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Abstract

Positive plant diversity-productivity relationships are known to be driven by com-
plementary resource use via differences in plant functional traits. Moreover, soil
properties related to nutrient availability were shown to change with plant diversity
over time; however, it is not well-understood whether and how such plant diversity-
dependent soil changes and associated changes in functional traits contribute to posi-
tive diversity-productivity relationships in the long run. To test this, we investigated
plant communities of different species richness (1, 2, 6, and 9 species) in a 15-year-old
grassland biodiversity experiment. We determined community biomass production
and biodiversity effects (net biodiversity [NEs], complementarity [CEs], and selection
effects [SEs]), as well as community means of plant functional traits and soil proper-
ties. First, we tested how these variables changed along the plant diversity gradient
and were related to each other. Then, we tested for direct and indirect effects of
plant and soil variables influencing community biomass production and biodiversity
effects. Community biomass production, NEs, CEs, SEs, plant height, root length den-
sity (RLD), and all soil property variables changed with plant diversity and the pres-
ence of the dominant grass species Arrhenatherum elatius (increase except for soil pH,
which decreased). Plant height and RLD for plant functional traits, and soil pH and
organic carbon concentration for soil properties, were the variables with the strong-
est influence on biomass production and biodiversity effects. Our results suggest that
plant species richness and the presence of the dominant species, A. elatius, cause soil
organic carbon to increase and soil pH to decrease over time, which increases nutri-
ent availability favoring species with tall growth and dense root systems, resulting
in higher biomass production in species-rich communities. Here, we present an ad-
ditional process that contributes to the strengthening positive diversity-productivity
relationship, which may play a role alongside the widespread plant functional trait-

based explanation.
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1 | INTRODUCTION

Positive plant diversity-productivity relationships have been found
in many biodiversity experiments and real-world grasslands (Jochum
et al.,, 2020; Tilman et al., 2001; van der Plas, 2019) highlighting that
species-rich plant communities are more productive than species-
poor communities and that this positive relationship strengthens
over time (Cardinale et al., 2007; Guerrero-Ramirez et al., 2017,
Meyer et al., 2016; Reich et al., 2012). Higher productivity of mix-
tures can be explained by selection and complementarity effects
(Cardinale et al., 2007; Fargione et al., 2007; Marquard et al., 2009;
Roscher et al., 2007). Positive selection effects emerge from a sin-
gle or a few highly productive plant species with a disproportionally
large effect on community biomass production and the increasing
probability for the occurrence of such species in communities with
higher species richness (Aarssen, 1997; Huston, 1997). Positive com-
plementarity effects can be induced by niche partitioning or mutual-
istic interactions, which decrease interspecific competition and thus
enhance community biomass production (Loreau & Hector, 2001).

Positive complementarity effects can result from resource par-
titioning, i.e., species differ in the use of resources, and can exploit
resources more completely as a mixture. Furthermore, biotic feed-
backs, such as the enhancement of abundance and diversity of mu-
tualistic soil organisms (e.g., arbuscular mycorrhizal fungi [AMF]),
can increase complementarity, which decrease interspecific compe-
tition and thus enhance community productivity (Barry et al., 2019;
Eisenhauer, 2012; Wagg et al., 2011). Next to these two main drivers,
there are various other mechanisms, which can enhance complemen-
tarity within plant communities, summarized as abiotic facilitation
(Barry et al., 2019; Wright et al., 2017); for example, legumes can in-
crease the nutrient availability in soils via symbiotic interactions with
rhizobacteria, or plants alter environmental conditions via changes
in nutrient availability (Hacker et al., 2015), micro-climate (Roscher,
Kutsch, et al., 2011), or water supply (Guderle et al., 2018).

The number of species per se provides little information about
how species interact and function as a community. Therefore,
the use of functional traits, which reflect how species acquire re-
sources, has increasingly become an integral part of community
ecology (McGill et al., 2006), and trait-based predictors have been
also applied to gain a more mechanistic understanding of the driv-
ers of positive plant diversity-productivity relationships (Hillebrand
& Matthiessen, 2009; Roscher et al., 2012). The functional com-
position of plant communities is determined by the identity of the
component species (hereafter: composition effect), the relative
abundances of the component species (hereafter: abundance effect),
and intraspecific variation in trait expression of individual species

aboveground-belowground, biodiversity effect, biodiversity loss, biodiversity-ecosystem
function, functional trait, Jena experiment, plant-soil, soil pH

TAXONOMY CLASSIFICATION
Biodiversity ecology, Community ecology, Functional ecology, Soil ecology

(hereafter: adjustment effect; Lep$ et al., 2011; Pichon et al., 2022;
Roscher, Schumacher, Gubsch, Lipowsky, Weigelt, Buchmann,
Schulze, et al., 2018). A classic example of composition effects lead-
ing to positive biodiversity effects is when different plant functional
groups are present in the community: forbs, legumes, and grasses
differ strongly in their leaf and root characteristics, which favors
a complementary use of resources, such as light, soil nitrogen, or
nutrients, and increase community biomass production (Marquard
et al., 2009). Shifts in the abundance of species with particular func-
tional traits may alter plant community biomass production (i.e.,
abundance effect). For example, it has been shown that plant com-
munity biomass production may increase when plant communities
become dominated by “fast” species, i.e., species with a high specific
leaf area (Pichon et al., 2022). Finally, intraspecific shifts in trait ex-
pression in response to growth conditions in plant communities of
different diversity may translate into shifts in community trait com-
position and affect community biomass production (i.e., adjustment
effect; Pichon et al., 2022; Roscher, Schumacher, Gubsch, Lipowsky,
Weigelt, Buchmann, Schmid, et al., 2018).

In the last few years, particular interest has been given to
functional trait-based approaches. However, there are more po-
tential mechanisms that can additionally explain positive plant
diversity-productivity relationships found in long-term biodiver-
sity experiments. One of the most important influences might be
soil properties related to nutrient availability, as it was shown that
such abiotic factors modulate the strength of the plant diversity-
productivity relationship, demonstrated by a comparison of 26
long-term biodiversity experiments across Europe and North
America (Guerrero-Ramirez et al., 2017). Moreover, it was found
that soil properties change with plant species richness in the long
run (Cong et al.,, 2014; Hacker et al., 2015; Lange et al., 2019;
Prommer et al., 2020). For example, soil organic carbon and total
nitrogen concentrations increased with plant species richness via
increased plant litter input and root exudates (Cong et al., 2014;
Prommer et al., 2020), which trigger microbial activity (Lange
et al., 2015), affect soil water content (Fischer et al., 2019), and
thus the availability of nutrients, such as phosphorus (P) and po-
tassium (K), in soils (Hacker et al., 2015). Moreover, changes in soil
nitrogen concentrations can be induced by the presence of partic-
ular plant species, nitrogen fixation by legumes, and differences in
the use of nitrogen sources (ammonium, nitrate, or organic nitro-
gen compounds) along the plant species richness gradient (Bessler
et al., 2012; Gubsch et al., 2011; Reich et al., 2012). Differences in
nitrogen use can also influence soil pH, for example, through the
release of inorganic ions by plants when taking up ammonium or
nitrate (Hinsinger et al., 2003; Neina, 2019). Other plant-related
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processes that can influence soil pH are, inter alia, root exudation,
and respiration, or the production of acids by soil microbes through
the assimilation of released rhizodeposits (Hinsinger et al., 2003,
Neina, 2019). Numerous studies have shown that root exudation
and microbial activity (and thus soil organic carbon) increase with
higher plant diversity (Eisenhauer et al., 2017; Lange et al., 2015;
Mellado-Vazquez et al., 2016) suggesting that soil pH decreases in
species-rich communities more than in species-poor communities
over time; however, there are no studies that tested this yet. Such
a change in soil pH can, in turn, influence numerous processes re-
lated to plant growth: one of the most important is the availability
and uptake of soil nutrients by plants, as soil pH determines the
binding capacity of these nutrients (Devau et al., 2009).

Despite the importance of soil properties, such as nutrient avail-
ability and soil pH, for plant productivity, there is a lack of studies
that have linked plant diversity-induced changes in soil properties
to community biomass production and biodiversity effects (such
as selection and complementarity) in long-term biodiversity exper-
iments (Guerrero-Ramirez et al., 2017). Moreover, it is not known
whether changes in soil properties may influence community bio-
mass production and biodiversity effects directly, or indirectly via
soil-induced changes in plant functional traits. To fill these knowl-
edge gaps, we investigated 15-year-old plant communities of a
grassland biodiversity experiment, which consisted of nine poten-
tially dominant species (Dominance Experiment, a sub-experiment
of the Jena Experiment established in 2002; Roscher et al. (2004)).
The experiment included five grass species, two forb species, and
two legume species. For our study, we used plant communities with
1, 2, 6, and 9 plant species. We measured plant biomass production
and used it to calculate biodiversity effects according to the addi-
tive partitioning method by Loreau and Hector (2001). Moreover,
we determined plant functional traits, which are known to be re-
lated to resource acquisition and use (plant height, SLA, leaf N, P,
K; Roscher et al. (2012)), and AMF colonization rates, as a proxy
for biotic feedbacks between plants and soil mutualists, to test how
the community means of these traits influence biomass produc-
tion and biodiversity effects. We applied the variance partitioning
method following Leps et al. (2011) to test whether changes in the
community-weighted means (CWM) of these traits along the plant
species richness gradient were caused by different species compo-
sitions (composition and abundance effects) and/or intraspecific
trait variation (adjustment effects). Finally, to test whether and how
soil properties related to nutrient availability influence community
biomass production and biodiversity effects in the 15-year-old plant
communities, we determined soil pH, organic carbon (C), total nitro-
gen (N), plant-available phosphorus (P), and potassium (K) concen-
trations. We hypothesized that

1. plant species richness and the presence of particular dominant
plant species increase community biomass production and bio-
diversity effects.

2. CWM of plant traits and AMF colonization rates change with
plant species richness and species identity, whereby composition

Ecology and Evolution 30f18
=t S VY LEY- |2

and abundance effects, as well as intraspecific shifts in trait ex-
pression (adjustment effects), play a role for this change.

3. soil organic C and total N increase with plant diversity and the
presence of dominant species (due to enhanced root exudation
and microbial activity). This in turn causes a stronger reduction
in soil pH in species-rich than in species-poor communities over
time lowering the binding capacity of nutrients. Consequently,
the availability of P and K increases with plant diversity.

4. that soil property changes along the plant species richness gradi-
ent affect biomass production and biodiversity effects directly,
as well as indirectly via soil-induced changes in plant functional
traits.

2 | MATERIALS AND METHODS
2.1 | Study design

This study was carried out in the Jena Experiment, which is a long-
term grassland biodiversity experiment (Roscher et al., 2004). The
study site is located in the floodplain of the Saale river near the city
of Jena (Thuringia, Germany, 50°55'N, 11°35'E, 130m.a.s.l.) and
had been used as a high-fertilized arable field for growing wheat
and vegetables until the biodiversity experiment was established in
2002. The soil is a Eutric Fluvisol, while soil texture changes from
sandy loam to silty clay with increasing distance from the river on
the experimental site. The study site was divided into four blocks to
account for differences in soil texture, while blocks were arranged
parallel to the riverside (Roscher et al., 2004). The mean annual
air temperature was 9.7°C and the mean annual precipitation was
574mm from 2003 to 2016, which was recorded with a meteoro-
logical station at the study site (Weather Station Jena-Saaleaue, Max
Planck Institute for Biogeochemistry Jena, https://www.bgc-jena.
mpg.de/wetter/).

