biomass. We
find that species composition played a role on the biomass
of both groups of species, but only the first NMDS axes
were statistically significant (Table 3). Finally, the correlation between phylogenetic diversity and species richness
was not significant for the remaining sown species, which
is expected since species composition was experimentally manipulated (Electronic Supplementary Materials,
Fig. S4.1), but was positive and strongly significant for the
colonizer species. Interestingly, the phylogenetic diversity
of both groups of species had a significant negative influence on the biomass of the other group, but was not related
to their own biomass.
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Discussion
Diversity–productivity analyses and community
invasibility
By applying either “classical” sown species richness levels
or total species richness to explain total above-ground biomass, we observed a change in the sign of the relationship
for the BEF analysis (Figs. 1a, 2a). The negative relationship that was observed between total species richness and
productivity can largely be explained as a result of the combined effects of the remaining sown species richness and the
number of colonizer species immigrating from the regional
species pool of the surrounding agricultural landscape. The
differential contribution of the two groups (remaining sown
and colonizer species) to total above-ground biomass is displayed in Fig. 1c; with increasing sown species richness,
the colonizers contribute proportionally less to total aboveground biomass. As a result of complementarity effects or of
the selection of highly productive remaining sown species,
the establishment of colonizers is limited by the formation
of denser communities in high sown-diversity plots. This
phenomenon is well established and is known as invasion
(or community) resistance (e.g., Hector et al. 2001). In contrast, numerous colonizers could establish in plots with low
sown diversity, but the per-species increase in productivity
is much lower for colonizers than for sown species (Fig. 2b).
Together, invasion resistance and the different contributions
of sown and colonizer species to biomass production combined to create a reversed species richness gradient. This
phenomenon resulted in the observed negative BEF relationship with total richness, where some plots formerly low
in sown species richness became more species rich than
originally species rich plots, and, at the same time, total
biomass was little affected by the small-statured colonizer
species. This phenomenon is consistent with results of other
studies. Leps et al. (2007) described that 8 years after the
beginning of experiments where plots were open to immigration, productivity was lowest where the highest plant species richness values were found. As our wildflower strips
were established in arable fields, the plant species colonizing
our experimental plots were mostly small-statured, annual
arable weeds that are adapted to fulfil their life cycle within
one growing season. In contrast, the majority of the sown
species from the wildflower-strip mixture were biannual or
perennial species of rather tall stature and they were already
well established in the 2nd year of their life cycle. We suggest that the difference in life history traits of sown species
vs. colonizer species, in combination with available space,
may be one key to understanding our observed negative BEF
relationship, and argue for a functional approach to understand ecosystem functioning (Bracken and Williams 2017).
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Fig. 3  Structural equation
model for the Grandcour
experiment. Boxes represent
measured variables and arrows
unidirectional relationship
among variables. Black arrows
denote negative relationships;
grey arrows positive ones, with
their thickness proportional to
their standardized regression
coefficient (given in number
with their significance along the
corresponding arrow). For clarity, variables expressing species
composition and phylogenetic
diversity are given within
the corresponding box of the
response, and some non-significant variables are omitted. Full
results and abbreviations are in
Table 3, with additionally: rem.
remaining sown species, col.
colonizer species

Traditionally, the often reported positive relationship
between diversity and above-ground biomass is explained
by either the sampling effect or niche complementarity
(Cardinale et al. 2007). The sampling effect refers to the
idea that diverse plots are more likely to include the most
dominant species that will have a major effect on the function of the community (Loreau 1998). Niche complementarity assumes that species use different resources in different ways, e.g., variation in rooting depth for soil nutrients,
so that resources are exploited more completely in more
diverse plots. We were not able to apply the additive partitioning method usually implemented to separate these two
effects (Loreau and Hector 2001), as it was not feasible to
include monocultures for the unpredictable 93 colonizer
species. In our case, we cannot estimate the relative importance of the two processes, but it is likely that alone or collectively, they account for the observed positive effect of
sown species richness on total biomass. Interestingly, since
sown species of the wildflower-strip mixtures all belong
to the tall-herb functional group (Roscher et al. 2004), the
positive BEF relationship for these species (Fig. 2b) is
not due to complementarity at the functional-group level
(Loreau and Hector 2001), at least when group membership is defined a priori (Petchey 2004).

