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Abstract Plant diversity is an important driver of nitrogen
and phosphorus stocks in aboveground plant biomass of
grassland ecosystems, but plant diversity effects on other
elements also important for plant growth are less under-
stood. We tested whether plant species richness, functional
group richness or the presence/absence of particular plant
functional groups influences the Si and Ca concentrations
(mmol g_l) and stocks (mmol m~?) in aboveground plant
biomass in a large grassland biodiversity experiment (Jena
Experiment). In the experiment including 60 temperate
grassland species, plant diversity was manipulated as sown
species richness (1, 2, 4, 8, 16) and richness and identity
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of plant functional groups (1-4; grasses, small herbs, tall
herbs, legumes). We found positive species richness effects
on Si as well as Ca stocks that were attributable to increased
biomass production. The presence of particular functional
groups was the most important factor explaining variation
in aboveground Si and Ca stocks (mmol m~2). Grass pres-
ence increased the Si stocks by 140 % and legume pres-
ence increased the Ca stock by 230 %. Both the presence
of specific plant functional groups and species diversity
altered Si and Ca stocks, whereas Si and Ca concentra-
tion were affected mostly by the presence of specific plant
functional groups. However, we found a negative effect of
species diversity on Si and Ca accumulation, by calculating
the deviation between mixtures and mixture biomass pro-
portions, but in monoculture concentrations. These changes
may in turn affect ecosystem processes such as plant litter
decomposition and nutrient cycling in grasslands.
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Introduction

Recent synthesis works have converged on the conclusion
that biodiversity can contribute to control ecosystem pro-
cesses and properties such as biomass production, nutrient
cycling and storage (Balvanera et al. 2006; Cardinale et al.
2006). Moreover, biodiversity experiments have shown
that increased plant species richness affects cycling of the
most abundant elements essential for plant nutrition, such
as nitrogen and phosphorus (Mueller et al. 2013; Oelmann
et al. 2011b; Roscher et al. 2008). In addition to species
richness effects, the functional diversity of the plant com-
munity and the presence of key plant functional groups
such as legumes or grasses have been shown to alter nitro-
gen and phosphorus pools (BeBler et al. 2012; Oelmann
et al. 2007; Spehn et al. 2002). Sown plant diversity also
affects elemental stoichiometry, such as C:N, C:P and N:P
ratios (Abbas et al. 2013). While most experiments have
focused on N and P, other plant macro- and micronutrients
and elements such as silicon and calcium have received far
less attention.

Silicon (Si) is the second most abundant element in
the Earth crust and involved in physiological processes of
many organisms. A large number of terrestrial plants (i.e.,
trees and grasses) and aquatic plants (i.e., emergent and
submerged macrophytes) accumulate substantial amounts
of Si in their tissues (Broadley et al. 2012; Schaller et al.
2012; Struyf and Conley 2009). In herbaceous vegeta-
tion, Si is important for nutrition and nutrient cycling,
especially in grasses (Schaller and Struyf 2013; Schoe-
lynck et al. 2014). Current research addresses the role of
Si in plant physiology because of a strong interdepend-
ency of Si uptake and plant biomass production, as well
as nutrient concentration (C, N, P) and specific plant traits
(Cooke and Leishman 2011a, b; Schaller et al. 2012; Sch-
oelynck et al. 2010). Plant communities dominated by Si-
accumulating species cycle large amounts of Si via plant
root uptake and litter fall (Cornelis et al. 2010; Melzer
et al. 2010). Si stored in dead plant biomass is released in
soils and sediments at rates comparable to Si-containing
minerals, such as illite and kaolinite (Dixit and Van Cap-
pellen 2002; Fraysse et al. 2009). By contrast, quartz has
a ten times lower solubility compared to illite and kao-
linite. This suggests that Si-accumulating plants can influ-
ence Si turnover rates in ecosystems by Si uptake and
storage and release of Si during decomposition of plant
material (Ehrlich et al. 2010; Lucas 2001; Sommer et al.
2006). A regular harvest induces a very high export of
biogenic Si, resulting in a strong decrease of biogenic Si
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availability, as shown previously for crop plants (Vande-
venne et al. 2012).