For the present study, the Dominance Experiment was used,
which was a sub-experiment of the Jena Experiment (Roscher
et al., 2004). The species pool of this experiment consisted of nine
plant species, which often reach dominance in Central European
mesophilic grasslands of the Arrhenatherion type (Ellenberg, 1988):
five grass species (Alopecurus pratensis L., Arrhenatherum elatius (L.)
P. Beauv. ex J. Presl et C. Presl, Dactylis glomerata L., Phleum pratense
L., Poa trivialis L.), two legume species (Trifolium pratense L., T. repens
L.), and two forb species (Anthriscus sylvestris (L.) Hoffm., Geranium
pratense L.). Species richness levels ranged from one to nine species
(1,2, 3,4, 6, and 9 plant species plots), while each species and every
species pair occurred the same number of times at each species rich-
ness level. All species compositions were replicated twice (i.e., same
mixture identity), with the exception of the nine-species mixture,
which was replicated eight times. There was the same number of
plots per species richness level in each block, ensuring that repli-
cates with identical species composition were distributed in differ-
ent blocks. From the year of establishment (2002) until 2009, plants
were grown in plots of 3.5x 3.5 m, while plot size was reduced to
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1x1 min 2010. Seeds for the establishment of the experiment were
purchased from a commercial supplier (Rieger-Hoffman GmbH) and
were sown in May 2002 with a density of 1000 viable seeds per
m?2. One species, A. sylvestris, which failed to establish in the first
growing season, was re-sown with half density in late autumn 2002
(Roscher et al., 2004), while no further re-sowing was done later. All
plots were mown every year in June and September (mown plant
material was removed), were regularly weeded to maintain the sown
species compositions, and have never received any fertilizer.

To keep the number of samples and measurements manage-
able, we used the 1-, 2-, 6-, and 9-species plots of the Dominance
Experiment (85 plots out of 206 plots). Due to very low amounts of
standing biomass in some monocultures, we decided to carry out
destructive measurements in only one of the two monocultures per
species (with the exception of aboveground biomass, which was
measured in both monocultures), so that the other can still be sam-
pled in the future. Furthermore, the monocultures of the grass spe-
cies P. pratense and the forb species A. sylvestris showed no biomass
production in 2016/2017, and both species were extinct or had a
very low biomass in all other plots, so that we did not sample these
monoculture plots and did not measure any functional traits of these
two species in mixtures (i.e., these two species were excluded from
the analyses). For all remaining plant species, we conducted mea-
surements in each of the seven monoculture plots, a subset of the
two-species mixtures (=46 plots), and all 6- and 9-species plots (=24
and 8 plots, respectively; Table 1). In case of the two-species mix-
tures, we used all existing two-species combinations of the seven
species (both replicates), and one replicate with A. sylvestris and P.
pratense, respectively, although there are some exceptions due to
local extinctions (Table S1). Overall, each of the seven species was
present nine to 12 times in the two-species plots (for detailed in-
formation see Table S1), 16 times in the six-species plots, and eight
times in the nine-species plots. Because of the extinction of several
plant species, we counted how many of the originally sown plant
species were actually growing in the plots in May 2017 and used this
“realized plant species richness” as another explanatory variable, in

addition to sown plant species richness.

2.2 | Plant-related measurements

In May 2017, three plants per species and plot (if possible) were se-
lected and plant height (cm) was measured as the stretched length of
three vegetative shoots per individual. First, the heights of the three
shoots perindividual were averaged and then the mean values of the
three individuals per plot. After that, bulk samples of 10-15 fully de-
veloped leaves were collected from the same individuals and shoots
(one to three leaves per shoot). Leaves were stored in sealed plas-
tic bags in a cooling box for transport to the laboratory, where leaf
area (mmzleaf) was measured with a leaf area meter (LI-3000C Area
Meter equipped with LIS0O50C transparent belt conveyor accessory;
LI-COR). Then, leaf samples were dried for 48h at 70°C, weighed,
and specific leaf area (SLA; mm2Ieaf mg'ldw) was calculated as the

TABLE 1 Summary table of the seven plant species used in the experiment and their characteristics: biomass production, proportion of biomass to total community biomass, plant functional

traits, and AMF colonization rates.

Plant functional traits

Biomass production

AMEF colonization
rates (%)

Leaf K concen.
(mgg™)

Leaf P concen.

(mgg™)

Leaf N concen.
(mgg™)

Specific leaf area

(mm? mg™)

Plant height

(cm)

Biomass production

(gm™)

Proportion (%)

Grass species

40.6 +13.8

25.5+3.0

23.7+3.4

244 +2.5

45.6 +6.1

78.7 £19.8

276.4 +132.6

Arrhenatherum

elatius

30.7 +12.7
33.5+17.0

11.0+6.1

23.8+2.4
26.3+3.8

2.8+04

17.7 +2.9
22.0+4.0

171 +3.1
23.3+2.8

29.0 +7.7
23.7 +6.6

30.4 +38.1
34.1+£39.6
21.2+334

66.2 +62.8
40.8 +43.3
20.2 +23.1

Alopecurus pratensis

27.8 +4.8

16.1 +3.6

29.7 +6.2

12.5+4.2

Dactylis glomerata

Poa trivialis

Forb species

65.5 +14.9

14.2 +3.3

4.2+0.6

263 +34

18.2+1.8

279 +7.6

33.6 +32.1

73.5+52.0

Geranium pratense

Legume species

86.5+10.6

77.6 +9.7

8.7+2.7

25+0.3 10.2 +3.3

40.7 +£5.0
41.3 +5.7

25.5+4.2
19.9 +1.0

11.9 +£3.0

15.2+5.2

22.7 +37.5

46.6 +67.7

Trifolium pratense

5.9 +23.5

21+14

Trifolium repens

Note: Shown are means + standard deviation across all plots, where the respective species were sown.
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ratio between total leaf area and total leaf mass per plot and species.
Dry leaf samples were ground to a fine powder with a mixer mill
(MM2000, Retsch). Approximately 10mg of the milled material was
then used to determine leaf nitrogen concentration (mgN g’lleaf) with
an elemental analyzer (Vario EL cube, Elementar Analysensysteme
GmbH). Leaf phosphorus (mg P g'lleaf) and leaf potassium concen-
tration (mgKg'lleaf) were measured using an inductively-coupled
plasma optical emission spectrometer (Thermo Scientific™ iCAP™
7400 ICP-OES Duo). Therefore, milled leaf samples (250mg) were
first treated in a Mars 6 microwave closed system (CEM GmbH) for
acid digestion (with 5mL of HNO, and 0.5mL of H,0,) and then the
diluted acid extracts were analyzed with the ICP-OES to measure P
and K.

For the determination of root colonization by arbuscular mycor-
rhizal fungi (AMF), we collected roots of the selected plant individu-
als by taking soil cores (10 cm depth, 5 cm diameter), which contained
the root crown and attached roots of the plants. Soil was roughly
removed and roots per plot and species were stored in plastic bags.
In the laboratory, roots were cleaned by rinsing off the remaining soil
with tap water, and then the material was stored in 70% ethanol until
further processing. For the determination of AMF colonization, roots
were first rinsed with tap water to remove ethanol, and then, a sub-
sample of ~20g of finer roots was purified by heating in 10% potas-
sium hydroxide solution at 80°C for 30-90min (heating times varied
depending on plant species). After this, roots were heated for 5 min
at 80°C in an ink-vinegar solution (5% black ink: Parker S0037460
Quink Black; 95% vinegar: white household vinegar, 5% acetic acid)
to stain AMF following Vierheilig et al. (1998). After staining, roots
were rinsed several times with and stored in a water-vinegar mixture
to remove excess stain. Finally, AMF colonization was scored under
the microscope (200x magnification) using the line-intersect method
for 100 intersects (McGonigle et al., 1990).

For the determination of community-level root traits, we took
two soil cores (10 cm depth, 5 cm diameter) per plot in June 2017
in the inner center, i.e., with a distance of at least 30cm from the
plot edge. Soil cores were pooled per plot and stored in a freezer
until further analysis (-20°C). Later, soil cores were defrosted, and
roots were cleaned with tap water. Then, root samples per plot were
scanned with a flatbed scanner at 800 dpi (Epson Expression 10000
XL scanner, Regent Instruments), and root length was measured with
an image analysis software (WinRHIZO; Regent Instruments), fol-
lowed by drying (at 70°C for 48 h) and weighing. Specific root length
(SRL) was calculated as the ratio between root length and root dry
mass (m, . groot_i), and root length density (RLD) as the ratio of root
length to volume of the soil cores (cm, cmsoi|’3)

Aboveground biomass was harvested block-wise on each plot
from 29 May to 5 June 2017. A sample area of 0.2x0.5 m was cho-
sen in the inner center of the plots, and plants were cut 3cm above
ground. Biomass samples were sorted to sown plant species, weeds,
and dead plant material, dried at 70°C for 48h, and weighed. Total
aboveground biomass of the sown plant species per plot was ex-
trapolated to one square meter (gm’z) as a measure of community
biomass production.
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2.3 | Soil-related measurements

For the determination of soil properties, we took three soil samples
(10 cm depth, 2.5 cm diameter) in May 2017 in the inner center of
the plots. Soil samples were pooled per plot, sieved to 2mm, and
then air-dried. In a subsample, plant residues (root fragments, etc.)
were first removed with tweezers, then this sample was ground to
a fine powder with a mixer mill (MM2000, Retsch), dried for 5 h at
40°C, and soil total nitrogen (N) and total carbon (C) concentrations
were analyzed with an elemental analyzer (Vario EL cube, Elementar
Analysensysteme GmbH). For the determination of soil organic car-
bon concentration, soil carbonate was measured volumetrically with
a calcimeter according to Scheibler (Schlichting & Blume, 1966) and
subtracted from total carbon concentrations. The other part of the
soil sample was used for the determination of plant-available phos-
phorus (P) and potassium (K) concentrations, as well as soil pH. For
the determination of phosphorus concentration after the Olsen P
method (Olsen, 1954), soil was extracted with 0.5 M sodium hydro-
gen carbonate solution (pH 8.5) using the phosphomolybdate blue
method (Murphy & Riley, 1962). Plant-available P was measured in
the solution with a plate reader (Varioskan LUX, Thermo Electron
LED GmbH, Osterode am Harz, Germany). To determine potassium
concentration, soil was extracted with 1 M calcium-acetate-lactate
and plant-available K was measured with the ICP-OES (Thermo
Scientific™ iCAP™ 7400 ICP-OES Duo). Finally, soil pH was deter-
mined in a 0.01 M calcium chloride suspension with a pH Meter (pH
Meter 766, Knick, Berlin, Germany).

2.4 | Dataanalyses

To test for overyielding, i.e., whether plant mixtures produce more
biomass relative to the biomass production of the same species in
monoculture, and whether this overyielding is caused by the pres-
ence of a high-productive plant species (selection effects [SEs]) or
by niche differentiation and facilitative interactions among species
(complementarity effects [CEs]; Loreau, 1998), we used the additive

partitioning method by Loreau and Hector (2001):
SE; = (ARY, — ARY) x (M; — M)

CE; = M; x ARY; — (ARY; — ARY) x (M; - M)

where ARY; is the deviation from the expected relative yield of
RY ), and M, is the yield of

species i in the mixture (RY, expected
species i in monoculture. For the calculation of CEs, SEs, and net

bserved”
biodiversity effects (NEs), with the latter being the sum of SEs and
CEs and representing overyielding, we used for each species the av-
eraged biomass of the sampled monoculture and its identical rep-
licate, to account for the location of the plots in different blocks.
To test whether biodiversity effects were larger than zero (which
would indicate the overyielding of plant mixtures compared with
monocultures), we used analyses of variance (ANOVA) with block,
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sown plant species richness, and mixture identity, in order to test
grand means against hypothetical values (i.e., their deviation from
zero, respectively).

