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Abstract
1.	 Deciphering the mechanisms that drive variation in biomass production across 
plant communities of contrasting species composition and diversity is a main chal-
lenge of biodiversity–ecosystem functioning research. Niche complementarity 
and selection effect have been widely investigated to address biodiversity–pro-
ductivity relationships. However, the overlooking of the specific role played by 
key species has limited so far our capacity to comprehensively assess the relative 
importance of other potential drivers of biodiversity effects.

2.	 Here, we conducted a grassland diversity–productivity experiment to test how 
four potential facets of biodiversity effects, namely species richness, functional 
diversity, species identity and the relaxation of intraspecific competition, account 
for variations in above and root biomass production.

3.	 We grew six plant species in monoculture, as well as in every combination of two, 
three and six species. Plant density was kept constant across the richness gradient 
but we additionally grew each species in half‐density monoculture to estimate the 
strength of intraspecific competition for each studied species. We characterized 
eight functional traits, including root traits, related to nutrient and light acquisi-
tion and computed both the functional dissimilarity and the community‐weighted 
mean (CWM) of each trait. We further partitioned above‐ground biodiversity ef-
fect into complementarity and selection effects.

4.	 We observed strong positive biodiversity effects on both above‐ground and root 
biomass as well as strong positive complementarity effect. These arose largely 
from the presence of a particular species (Plantago lanceolata) and from CWM trait 
values more than from a higher functional dissimilarity in plant mixtures. P. lanceo‐
lata displayed the highest intraspecific competition, which was strongly relaxed 
in species mixtures. By contrast, the presence of Sanguisorba minor negatively  
affected the productivity of plant mixtures, this species suffering more from  
interspecific than intraspecific competition.

5.	 This study provides strong evidences that the search for key species is critical 
to understand the role of species diversity on ecosystem functioning and dem-
onstrates the major role that the balance between intraspecific and interspecific 
competition plays in biodiversity–ecosystem functioning relationships. Developing 
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1  | INTRODUC TION

Although numerous plant diversity–ecosystem functioning ex-
periments have reported positive effects of plant species richness 
on ecosystem productivity (Cardinale et al., 2012; Lefcheck et al., 
2015; Tilman et al., 2001), the nature of the mechanisms that cause 
this pattern remains highly controversial. It is widely accepted that 
niche complementarity can lead to higher productivity in plant mix-
tures compared to monocultures (biodiversity effects; Huston, 1997; 
Loreau & Hector, 2001). Such a complementarity effect may be due 
to species differences in the way they capture and use resources 
(so‐called resource partitioning), due to species ability to alter their 
surrounding environment and to subsequently favour the fitness of 
other species (e.g., abiotic facilitation), or due to plant interactions 
with other trophic levels (Barry et al., 2019). Positive biodiversity 
effects can also result from an increased probability of selecting a 
species with a specific property as the size of the community in-
creases, for example a highly productive species (Loreau & Hector, 
2001). The selection effect describes whether the species that dom-
inate plant mixtures are the most productive species in monocul-
ture (i.e., positive selection effect) or the least productive species in 
monoculture (i.e., negative selection effect; Loreau & Hector, 2001). 
However, the presence of some other species can also exert a dis-
proportionate effect on ecosystem functioning irrespective of their 
biomass in monoculture (Jaillard, Deleporte, Loreau, & Violle, 2018). 
Such a species‐specific effect underpins the well‐known concept of 
keystone species, that is species having 'disproportionately large ef-
fects relative to its abundance' (Paine, 1969; see also Violle et al., 
2017 for a revisiting concept in the light of functional ecology the-
ory). Recently, Maire et al. (2018) extended this concept by defining 
‘key species’ as those species that are 'consistently and significantly 
associated to a certain level of ecosystem functioning or services' 
(Maire et al., 2018). Although the search for key species can reveal 
unsuspected mechanisms for ecosystem functioning (Diaz et al., 
2007; Huston, 1997), their role in biodiversity–ecosystem function-
ing experiments have been largely neglected.

Because ecological niches are theoretically linked to a suite of 
functional traits (Violle & Jiang, 2009), functional traits appear to be 
a promising tool for understanding diversity–productivity relation-
ships. On the one hand, differences in functional traits (functional 
dissimilarity) can reflect differences in the use of resources that allow 
species to partition the local pool of resources and avoid interspe-
cific competition (Violle et al., 2012). For instance, differences in 

the vertical distribution of roots among species allow the capture 
of water and nutrients at different soil depths. On the other hand, 
the functional traits of dominant species in plant mixtures can be 
approximated using the community‐weighted mean (CWM) of 
functional trait values (Diaz et al., 2007; Garnier et al., 2004). It has 
been argued that functional dissimilarity can mediate the comple-
mentarity effect while CWMs can mediate the selection effect by 
highlighting the role of the dominant species on ecosystem function-
ing (Cadotte, 2017). Disentangling the respective influence of both 
processes through a trait‐based approach thus requires using a set 
of traits that are directly linked to species’ resource use and com-
petitive ability. For instance below‐ground, this requires studying 
root traits that reflect how species develop specialized strategies to 
explore the soil volume (e.g., deep root fraction, specific root length, 
root inter‐branch distance) and to extract water and nutrients (e.g., 
root hair length, specific nutrient absorption rate; Freschet, Violle, 
Bourget, Scherer‐Lorenzen, & Fort, 2018).

Finally, species may exert highly specific effects on the function-
ing of ecosystems that cannot be captured by metrics of functional 
diversity computed at the community scale (Diaz et al., 2007). Among 
others, the fact that every species has a specific density–produc-
tivity relationship in monoculture can be an important mechanism 
for ecosystem functioning. Indeed, in most biodiversity–productiv-
ity experiments, species relative density – which directly drives the 
strength of intraspecific competition (Chesson, 2000) – decreases 
along the gradient of species richness (i.e., substitutive experimental 
design; Hector, 1998; Jolliffe, 2000). In parallel, interspecific com-
petition – which by essence is null in monoculture – increases along 
this gradient, so that weaker competitors can perform better in 
monoculture where they do not encounter other species (Turnbull, 
Levine, Loreau, & Hector, 2013). The relative importance of intra-
specific and interspecific competition on the productivity of each 
species could therefore be an important driver of biodiversity–eco-
system functioning relationships (Benedetti‐Cecchi, 2004; Turnbull, 
Isbell, Purves, Loreau, & Hector, 2016; Turnbull et al., 2013). Despite 
these evidences, previous experimental biodiversity–ecosystem 
functioning studies have largely neglected the role of species intra-
specific competition (but see Polley, Wilsey, & Derner, 2003), leaving 
the question unanswered.