Silicon in the roots and stems exists mainly as silicic
acid [Si(OH),], an uncharged monomeric molecule (if
pH is <9), whereas in tissues with transpiratory function
(leaf blades and leaf sheath) silicic acid mainly polymer-
izes to different forms of silica gel [nSiO, + nH,0] (Q*-
and Q4-gr0ups), [(HO)Si-(OSi™);] known as Q3-gr0up and
[Si-(0Si™),] as Q*-group with a higher condensation state
(Ma and Yamaji 2006; Schaller et al. 2013). Silicon may
be immobilized by biomineralization as plant opals (phy-
toliths) in the cell wall, cell lumen and intercellular spaces
(Blinnikov et al. 2013; Epstein 1999) or in amorphous form
as Si double layer in the epidermis or near-epidermis area
(intra- and/or intercellular with connection to either the cut-
icule and/or the mesophyll) (Currie and Perry 2007; Hod-
son and Sangster 1988). The amorphous Si, e.g., in the Si
double layer is of equal importance regarding Si accumu-
lation, especially under high Si availability (Schaller et al.
2012). Hence, reporting phytolith data for plant material, as
commonly done, may not always reflect the complete plant
Si status. The Si concentrations of grasses have been shown
to influence biomass production in single species labo-
ratory experiments by increasing nutrient use efficiency
(Schaller et al. 2012). In contrast, little is known about the
effects of Si accumulation on biomass production under
field conditions (Cooke and Leishman 2011b).

For legumes, calcium (Ca) is known to positively affect
biomass production (Andrew and Johnson 1976; Jakob-
sen 1993). Ca is bound in the apoplasm in cell structures
as an organo-complex, in exchangeable form on the cell
walls and exterior surface of the plasma membrane (Mar-
schner 2003). The mobility in the symplasm is low. Cal-
cium concentrations in plants are highly variable, but are
generally lower in monocots (including grasses) than eud-
icots (Broadley et al. 2003). After entering the root, most
Ca is transported passively in the apoplasm. Ca delivery to
the xylem is restricted mostly to the tips of roots and areas
where lateral roots emerge. Long-distance transport of Ca
occurs exclusively in the xylem. Calcium is transported
passively with the transpiration stream and tends to accu-
mulate at the end of the stream in the leaves. It is not re-
translocated in the phloem and therefore increases in con-
centration with leaf aging.

The composition of grassland communities in the field is
likely to affect Ca and Si concentration in the aboveground
biomass. Grasses are known as Si accumulators (Epstein
1994), whereas many legumes are Ca accumulators (Bauer
et al. 2011; Broadley et al. 2004; Larcher 2003). There are
also interactions between Ca and Si. It was found that Si
availability affects the Ca concentration of grasses (Brack-
hage et al. 2013). Hence, the abundance of particular plant
functional groups (grasses, legumes) in plant communities
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is likely to affect Si and Ca biogeochemistry, due to differ-
ences in elemental concentrations among plant species and
related effects on nutrient cycling via decomposition. Only
a few studies exist on Si and Ca in aboveground biomass of
grassland systems, mainly describing the impact of climate
and soil type, but not relating Si and Ca to species diver-
sity or functional composition of the plant community (Han
et al. 2011; Song et al. 2014; White et al. 2012). The main
objective of the present study was to investigate the inter-
play between sown diversity (species richness, functional
group richness), plant community composition (identity of
functional group), and plant Si and Ca pools. We therefore
used plant material from the Jena Experiment, a grassland
biodiversity experiment established in 2002 on 82 plots
combining different levels of plant species richness (1, 2,
4, 8, 16) with gradients in functional group richness and
composition (grasses, small herbs, tall herbs, legumes). The
Jena Experiment is most suitable to test for diversity effects
possibly increasing the Si and Ca pools in the aboveground
biomass, as shown in the same experiment for nitrogen by
BeBler et al. (2012). Such positive diversity effect was also
shown for phosphorus accumulation in the aboveground
biomass (Karanika et al. 2007). Hence, the Si and Ca pools
in the aboveground biomass are not only dependent on
which species are chosen, but may be positively affected
by complementary, facilitation and dominance of particular
productive species on Si and Ca accumulation in the above-
ground biomass. As both elements (Si and Ca) are known to
positively affect biomass production (see above), the effect
of complementarity may be important for Si and Ca pools
in the aboveground biomass. We hypothesized that (1) spe-
cies richness is positively related to both aboveground Si
and Ca stocks (mmol m~?2) due to positive species richness
effects on biomass production, (2) plant functional group
identity affects both Si and Ca stocks due to positive effects
of both the presence of grasses on aboveground Si concen-
tration (mmol g~!) and legumes on aboveground Ca con-
centrations (mmol g~ ).