For plant traits, which were measured at the species level (plant
height, SLA, leaf nutrient concentrations, AMF colonization rates),
we calculated community-weighted means (CWM) per plot. CWM

where y is either community biomass production, NE, SE, CE, CWM
for the different measured plant traits, or soil properties, respectively.
Because plant species richness and plant species identity were not
completely independent, we also tested the reversed sequence, i.e.,
we added first plant species identity and then sown plant species rich-
ness (=“model 2”).

Model 2 : y ~ plant specis identity + plant species richness + (1| block) + (1 | mixture identity)

is the mean trait value weighted by species' relative abundances ac-
cording to the equation:

cwm=Y" pt,

where n is the number of species in the community, p; is the spe-
cies biomass proportions, and t; is species-specific trait values in
the respective plot. Furthermore, we tested whether changes in
CWM along the species richness gradient were caused by dif-
ferent species compositions and abundances (= composition and
abundance effects), or intraspecific trait variation as a result of an
adjustment to the changing environment (= adjustment effects).
To disentangle composition/abundance effects from adjustment
effects, we followed the variance partitioning method proposed
by Leps et al. (2011). For the calculation of composition/abundance
effects, we used the same equation as for the calculation of CWM,
but instead of entering species-specific trait values per plot for t,
we used species trait values averaged across all plots. Adjustment
effects were then calculated by subtracting composition/abun-
dance effects from CWM per plot (adjustment effect = CWM -
composition/abundance effects). Finally, we used decomposition
of the total sum of squares from ANOVAs with the sequence block,
plant species richness, and mixture identity as explanatory vari-
ables; and CWM, composition/abundance effect, and adjustment
effect values, respectively, as response variables to determine the
proportion of variance explained by plant species richness.

We only considered plant species identity to be significant if it was
significant in both types of models. Furthermore, if plant species rich-
ness had a significant effect in model 1 but not in model 2 (when fitted
after species identity), this indicates that the presence of the respec-
tive plant species was responsible for the species richness effect (in
these cases, plant identity had in both models a significant influence).
Mixed-effects models were fitted with maximum likelihood (ML), and
likelihood ratio tests were used to compare models and assess the sig-
nificance of the fixed effects.

Moreover, we used a correlation matrix and standardized prin-
cipal component analysis (PCA; first principal component [PC1]
and second principal component [PC2]) to test for relationships
between plant and soil variables, among and with each other. We
calculated a PCA with plant functional traits only (“plant PCA”), a
PCA with soil properties only (“soil PCA”), and a PCA with both
types of variables (“plant+soil PCA”). Finally, PCA was used to
check how plots with different levels of plant species richness (1,
2, 6, 9) and with different proportions of sown grass species (0%,
33%-50%, 67%-100%; for plant + soil PCA only) are distributed
within the multivariate space.

To test hypothesis 4 whether plant and/or soil variables can pre-
dict community biomass production and biodiversity effects, we
used the same mixed-effects model approach as described above,
with productivity-related variables as response, block and mixture
identity as random effects, and plant and soil variables as fixed ef-
fects, in separate models.

Model 3 : Yyiomass ~ 0ne of the measured plant or soil variables / PC1 scores or PC2 scores + (1| block) + (1| mixture identity)

To test hypotheses H1, H2, and H3 whether plant species
richness and plant species identity influence community bio-
mass production, biodiversity effects (NEs, SEs, CEs), plant traits
(community-level RLD and SRL, and CWM of the other plant
traits), and soil properties, we used linear mixed-effects models.
We started with a null model with the random effects block and
mixture identity only, and then extended the model stepwise by
adding sown plant species richness (or realized plant species rich-
ness) and presence/absence of particular plant species (= plant
species identity; for each plant species separately) as fixed effects
(= “model 1”).

wherey,. . is community biomass production or one of the bio-
diversity effects (NEs, SEs, CEs), respectively. To check for direct
and indirect effects of plant and soil variables on biomass pro-
duction and biodiversity effects, we applied piecewise structural
equation modeling (SEM). We started with an initial model for bio-
mass production and biodiversity effects, respectively, containing
plant species richness, the presence of A. elatius (as the species
with the strongest effect on almost all variables), plant PC1 and
PC2 scores, as well as soil PC1 and PC2 scores derived from the
plant and soil PCAs (the initial model can be found in the Figure S1).

We decided to use PC scores and only A. elatius in order to avoid

Model 1: y ~ plant species richness + plant specis identity + (1| block) + (1 | mixture identity)
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that the complexity of the SEMs becomes too large. Furthermore,
by taking the PC scores, we eliminated the collinearity of many of
the measured plant and soil variables. Piecewise SEMs were based
on mixed-effects models accounting for block and mixture iden-
tity as random effects, as it was done in all previous mixed-effects
models. Model fit was assessed using Fisher's C statistic, where
p>.05 indicates that the data are well represented by the model.
Finally, we used variance partitioning to test how much variance
in community biomass production and biodiversity effects is ex-
plained by plant traits, soil properties, and plant species richness,
individually and combined. Therefore, we constructed a model for
each productivity-related variable containing three groups of pre-
dictors: plant traits, i.e., plant PC1 and PC2, soil properties, i.e.,
soil PC1 and PC2, and species richness (log-transformed, as for
LMM analyses).

Prior to all these analyses, variables were transformed to meet
the assumptions of normality and variance homogeneity: community
biomass production, RLD, and SRL were square-root-transformed,
and NEs, SEs, and CEs were square-root-transformed with sign re-
construction (sign(y) = |y|) (Loreau & Hector, 2001). Moreover, we
removed one plot (two-species plot with D. glomerata and A. sylves-
tris) from some analyses, because of missing values of leaf P and K.
All analyses were performed with the statistical software R (ver-
sion 3.6.1, R Development Core Team, http://www.R-project.org).
For linear mixed-effects models, we used the Imer function in the
R package Ime4 (Bates et al., 2015), for PCA the rda function and
for variance partitioning the varpart function of the R package vegan
(Oksanen et al., 2007), and for SEMs the function psem of the R
package piecewiseSEM (Lefcheck, 2016).

3 | RESULTS

3.1 | Plant species richness and species identity
influence plant community biomass production and
biodiversity effects (H1)

Community biomass production and biodiversity effects (NEs, CEs,
SEs) increased with plant species richness (Table 2; Figure 1a-d).
Additionally, community biomass production and NEs were greater
in communities with A. elatius, and CEs were positively affected by
the presence of P. trivialis (Table 2; Table S2). In case of SEs, sown
plant species richness was not significant anymore, when we fit-
ted the presence of A. elatius before species richness (Table 2;
Table S2). Biodiversity effects were significantly higher than zero
(NEs: Fy 4, = 100.09, p<.001; CEs: Fy,, = 23.01, p<.001; SEs:
Fi4, = 15.26, p<.001) across all species richness levels. Overall,
using sown plant species richness or realized plant species richness
revealed similar results indicating no bias due to species extinction
(see Tables S2-S5; Figure S2).
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3.2 | Plant species richness and species identity
influence community-weighted means (CWM) of plant
traits and AMF colonization rates (H2)

Two plant trait variables increased along the plant species richness
gradient: CWM of plant height and community-level root length
density, while the CWM of other plant traits did not change with
plant species richness (Table 2, Figure 1e,f; Tables S3 and S4). The
presence of particular plant species increased several trait means:
CWM of plant height was increased by the presence of A. elatius
(next to plant species richness), CWM of SLA by the presence of A.
elatius or P. trivialis, CWM of leaf N by the presence of T. pratense,
and community-level RLD by the presence of A. pratensis or A. ela-
tius (next to plant species richness). On the contrary, CWM of AMF
colonization rates was significantly decreased by the presence of D.
glomerata or P. trivialis (Table 2; Tables S3 and S4). In case of leaf P
and K, the presence of A. elatius increased their CWM, while the
presence of P. trivialis decreased CWM of leaf P, and T. pratense de-
creased CWM of leaf K (Table 2; Table S3). The marginally significant
influence of plant species richness on community-level specific root
length (negative relationship; Figure 1g) disappeared when the pres-
ence of G. pratense was fitted first in the model (Table 2; Table S4).
Variance partitioning of plant species richness effects on CWM
revealed that species richness explained 39% of the variance in plant
height, while for the other traits, species richness only explained be-
tween 1% and 10% (Tables S6 and S7). For plant height, variation
explained by plant species richness was mainly caused by compo-
sition/abundance effects (19%) and the interaction of composition/
abundance and adjustment effects (17%), while adjustment effects
alone explained only 4% (Table S7). In line with this, we found that
composition and adjustment effects significantly increased with
plant species richness (Figure 2a; Table Sé). In case of SLA and leaf K,
we found that composition/abundance effects explained 5% of the
variance, respectively, adjustment effects explained 1% and 0%, and
interaction of both effects 4% and 1%, resulting in a total propor-
tion of variance of 10% and 6% explained by plant species richness
(Table S7). We found an increase in composition/abundance effects
with plant species richness but no significant change in adjustment
effects along the plant species richness gradient for SLA and leaf
K (Figure 2b,e; Table Sé). For leaf N, leaf P, and AMF colonization
rates, composition/abundance effects explained 2%, 16%, and 2%
of the variance, adjustment effects explained 4%, 7%, and 5%, re-
spectively; however, the interactive impacts on both effects were
negative (-6%, -21%, and -6%, respectively; Table S7). Negative
interaction effects were caused due to the fact that composition/
abundance effects significantly increased with plant species rich-
ness, while adjustment effects significantly decreased (Figure 2c,d,f;
Table S6), explaining the overall low proportion of variance explained
by plant species richness for leaf N, leaf P, and AMF colonization

rates.
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TABLE 2 Summary of mixed-effect model analyses testing the effects of sown plant species richness and plant species identity on
community biomass production, biodiversity effects, community means of plant traits, and soil properties.

Plant species

richness (SR)
—————  Arrhenatherum Alopecurus Dactylis Poa Geranium Trifolium  Neutralization
;(2 p elatius pratensis glomerata trivialis pratense  pratense of SR effect?
Production variables
Community biomass 24.54 <.001 + No
Net biodiversity effects 25.23 <.001 + No
Selection effects 5.11 024  + Yes
Complementarity eff. 21.16 <.001 + + No
Plant traits
Plant height 13.07 <.001 + No
Specific leaf area (SLA) 1.14 286 +
Leaf N concentration 0.33 564 aF
Leaf P concentration 0.58 446 -
Leaf K concentration 0.82 364 =
Root length density 10.41 .001 + No
(RLD)
Specific root length 3.75 .053 = = Yes
(SRL)
AMF colonization rate 0.26 .610 = =
Soil properties
Soil organic carbon con. 19.25 <.001 + + No
Soil N concentration 11.61 <.001 + + No
Soil P concentration 4.45 .035 + + + Yes
Soil K concentration 3.52 .060 + + Yes
Soil pH 14.52 <.001 - - No

Note: Columns 2-4 (“Plant species richness (SR)”) indicate the results of mixed-effects model analysis with plant species richness as the first fixed
effect (i.e., model 1). Shown are degrees of freedom (df), Chi2, and p-values (p). Significant effects (p <.05) are given in bold and marginally significant
effects (p <.10) in italics. The plus-icon behind p-values indicates a significant increase, while a minus-icon indicates a decrease in the variable with
species richness. The plus- and minus-icons in the remaining columns imply, whether the presence of a specific plant species positively or negatively
influenced the response variables (requirement: the species ID effect was significant in both models: for model 1 when species ID was fitted after
species richness, and for model 2, when species ID was fitted before species richness; the full results can be found in Tables $2-S5). The last column
provides information on whether the (marginal) significant species richness effect found in model 1 (see columns 2-4) was neutralized by the species
ID effect in model 2 (when species ID was fitted before species richness). Note that we removed the legume T. repens from the list, as it had no effect
at all and that degrees of freedom (DF) was one for all variables fitted in the models.