In this study, we tested the strength and significance of four 
drivers of plant biomass production in biodiversity–ecosystem 
functioning experiment, namely species richness, functional diver-
sity, species identity and intraspecific competition. To do so, we 

more integrative approaches in community and ecosystem ecology can offer op-
portunities to better understand the role that species diversity plays on ecosystem 
functioning.
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experimentally designed grassland plant communities representing 
a gradient of species richness (from one to six) and functional di-
versity. We manipulated three different functional groups (namely 
‘grasses’, ‘forbs’ and ‘legumes’) and characterized eight functional 
traits (three shoot and five root traits) that were directly related to 
the acquisition of light and nitrogen (Freschet et al., 2018). We tested 
each above‐mentioned effect separately by combining the concep-
tual framework of Diaz et al. (2007) and the statistical framework 
of Maire et al. (2018). Briefly, to understand how species diversity 
affects ecosystem functioning, Diaz et al. (2007) suggest to first test 
for the role of functional diversity and, in a second step, to look for 
potentially remaining species‐specific effects. In parallel, Maire et al. 
(2018) developed a statistical framework that aims at identifying key 
species that drive ecosystem functioning (Maire et al., 2018). In this 
framework, we separately tested the effect of the presence of a can-
didate species or the effect of a candidate functional trait by adding 
species presence or functional diversity as an explanatory variable 
to a baseline model that previously accounted for the effects of spe-
cies richness. Finally, we estimated the strength of the effect of in-
traspecific competition by quantifying for every species the gain of 
individual biomass when decreasing plant density in monocultures.

2  | MATERIAL S AND METHODS

2.1 | Experimental design

The experiment was conducted at the Center for Functional and 
Evolutionary Ecology, Montpellier, France. We grew six plant spe-
cies in monoculture (6 combinations), as well as in every combination 
of two (15 combinations), three (20 combinations) and six species (1 
combination) in a greenhouse with three replicate pots for the mon-
oculture, two and three species combinations and six replicates for 
the six‐species combination. Plant species were common European 
herbaceous species (see Table 1): two grasses (Bromus erectus Huds., 

Dactylis glomerata L.), two forbs (Plantago lanceolata L., Sanguisorba 
minor Scop.) and two legumes (Lotus corniculatus L., Trifolium repens 
L). We chose this set of species to avoid functional redundancy, these 
species displaying contrasted functional traits. Seeds were collected 
from permanent grasslands located in southern France. Plant density 
was kept constant across the richness gradients (i.e., six individuals 
per pot with equal species relative abundance) but we additionally 
grew each species in three replicates of half‐density monoculture 
(i.e., three individuals per pot) to estimate the strength of intraspe-
cific competition for each studied species. Climate conditions in the 
greenhouse were semi‐controlled. Temperature was allowed to fluc-
tuate between 15°C and 19°C at night and between 21°C and 25°C 
during the day. Natural light conditions were complemented for the 
duration of the experiment (with 400W Na‐ion lamps) to provide a 
typical change in photoperiod during the plant growing season from 
12 hr initially to 14.5 hr at the end of the experiment.

We used deep pots (depth 60 cm, diameter 15 cm) containing c. 
17 kg (DW) of soil. Soil density was increased by compaction every 
20 cm in depth (from 1.51 to 1.63 and 1.74 g/cm3) to ensure real-
istic growth conditions for plants. The soil was a calcareous sandy 
loam (pH = 8.5) with rather low organic matter content (9.7 g/kg), 
cation‐exchange capacity (0.5 g/kg) and total N content (0.5 g/kg). 
At the start of the experiment, in November 2015, a soil leachate 
solution was added to ensure the presence of symbiotic N2‐fixing 
bacteria in the pot. Pots were watered three times a week to provide 
moisture conditions close to field capacity in the soil profiles; this 
corresponded to 0.1 L of water at the start of the experiment and 
0.6  L at the end in order to account for increasing plant demand. 
In addition, all pots received three soil enrichments (after 1, 4 and 
9 weeks) in phosphorus (P) and potassium (K) in increasing amount 
over time for a total of 10 g P/m2 and 24 g K/m. Note that nitrogen 
was not supplied so that it remained the main limiting resource for 
plant growth. We randomly placed pots on wheeled carriages and 
avoided side effects by rearranging carriages every two weeks.

TA B L E  1  Species list and average trait values (±SD) as grown in monoculture conditions

 
Specific leaf 
area (m2/kg)

Max photosyn‐
thetic capacity 
(µmol‐CO2 
m−2 s−1)

Plant height 
(cm)

Specific root 
length (m/g)

Deep root 
(<20 cm) 
fraction

Specific N  
absorption rate 
(µg m−1 hr−1)

Root  
inter‐branch 
distance (cm)

Root hair 
length (mm)

Bromus erectus 
(g)

26.63 ± 2.5 14.64 ± 1.0 24.50 ± 4.2 150.12 ± 53.7 0.38 ± 0.02 0.06 ± 0.01 0.35 ± 0.04 0.24 ± 0.03

Dactylis  
glomerata (g)

29.23 ± 0.8 5.70 ± 0.7 41.89 ± 3.7 275.50 ± 27.6 0.41 ± 0.03 0.04 ± 0.01 0.46 ± 0.04 0.24 ± 0.04

Plantago  
lanceolata (f)

18.58 ± 1.0 9.97 ± 1.7 27.78 ± 1.4 151.54 ± 15.6 0.55 ± 0.03 0.08 ± 0.06 0.17 ± 0.01 0.18 ± 0.01

Sanguisorba 
minor (f)

24.83 ± 0.3 24.85 ± 0.9 15.44 ± 0.9 130.26 ± 45.8 0.61 ± 0.03 0.06 ± 0.02 0.14 ± 0.01 0.13 ± 0.01

Lotus  
corniculatus (l)

42.75 ± 5.1 14.53 ± 2.1 15.33 ± 1.1 87.52 ± 19.1 0.38 ± 0.11 0.09 ± 0.03 0.36 ± 0.09 0.20 ± 0.01

Trifolium  
repens (l)

31.26 ± 2.3 20.60 ± 7.5 22.89 ± 0.9 140.19 ± 24.8 0.28 ± 0.03 0.08 ± 0.04 0.20 ± 0.01 0.16 ± 0.02

Abbreviations: f, forb; g, grass; l, legume.
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2.2 | Biomass measurements

Plants harvest took place 13 weeks after seedling transplantation 
after all species had shown first signs of flowering. We cut above‐
ground parts of plants at the base and separated the six plant indi-
viduals to measure above‐ground biomass of each individual plant. 
We evaluated root biomass of each pot after splitting the column of 
soil in three equal cylinders, each 20 cm long, and careful retrieving 
and washing roots from each cylinder. Plant material was oven‐dried 
at 60°C for 48 hr and weighed.

2.3 | Trait measurements

We measured three above‐ground traits and five below‐ground 
traits related to both nitrogen and light acquisition. For each trait, 
the detailed protocol is presented in Freschet et al. (2018). Briefly, 
three weeks before harvest, we measured light‐saturated leaf pho-
tosynthetic rate per area (Aarea, µmolCO2  m−2  s−1) – that provides 
the leaf maximal photosynthesis capacity – on one individual per 
monoculture pot by quantifying the amount of C accumulated in a 
leaf exposed to a high light intensity for several minutes (C influx 
vs. efflux). One week before the experiment harvest, we recorded 
the maximum height (cm) achieved by all plant individuals in all pots. 
Plant height is a good proxy for light depletion through the canopy 
(Violle et al. 2012). Specific leaf area (SLA, m2/kg) was assessed 
at harvest based on two to four leaves (depending on the species) 
from each plant individual that we immediately scanned for leaf area 
measurement. Specific leaf area corresponds to the area of light cap-
ture per biomass invested in leaves and is related to the fundamental 
trade‐off existing between species acquisition and conservation of 
resources (Garnier & Laurent, 1994).