Materials and methods

The Jena Experiment, a large grassland biodiversity experi-
ment established in 2002 on a former agricultural field, is
located in the floodplain of the River Saale near the city of
Jena (Thuringia, Germany, 50°55'N, 11°35’E, 130 m a.s.l.)
(Roscher et al. 2004). The mean annual air temperature is
9.3 °C, and annual precipitation averages 584 mm in the
area around Jena (Kluge and Miiller-Westermeier 2000).
The experimental design is described in detail in Roscher
et al. (2004). Briefly, the main experiment comprises 82
plots of 20 m x 20 m size and varies the factors plant spe-
cies richness (1, 2, 4, 8, and 16) near-orthogonal to the

richness of plant functional groups (1, 2, 3, and 4). These
functional groups are grasses (16 species), legumes (12
species), small herbs (12 species), and tall herbs (20 spe-
cies) and consist of species typical for Central European
temperate grasslands [Arrhenatherion community; (Ellen-
berg 1988)]. Each species used in the experiment was also
grown in replicated monocultures of 3.5 m x 3.5 m size.
To account for a gradient in soil characteristics due to the
fluvial dynamics of the Saale River, the experiment was
established in four blocks parallel to the riverside. Close
to the river (block 1), the topsoil consists of sandy loam,
gradually changing into silty loam with increasing distance
from the river (block 4) (Roscher et al. 2004). Each block
contained an equal number of large plots per species rich-
ness x plant functional group richness combination and
small monocultures per functional group. The plots were
mown twice a year (June and September) and mown mate-
rial was removed. The plots did not receive any fertiliza-
tion. In addition, plots were weeded (at the beginning of
the growing season and after first mowing) to maintain the
sown species combinations.

Prior to first mowing above the soil surface, the bio-
mass was sampled by cutting plant material 3 cm above the
ground level in four (or three) rectangles of 20 cm x 50 cm
size, randomly positioned in each plot at peak biomass in
June. The biomass was sorted to sown species, weeds and
detached dead plant material. All samples were dried at
70 °C (48 h). For details, see Weigelt et al. (2010). For the
present study, aboveground biomass samples from all sown
species combinations (2005-2007) and samples from the
monocultures (only 2005) were ground with a ball mill.

We used stored biomass samples for Si and Ca analy-
ses. A CEM Mars5 microwave digestion system (CEM
Corporation, Matthews, NC, USA) was used to digest the
ground material at 180 °C using 3 ml HNO;, 2 ml H,0,,
0.5 ml HF and 5 ml H;BO; (silicon measurement) (Taber
et al. 2002) or 5 ml HNOj; (calcium measurement). For
digestion using HF, the digestion vessels were opened only
under cool conditions (to avoid losses) and the follow-
ing digestion using H;BO; was done to bind excess HF.
The method was tested using standard reference material
(recovery rate of ~98 %, data not shown). Standard refer-
ence material (poplar leaves, GBW7604; office of Certified
Reference Material, Langfang, China) was used for quality
assurance. Silicon was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Optima
7000DV, Perkin Elmer) with UV detection and quantifi-
cation at 251.6 nm (Si). For the Ca measurements, atom
absorption spectroscopy (AAS, AA240FS Fast Sequential
AAS, Varian, Palo Alto, USA) was used. Calibration func-
tions were recorded from mixed calibration samples, which
were prepared from single-element solutions (Bernd Kraft,
Duisburg, Germany). The limit of detection was calculated
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as the threefold standard deviation of the instrument blank
(0.3 mg L™"). All chemicals were of analytical grade.