3.3 | Plant species richness and species identity
influence soil properties (H3)

Soil organic carbon, total nitrogen, and plant-available P and K
significantly increased, and soil pH decreased with plant spe-
cies richness (Table 2, Figure 1h-I; Table S5). In addition to the
influence of plant species richness, the presence of A. elatius in-
creased soil organic carbon and total nitrogen and decreased soil
pH (Table 2; Table S5). In case of plant-available P and K, the posi-
tive effect of plant species richness disappeared, when we fitted
A. elatius or D. glomerata as the first fixed effect in the models for
P (in separate models), and A. elatius in the models for K (Table 2;
Table S5).

3.4 | Relationships between plant traits and soil
properties (PCA results)

The two leading axes of the PCA including plant traits and soil proper-
ties (plant+soil PCA, Figure 3) explained about 50.5% of the total vari-
ation. The first principal component (PC1) accounted for 32.7% of the
variance, and the second principal component (PC2) for 17.8%. Plant
species richness levels were separated along a sequence extending
from bottom right to top left (Figure 3a). Species-poor communities
were characterized by high SRL and soil pH while species-rich com-
munities by high CWM of plant height, soil organic C, total N, and
plant-available P (Figure 3a). Moreover, another sequence extending

from top right to bottom left separated the communities with and
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FIGURE 1 Relationships between plant species richness and community biomass production (a), net biodiversity effects (b),
complementarity effects (c), selection effects (d), CWM of plant height (e), community-level root length density (f), community-level specific
root length (g), soil organic carbon concentrations (h), soil total nitrogen concentrations (i), plant-available phosphorous concentrations (j),
plant-available potassium concentrations (k), and soil pH (l). Each dot represents a plant community. Solid black lines indicate significant
relationships between plant species richness and variables, and dashed black lines indicate marginal significant relationships. The phrase
“Species ID > SR” indicates that the (marginal) significant relationship found in the mixed-effect model, where species richness was fitted
first (“model 1"), was neutralized by the species ID effect in the model, where species ID was fitted before species richness (“model 2"; see
Table 2). Red dashed lines in panels (b), (c), and (d) show the borderline to positive biodiversity effects (NEs/SEs/CEs > 1). Note that two data
points were excluded from (c) and (d) because they have either very high positive or negative values. These data points are indicated as text

in brackets.

without grass species (Figure 3b). Communities without grass species
were characterized by high CWM of AMF colonization and leaf N,
while communities with grass species showed high CWM of SLA and
leaf K (Figure 3b). In case of the PCA including only plant traits (plant
PCA), the first PC explained 37.3% and the second PC 21.2% (in total
58.5%) of variation (Figure S3). Plant PC1 had high negative loadings
for CWM of leaf K, RLD, and plant height, and high positive loadings
for CWM of leaf N and AMF colonization rates. Plant PC2 had high
negative loadings for SRL and high positive loadings for plant height
and leaf P. The first two axes of the soil PCA (PCA including only
soil properties) explained 77.3% of variation, while soil PC1 explained
53.5% and soil PC2 23.8% (Figure S4). Soil PC1 had high negative
loadings for soil organic carbon, soil N, and soil P concentrations,
and a high positive loading for soil pH. Soil PC2 had high negative
loadings for soil K and soil pH, while there were no variables causing
high positive loadings. Correlation matrix results can be found in the
Appendix S1 (Tables S8 and S9; Appendix Section S1).

3.5 | Direct and indirect effects of plant and soil
variables on community biomass production and
biodiversity effects (H4)

Mixed-effects model analyses showed several significant effects of
plant traits, soil properties, and PCs on productivity-related vari-
ables, which can be found in Table 3.

Piecewise SEMs revealed that plant species richness and the
presence of A. elatius negatively influenced soil PC1, i.e., increase
in organic carbon, N and P, and decrease in soil pH (Figure 4).
Moreover, we found a negative influence of A. elatius on plant PC1
(increase in CWM of leaf K, RLD, and plant height, decrease in
CWM of leaf N and AMF colonization), and a positive influence
on plant PC2 (increase in plant height and leaf P, decrease in SRL).
Plant PC1 and PC2, and soil PC1 and PC2 showed positively cor-
related errors among each other, probably because plant PC1 and
PC2 had both high loadings for plant height, and soil PC1 and PC2
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FIGURE 2 Relationships between
plant species richness and composition/
adjustment effects of plant height

(a), specific leaf area (SLA; b), leaf

. nitrogen (N) concentration (c), leaf

phosphorous (P) concentration (d), leaf
potassium (K) concentration (e), and
AMEF colonization rates (f). Each circle
represents the value for one plant
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had high loadings for soil pH. Additionally, we found a negatively
correlated error between plant PC2 and soil PC1, i.e., communities
with high CWM of plant height and leaf P had higher soil organic
C, N, and P concentrations, while communities with high SRL had
high soil pH. Finally, SEM showed a positive influence of plant spe-
cies richness, the presence of A. elatius, and plant PC2, as well as a
negative influence of plant PC1 on community biomass production
explaining 68% of the variation (Figure 4a). For NEs, plant species
richness and the presence of A. elatius had positive effects (44%
explained variation, Figure 4b), and for CE, plant species richness
and plant PC1 had positive effects and plant PC2 a negative ef-
fect (34% explained variation; Figure 4c). Although the presence
of A. elatius and plant PC1 had significant effects on SEs, when
considered as single predictors, we did not detect any influence
of the PCs, plant species richness, or the presence of A. elatius in
our SEM. Calculating a SEM without PCs revealed a direct positive
effect of A. elatius and no effect of species richness on SEs, similar
to the LMM results (data not shown).

Variance partitioning for productivity-related variables indicated
that, in case of community biomass production, most proportion

6 9

Plant species richness

(19%) is explained by plant traits; however, a nearly equal propor-
tion is explained by the combination of plant traits, soil properties,
and species richness (16%,; Figure S5a). For NEs and CEs, plant spe-
cies richness explained 27% of variation, respectively (Figure S5b,d).
Furthermore, for NEs, soil properties explained 9% and all three pre-
dictors together 5% of variation (Figure S5b). For SEs, plant traits
explained 6% and all other variables explained <5% of variation in
biodiversity effects (Figure S5b-d).

4 | DISCUSSION

4.1 | Plant species richness and species identity
influence plant community biomass production and
biodiversity effects (H1)

Community biomass production and net biodiversity effects in-
creased with plant species richness indicating that plant diversity
is an important driver to maintain community productivity, which

is in line with numerous previous studies (Cardinale et al., 2007;
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Marquard et al., 2009; Meyer et al.,, 2016; Tilman et al., 2001).
This positive relationship can be explained by complementarity
and selection effects. Both effects were also shown to drive
positive plant diversity-productivity relationships in previous
studies (Cardinale et al., 2007; Fargione et al., 2007; Marquard
et al.,, 2009; Reich et al.,, 2012; Roscher et al., 2007); however,
such studies have often shown that selection effects were smaller
(or became smaller over time) than complementarity effects. In
our study, selection and complementarity effects were about the
same effect size after 15years, which may be due to the fact that
we had A. elatius in our species pool. The grass species A. elatius
dominated the plant communities of our experiment since the be-
ginning (Clark et al., 2020; Roscher et al., 2007), was the most pro-
ductive species in monoculture and reached high biomass in plant
mixtures. This was also found in other biodiversity experiments
with a similar small species pool containing A. elatius (Roscher
et al., 2016; Siebenkis et al., 2016). Species like A. elatius are often
dominant in the “target” community of our grasslands in the “real
world” and have a significant impact on the ecosystem, which
makes our study more realistic (Schmid et al., 2022). Despite the
significant selection effects caused by A. elatius, we also found
strong complementarity effects that increased with plant species

PC1

richness and did not differ between communities with and with-
out A. elatius. However, we detected that especially two species
enhanced complementarity effects: P. trivialis and T. pratense. The
grass species P. trivialis has a small growth stature (compared with
other grass species in the Dominance Experiment), is, therefore,
more adapted to shading and can contribute to the vertical niche
filling, and thus increase the complementary use of light in the
community (i.e., effectively use the light that reaches the lower
herb layers; Lorentzen et al., 2008). By contrast, T. pratense, as
a legume, may increase positive interactions due to facilitation
(Roscher, Thein, et al., 2011). This indicates that not only species
richness per se but also community composition play an important
role in ecosystem functioning, which is also supported by previous
work (Hooper & Dukes, 2004; Marquard et al., 2009).

4.2 | Plant species richness and species identity
influence community-weighted means (CWM) of plant
traits and AMF colonization rates (H2)

For two plant traits, plant height, and root length density, we found
that their community means increased with plant species richness.
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TABLE 3 Summary of mixed-effect model analyses testing the effects of plant and soil variables (as single variables and condensed as
scores [PC1 and PC2] derived from principal component analysis) on community biomass production and biodiversity effects.

Community biomass

Net biodiversity effects

Selection effects Complementarity effects

e p e
Plant traits
PC1 (leaf K— leaf N) 10.93 <.001 - 0.77
PC2 (SRL— height) 14.46 <.001 + 1.12
Plant height 85.93 <.001 + 1547
Specific leaf area (SLA) 0.99 .320 3.03
Leaf N concentration 0.31 .576 0.09
Leaf P concentration 0.93 .334 0.28
Leaf K concentration 2.06 151 1.00
Root length density 27.55 <.001 + 5.96
(RLD)
Specific root length 2.59 .108 0.12
(SRL)
AMF colonization rate 0.03 .854 0.39
Soil properties
PC1 (Corg, N, P— pH) 10.07 .002 = 1.76
PC2 (soil K— pH) 1.31 .252 2.65
Soil organic carbon 10.43 .001 + 1.91
con.
Soil N concentration 2.58 .108 0.20
Soil P concentration 1.61 .204 0.23
Soil K concentration 0.02 .899 0.40
Soil pH 11.25 <.001 = 8.29

p 2 p 2 p
381 593 015 - <001 980
290 2.28 131 0.09 769
<.001 + 1344 <.001 + 514 023
082 + 121 271 5.60 018
770 1.58 209 2.52 113
597 3.12 077 2.20 138
317 5.84 016 4.86 027 -
015 + 247 116 4.28 039+
726 0.07 792 0.22 639
530 <0.01 931 0.08 781
184 1.25 263 3.01 083 -
103 0.46 500 2.55 110
168 1.24 266 2.45 117
655 0.28 594 0.83 362
632 0.38 539 0.31 579
528 0.15 703 0.72 397
.004 - 165 199 717 007 -

Note: Shown are Chi? and p-values (p). Significant effects (p <.05) are given in bold and marginally significant effects (p <.10) in italics. The plus-icon
behind p-values indicates a positive relationship, while a minus-icon indicates a negative relationship. Note that degrees of freedom (DF) were one

for all variables fitted in the models.