Root functional traits were measured from monoculture pots 
only because of the difficulty and labour associated to separating 
roots among species in mixture pots. A subsample of roots was used 
to determine root length, mean root diameter and the proportion 
of very fine roots (<0.2 mm) using a digital image analysis system 
(WinRhizo, version 2009; Regent Instrument). Deep root fraction 
(DRF), which reflects the relative investment of species to take up 
nutrient from the deeper soil horizons, was estimated as the ratio 
of root biomass deeper than 20 cm to total root biomass. Root inter‐
branch distance (RID, cm) is a measure of root cost‐efficiency to ex-
plore large soil volume (rather than exploit soil volume intensively) 
and was quantified as the average distance between first‐order 
roots. Specific root length (SRL, m/g) was estimated as the ratio of 
root length to root dry mass to represent the cost‐efficiency of roots 
to explore and/or exploit soil volume. A second subsample of roots 
was stained with methyl violet in order to make root hairs visible and 
measure root hair length (RHL, mm) on 10 randomly selected first‐
order roots, over stretches of 1 mm roots situated 2 mm away from 
the root tips, using ImageJ software. Root hair length is a proxy for 
the soil volume explored around the root. Finally, we used one rep-
licate (pot) from the six species in monoculture to measure specific 
root nitrogen absorption rate (Nabs), which reflects the short‐term 

maximum nitrogen uptake capacity per unit root length. We calcu-
lated Nabs as the total amount of 

15N taken up by plants after injec-
tion of different forms of 15N in the soil, per length of fine root and 
per hour (µg 15N m−1 hr−1).

2.4 | Biodiversity effects

We quantified the biodiversity effect (ΔY), which is the performance 
of plant mixture relative to that expected from monocultures, sepa-
rately for above‐ground and root biomass production. Then, follow-
ing the equation proposed by Loreau and Hector (2001):

we computed the two components of ΔY, the complementarity and 
selection effects, only for above‐ground ΔY as we did not measure 
individual root biomass in plant mixtures. In this equation, Nj is the 
number of species in pot j. ΔRYi,j is the deviation from the expected 
relative yield of species i in pot j calculated as:

where Yi,j is the biomass measured for species i in pot j, and Mi is 
the average monoculture biomass for species i. As species were 
sown at constant density of individuals, the expected yield is sim-
ply the inverse of the number of species in pot j (1∕Nj). The first 
component of the biodiversity effect equation (Nj.Δ

̄RY. ̄M) is the 
complementarity effect, which quantifies the performance of plant 
mixtures relative to the performance of the component monocul-
tures. The covariance between species performance in monocul-
ture and in plant mixture, Nj.COV(ΔRYi,j,Mi), has been termed the 
selection effect.

2.5 | Functional diversity

We assessed the effects of species traits on ecosystem functioning 
by computing two facets of functional diversity, namely functional 
dissimilarity and community‐weighted mean (CWM). We quantified 
functional dissimilarity using the functional dispersion (FDis) index 
computed separately for each trait using the fdisp function of the 
fd r package (Laliberté, Legendre, & Shipley, 2014). For each trait, 
we computed FDis based on mean species trait values measured in 
monoculture pots only to insure homogeneity between the different 
traits that were measured in all pots or in monoculture only (Table 1). 
Since plant height and SLA were quantified at the individual level, we 
further tested the role of intraspecific trait variability by computing 
FDisHeight and FDisSLA based on trait values measured on individu-
als from all pots. CWM was calculated for each trait by multiplying 
the mean species trait value measured in monoculture pots by the 
proportional abundance of each species in each community. Finally, 
we classified the six species into three functional groups (legumes, 
herbs and forbs).

(1)ΔYj=Nj.Δ
̄RY. ̄M+Nj.COV

(

ΔRYi,j,Mi

)

,

(2)ΔRYi,j=
Yi,j

Mi

−
1

Nj

,
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2.6 | Data analyses

We investigated the effect of species richness, functional dissimi-
larity, CWM and species identity on above‐ground and root bio-
mass production, above‐ground and below‐ground biodiversity 
effects as well as above‐ground complementarity and selection 
effects using linear models. Following Maire et al. (2018), we first 
tested the extent to which species richness affected biomass pro-
duction, biodiversity effects, complementarity effect and selec-
tion effect in a baseline model (M0). Next, we built ‘functional 
group’, ‘functional dissimilarity’, ‘CWM’ and ‘species identity’ 
models to test the extent to which the data support the effect of a 
particular functional group, functional trait or species identity on 
these response variables. To do so, we added the presence of each 
functional group or species (coded as a binary variable) or FDis 
and CWM of each trait separately as an explanatory variable to 
M0. The resulting model (M1i), which is the importance of a candi-
date species i, functional group i or functional trait i to explain var-
iation in productivity, was then evaluated according to its Akaike 
information criterion (AIC). We considered a species, a functional 
group or a functional trait as important for productivity if ΔAIC 
(AICM0  –  AICM1i) was >4 (Maire et al., 2018). Although a com-
monly adopted rule of thumb states that a model with ΔAIC < 2 is 
likely to be the best model (Burnham & Anderson, 2002; Richards, 
2005), here we doubled this threshold to reduce the probability of 
having false positive. We standardized all variables before analy-
sis to facilitate the interpretation of the regression coefficients 
(Schielzeth, 2010). Because in the six‐species mixtures each spe-
cies and functional group were systematically present, we ran the 
functional group and species identity models without the six‐spe-
cies mixture pots. The sample size was therefore 128 for the func-
tional trait models and 110 for the functional group and species 
identity models. We further computed the posterior model proba-
bilities to report the probability that each model M1i is better than 
M0 using the bicreg function of the bma package (Raftery, Hoeting, 
Volinsky, Painter, & Yeung, 2018). Posterior model probabilities 
were highly consistent with the ΔAIC analysis. Consequently, we 
presented ΔAIC in the main manuscript and posterior model prob-
abilities in Table S1.

In addition, we tested for the influence of intraspecific compe-
tition, that is. species‐specific density–productivity relationships, 
on biomass production by computing for each species intraspe-
cific competition logarithmic response ratio (Hedges, Gurevitch, & 
Curtis, 1999). To do so, for each species, we compared the biomass 
of the nine individuals grown in monocultures sown at half‐density 
to the biomass of the 18 individuals grown in monocultures sown 
at full density. Positive logarithmic response ratio corresponds 
to higher biomass for the individual of the monoculture sown at 
half‐density while negative response ratio corresponds to higher 
biomass for the individuals of the monoculture sown at full den-
sity. Finally, we computed the standardized difference (effect size) 
between individual plant biomass of species grown in monoculture 
with half‐density and monoculture and mixtures of two, three and 

six species grown at full density (six individuals). Since root bio-
mass was not quantified at the level of individual plants in mixtures, 
such effect sizes were only calculated for above‐ground biomass. 
Confidence intervals (α  =  0.05) were computed to test whether 
individual plant biomass in full‐density pots significantly differed 
from individual plant biomass of the same species grown in mono-
culture at half‐density. All analyses were conducted using r ver. 
3.4.4. (www.r-proje​ct.org).