Global relationships of remaining sown
and of colonizer species to the BEF relationship
The SEM approach indicated that remaining sown species richness was positively related to the biomass of the
remaining sown species, which reflects the results of highly
controlled BEF experiments. In contrast, the positive relationship between richness and biomass of colonizer species
observed (Fig. 2b) was in fact indirect, being constrained by
the biomass of remaining sown species. This result can be
explained by invasion resistance: the lower resistance of the
low sown diversity allowed the colonization by low productive species from the surrounding landscape. However, the
SEM analysis indicated that it was not a direct effect of the
diversity, but rather that it operated through the biomass of
the remaining sown species (Milbau et al. 2005). Higher
numbers of sown species resulted in higher biomasses,
preventing the installation of colonizer species, probably
through niche packing (Levine and D’Antonio 1999; Funk
et al. 2008) and competition for light (Hautier et al. 2009).
The observation that the BEF relationships for the
remaining sown and the colonizer species are both positive
(Fig. 2b), but that this relationship becomes negative when
both groups are merged (Fig. 2a), may also be explained
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under the framework of a new BEF theory (Parain et al.
2019). This theory is based on a mechanistic Lotka–Volterra
competition model and posits that the relationship between
relative biomass (i.e., total biomass of the polyculture
divided by the average biomasses of the species in monocultures; Cardinale et al. 2006) follows a saturating function
whose asymptote is tuned by the average level of competition between the species. Increased interspecific competition
will flatten the relationship between species richness and
relative biomass, which can even become negative if interspecific is stronger than intraspecific competition. Such a
situation is predicted to lead to extinctions in the community,
except in the case of strong asymmetric competition. In our
case, it is plausible that asymmetric competition for light
between sown species and small statured colonizers will
increase markedly the average level of competition when
considering all species together (Hautier et al. 2009), and
consequently render the relationship negative. The global
driving factor would be competition between the tall- and
small-herb functional groups, while complementarity effects
could operate within each group.

Influence of species composition
and of phylogenetic diversity
Since species composition changes with species diversity,
we accounted for this factor in the BEF analyses. We used a
NMDS approach to reduce the dimensionality of the composition data, and included the coordinates of the plots on
the NMDS axes as fixed effects in the statistical model. In
the global BEF analyses, we found a strong effect of plant
composition of sown species on productivity (Tables 1, 2).
In the SEM analysis, when separating the community into
remaining sown species composition and colonizer composition, the contribution of species composition became
apparent for both groups (Fig. 3 and Table 3). This indicates
that, in general, plots with similar composition tend to have
similar biomass.
Phylogenetic diversity has been suggested as a better predictor for productivity than species richness (Cadotte et al.
2008). The rationale is that ecological traits are phylogenetically conserved and, thus, assemblages composed of species from more distantly related taxa should have a higher
potential for complementarity. In accordance with the results
of a recent meta-analysis (Venail et al. 2015), we found no
relationship between phylogenetic diversity and productivity
when considering global biomass. However, the results are
intriguing when separating the biomass of the remaining
sown and of the colonizer species in the SEM analysis. We
found no direct relationship between phylogenetic diversity
and biomass within each group, but a crossed effect: phylogenetic diversity of remaining sown species was negatively
related to the biomass of the colonizer species, and similarly
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for the phylogenetic diversity of colonizer species and biomass of remaining sown species. The former relationship
hints at plots with higher trait diversity being more resistant
to invasions; the latter relationship could be interpreted as a
result of high sown diversity communities having a filtering
effect on the colonizer species, allowing only taxonomically
different species to establish, or possibly that groups of colonizers with higher trait diversity may be more competitive
against the established sown species.
The relationship between species richness and phylogenetic diversity is very strong for the colonizer species,
but absent for the remaining sown species, which is likely a
consequence of the experimental setup, as sown communities were randomly assembled from the experimental species
pool. Finally, it should be noted that the potential effect of
phylogeny may be difficult to detect when species composition is accounted for in the models, as these two factors are
not independent. Phylogenetic diversity for the different species groups and the first NMDS axes are indeed significantly
correlated in both groups (for remaining sown and colonizer
species, Pearson correlation coefficients equal − 0.26 and
− 0.28, respectively, with both p values < 0.003).

Conclusion
The results from our field experiment, where communities
sown with different species richness levels were open to
immigration, shed new light on the discrepancy between
results obtained in controlled and in unmanipulated studies.
While the BEF relationship is negative when considering
total species richness, the signal of a positive relationship
remains for the group of experimentally manipulated species. Our results agree with previous observations from systems under discontinued experimental control and after the
cessation of weeding, in which the positive BEF relationship faded (Pfisterer et al. 2004; Roscher et al. 2009). In
our case, this relationship even became negative (Fig. 2a).
Experimental studies that artificially maintain different species diversity levels may reflect semi-natural situations only,
especially when largely isolated plant communities with a
high “dark diversity” (sensu Pärtel et al. 2011) are compared
with functionally diverse and species-rich grasslands (Lepš
2004). Our experimental setting is closer to semi-natural
conditions common in extensive agroecosystems, where
plant assemblages are generally embedded within a metacommunity network linked by migration and subjected to
perturbations, where a species-poor community will quickly
be colonized by propagules from the local species pool. In
turn, the relationship between diversity and productivity will
depend on the functional traits of the colonizers (Díaz et al.
2007), whether they are agricultural small-statured annual
weeds with no strong contribution to total biomass and
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functionally redundant to established species, or complementary productive species that might greatly increase total
biomass. Sustaining the service of productivity in a landscape context requires the adoption of a meta-community
approach, which will enable a better understanding of the
connectivity between communities and the functional consequences of those species exchanges.
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