From the Si and Ca concentrations in mmol g’l, we
calculated the standing stock of Si and Ca in mmol per
m? using the biomass data per m> (Weigelt et al. 2010). In
addition, we used two different methods to calculate the
difference (D) between the observed Si and Ca accumula-
tion in mixture (O) and the expected Si and Ca accumu-
lation (E) from monocultures (Hooper 1998) to evaluate
whether positive diversity effects on Si and Ca accumula-
tion in aboveground biomass are attributable to comple-
mentarity effects or the dominance of species with high Si
or Ca accumulation in the mixtures. We assessed the differ-
ence D, .., between the observed Si and Ca accumulation
in the mixture and the Si and Ca accumulation expected
from the Si and Ca accumulation (E,.,,) of the species
in monocultures (U) and their sown proportion k in the
mixture according to (BeBler et al. 2012), to estimate the
potential positive effects of complementary facilitation and
dominance of particular productive species 1...k on Si and
Ca accumulation in the aboveground biomass according to
the equation:

Drean = 0 - Emean
with
Emean = (Ui x 1/k+Us x 1/k+ -+ U x 1/k).

D, can > 0 suggests higher Si or Ca accumulation in the
aboveground biomass due to complementary facilitation
and dominance of particular productive species. To asses if
there is an “extra” Si and Ca accumulation due to facili-
tation and/or complementarity, the difference Dygignee
between the observed Si and Ca accumulation in the
mixture and the Si and Ca accumulation expected from
Si and Ca accumulation of the species in monocultures
(U) weighted by biomass proportion p, of species 1...k
(Eycightea) Was calculated also according to (BeBler et al.
2012), to evaluate the contribution of particular produc-
tive, dominant species to a potential positive effect of plant
diversity on Si and Ca accumulation in the aboveground
biomass according to the equation:

Dweighted =0 - Eweighted
with
Eweighted = (U1 X p1 + Uz x po+-+-+ U X pp).

Dyeighiea > 0 would suggest a higher Si or Ca accumulation
in the aboveground biomass due to complementarity and
facilitation.

We assessed the effects of plant diversity (sown spe-
cies richness, richness of plant functional groups), func-
tional group composition (presence/absence of particular
functional groups) and differences between study years
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on Si concentrations, Si stocks per m?, Ca concentrations
and Ca stocks per m? using linear mixed-effects models.
Plot identity was considered as random effect, and spe-
cies richness (log-transformed), functional group richness
(as linear term), legume presence/absence and grass pres-
ence/absence were treated as fixed effects. Analyses were
conducted by stepwise addition of fixed effects starting
from a constant null model containing only plot as random
effect. First, we expanded models with the sequence block
and species richness followed by functional group richness
according to the major hypotheses of the Jena Experiment
regarding effects of sown diversity on ecosystem processes.
Afterward, the presence/absence of legumes and grasses
was added to the models and finally time (different years
as factor with three levels) (Table 1). In addition, interac-
tions of time and the experimental factors (species rich-
ness, functional group richness, presence of legumes and
grasses, respectively) were entered by stepwise addition
into the model. We used the same statistical method to test
for significance of effects of block, species richness, func-
tional group richness, presence of legumes and presence of
grasses, added in this order to the statistical model. Models
were fitted with the maximum likelihood method, and like-
lihood ratio tests (Chi® ratio) between consecutive models
were applied to test for significant model improvement by
adding fixed effects. Dependent variables were log-trans-
formed prior to analysis to meet the assumptions of linear
mixed-effects models. All analyses were performed with
the Imer function in the package Ime4 (Bates and Sakar
2006) of the statistical software R 3.0.2 (R-Development
Core Team 2012).