3  | RESULTS

3.1 | Effects of species richness on plant above‐
ground and below‐ground biomass production

Among all mixtures, above‐ground productivity was the main frac-
tion of plant biomass production (Figure 1a,b), accounting for c. 
70% of the biomass produced per pot. Above‐ground biomass sig-
nificantly increased with species richness (p <  .001, r2 =  .08) while 
root biomass did not (p = .17, r2 = .01; Table S2). Most importantly, 
both mean above‐ground and below‐ground biodiversity effects 
(ΔY) were positive at all species richness levels (Figure 1b). However, 
they did not increase with species richness (p = .09, r2 = .02; p = .70, 
r2  =  .01 for above‐ground and below‐ground net effects, respec-
tively; Table S2).

The additive partitioning of above‐ground biodiversity effect 
(ΔY) revealed that among all mixtures, complementarity effect was 
the main fraction of ΔY (Figure 1c), accounting for c. 83% of above‐
ground ΔY. Complementarity effect did not increase with species 
richness (p =  .34, r2 =  .01; Table S2) while the selection effect did 
(p = .02, r2 = .04; Table S2).

Removing the six‐species mixtures from the analyses did not 
change the effects of species richness on above‐ground biomass 
production, above‐ground and below‐ground biodiversity effects 
and complementarity effects (Table S2). However, root biomass sig-
nificantly increased with species richness while the positive effect of 
species richness on selection effect disappeared when the six‐spe-
cies mixtures were removed from the analyses (Table S2).

3.2 | Stronger effects of CWMs compared to 
functional dissimilarity and functional group diversity

ΔAIC values revealed that the main facet of functional diversity 
affecting biomass production was the CWM of the studied traits 
(Table 2). After controlling for species richness effect, CWMSLA 
and CWMAmax exerted a strong influence on all the components 
of biomass production – except the selection effect (Table 2). 
Productivity, biodiversity effects and complementarity effect con-
sistently decreased with CWMSLA and CWMAmax (Table 2; Figures 
S1–S3). In addition, above‐ground productivity, root productivity 
and below‐ground net effect increased with CWMHeight (Table 2; 
Figures S1 and S2). Above‐ground net effect, below‐ground net ef-
fect and complementarity effect also increased with CWMNabs and 
CWMDRF and decreased with CWMRHL (Table 2; Figures S2 and 

http://www.r-project.org
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S3). By contrast, plant functional group identity poorly affected 
plant productivity and biodiversity effects beyond the overall ef-
fect of species richness (Table 2). The only exception was the pres-
ence of leguminous species that exerted a negative effect on root 
productivity in plant mixtures (p <  .001). The ΔAIC analysis also 
revealed that functional dissimilarity slightly affected plant pro-
ductivity and biodiversity effects (Table 2). After controlling for 
species richness effect, root productivity significantly increased 
with FDisHeight, FDisSRL and FDisNabs (Table 2; Figure S4). Finally, 
above‐ground net effect, below‐ground net effect and comple-
mentarity effect significantly decreased with FDiRID (Table 2; 
Figures S5 and S6).

3.3 | Key species associated to changes in 
productivity

The presence of P.  lanceolata in the mixture was the principal 
driver of change in productivity (for above‐ground and root pro-
ductivity: ΔAIC = 20.307, r2 = .225 and ΔAIC = 69.211, r2 = .471, 
respectively), net effects (for above‐ground and below‐ground net 
effects: ΔAIC = 26.224, r2 = .229 and ΔAIC = 45.967, r2 = .366, re-
spectively) and complementarity effect (ΔAIC = 26.578, r2 = .230; 
Table 2). All these components of biomass production were sig-
nificantly higher when P.  lanceolata was in the plant mixtures 
(Figure 2). The presence of S. minor and T. repens in plant mixtures 
also markedly affected biomass production. Above‐ground and 
root productivity, net effects and complementarity effects were 
lower in presence of S. minor while the selection effect was higher. 

Above‐ground productivity was higher in the presence of T. repens 
while root productivity and selection effects were lower (Figure 2). 
Nevertheless their influence on net effects, complementarity and 
selection effects were substantially (from two to ten times) lower 
than to those of P. lanceolata (Table 2).

3.4 | Species‐specific effect and intraspecific 
competition

Species’ logarithmic response ratio calculated based on above‐
ground biomass production was positive for all species (Figure 3), 
meaning that biomass production was in average higher in half‐den-
sity plots for all species. However, we found significant differences 
between species (ANOVA, F = 41.3, p < .001), mean logarithmic re-
sponse ratio being the highest for P. lanceolata (1.36 ± 0.45) and the 
lowest for S. minor (0.41 ± 0.69; Figure 3). In other words, the biomass 
of P. lanceolata individual plants was four times lower in the full‐den-
sity monoculture than in the half‐density monoculture. In addition, 
we found that the biomass of individual plants of P. lanceolata in the 
three and six‐species mixtures did not significantly differ from their 
biomass in the half‐density monoculture (Figure 4). Similarly, the bio-
mass of individual plants of T. repens in the six‐species mixture was 
equivalent to their biomass in the half‐density monoculture, whereas 
it was otherwise lower (Figure 4). By contrast, the biomass of indi-
vidual plants of S. minor in full‐density monoculture, two, three and 
six‐species mixtures was lower than in half‐density monoculture but 
the lowest difference was observed between full‐density monocul-
ture and half‐density monoculture (Figure 4).

F I G U R E  1  Effect of species richness 
on mean (a) above‐ground and root 
productivity and (b) above‐ground and 
below‐ground biodiversity effects and 
(c) above‐ground complementarity and 
selection effects. Differences across the 
richness gradients are tested using linear 
models. ***p < .001; **p < .01; *<0.05; ns: 
non‐significant. Barplots represent the 
1st, 2nd and 3rd quartiles
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4  | DISCUSSION

Our study revealed contrasting influences of the four studied facets 
of biodiversity effects on ecosystem biomass production. Species 

richness and functional dissimilarity showed only moderate influ-
ence, whereas community‐weighted trait means (CWM), species 
identity and the relaxation of intraspecific competition accounted 
for a large part of observed biodiversity effects.

The significantly higher above‐ground and root biomass produc-
tion observed here in plant mixtures compared to monoculture is 
a common pattern in biodiversity–ecosystem functioning studies 
(Cardinale et al., 2012; Lefcheck et al., 2015; Tilman et al., 2001). 
We also reported a strong dominance of the complementarity ef-
fect over the selection effect, which has been frequently observed, 
at least in long‐term experiments (Cardinale et al., 2007; Reich et 
al., 2012). Furthermore, the selection effect increased with species 
richness, confirming that the probability of selecting a highly pro-
ductive species that over‐produce in mixture increases with the size 
of the community (Huston, 1997). However, species richness per se 
did not affect above‐ground and below‐ground biodiversity effects 
or complementarity effect (Figure 1). This reveals the limited value 
of species number per se to predict biodiversity–ecosystem func-
tioning relationships and emphasizes the importance of considering 
other biodiversity facets.