For plant height, variance partitioning indicated that the increase was
mainly caused by composition/abundance effects (explained 19% of
the variation), i.e., the probability of tall-growing species, such as A.
elatius, being present and reaching high abundances in the commu-
nity increased with plant species richness. However, the interactive
effect of composition/abundance and adjustment effects explained
a proportion of variance that was close to the same level (17%). This
indicates that CWM of plant height was not only increased by the
presence and high abundance of tall-growing species but also by
species growing taller in mixtures than in monoculture, probably to
be able to compete for light with taller species and thus avoid ex-
tinction, as shown in previous studies testing biodiversity effects on
plant trait variation (Lorentzen et al., 2008; Roscher, Schumacher,
Gubsch, Lipowsky, Weigelt, Buchmann, Schulze, et al., 2018). As we
do not have species-specific data for root length density, we were
not able to calculate variance partitioning for this trait.
Furthermore, for leaf nitrogen, leaf phosphorus and AMF coloni-
zation rates, and variance partitioning revealed an intriguing result:
while composition/abundance effects increased with plant species
richness, adjustment effects decreased. This result can explain why
we found no change in CWM of these traits along the plant species

richness gradient: the overall increase in CWM of leaf N, P, and
AMF colonization due to the presence and larger abundances of
A. elatius in mixtures (composition/abundance effect) were coun-
terbalanced by generally decreasing values of these traits in other
species (i.e., negative adjustment effects) with increasing plant
species richness. A decrease in leaf nutrient concentrations with
plant species richness was also shown in previous studies in the
Jena Experiment (Abbas et al., 2013; Guiz et al., 2016, 2018). An ex-
planation for this could be that subdominant smaller plant species
change the allocation of resources, for example, plants in mixtures
invest more resources (i.e., nutrients) into plant parts important
for height growth (e.g., the stem) than, for example, into roots or
leaves, which enables to grow taller and to compete with dominant
species (Guiz et al., 2018). This could also be a reason for the de-
crease in the AMF colonization rate: plants in mixtures invest more
resources into growth rather than maintain expensive mycorrhizal
interactions. Another explanation for the decrease is a “dilution ef-
fect”: as plants produce more above- and belowground biomass in
mixtures, leaf nutrient concentrations (and perhaps AMF coloniza-
tion rates) are reduced in mixture plants compared with plants in
monocultures (Guiz et al., 2018).
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FIGURE 4 Piecewise structural (@) : Species Fisher's G = 4.454
equation models (SEM) exploring the richness P-value = 0.348
effect of sown plant species richness, DF=4

presence of the dominant species A.

elatius, as well as plant and soil variables 0.5 049 -0.35 -0.26

condensed as scores [PC1 and PC2]
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dashed arrows represent marginal
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Community
significant relationships (.05 <p <.1); blue biomass
arrows indicate positive relationships, 0.68
and red arrows indicate negative
relationships. Double-headed arrows -
show correlated errors. Standardized (b) ﬁgﬁr‘:fsss Fisher's E: =3.700
parameter estimates are given next to g;;/a_lu: =0.448
the arrows. Marginal R? (based on fixed -
effects only) for component models with 058 047 035
significant relationships is shown below
the respective response variable.
Plant PC1 0.50 | Plant PC2 -0.24 Soil PC1 028 | Soil PC2
(leaf K — leaf N) (SRL — height) (Corgs N, P — pH) (sail K, pH —)
0.33 0.27 0.22 0.01
0.40 0.53
Net biodiversity
effects
0.44
(© A ol Species Fisher's C = 3.700
richness P-value = 0.448
DF =4
-0.58 047 -0.35
Plant PC1 050 | Plant PC2 -0.24 Soil PC1 0.28 | Sail PC2
(leaf K — leaf N) (SRL — height) (Corgs N, P — pH) (sail K, pH —)
0.27 0.22 0.01

4.3 | Plant species richness and species identity
influence soil properties (H3)

As expected, concentrations of soil organic carbon increased with
plant species richness and the presence of A. elatius, which is ex-
plainable by higher litter input (due to higher biomass production),

Complemen-
tarity effects
0.34

higher quality and quantity of root exudates, and/or an increas-
ing soil biota abundance (Eisenhauer et al., 2010; Fornara &
Tilman, 2008; Lange et al., 2015). Also, total nitrogen increased
with plant species richness and the presence of A. elatius. We
did not measure concentrations of different nitrogen forms that
are relevant for plant growth (especially nitrate and ammonium),
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but several studies have shown that inorganic N decreases along
the plant species richness gradient (especially nitrate; Palmborg
et al., 2005; Roscher et al., 2008). Thus, nitrogen forms that are
not easily accessible to plants are likely to be responsible for the
increase in total soil N, for example, nitrogen accumulated in soil
organic matter or microbial biomass (Fornara & Tilman, 2008;
Gubsch et al., 2011; Leimer et al., 2016).

Furthermore, we found that plant-available phosphorus in soils
increased with plant species richness; however, this was mainly ex-
plainable by the more frequent presence of dominant species in the
mixtures of higher plant species richness (i.e., the grasses A. elatius
and D. glomerata). One possible explanation for this finding is the
change in soil pH, which coincides with the accumulation of soil
organic matter with increasing plant species richness and the pres-
ence of these dominant grass species (Berendse et al., 1998). Soil pH
is known as the “master soil variable”, because it influences many
biological, chemical, and physical processes in the soil, including
the composition of soil biota and the availability of soil nutrients,
such as phosphorus for plants (Hinsinger et al., 2003; Neina, 2019).
Optimum for P availability in soils are pH values between 6.0 and
7.5, while higher pH (pH>7.5) increasingly limits P availability to
plants due to the fixation by calcium (Clarkson & Hanson, 1980).
The site of the Jena Experiment has generally high soil pH values
(Roscher et al., 2004). In our study, we detected a decrease in soil pH
from 7.40+0.05 in monocultures to a pH of 7.32+0.05 in 9-species
mixtures, which may appear small but can significantly affect the
availability of phosphorus for plants and is supported by the neg-
ative correlation between soil pH and P in leaves and soil. On the
contrary, plant-available potassium in soils is less dependent on pH
changes when soil pH is generally greater than 6.0, which is the case
in the Jena Experiment. We also found no significant effect of plant
species richness on plant-available potassium and no correlation
between leaf/soil potassium and soil pH. However, similar to plant-
available phosphorus, we found a positive influence of A. elatius on
plant-available potassium. This indicates that plant-available potas-
sium is mainly determined by the presence of dominant grasses.
Grasses are known to accumulate more potassium in tissues than
herbaceous plants (Schimmelpfennig et al., 2015; Tilman et al., 1999),
and therefore their litter is higher in concentrations of potassium. In
our experiment, the grass species A. elatius was the most productive
species, and thus its potassium-rich litter may result in more potas-
sium being transferred to the soil, which can then explain the higher
availability of soil K in plots with this species present.

Main processes that can lead to a change in soil pH are plant-
induced processes, such as the release of inorganic ions for uptake
of nutrients, root exudation or respiration, and soil biota-induced
processes, such as biochemical transformations and decomposition
of organic matter (Neina, 2019). Based on our data, it is not possible
to disentangle which processes play the largest role in the decrease
in soil pH with plant species richness and the presence of A. elatius.
To understand this in more detail, further research is needed, but
our results suggest that these changes in soil pH may influence plant
growth via effects on the availability of nutrients.

4.4 | Relationships between plant traits and
soil properties

We found a negative correlation between soil pH and CWM of leaf
phosphorus (and plant-available phosphorus in soil), which supports
the assumption that a decrease in soil pH from 7.4 to 7.3 lowers the
P fixation and thus increases the availability for plants. Moreover,
we found significant correlations between the community means of
plant height and root length density and all soil properties (except
plant-available K). This suggests that communities with a high abun-
dance of tall and exploitive species are able to positively influence
their environment, i.e., decrease the soil pH, increase litter input,
and promote the activity of soil biota (increase in soil organic carbon
and total nitrogen), which leads to higher availability of soil nutrients,
such as plant-available phosphorus. We also found significant corre-
lations between CWM of leaf nitrogen, phosphorus, and potassium,
and plant-available phosphorus and potassium in soils. As expected,
the concentration of P and K in the leaves increased with higher con-
centrations of soil P and K—most likely, plants with higher P and K
concentrations provide more plant-available P and K in soils through
litter input.

Principal component analysis including soil and plant variables
shows an increase in CWM of plant height, soil organic carbon,
total N, and plant-available P with plant species richness, while
community-level SRL and soil pH decrease. The trajectory direc-
tion of the other variables can be explained by the proportion
of grass species sown in the plots. Communities with grass spe-
cies were characterized by high CWM of SLA, and leaf K, while
communities without grass species had higher CWM of leaf N
and AMF colonization rates. This is in line with previous studies,
which showed that grasses are characterized by high leaf K con-
centrations but have low leaf N concentrations and were less con-
nected to mycorrhizal fungi, compared with herbs and legumes
(Eisenhauer et al., 2009; Schimmelpfennig et al., 2015; Tilman
etal., 1999). In case of SLA, it was not a grass species effect per se
that determined the CWM but rather an effect of our species se-
lection and the nutrient uptake strategies of the species included
in the experiment: most of the selected grass species are fast-
growing, and therefore have a high SLA, while the selected forbs
are slow-growing and therefore have a smaller SLA (Reich, 2014;
Wright et al., 2004).

4.5 | Direct and indirect effects of plant and soil
variables on community biomass production and
biodiversity effects (H4)

Mixed-effects model analysis showed that community means of
plant height, root length density, and leaf potassium concentration
were the most important plant-related drivers of biomass production
and biodiversity effects. These results are mainly attributable to the
presence of A. elatius, which increased community biomass produc-
tion and CWM of plant height, leaf potassium, and community-level
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RLD (via composition effects). At the same time, plant height and
eventually RLD of the other species increased, when A. elatius was
present in the community, in order to stay competitive for light and
nutrients, which further increased community biomass production
(via interactive impact of composition/abundance and adjustment
effects). Similar positive effects of CWM of plant height on comple-
mentarity effects via dominant species were found in a recent study
(Valencia et al., 2022).

In case of soil variables, the mixed-effect model analysis re-
vealed that soil organic carbon and soil pH had a strong influence
on community biomass production and biodiversity effects (ex-
cept SEs). As stated in the introduction, it is most likely that the
accumulation of organic carbon and the lowering of soil pH mutu-
ally stimulated each other, increasing nutrient availability and thus
overyielding.

Similar to the mixed-effects model results, SEM showed direct
effects of plant functional traits (plant PC1 and PC2) on commu-
nity biomass production and complementarity effects; however,
there was no significant influence of soil variables (soil PC1 and
PC2) on productivity or biodiversity effects. This indicates that
only plant functional traits have a direct influence, while the ef-
fect of soil characteristics (for example the effect of soil pH) must
be indirect. One indirect way that the SEM suggests is that plant
species richness and the presence of A. elatius alter soil charac-
teristics, which in turn affects the expression of functional traits,
thus influencing community biomass production and biodiversity
effects (which is also supported by the results of the variance par-
titioning for the productivity-related variables). A concrete mech-
anism for how species richness and dominant species increase
biomass production based on our findings could be the following:
high species richness and the presence of A. elatius, as the dom-
inant species, decrease the soil pH over time (e.g., through root
exudates and/or the accumulation of organic carbon). As a result,
more nutrients are accessible for plants and soil biota. The higher
nutrient availability, in turn, has a positive effect on the plants,
i.e., they can invest more resources in height and root growth.
This mainly favors plant species with tall growth and dense root
systems resulting in an increase in biomass production in species-
rich communities. The increased biomass production then leads to
greater litter input, which further increases microbial activity and
thus decomposition (i.e., increased soil organic carbon and nitro-
gen) and further lowers soil pH, which strengthens the mechanism
(i.e., feedback processes).