Results

Si stocks per m?, Si concentrations and Ca concentra-
tions varied significantly between the experimental blocks
(Fig. S1). Both Si concentration and stock slightly increased
from block 1 to block 4, whereas for Ca concentration
slightly lower values in block 3 were found (p < 0.005,
Scheffé post hoc test). Species richness and functional
group richness increased Si stocks per m% The presence
of grasses also had positive effects on Si stocks (Table 1,
Fig. la): average Si stocks in communities with grasses
were 73 + 46 mmol m~2 compared to 30 4= 24 mmol m >
in communities without grasses. Legume presence slightly
decreased Si stocks (Table 1, Figs. 2, S2). Si stocks were
different between the years (Figs. S3a, S4). A different pat-
tern was revealed for factors affecting the Si concentrations
in mmol g~': Species richness had slightly negative effects,
while functional group richness did not affect Si concen-
trations (Table 1). However, Si concentrations depended
on functional group identity (Fig. 2). Community-level
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Tz}ble 1 Results of linear Source of variation df Si stock per m? Ca stock per m?

mixed-effects models on plant

Si concentration, Si stock per X P X p

m?, plant Ca concentration and

Ca stock per m” Block 3 20.57 <0.001 0.61 0.894
Sown diversity 1 22.24 <0.001 36.10 <0.001
Functional group richness 1 4.41 0.036 2.12 0.145
Legumes presence 1 17.45 <0.001 102.57 <0.001
Grass presence 1 36.06 <0.001 11.92 <0.001
Year 2 11.30 0.004 17.92 <0.001
Year x sown diversity 2 0.18 0.914 2.14 0.343
Year x functional group richness 2 5.06 0.080 1.56 0.458
Year x legumes presence 2 0.76 0.685 4.51 0.105
Year x grass presence 2 0.06 0.971 2.47 0.291
Source of variation df Si concentration Ca concentration

X p X p

Block 3 17.50 <0.001 27.18 <0.001
Sown diversity 1 6.68 0.010 1.37 0.241
Functional group richness 1 0.38 0.536 241 0.121
Legumes presence 1 130.05 <0.001 21.22 <0.001
Grass presence 1 21.65 0.001 92.40 <0.001
Year 2 0.78 0.677 2.00 0.367
Year x sown diversity 2 0.71 0.700 0.39 0.822
Year x functional group richness 2 5.54 0.063 6.21 0.045
Year x legumes presence 2 8.72 0.013 0.73 0.694
Year x grass presence 2 222 0.330 3.63 0.163

Analyses were conducted by stepwise addition of fixed effects starting from a constant null model contain-
ing only plot as random effect. Fixed effects were sequentially fitted. The results of likelihood ratio tests
(x?) that were applied to assess model improvement and the statistical significance of the fixed effects (p

values) are given

aboveground plant Si concentrations were lower in com-
munities with legumes (0.11 £ 0.1 mmol g~') compared
to communities without legumes (0.32 + 0.19 mmol g~ ')
(Table 1, Figs. 1c, 2). In contrast, Si concentrations were
higher if grasses were present (0.28 £ 0.16 mmol g~!) than
if grasses were absent (0.16 &+ 0.17 mmol g_l) (Table 1,
Figs. 2, S5). A significant interaction between year and
the presence of legumes reflected that Si concentration
decreased with the presence of legumes more strongly in
the year 2006 compared to 2005 and 2007.

As shown for Si, sown diversity (species richness)
increased Ca stocks per m? (Table 1, Fig. 1b). The pres-
ence of legumes increased community-level Ca stocks per
m? from 45 & 31 mmol m~? in communities without leg-
umes to 147 + 96 mmol m~2 in communities with legumes
(Table 1, Figs. 1b, 2). On the contrary, the presence of
grasses decreased Ca stocks per m? compared to communi-
ties without grasses (Table 1, Figs. 2, S2). Ca stocks were
different between the years, with highest values for the year
2007 and lowest for 2005 in line with biomass production
(Fig. S4).