Since niche complementarity theoretically relies on functional 
trait differences (Violle & Jiang, 2009), we expected that biodiver-
sity and complementarity effects would increase with functional 
dissimilarity (Cadotte, 2017). Surprisingly, we found weak effects 
of functional dissimilarity, except for a decrease of the biodiver-
sity and complementarity effects with the dissimilarity in root 
inter‐branch distance. The use of trait‐by‐trait dispersion indices 
to compute functional dissimilarity can explain the weakness of 
such relationships. However, while the combinations of traits 
may better describe species differentiation along the multiple 

F I G U R E  2  Species‐specific effect on above‐ground (red) and below‐ground (blue) productivity (a), net effects (b) and complementarity 
(light grey) and selection (dark grey) effects on above‐ground productivity (c). Arrows represent significant effect of the presence of a 
species and its direction (p < .05). Barplots represent the 1st, 2nd and 3rd quartiles

F I G U R E  3  Variation of the intraspecific competition log‐
response ratio between species. We computed log‐response ratio 
between individual plant above‐ground biomass in monoculture 
sown at half‐density (BiomassHdens) and individual plant above‐
ground biomass in monoculture sown at full‐density (BiomassFdens). 
Positive log‐response ratio corresponded to higher above‐ground 
biomass for the individual of the monoculture sown at half‐density. 
Barplots represent the 1st, 2nd and 3rd quartiles
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ecological dimensions of species niche (Kraft et al., 2015), using 
a multi‐dimensional functional dispersion index did not improve 
the observed relationship between functional dissimilarity and 
biodiversity effects (see Table S3). Another reason may be that 
we computed functional dissimilarity in plant mixtures based on 
mean species trait values in monoculture. Doing so, we did not 
account for intraspecific trait variations, which can vary in con-
ditions of competition and affect resource uptake (e.g., below‐
ground, Mommer, van Ruijven, Jansen, van de Steeg, & de Kroon, 
2012; Schenk, 2006). However, above‐ground, accounting for in-
traspecific trait variations in plant height and specific leaf area, 
both traits being measured at the individual level, did not change 
the results (see Table S3). Overall, given our targeted choice of 
traits capturing multiple facets of light and nutrient acquisition 
above‐  and below‐ground (Freschet et al., 2018), the weak rela-
tionship between functional dissimilarity and the complementar-
ity effect confirms that the complementarity effect does not only 
reflect resources partitioning but a larger set of biotic interactions 
in species mixtures (Carroll, Cardinale, & Nisbet, 2011; Barry et al., 

2019; Loreau & Hector, 2001; Niklaus, Baruffol, He, Ma, & Schmid, 
2017).

By contrast, we reported strong influence of five out of eight 
community‐weighed trait means on the complementarity effect – 
and by extent on biodiversity effects. Species ability to take up 
nitrogen resources was a main driver of biomass productivity, as 
suggested by the positive relationships between the community‐
weighted mean of both nitrogen absorption rate and deep root 
fraction and biodiversity effects. Furthermore, biodiversity and 
complementary effects increased with decreasing the community‐
weighted mean of specific leaf area and maximum photosynthetic 
rate, implying that biomass production was maximum when plant 
communities were dominated by slow‐growing, resource conser-
vative species (Wright et al., 2004). Although such a result might 
be surprising given the short‐term nature of our experiment, it may 
reflect the fact that low nutrient availability in this experiment 
has favoured plants with the more conservative resource strate-
gies (Carmona, Bello, Azcarate, Mason, & Peco, 2019; Wright et 
al., 2004). More globally, the importance of functional trait values 

F I G U R E  4  Standardized difference 
between individual plant biomass of 
species grown in monoculture with 
half‐density (three individuals) and 
monoculture and mixtures of two, three 
and six species grown at full density (six 
individuals). Whiskers are confidence 
intervals (α = 0.05): if confidence interval 
crossed 0, then individual plant biomass 
in full‐density pot does not significantly 
differ from the individual plant biomass of 
the same species grown in monoculture 
at half‐density. A negative value means 
that individual plant biomass in full‐
density pot is lower than in half‐density 
pot, suggesting the influence of negative 
density‐dependence mechanisms



296  |    Functional Ecology MAHAUT et al.

gives evidence that in this experiment, ecosystem functioning is 
strongly driven by the identity of the dominant species (mass‐ratio 
hypothesis, Grime, 1998). However, we did not find significant re-
lationship between the CWMs and the selection effect while this 
is a main expectation under the mass‐ratio hypothesis (Cadotte, 
2017). This shows that the effect of the dominant species on eco-
system functioning differs from the selection effect sensu Loreau 
and Hector (2001) and calls for a more mechanistic approach to 
understand the relationships between biodiversity and ecosystem 
functioning.

We found a disproportionate contribution of one species, 
P. lanceolata, on the production of biomass and biodiversity ef-
fects in plant mixtures. Among the six species of this experi-
ment, P. lanceolata displayed the lowest biomass in monoculture 
but the highest biomass in the 6 × 6‐plant mixtures (Figure 4). 
Consequently, the specific effect of selecting P.  lanceolata in 
mixture differs conceptually from the selection effect, which 
can be positive only when the most productive species in 
monoculture produce even more biomass in mixture (Loreau 
& Hector, 2001). Despite this, the selection of P.  lanceolata in 
mixture was the major determinant of positive biodiversity ef-
fect on productivity. Its low biomass in monoculture was due to 
high intraspecific competition, which was relieved in half‐den-
sity monocultures and even more in species mixtures (Figure 3). 
Consequently, the much lower level of interspecific competition 
as compared to intraspecific competition for this particular spe-
cies, appeared as the most critical driver of biodiversity effects 
in our experiment. Since the strength of intraspecific competi-
tion may be generally stronger than the strength of interspecific 
competition in plant communities (Adler et al., 2018), we ex-
pect that such a mechanism may be widespread in biodiversity 
– biomass production relationships. The same pattern, although 
much less strong, was also observed here for T. repens, and the 
reverse pattern was recorded for S. minor, which suffered more 
from interspecific competition than from intraspecific competi-
tion (see also Turnbull et al., 2013). Interestingly, we observed 
that, across our six species, the effect of intraspecific compe-
tition on species production was inversely related to the effect 
of interspecific competition (Figure 4), suggesting that a priori 
knowledge of species‐specific density dependence production 
may be particularly useful to explain (and potentially predict) 
biomass gains in mixtures. An increasing number of biodiver-
sity‐productivity studies already accounts for the effect of 
negative density dependence mechanisms such as density de-
pendence plant disease (Mommer et al., 2018; Schnitzer et al., 
2011). By contrast, the role of intraspecific competition has 
received less attention (but see Polley et al., 2003). Our study 
shows that accounting for the balance between interspecific 
and intraspecific competition in experimental studies is essen-
tial to better predict the effect of species diversity on ecosys-
tem functioning.