Finally, we want to point out that our investigations cannot
fully disentangle whether it was the change in soil properties that
changed the plant traits in the first place, or whether it was the other
way round—the change in plant traits altered the soil characteristics.
For this, one would need separate experiments that investigate this
issue in a more controlled way, e.g., in greenhouse studies, where
plant diversity effects and resulting nutrient dynamics are tested
under different soil conditions, including soil pH and nutrient avail-

ability. This could be achieved, e.g., by liming or fertilizing the soil.
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Nevertheless, the present results suggest that soil properties and
their link to plant functional traits, i.e., plant-soil interactions, should
be considered in order to fully understand the mechanisms driving

positive plant diversity-productivity relationships.

AUTHOR CONTRIBUTIONS

Peter Dietrich: Conceptualization (equal); data curation (lead); for-
mal analysis (lead); writing - original draft (lead). Nico Eisenhauer:
Funding acquisition (equal); project administration (equal); supervi-
sion (supporting); writing - review and editing (equal). Christiane
Roscher: Conceptualization (equal); data curation (supporting);
formal analysis (supporting); funding acquisition (equal); project ad-
ministration (equal); writing - original draft (supporting); writing -

review and editing (equal).

ACKNOWLEDGMENTS

We thank the gardeners and many student helpers for weeding and
mowing the study plots, as well as Anne Ebeling and Anja Vogel for
providing data and coordinating the Jena Experiment. Furthermore,
we are grateful to Conny Wegerle for help in the field, Petra
Hoffmann and Laura Bergmann for plant and soil chemical analy-
ses, and Tom Kinne and Nils Gmyrek for help with root washing.
The Jena Experiment is funded by the German Research Foundation
(FOR 1451, FOR 5000), supported by the University of Jena and the
Max Planck Institute for Biogeochemistry. Further support was re-
ceived by the Heinrich Béll Foundation (Ph.D. scholarship to PD) and
by the German Centre for Integrative Biodiversity Research (iDiv)
Halle-Jena-Leipzig, funded by the German Research Foundation
(DFG-FZT 118, 202548816).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

OPEN RESEARCH BADGES

L

This article has earned an Open Data badge for making publicly
available the digitally-shareable data necessary to reproduce the
reported results. The data is available at https://doi.org/10.25829/
BWHO0-9W18.

ACKNOWLEDGMENTS
Open access funding enabled and organized by Projekt DEAL.

DATA AVAILABILITY STATEMENT
The data used in this study (Dietrich & Roscher, 2023) are publicly
available in the Jena Experiment data portal (https://jexis.idiv.de/):
https://doi.org/10.25829/BWH0-9W18.

ORCID
Peter Dietrich "= https://orcid.org/0000-0002-7742-6064

Christiane Roscher "= https://orcid.org/0000-0001-9301-7909

85U8017 SUOWILLIOD @A 181D 3|cedl[dde 8Ly Aq peusenob afe sejoe O ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIO" A |IM ALRIq U1 UO//:SdNL) SUORIPUOD PUe Swie | 8U18es *[£202/50/50] Uo A%iqiTauljuo A8 (1M ‘SeISeAIUN Jeyin une N-Yed Aq £886'€898/200T 0T/I0p/AL0D" A8 | M Ake.q 1 jpul [UO//:SANY WoJy pepeojumod ‘€ ‘€202 ‘852L5702


https://doi.org/10.25829/BWH0-9W18
https://doi.org/10.25829/BWH0-9W18
https://jexis.idiv.de/
https://doi.org/10.25829/BWH0-9W18
https://orcid.org/0000-0002-7742-6064
https://orcid.org/0000-0002-7742-6064
https://orcid.org/0000-0001-9301-7909
https://orcid.org/0000-0001-9301-7909

DIETRICH ET AL.

16 of 18 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Open Access,

REFERENCES

Aarssen, L. W. (1997). High productivity in grassland ecosystems:
Effected by species diversity or productive species? Oikos, 80, 183-
184. https://doi.org/10.2307/3546531

Abbas, M., Ebeling, A., Oelmann, Y., Ptacnik, R., Roscher, C., Weigelt, A.,
Weisser, W. W., Wilcke, W., & Hillebrand, H. (2013). Biodiversity
effects on plant stoichiometry. PLoS One, 8, €58179. https://doi.
org/10.1371/journal.pone.0058179

Barry, K. E., Mommer, L., van Ruijven, J., Wirth, C., Wright, A. J., Bai,
Y., Connolly, J., De Deyn, G. B., de Kroon, H., Isbell, F., Milcu, A.,
Roscher, C., Scherer-Lorenzen, M., Schmid, B., & Weigelt, A. (2019).
The future of complementarity: Disentangling causes from con-
sequences. Trends in Ecology & Evolution, 34, 167-180. https://doi.
org/10.1016/j.tree.2018.10.013

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B.,
Singmann, H., Dai, B., Grothendieck, G., Green, P., & Bolker, M. B.
(2015). Package ‘Ime4’. Convergence, 12, 2.

Berendse, F., Lammerts, E., & OIff, H. (1998). Soil organic matter accu-
mulation and its implications for nitrogen mineralization and plant
species composition during succession in coastal dune slacks. Plant
Ecology, 137, 71-78. https://doi.org/10.1023/A:1008051931963

Bessler, H., Oelmann, Y., Roscher, C., Buchmann, N., Scherer-Lorenzen,
M., Schulze, E. D., Temperton, V. M., Wilcke, W., & Engels, C.
(2012). Nitrogen uptake by grassland communities: Contribution
of N, fixation, facilitation, complementarity, and species domi-
nance. Plant and Soil, 358, 301-322. https://doi.org/10.1007/s1110
4-012-1181-z

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A,
Srivastava, D. S., Loreau, M., & 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 of the United States of America, 104, 18123-18128. https://
doi.org/10.1073/pnas.0709069104

Clark, A. T., Ann Turnbull, L., Tredennick, A., Allan, E., Harpole, W. S,
Mayfield, M. M., Soliveres, S., Barry, K., Eisenhauer, N., Kroon,
H., Rosenbaum, B., Wagg, C., Weigelt, A., Feng, Y., Roscher, C., &
Schmid, B. (2020). Predicting species abundances in a grassland
biodiversity experiment: Trade-offs between model complex-
ity and generality. Journal of Ecology, 108, 774-787. https://doi.
org/10.1111/1365-2745.13316

Clarkson, D. T., & Hanson, J. B. (1980). The mineral nutrition of higher
plants. Annual Review of Plant Physiology, 31, 239-298. https://doi.
org/10.1146/annurev.pp.31.060180.001323

Cong, W. F., van Ruijven, J., Mommer, L., De Deyn, G. B., Berendse, F., &
Hoffland, E. (2014). Plant species richness promotes soil carbon and
nitrogen stocks in grasslands without legumes. Journal of Ecology,
102, 1163-1170. https://doi.org/10.1111/1365-2745.12280

Devau, N., Le Cadre, E., Hinsinger, P., Jaillard, B., & Gérard, F.(2009). Soil pH
controls the environmental availability of phosphorus: Experimental
and mechanistic modelling approaches. Applied Geochemistry, 24,
2163-2174. https://doi.org/10.1016/j.apgeochem.2009.09.020

Dietrich, P., & Roscher, C. (2023). Above ground biomass, CWMs of height,
SLA, leaf nutrients, AMF colonization, root traits, soil pH and concen-
trations of soil C, N, P, Kiin 85 plots of the dominance experiment (1, 2, 6,
9 species) in 2017 (version 9) [data set]. Jena Experiment Information
System. https://doi.org/10.25829/BWHO0-9W18

Eisenhauer, N. (2012). Aboveground-belowground interactions as
a source of complementarity effects in biodiversity experi-
ments. Plant and Soil, 351, 1-22. https://doi.org/10.1007/s1110
4-011-1027-0

Eisenhauer, N., Bessler, H., Engels, C., Gleixner, G., Habekost, M., Milcu,
A., Partsch, S., Sabais, A. C., Scherber, C., Steinbeiss, S., Weigelt, A.,
Weisser, W. W., & Scheu, S. (2010). Plant diversity effects on soil
microorganisms support the singular hypothesis. Ecology, 91, 485-
496. https://doi.org/10.1890/08-2338.1

Eisenhauer, N., Konig, S., Sabais, A. C., Renker, C., Buscot, F., & Scheu,
S. (2009). Impacts of earthworms and arbuscular mycorrhizal fungi
(glomus intraradices) on plant performance are not interrelated. Soil
Biology and Biochemistry, 41, 561-567. https://doi.org/10.1016/].
s0ilbio.2008.12.017

Eisenhauer, N., Lanoue, A., Strecker, T., Scheu, S., Steinauer, K., Thakur,
M. P,, & Mommer, L. (2017). Root biomass and exudates link plant
diversity with soil bacterial and fungal biomass. Scientific Reports, 7,
44641. https://doi.org/10.1038/srep44641

Ellenberg, H. (1988). Vegetation ecology of Central Europe (4th ed.).
Cambridge University Press.

Fargione, J., Tilman, D., Dybzinski, R., Lambers, J. H. R., Clark, C,,
Harpole, W. S., Knops, J. M., Reich, P. B., & Loreau, M. (2007). From
selection to complementarity: Shifts in the causes of biodiversity-
productivity relationships in a long-term biodiversity experiment.
Proceedings of the Royal Society B: Biological Sciences, 274, 871-876.
https://doi.org/10.1098/rspb.2006.0351

Fischer, C., Leimer, S., Roscher, C., Ravenek, J., de Kroon, H., Kreutziger,
Y., Baade, J., BeBler, H., Eisenhauer, N., Weigelt, A., Mommer, L.,
Lange, M., Gleixner, G., Wilcke, W., Schroder, B., & Hildebrandt,
A. (2019). Plant species richness and functional groups have
different effects on soil water content in a decade-long grass-
land experiment. Journal of Ecology, 107, 127-141. https://doi.
org/10.1111/1365-2745.13046

Fornara, D., & Tilman, D. (2008). Plant functional composition influences
rates of soil carbon and nitrogen accumulation. Journal of Ecology,
96, 314-322. https://doi.org/10.1111/j.1365-2745.2007.01345.x

Gubsch, M., Roscher, C., Gleixner, G., Habekost, M., Lipowsky,
A., Schmid, B., Schulze, E. D., Steinbeiss, S., & Buchmann, N.
(2011). Foliar and soil 815N values reveal increased nitro-
gen partitioning among species in diverse grassland commu-
nities. Plant, Cell & Environment, 34, 895-908. https://doi.
org/10.1111/j.1365-3040.2011.02287.x

Guderle, M., Bachmann, D., Milcu, A., Gockele, A., Bechmann, M.,
Fischer, C., Roscher, C., Landais, D., Ravel, O., Devidal, S., Roy, J.,
Gessler, A., Buchmann, N., Weigelt, A., & Hildebrandt, A. (2018).
Dynamic niche partitioning in root water uptake facilitates efficient
water use in more diverse grassland plant communities. Functional
Ecology, 32, 214-227. https://doi.org/10.1111/1365-2435.12948