Sown diversity (species richness and functional group
richness) did not affect Ca concentrations, as the main
effects remained non-significant (Table 1). Ca concen-
trations were consistently lower in communities with
grasses (0.2 & 0.1 mmol g~!) than in those without grasses
(0.4 + 0.1 mmol g~y in all years (Table 1, Figs. 1, 2). Leg-
ume presence had opposite, but weaker effects: Ca concen-
tration was 0.29 + 0.2 mmol g~! in communities without
legumes and 0.32 + 0.1 mmol g~! in communities with
legumes (Table 1, Fig. S6). In addition, the effects of func-
tional group richness on Ca concentrations varied between
years (Table 1). Based on the data of the monocultures, we
could show that especially the grasses are different com-
pared to the other functional groups (legumes, small herbs
and tall herbs), revealing a higher Si and lower Ca concen-
tration in the aboveground biomass (Fig. S7).

On average, both aboveground Si and Ca stocks are
higher than expected from sown species proportions (D,.,n
in Fig. 3; test for D, = 0: for Si: F = 5.91, p = 0.019;
for Ca: F = 4.78, p = 0.034). Furthermore, D, increased
for Ca also with increasing sown diversity in mixtures, and

@ Springer



282

Oecologia (2016) 182:277-286

250
O  grass- a A
200 - A grass+ .
o A . A
E 1504 A 2 a
<]
: a F oy
E 104 © 5 N N
w
s > 9
50
(a)
0- T T
1.2 4
(o] O  legumes -
1.0 A legumes +
- 0.8+ o
O I
£ 064 o 8 8
E 8 2 8 0
D 0.4 g g‘ 8 g
[©)
O,
0.2 H
0.0 T T T T T
0 1 2 3 4

log (sown div.)

Fig. 1 Effects of diversity (logarithmic scale on the basis of 2) and the presence/absence of legumes or grasses on Si (a) and Ca stocks per m

(b), as well as Si (¢) and Ca concentrations (d)

700
A O legumes-
600 A legumes+
o 500
£ 400
e} ] A A
IS A a
£ 300 a f a A
® A
© 20 a 'Y 4 i
| 3
100 a é
? (b)
0- T T

1.2 7
O  grass-
104 8 A grass+
- o
> 0.8 o
©
Eo.s— 8 o
s o]
= [¢]
8 04 i 3 q
024 oA ?
: G
0.0 T T T T T
0 1 2 3 4

log (sown div.)

2

Fig. 2 Relative effect of 7§ 1.5 -
legume and grass presence as S 1
log response ratio [LN (mean g 1.0+
presence/mean absence)] for ® 2 1
biomass, Si and Ca concentra- % e 05 _
tions and stocks of the years S % 0.0
2005-2007 2o |
382 05-
I
g -1.0 1 [ Grass
g 1 [ Legumes
= -1.5 T T T T 1
Biomass Si concentration Ca concentration Si stocks Ca stocks

increased with increasing functional group richness for Si
and Ca, but slightly increased when legumes were present
(Table 2; Fig. 3). For Dygneq ON average, both above-
ground Si and Ca stocks were lower than expected from
biomass proportions of species in mixtures (Dyejghteq I
Fig. 3; test for Dy¢jgneq = 0: for Si: F = 10.21, p = 0.002;
for Ca: F = 745, p = 0.009) (Table 2; Fig. 3). Further-
more, Dyionieq decreased for both Si and Ca when legumes
were present.

Discussion

The main conclusion from this study is that Ca and Si
concentrations and stocks differ in their response to the
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presence/absence of particular functional groups, while
increased sown diversity did not affect the concentrations
of these elements but increased elemental stocks. Sown
diversity effects on Ca stocks were mediated by strong
biomass increases, but did not increase the incorporation
of these elements (accepting hypothesis i), whereas for Si
stocks sown diversity effects were mediated by a slight
decrease of Si concentrations and strong increase of bio-
mass. Compared with modeled Si and Ca stocks expected
from monocultures, we found a negative effect of compe-
tition for Si or Ca accumulation in the aboveground bio-
mass in mixed cultures, denying hypothesis i. These results
Of Dyeighiea further show that the positive effects shown
when only comparing the results from the mixtures are
related to the dominance of certain species. The presence
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Table 2 Results of linear
mixed-effects models on D, .,
and Dyg;peq Of the aboveground