Since the relative strength of intraspecific compared to interspe-
cific competition should increase with niche differences (Chesson, 

2000; Kraft et al., 2015), we might have expected that P. lanceolata 
occupied a functional niche that is highly different from the one of 
the other species. However, computing species functional distinc-
tiveness (sensu Violle et al., 2017) based on the traits used in this 
study (Table S4) revealed that P. lanceolata is not particularly differ-
ent from the other species. This suggests that other aspects of plant 
eco‐physiology (e.g., three‐dimensional architecture, Schenk, 2006) 
may drive the response of P. lanceolata to intraspecific and interspe-
cific competition.

Finally, we found that the presence of legume species in plant 
mixtures negatively affects below‐ground biomass production. By 
improving the availability of nitrogen in the mixture (relief of com-
petition and transfer to neighbouring plants; Temperton, Mwangi, 
Scherer‐Lorenzen, Schmid, & Buchmann, 2007) legumes may lower 
the typical balance between root versus shoot biomass investments 
(Freschet, Swart, & Cornelissen, 2015). Indeed, legumes gener-
ally exert a positive effect on above‐ground biomass production 
(Marquard et al., 2009; Temperton et al., 2007). Taking together, 
these results highlight the importance of considering both above‐
ground and below‐ground biomass production in biodiversity‐eco-
system functioning analyses as both compartments can differentially 
respond to species diversity.

To conclude, our study brings novel evidence that species 
do not equally contribute to ecosystem functioning and that the 
search for key species (sensu Maire et al., 2018) is a critical issue 
to understand the effects of species diversity on ecosystem func-
tioning (Diaz et al., 2007). More precisely, by looking for a species‐
specific effect, we highlight the important role that intraspecific 
competition plays in shaping biodiversity‐ecosystem functioning 
relationships, although the traits underlying species intraspecific 
competitive ability remain unknown. The fact that intraspecific 
competition also plays a dominant role for species coexistence 
(Adler et al., 2018) claims for a more integrative approach in com-
munity and ecosystem ecology to better understand biodiversity‐
ecosystem functioning relationships (Turnbull et al., 2016, 2013). 
Accounting for nonlinear species‐specific density‐productivity re-
lationships will be critical to predict the effect of species diversity 
on ecosystem functioning (Baert, Jaspers, Janssen, De Laender, & 
Aerts, 2017).

ACKNOWLEDG EMENTS

This study was supported by the EC2CO grant ‘MULTIVERS' to 
G.T.F. and by the European Research Council (ERC) Starting 
Grant Project ‘Ecophysiological and biophysical constraints on 
domestication of crop plants' (Grant‐ERC‐StG‐2014‐639706‐
CONSTRAINTS) to CV. We are grateful to Pascal Chapon, 
Annick Lucas, Malick Diao, Océane Cobelli, David Degueldre, 
Pauline Durbin, Jérémy Devaux, Pierrick Aury and Elodie Renaut 
for their proficient help with the experimental setup, harvest 
and plant measurements. This experiment was supported by 
Thierry Matthieu and the CEFE ‘terrain d'expériences' (TE) team, 
Nicolas Barthès, Bruno Buatois and Raphaëlle Leclerc within the 



     |  297Functional EcologyMAHAUT et al.

‘plateforme d'analyses chimiques' (PACE) and by the CEFE ‘plate-
forme long‐terme' (PLT). C.V. would like to thank the CESAB group 
‘Causes and consequences of functional rarity from local to global 
scales’ (FREE) supported by the French Foundation for Research 
on Biodiversity (FRB; www.fondationbiodiversite.fr) and EDF, for 
inspiring discussion.

AUTHORS'  CONTRIBUTIONS

G.T.F., F.F. and C.V. planned and designed the research. G.T.F. and 
F.F. performed the experiments. L.M. analysed the data and wrote 
the manuscript. G.T.F., C.V., F.F. and L.M. contributed substantially 
to revisions.

DATA AVAIL ABILIT Y S TATEMENT

Data deposited in the Dryad Digital Repository https​://doi.
org/10.5061/dryad.1jwst​qjqh (Mahaut, Fort, Violle, & Freschet, 
2019).

ORCID

Lucie Mahaut   https://orcid.org/0000-0002-5825-3807 

Cyrille Violle   https://orcid.org/0000-0002-2471-9226 

Grégoire T. Freschet   https://orcid.org/0000-0002-8830-3860 

R E FE R E N C E S

Adler, P. B., Smull, D., Beard, K. H., Choi, R. T., Furniss, T., Kulmatiski, A., 
… Veblen, K. E. (2018). Competition and coexistence in plant commu-
nities: Intraspecific competition is stronger than interspecific com-
petition. Ecology Letters, 21(9), 1319–1329. https​://doi.org/10.1111/
ele.13098​

Baert, J. M., Jaspers, S., Janssen, C. R., De Laender, F., & Aerts, M. (2017). 
Nonlinear partitioning of biodiversity effects on ecosystem func-
tioning. Methods in Ecology and Evolution, 8(10), 1233–1240. https​://
doi.org/10.1111/2041-210X.12804​

Barry, K. E., Mommer, L., van Ruijven, J., Wirth, C., Wright, A. J., Bai, Y., 
… Weigelt, A. (2019). The future of complementarity: Disentangling 
causes from consequences. Trends in Ecology & Evolution, 34(2), 167–
180. https​://doi.org/10.1016/j.tree.2018.10.013

Benedetti‐Cecchi, L. (2004). Increasing accuracy of causal inference in 
experimental analyses of biodiversity. Functional Ecology, 18(6), 761–
768. https​://doi.org/10.1111/j.0269-8463.2004.00908.x

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi‐
model inference: A practical information theoretic approach (2nd ed. 
2002. Corr. 3rd printing 2003). New York: Springer‐Verlag, New 
York Inc.

Cadotte, M. W. (2017). Functional traits explain ecosystem function 
through opposing mechanisms. Ecology Letters, 20(8), 989–996.  
https​://doi.org/10.1111/ele.12796​

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., … Naeem, S. (2012). Biodiversity loss and its impact on 
humanity. Nature, 486(7401), 59–67. https​://doi.org/10.1038/natur​
e11148

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., 
Srivastava, D. S., ... Weis, J. J. (2007). Impacts of plant diversity 
on biomass production increase through time because of species 

complementarity. Proceedings of the National Academy of Sciences, 
104(46), 18123–18128. https​://doi.org/10.1073/pnas.07090​
69104​.