Guerrero-Ramirez, N. R., Craven, D., Reich, P. B., Ewel, J. J., Isbell, F,,
Koricheva, J., Parrotta, J. A., Auge, H., Erickson, H. E., Forrester,
D. I, Hector, A., Joshi, J., Montagnini, F., Palmborg, C., Piotto, D.,
Potvin, C., Roscher, C., van Ruijven, J., Tilman, D, ... Eisenhauer,
N. (2017). Diversity-dependent temporal divergence of ecosystem
functioning in experimental ecosystems. Nature Ecology & Evolution,
1, 1639-1642. https://doi.org/10.1038/s41559-017-0325-1

Guiz, J,, Ebeling, A., Eisenhauer, N., Hacker, N., Hertzog, L., Oelmann, Y.,
Roscher, C., Wagg, C., & Hillebrand, H. (2018). Interspecific compe-
tition alters leaf stoichiometry in 20 grassland species. Oikos, 127,
903-914. https://doi.org/10.1111/0ik.04907

Guiz, J., Hillebrand, H., Borer, E. T., Abbas, M., Ebeling, A., Weigelt, A.,
Oelmann, Y., Fornara, D., Wilcke, W., & Temperton, V. M. (2016).
Long-term effects of plant diversity and composition on plant
stoichiometry. Oikos, 125, 613-621. https://doi.org/10.1111/
0ik.02504

Hacker, N., Ebeling, A., Gessler, A., Gleixner, G., Gonzalez Mace, O., de
Kroon, H., Lange, M., Mommer, L., Eisenhauer, N., Ravenek, J.,
Scheu, S., Weigelt, A., Wagg, C., Wilcke, W., & Oelmann, Y. (2015).
Plant diversity shapes microbe-rhizosphere effects on P mobilisa-
tion from organic matter in soil. Ecology Letters, 18, 1356-1365.
https://doi.org/10.1111/ele.12530

Hillebrand, H., & Matthiessen, B. (2009). Biodiversity in a com-
plex world: Consolidation and progress in functional biodi-
versity research. Ecology Letters, 12, 1405-1419. https://doi.
org/10.1111/j.1461-0248.2009.01388.x

85U8017 SUOWILLIOD @A 181D 3|cedl[dde 8Ly Aq peusenob afe sejoe O ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIO" A |IM ALRIq U1 UO//:SdNL) SUORIPUOD PUe Swie | 8U18es *[£202/50/50] Uo A%iqiTauljuo A8 (1M ‘SeISeAIUN Jeyin une N-Yed Aq £886'€898/200T 0T/I0p/AL0D" A8 | M Ake.q 1 jpul [UO//:SANY WoJy pepeojumod ‘€ ‘€202 ‘852L5702


https://doi.org/10.2307/3546531
https://doi.org/10.1371/journal.pone.0058179
https://doi.org/10.1371/journal.pone.0058179
https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.1023/A:1008051931963
https://doi.org/10.1007/s11104-012-1181-z
https://doi.org/10.1007/s11104-012-1181-z
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1111/1365-2745.13316
https://doi.org/10.1111/1365-2745.13316
https://doi.org/10.1146/annurev.pp.31.060180.001323
https://doi.org/10.1146/annurev.pp.31.060180.001323
https://doi.org/10.1111/1365-2745.12280
https://doi.org/10.1016/j.apgeochem.2009.09.020
https://doi.org/10.25829/BWH0-9W18
https://doi.org/10.1007/s11104-011-1027-0
https://doi.org/10.1007/s11104-011-1027-0
https://doi.org/10.1890/08-2338.1
https://doi.org/10.1016/j.soilbio.2008.12.017
https://doi.org/10.1016/j.soilbio.2008.12.017
https://doi.org/10.1038/srep44641
https://doi.org/10.1098/rspb.2006.0351
https://doi.org/10.1111/1365-2745.13046
https://doi.org/10.1111/1365-2745.13046
https://doi.org/10.1111/j.1365-2745.2007.01345.x
https://doi.org/10.1111/j.1365-3040.2011.02287.x
https://doi.org/10.1111/j.1365-3040.2011.02287.x
https://doi.org/10.1111/1365-2435.12948
https://doi.org/10.1038/s41559-017-0325-1
https://doi.org/10.1111/oik.04907
https://doi.org/10.1111/oik.02504
https://doi.org/10.1111/oik.02504
https://doi.org/10.1111/ele.12530
https://doi.org/10.1111/j.1461-0248.2009.01388.x
https://doi.org/10.1111/j.1461-0248.2009.01388.x

DIETRICH ET AL.

Hinsinger, P., Plassard, C., Tang, C., & Jaillard, B. (2003). Origins of root-
mediated pH changes in the rhizosphere and their responses to
environmental constraints: A review. Plant and Soil, 248, 43-59.
https://doi.org/10.1023/A:1022371130939

Hooper, D. U., & Dukes, J. S. (2004). Overyielding among plant func-
tional groups in a long-term experiment. Ecology Letters, 7, 95-105.
https://doi.org/10.1046/j.1461-0248.2003.00555.x

Huston, M. A. (1997). Hidden treatments in ecological experiments: Re-
evaluating the ecosystem function of biodiversity. Oecologia, 110,
449-460. https://doi.org/10.1007/s004420050180

Jochum, M., Fischer, M., Isbell, F., Roscher, C., van der Plas, F., Boch,
S., Boenisch, G., Buchmann, N., Catford, J. A., Cavender-Bares,
J., Ebeling, A., Eisenhauer, N., Gleixner, G., Holzel, N., Kattge, J.,
Klaus, V. H., Kleinebecker, T., Lange, M., Le Provost, G., ... Manning,
P. (2020). The results of biodiversity-ecosystem functioning ex-
periments are realistic. Nature Ecology & Evolution, 4, 1485-1494.
https://doi.org/10.1038/s41559-020-1280-9

Lange, M., Eisenhauer, N., Sierra, C. A., Bessler, H., Engels, C., Griffiths, R.
I., Mellado-Vazquez, P. G., Malik, A. A., Roy, J., Scheu, S., Steinbeiss,
S., Thomson, B. C., Trumbore, S. E., & Gleixner, G. (2015). Plant
diversity increases soil microbial activity and soil carbon storage.
Nature Communications, 6, 6707. https://doi.org/10.1038/ncomm
s7707

Lange, M., Koller-France, E., Hildebrandt, A., Oelmann, Y., Wilcke, W., &
Gleixner, G. (2019). How plant diversity impacts the coupled water,
nutrient and carbon cycles. Advances in Ecological Research, 61,
185-219. https://doi.org/10.1016/bs.aecr.2019.06.005

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equa-
tion modelling in R for ecology, evolution, and systemat-
ics. Methods in Ecology and Evolution, 7, 573-579. https://doi.
org/10.1111/2041-210x.12512

Leimer, S., Oelmann, Y., Eisenhauer, N., Milcu, A., Roscher, C., Scheu, S.,
Weigelt, A., Wirth, C., & Wilcke, W. (2016). Mechanisms behind
plant diversity effects on inorganic and organic N leaching from
temperate grassland. Biogeochemistry, 131, 339-353. https://doi.
org/10.1007/s10533-016-0283-8

Leps, J., de Bello, F., Smilauer, P., & Dolezal, J. (2011). Community trait
response to environment: Disentangling species turnover vs intra-
specific trait variability effects. Ecography, 34, 856-863. https://
doi.org/10.1111/j.1600-0587.2010.06904.x

Loreau, M. (1998). Separating sampling and other effects in bio-
diversity experiments. Oikos, 82, 600-602. https://doi.
org/10.2307/3546381

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

Lorentzen, S., Roscher, C., Schumacher, J., Schulze, E. D., & Schmid, B.
(2008). Species richness and identity affect the use of aboveground
space in experimental grasslands. Perspectives in Plant Ecology,
Evolution and Systematics, 10, 73-87. https://doi.org/10.1016/].
ppees.2007.12.001

Marquard, E., Weigelt, A., Temperton, V. M., Roscher, C., Schumacher,
J., Buchmann, N., Fischer, M., Weisser, W. W., & Schmid, B. (2009).
Plant species richness and functional composition drive overyield-
ing in a six-year grassland experiment. Ecology, 90, 3290-3302.
https://doi.org/10.1890/09-0069.1

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding
community ecology from functional traits. Trends in Ecology &
Evolution, 21,178-185. https://doi.org/10.1016/j.tree.2006.02.002

McGonigle, T., Miller, M., Evans, D., Fairchild, G., & Swan, J. (1990). A new
method which gives an objective measure of colonization of roots
by vesicular—Arbuscular mycorrhizal fungi. New Phytologist, 115,
495-501. https://doi.org/10.1111/j.1469-8137.1990.tb00476.x

Mellado-Vazquez, P. G., Lange, M., Bachmann, D., Gockele, A,
Karlowsky, S., Milcu, A., Piel, C., Roscher, C., Roy, J., & Gleixner, G.
(2016). Plant diversity generates enhanced soil microbial access to

Ecology and Evolution 17 of 18
=t e W1 LEYy- 7o

recently photosynthesized carbon in the rhizosphere. Soil Biology
& Biochemistry, 94, 122-132. https://doi.org/10.1016/j.soilb
i0.2015.11.012

Meyer, S. T., Ebeling, A., Eisenhauer, N., Hertzog, L., Hillebrand, H., Milcu,
A., Pompe, S., Abbas, M., Bessler, H., Buchmann, N., De Luca, E.,
Engels, C., Fischer, M., Gleixner, G., Hudewenz, A., Klein, A. M., de
Kroon, H., Leimer, S., Loranger, H., ... Weisser, W. W. (2016). Effects
of biodiversity strengthen over time as ecosystem functioning
declines at low and increases at high biodiversity. Ecosphere, 7,
e€01619. https://doi.org/10.1002/ecs2.1619

Murphy, J., & Riley, J. P. (1962). A modified single solution method for
the determination of phosphate in natural waters. Analytica Chimica
Acta, 27, 31-36. https://doi.org/10.1016/S0003-2670(00)88444-5

Neina, D. (2019). The role of soil pH in plant nutrition and soil remedia-
tion. Applied and Environmental Soil Science, 2019, 5794869. https://
doi.org/10.1155/2019/5794869

Oksanen, J., Kindt, R., Legendre, P., O'Hara, B., Stevens, M. H. H.,
Oksanen, M. J., & Suggests, M. (2007). The vegan package.
Community Ecology Package, 10, 631-637.

Olsen, S. R. (1954). Estimation of available phosphorus in soils by ex-
traction with sodium bicarbonate. US Department of Agriculture,
Washington, DC.

Palmborg, C., Scherer-Lorenzen, M., Jumpponen, A., Carlsson, G.,
Huss-Danell, K., & Hoégberg, P. (2005). Inorganic soil nitro-
gen under grassland plant communities of different species
composition and diversity. Oikos, 110, 271-282. https://doi.
org/10.1111/j.0030-1299.2005.13673.x

Pichon, N. A, Cappelli, S. L., & Allan, E. (2022). Intraspecific trait changes
have large impacts on community functional composition but do
not affect ecosystem function. Journal of Ecology, 110, 644-658.
https://doi.org/10.1111/1365-2745.13827

Prommer, J., Walker, T. W., Wanek, W., Braun, J., Zezula, D., Hu, Y.,
Hofhansl, F., & Richter, A. (2020). Increased microbial growth, bio-
mass, and turnover drive soil organic carbon accumulation at higher
plant diversity. Global Change Biology, 26, 669-681. https://doi.
org/10.1111/gcb.14777

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spec-
trum: A traits manifesto. Journal of Ecology, 102, 275-301. https://
doi.org/10.1111/1365-2745.12211

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, 336, 589-592. https://
doi.org/10.1126/science.1217909

Roscher, C., Kutsch, W. L., Kolle, O., Ziegler, W., & Schulze, E. D. (2011).
Adjustment to the light environment in small-statured forbs as a
strategy for complementary resource use in mixtures of grassland
species. Annals of Botany, 107, 965-979. https://doi.org/10.1093/
aob/mcr044

Roscher, C., Schmid, B., Kolle, O. & Schulze, E.-D. (2016).
Complementarity among four highly productive grassland species
depends on resource availability. Oecologia, 181, 571-582. https://
doi.org/10.1007/s00442-016-3587-4

Roscher, C., Schumacher, J., Baade, J., Wilcke, W., Gleixner, G., Weisser,
W. W., Schmid, B., & Schulze, E. D. (2004). The role of biodiversity
for element cycling and trophic interactions: An experimental ap-
proach in a grassland community. Basic and Applied Ecology, 5, 107-
121. https://doi.org/10.1078/1439-1791-00216

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A.,
Buchmann, N., Schmid, B., & Schulze, E. D. (2018). Origin context
of trait data matters for predictions of community performance in a
grassland biodiversity experiment. Ecology, 99, 1214-1226. https://
doi.org/10.1002/ecy.2216

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A.,
Buchmann, N., Schmid, B., & Schulze, E.-D. (2012). Using plant func-
tional traits to explain diversity-productivity relationships. PLoS
One, 7, e36760. https://doi.org/10.1371/journal.pone.0036760

85U8017 SUOWILLIOD @A 181D 3|cedl[dde 8Ly Aq peusenob afe sejoe O ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIO" A |IM ALRIq U1 UO//:SdNL) SUORIPUOD PUe Swie | 8U18es *[£202/50/50] Uo A%iqiTauljuo A8 (1M ‘SeISeAIUN Jeyin une N-Yed Aq £886'€898/200T 0T/I0p/AL0D" A8 | M Ake.q 1 jpul [UO//:SANY WoJy pepeojumod ‘€ ‘€202 ‘852L5702


https://doi.org/10.1023/A:1022371130939
https://doi.org/10.1046/j.1461-0248.2003.00555.x
https://doi.org/10.1007/s004420050180
https://doi.org/10.1038/s41559-020-1280-9
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1016/bs.aecr.2019.06.005
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1007/s10533-016-0283-8
https://doi.org/10.1007/s10533-016-0283-8
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.2307/3546381
https://doi.org/10.2307/3546381
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.1016/j.ppees.2007.12.001
https://doi.org/10.1016/j.ppees.2007.12.001
https://doi.org/10.1890/09-0069.1
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1016/j.soilbio.2015.11.012
https://doi.org/10.1016/j.soilbio.2015.11.012
https://doi.org/10.1002/ecs2.1619
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1155/2019/5794869
https://doi.org/10.1155/2019/5794869
https://doi.org/10.1111/j.0030-1299.2005.13673.x
https://doi.org/10.1111/j.0030-1299.2005.13673.x
https://doi.org/10.1111/1365-2745.13827
https://doi.org/10.1111/gcb.14777
https://doi.org/10.1111/gcb.14777
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1126/science.1217909
https://doi.org/10.1126/science.1217909
https://doi.org/10.1093/aob/mcr044
https://doi.org/10.1093/aob/mcr044
https://doi.org/10.1007/s00442-016-3587-4
https://doi.org/10.1007/s00442-016-3587-4
https://doi.org/10.1078/1439-1791-00216
https://doi.org/10.1002/ecy.2216
https://doi.org/10.1002/ecy.2216
https://doi.org/10.1371/journal.pone.0036760

DIETRICH ET AL.

129118 | Wi L y-Ecoogy end Evluon

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A.,
Buchmann, N., Schulze, E.-D., & Schmid, B. (2018). Interspecific
trait differences rather than intraspecific trait variation increase
the extent and filling of community trait space with increasing plant
diversity in experimental grasslands. Perspectives in Plant Ecology,
Evolution and Systematics, 33, 42-50. https://doi.org/10.1016/j.
ppees.2018.05.001

Roscher, C., Schumacher, J., Weisser, W. W., Schmid, B., & Schulze, E. D.
(2007). Detecting the role of individual species for overyielding in
experimental grassland communities composed of potentially dom-
inant species. Oecologia, 154, 535-549. https://doi.org/10.1007/
s00442-007-0846-4

Roscher, C., Thein, S., Schmid, B., & Scherer-Lorenzen, M. (2008).
Complementary nitrogenuse among potentially dominantspeciesina
biodiversity experiment varies between two years. Journal of Ecology,
96, 477-488. https://doi.org/10.1111/j.1365-2745.2008.01353.x

Roscher, C., Thein, S., Weigelt, A., Temperton, V. M., Buchmann, N., &
Schulze, E. D. (2011). N, fixation and performance of 12 legume
species in a 6-year grassland biodiversity experiment. Plant and Soil,
341, 333-348. https://doi.org/10.1007/s11104-010-0647-0

Schimmelpfennig, S., Kammann, C., Moser, G., Griinhage, L., & Miiller, C.
(2015). Changes in macro- and micronutrient contents of grasses
and forbs following Miscanthus x giganteus feedstock, hydrochar
and biochar application to temperate grassland. Grass and Forage
Science, 70, 582-599. https://doi.org/10.1111/gfs.12158

Schlichting, E., & Blume, H.-P. (1966). Bodenkundliches Praktikum - eine
Einfiihrung in pedologisches Arbeiten fur Okologen, insbesondere
Land- und Forstwirte und fiir Geowissenschaftler. Parey-Verlag.

Schmid, B., Schmitz, M., Rzanny, M., Scherer-Lorenzen, M., Mwangi, P.
N., Weisser, W. W., Hector, A., Schmid, R., & Flynn, D. F. (2022).
Removing subordinate species in a biodiversity experiment to
mimic observational field studies. Grassland Research, 1, 53-62.
https://doi.org/10.1002/glr2.12009

Siebenkas, A., Schumacher, J., & Roscher, C. (2016). Resource availability
alters biodiversity effects in experimental grass-forb mixtures. PLoS
One, 11,e0158110. https://doi.org/10.1371/journal.pone.0158110

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

Tilman, E.A., Tilman, D., Crawley, M. J., & Johnston, A.(1999). Biological weed
control via nutrient competition: Potassium limitation of dandelions.
Ecological Applications, 9, 103-111. https://doi.org/10.2307/2641171

Valencia, E., Galland, T., Carmona, C. P., Goberna, M., Gotzenberger,
L., Leps, J., Verdud, M., Macek, P., & de Bello, F. (2022). The func-
tional structure of plant communities drives soil functioning via
changes in soil abiotic properties. Ecology, 103, e3833. https://doi.
org/10.1002/ecy.3833

van der Plas, F. (2019). Biodiversity and ecosystem functioning in nat-
urally assembled communities. Biological Reviews, 94, 1220-1245.
https://doi.org/10.1111/brv.12499

Vierheilig, H., Coughlan, A. P., Wyss, U., & Piche, Y. (1998). Ink and vin-
egar, a simple staining technique for arbuscular-mycorrhizal fungi.
Applied and Environmental Microbiology, 64, 5004-5007. https://doi.
org/10.1128/AEM.64.12.5004-5007.1998

Wagg, C., Jansa, J., Stadler, M., Schmid, B., & van der Heijden, M.
G. (2011). Mycorrhizal fungal identity and diversity relaxes
plant-plant competition. Ecology, 92, 1303-1313. https://doi.
org/10.1890/10-1915.1

Wright, A. J., Wardle, D. A., Callaway, R., & Gaxiola, A. (2017). The
overlooked role of facilitation in biodiversity experiments. Trends
in Ecology & Evolution, 32, 383-390. https://doi.org/10.1016/j.
tree.2017.02.011

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers,
F., Cavender-Bares, J., Chapin, T., Cornelissen, J. H., Diemer, M.,
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont,
B. B, Lee, T., Lee, W,, Lusk, C., ... Villar, R. (2004). The world-
wide leaf economics spectrum. Nature, 428, 821-827. https://doi.
org/10.1038/nature02403

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Dietrich, P., Eisenhauer, N., &
Roscher, C. (2023). Linking plant diversity-productivity
relationships to plant functional traits of dominant species
and changes in soil properties in 15-year-old experimental
grasslands. Ecology and Evolution, 13, €9883. https://doi.
org/10.1002/ece3.9883

85U8017 SUOWILLIOD @A 181D 3|cedl[dde 8Ly Aq peusenob afe sejoe O ‘8sN JO S8|nJ o Akeid1T8U1UO /8|1 UO (SUORIPUOD-PUR-SLUIBIALIO" A |IM ALRIq U1 UO//:SdNL) SUORIPUOD PUe Swie | 8U18es *[£202/50/50] Uo A%iqiTauljuo A8 (1M ‘SeISeAIUN Jeyin une N-Yed Aq £886'€898/200T 0T/I0p/AL0D" A8 | M Ake.q 1 jpul [UO//:SANY WoJy pepeojumod ‘€ ‘€202 ‘852L5702


https://doi.org/10.1016/j.ppees.2018.05.001
https://doi.org/10.1016/j.ppees.2018.05.001
https://doi.org/10.1007/s00442-007-0846-4
https://doi.org/10.1007/s00442-007-0846-4
https://doi.org/10.1111/j.1365-2745.2008.01353.x
https://doi.org/10.1007/s11104-010-0647-0
https://doi.org/10.1111/gfs.12158
https://doi.org/10.1002/glr2.12009
https://doi.org/10.1371/journal.pone.0158110
https://doi.org/10.1126/science.1060391
https://doi.org/10.1126/science.1060391
https://doi.org/10.2307/2641171
https://doi.org/10.1002/ecy.3833
https://doi.org/10.1002/ecy.3833
https://doi.org/10.1111/brv.12499
https://doi.org/10.1128/AEM.64.12.5004-5007.1998
https://doi.org/10.1128/AEM.64.12.5004-5007.1998
https://doi.org/10.1890/10-1915.1
https://doi.org/10.1890/10-1915.1
https://doi.org/10.1016/j.tree.2017.02.011
https://doi.org/10.1016/j.tree.2017.02.011
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1002/ece3.9883
https://doi.org/10.1002/ece3.9883

	Linking plant diversity–­productivity relationships to plant functional traits of dominant species and changes in soil properties in 15-­year-­old experimental grasslands
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design
	2.2|Plant-­related measurements
	2.3|Soil-­related measurements
	2.4|Data analyses

	3|RESULTS
	3.1|Plant species richness and species identity influence plant community biomass production and biodiversity effects (H1)
	3.2|Plant species richness and species identity influence community-­weighted means (CWM) of plant traits and AMF colonization rates (H2)
	3.3|Plant species richness and species identity influence soil properties (H3)
	3.4|Relationships between plant traits and soil properties (PCA results)
	3.5|Direct and indirect effects of plant and soil variables on community biomass production and biodiversity effects (H4)

	4|DISCUSSION
	4.1|Plant species richness and species identity influence plant community biomass production and biodiversity effects (H1)
	4.2|Plant species richness and species identity influence community-­weighted means (CWM) of plant traits and AMF colonization rates (H2)
	4.3|Plant species richness and species identity influence soil properties (H3)
	4.4|Relationships between plant traits and soil properties
	4.5|Direct and indirect effects of plant and soil variables on community biomass production and biodiversity effects (H4)

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	OPEN RESEARCH BADGES
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