Carmona, C. P., de Bello, F., Azcarate, F. M., Mason, N. W. H., & Peco, B. 
(2019). Trait hierachies and intraspecific variability drive competitive 
interactions in Mediterranean annual plants. Journal of Ecology, 107, 
2078–2089. https​://doi.org/10.1111/1365-2745.13248​

Carroll, I. T., Cardinale, B. J., & Nisbet, R. M. (2011). Niche and fitness dif-
ferences relate the maintenance of diversity to ecosystem function. 
Ecology, 92(5), 1157–1165. https​://doi.org/10.1890/10-0302.1

Chesson, P. (2000). Mechanisms of maintenance of species diversity. 
Annual Review of Ecology and Systematics, 31(1), 343–366. https​://doi.
org/10.1146/annur​ev.ecols​ys.31.1.343

Diaz, S., Lavorel, S., de Bello, F., Quetier, F., Grigulis, K., & Robson, M. 
(2007). Incorporating plant functional diversity effects in ecosystem 
service assessments. Proceedings of the National Academy of Sciences 
of the United States of America, 104(52), 20684–20689. https​://doi.
org/10.1073/pnas.07047​16104​

Freschet, G. T., Swart, E. M., & Cornelissen, J. H. C. (2015). Integrated 
plant phenotypic responses to contrasting above‐  and below‐
ground resources: Key roles of specific leaf area and root mass frac-
tion. New Phytologist, 206(4), 1247–1260. https​://doi.org/10.1111/
nph.13352​

Freschet, G. T., Violle, C., Bourget, M. Y., Scherer‐Lorenzen, M., & Fort, 
F. (2018). Allocation, morphology, physiology, architecture: The 
multiple facets of plant above‐ and below‐ground responses to re-
source stress. The New Phytologist, 219(4), 1338–1352. https​://doi.
org/10.1111/nph.15225​

Garnier, E., Cortez, J., Billes, G., Navas, M. L., Roumet, C., Debussche, M., 
… Toussaint, J. P. (2004). Plant functional markers capture ecosystem 
properties during secondary succession. Ecology, 85(9), 2630–2637. 
https​://doi.org/10.1890/03-0799

Garnier, E., & Laurent, G. (1994). Leaf anatomy, specific mass and water con-
tent in congeneric annual and perennial grass species. New Phytologist, 
128(4), 725–736. https​://doi.org/10.1111/j.1469-8137.1994.tb040​36.x

Grime, J. P. (1998). Benefits of plant diversity to ecosystems: Immediate, 
filter and founder effects. Journal of Ecology, 86(6), 902–910. https​://
doi.org/10.1046/j.1365-2745.1998.00306.x

Hector, A. (1998). The effect of diversity on productivity: Detecting the 
role of species complementarity. Oikos, 82(3), 597–599. https​://doi.
org/10.2307/3546380.

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta‐analysis of 
response ratios in experimental ecology. Ecology, 80(4), 1150–1156. 
https​://doi.org/10.1890/0012-9658

Huston, M. A. (1997). Hidden treatments in ecological experiments: Re‐
evaluating the ecosystem function of biodiversity. Oecologia, 110(4), 
449–460. https​://doi.org/10.1007/s0044​20050180

Jaillard, B., Deleporte, P., Loreau, M., & Violle, C. (2018). A combinato-
rial analysis using observational data identifies species that govern 
ecosystem functioning. PLoS ONE, 13(8), e0201135. https​://doi.
org/10.1371/journ​al.pone.0201135

Jolliffe, P. A. (2000). The replacement series. Journal of Ecology, 88(3), 
371–385. https​://doi.org/10.1046/j.1365-2745.2000.00470.x

Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C., Fuller, S., & Levine, J. 
M. (2015). Community assembly, coexistence and the environmental 
filtering metaphor. Functional Ecology, 29(5), 592–599. https​://doi.
org/10.1111/1365-2435.12345​

Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional 
diversity (FD) from multiple traits, and other tools for functional ecology 
(Version 1.0‐12). Retrieved from https​://CRAN.R-proje​ct.org/packa​
ge=FD

Lefcheck, J. S., Byrnes, J. E. K., Isbell, F., Gamfeldt, L., Griffin, J. N., 
Eisenhauer, N., … Duffy, J. E. (2015). Biodiversity enhances eco-
system multifunctionality across trophic levels and habitats. Nature 
Communications, 6, 6936. https​://doi.org/10.1038/ncomm​s7936​

https://doi.org/10.5061/dryad.1jwstqjqh
https://doi.org/10.5061/dryad.1jwstqjqh
https://orcid.org/0000-0002-5825-3807
https://orcid.org/0000-0002-5825-3807
https://orcid.org/0000-0002-2471-9226
https://orcid.org/0000-0002-2471-9226
https://orcid.org/0000-0002-8830-3860
https://orcid.org/0000-0002-8830-3860
https://doi.org/10.1111/ele.13098
https://doi.org/10.1111/ele.13098
https://doi.org/10.1111/2041-210X.12804
https://doi.org/10.1111/2041-210X.12804
https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.1111/j.0269-8463.2004.00908.x
https://doi.org/10.1111/ele.12796
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1111/1365-2745.13248
https://doi.org/10.1890/10-0302.1
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1073/pnas.0704716104
https://doi.org/10.1073/pnas.0704716104
https://doi.org/10.1111/nph.13352
https://doi.org/10.1111/nph.13352
https://doi.org/10.1111/nph.15225
https://doi.org/10.1111/nph.15225
https://doi.org/10.1890/03-0799
https://doi.org/10.1111/j.1469-8137.1994.tb04036.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.2307/3546380
https://doi.org/10.2307/3546380
https://doi.org/10.1890/0012-9658
https://doi.org/10.1007/s004420050180
https://doi.org/10.1371/journal.pone.0201135
https://doi.org/10.1371/journal.pone.0201135
https://doi.org/10.1046/j.1365-2745.2000.00470.x
https://doi.org/10.1111/1365-2435.12345
https://doi.org/10.1111/1365-2435.12345
https://CRAN.R-project.org/package=FD
https://CRAN.R-project.org/package=FD
https://doi.org/10.1038/ncomms7936


298  |    Functional Ecology MAHAUT et al.

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 412(6842), 72–76. https​://
doi.org/10.1038/35083573

Mahaut, L., Fort, F., Violle, C., & Freschet, T. G. (2019). Data from: 
Multiple facets of diversity effects on plant productivity: Species 
richness, functional diversity, species identity and intraspecific 
competition. Dryad Digital Repository, https​://doi.org/10.5061/
dryad.1jwst​qjqh

Maire, E., Villéger, S., Graham, N. A. J., Hoey, A. S., Cinner, J., Ferse, S. 
C. A., … Mouillot, D. (2018). Community‐wide scan identifies fish 
species associated with coral reef services across the Indo‐Pacific. 
Proceedings. Biological Sciences, 285(1883), 20181167. https​://doi.
org/10.1098/rspb.2018.1167

Marquard, E., Weigelt, A., Temperton, V. M., Roscher, C., Schumacher, 
J., Buchmann, N., … Schmid, B. (2009). Plant species richness 
and functional composition drive overyielding in a six‐year 
grassland experiment. Ecology, 90(12), 3290–3302. https​://doi.
org/10.1890/09-0069.1

Mommer, L., Cotton, T. E. A., Raaijmakers, J. M., Termorshuizen, A. J., 
van Ruijven, J., Hendriks, M., … Dumbrell, A. J. (2018). Lost in di-
versity: The interactions between soil‐borne fungi, biodiversity and 
plant productivity. New Phytologist, 218(2), 542–553. https​://doi.
org/10.1111/nph.15036​

Mommer, L., van Ruijven, J., Jansen, C., van de Steeg, H. M., & de Kroon, 
H. (2012). Interactive effects of nutrient heterogeneity and competi-
tion: Implications for root foraging theory? Functional Ecology, 26(1), 
66–73. https​://doi.org/10.1111/j.1365-2435.2011.01916.x

Niklaus, P. A., Baruffol, M., He, J.‐S., Ma, K., & Schmid, B. (2017). Can 
niche plasticity promote biodiversity‐productivity relationships 
through increased complementarity? Ecology, 98(4), 1104–1116. 
https​://doi.org/10.1002/ecy.1748

Paine, R. T. (1969). A note on trophic complexity and community stability. 
American Naturalist., 103, 91–93. https​://doi.org/10.1086/282586

Polley, H. W., Wilsey, B. J., & Derner, J. D. (2003). Do species even-
ness and plant density influence the magnitude of selection and 
complementarity effects in annual plant species mixtures? Ecology 
Letters, 6(3), 248–256. https​://doi.org/10.1046/j.1461-0248.2003. 
00422.x

Raftery, A., Hoeting, J., Volinsky, C., Painter, I., & Yeung, K. Y. (2018). 
BMA: Bayesian model averaging (version 3.18.9). Retrieved from  
https​://CRAN.R-proje​ct.org/packa​ge=BMA

Reich, P. B., Tilman, D., Isbell, F., Mueller, K., Hobbie, S. E., Flynn, D. F. B., 
& Eisenhauer, N. (2012). Impacts of biodiversity loss escalate through 
time as redundancy fades. Science (New York, N.Y.), 336(6081), 589–
592. https​://doi.org/10.1126/scien​ce.1217909

Richards, S. A. (2005). Testing ecological theory using the information‐
theoretic approach: Examples and cautionary results. Ecology, 86(10), 
2805–2814. https​://doi.org/10.1890/05-0074

Schenk, H. J. (2006). Root competition: Beyond resource de-
pletion. Journal of Ecology, 94(4), 725–739. https​://doi.
org/10.1111/j.1365-2745.2006.01124.x

Schielzeth, H. (2010). Simple means to improve the interpretability of 
regression coefficients. Methods in Ecology and Evolution, 1, 103–113. 
https​://doi.org/10.1111/j.2041-210X.2010.00012.x

Schnitzer, S. A., Klironomos, J. N., HilleRisLambers, J., Kinkel, L. L., Reich, 
P. B., Xiao, K., … Scheffer, M. (2011). Soil microbes drive the classic 
plant diversity‐productivity pattern. Ecology, 92, 1385–1392. https​://
doi.org/10.1890/10-0773.1

Temperton, V. M., Mwangi, P. N., Scherer‐Lorenzen, M., Schmid, B., & 
Buchmann, N. (2007). Positive interactions between nitrogen‐fixing 
legumes and four different neighbouring species in a biodiversity 
experiment. Oecologia, 151(2), 190–205. https​://doi.org/10.1007/
s00442-006-0576-z

Tilman, D., Reich, P. B., Knops, J., Wedin, D., Mielke, T., & Lehman, C. 
(2001). Diversity and productivity in a long‐term grassland experi-
ment. Science, 294(5543), 843–845. https​://doi.org/10.1126/scien​
ce.1060391

Turnbull, L. A., Isbell, F., Purves, D. W., Loreau, M., & Hector, A. (2016). 
Understanding the value of plant diversity for ecosystem functioning 
through niche theory. Proceedings of the Royal Society B, 283(1844), 
20160536. https​://doi.org/10.1098/rspb.2016.0536

Turnbull, L. A., Levine, J. M., Loreau, M., & Hector, A. (2013). Coexistence, 
niches and biodiversity effects on ecosystem functioning. Ecology 
Letters, 16, 116–127. https​://doi.org/10.1111/ele.12056​

Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., … 
Messier, J. (2012). The return of the variance: Intraspecific variability 
in community ecology. Trends in Ecology & Evolution, 27(4), 244–252. 
https​://doi.org/10.1016/j.tree.2011.11.014

Violle, C., Garnier, E., Lecoeur, J., Roumet, C., Podeur, C., Blanchard, 
A., & Navas, M.-L. (2009). Competition, traits and resource deple-
tion in plant communities. Oecologia, 160(4), 747–755. https​://doi.
org/10.1007/s00442-009-1333-x

Violle, C., & Jiang, L. (2009). Towards a trait‐based quantification of 
species niche. Journal of Plant Ecology, 2(2), 87–93. https​://doi.
org/10.1093/jpe/rtp007

Violle, C., Thuiller, W., Mouquet, N., Munoz, F., Kraft, N. J. B., Cadotte, 
M. W., … Mouillot, D. (2017). Functional rarity: The ecology of 
outliers. Trends in Ecology & Evolution, 32(5), 356–367. https​://doi.
org/10.1016/j.tree.2017.02.002

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., … Villar, R. (2004). The worldwide leaf economics spectrum. 
Nature, 428(6985), 821–827. https​://doi.org/10.1038/natur​e02403

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Mahaut L, Fort F, Violle C, Freschet 
GT. Multiple facets of diversity effects on plant productivity: 
Species richness, functional diversity, species identity and 
intraspecific competition. Funct Ecol. 2020;34:287–298. https​
://doi.org/10.1111/1365-2435.13473​

https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.5061/dryad.1jwstqjqh
https://doi.org/10.5061/dryad.1jwstqjqh
https://doi.org/10.1098/rspb.2018.1167
https://doi.org/10.1098/rspb.2018.1167
https://doi.org/10.1890/09-0069.1
https://doi.org/10.1890/09-0069.1
https://doi.org/10.1111/nph.15036
https://doi.org/10.1111/nph.15036
https://doi.org/10.1111/j.1365-2435.2011.01916.x
https://doi.org/10.1002/ecy.1748
https://doi.org/10.1086/282586
https://doi.org/10.1046/j.1461-0248.2003.00422.x
https://doi.org/10.1046/j.1461-0248.2003.00422.x
https://CRAN.R-project.org/package=BMA
https://doi.org/10.1126/science.1217909
https://doi.org/10.1890/05-0074
https://doi.org/10.1111/j.1365-2745.2006.01124.x
https://doi.org/10.1111/j.1365-2745.2006.01124.x
https://doi.org/10.1111/j.2041-210X.2010.00012.x
https://doi.org/10.1890/10-0773.1
https://doi.org/10.1890/10-0773.1
https://doi.org/10.1007/s00442-006-0576-z
https://doi.org/10.1007/s00442-006-0576-z
https://doi.org/10.1126/science.1060391
https://doi.org/10.1126/science.1060391
https://doi.org/10.1098/rspb.2016.0536
https://doi.org/10.1111/ele.12056
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1007/s00442-009-1333-x
https://doi.org/10.1007/s00442-009-1333-x
https://doi.org/10.1093/jpe/rtp007
https://doi.org/10.1093/jpe/rtp007
https://doi.org/10.1016/j.tree.2017.02.002
https://doi.org/10.1016/j.tree.2017.02.002
https://doi.org/10.1038/nature02403
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1111/1365-2435.13473