Si and Ca accumulation

Source of variation df D ean Si D, can Ca

X p X P
Block 3 1.69 0.639 0.46 0.928
Sown diversity 1 2.29 0.130 4.98 0.026
Functional group richness 1 7.36 0.007 6.33 0.012
Legumes presence 1 0.39 0.531 5.26 0.022
Grass presence 1 0.58 0.448 1.72 0.190
Source of variation df Dyeighted Si Dyeigniea C2

X p X p
Block 3 2.03 0.566 2.08 0.556
Sown diversity 1 0.66 0.418 0.14 0.707
Functional group richness 1 0.51 0.474 3.37 0.066
Legumes presence 1 4.85 0.028 7.19 0.007
Grass presence 1 0.70 0.404 1.47 0.225

Analyses were conducted by stepwise addition of fixed effects starting from a constant null model contain-
ing only plot as random effect. Fixed effects were sequentially fitted. The results of likelihood ratio tests
(x?) that were applied to assess model improvement and the statistical significance of the fixed effects (p

values) are given

of grasses increased both concentrations and stocks of Si,
but decreased concentrations and stocks of Ca. The exact
opposite effects were observed for the presence of legumes.
These results are in accordance with our second hypothesis
(ii), stating that functional group identity affects concentra-
tions of these elements in tissues and thereby also the ele-
mental stocks.

The significant effects of our block design on Si stocks
per m% Si concentrations and Ca concentrations may be
explained by the decreasing sand and increasing silt con-
tent from block 1-4 (Leimer et al. 2015), possibly slightly
increasing Si. It was shown earlier that silicon availability
was negatively correlated to sand and positively correlated
to increasing silt/clay content in soil (Makabe et al. 2009).
The positive effect of species richness on both Si and Ca

stocks is in line with earlier finding on nitrogen (Oelmann
et al. 2011a). As functional group richness did not affect Si
or Ca concentration (and low effects on stocks), we con-
clude that functional group identity had a much stronger
impact on the use of these elements. Silicon concentration
in the aboveground biomass decreased with the presence of
legumes (and probably also with the presence of small and
tall herbs; see Fig. S7) as non Si-accumulator plants, but
increased with the presence of grasses as Si-accumulator
plants (Broadley et al. 2012).

The analysis of Si and Ca stocks does not allow for dis-
entangling effects on Si incorporation (concentrations)
and the effects of altered biomass production on Si and Ca
stocks, which could increase without effects on tissue ele-
ment concentrations. The aboveground biomass production

@ Springer



284

Oecologia (2016) 182:277-286

in the Jena Experiment has been shown to increase with
increasing species richness, increasing functional group
richness and the presence of legumes (Marquard et al.
2009). A higher biomass production per m? can increase
elemental stocks, but in turn can also weaken plant diver-
sity effects on Si concentrations by dilution (i.e., lower
relative abundances of particular functional groups) as has
been shown in a previous study for phosphorus (Oelmann
et al. 2011b). These differences in biomass production
may possibly be the reason for differences in stock values
between the different years. The impact of the presence of
grass on Si stock can be explained by the fact that Si is ben-
eficial for growth of grass species and high Si concentra-
tions are commonly found in these plants (Broadley et al.
2012; Cooke and Leishman 2011a).

In contrast to results on Si, the presence of legumes was
the most important factor influencing community-level Ca
stock per m%. Legumes are well known as plants requiring
higher levels of Ca (and all other nutrients except N) for
optimal growth (Broadley et al. 2004). For Ca concentra-
tions, a dilution effect in the presence of grasses and an
increase in the presence of legumes as Ca-accumulator
plants were found, analogous to findings for single spe-
cies measurements in other studies (Broadley et al. 2004).
Combining both data of Ca stock and Ca concentration
indicated that a part of the effect of the presence of legume
on increasing Ca stocks was related to a change in commu-
nity Ca concentrations, whereas a major part may be due to
enhanced biomass production. This is in line with the find-
ings of Oelmann et al. (Oelmann et al. 2011a, b) showing
that aboveground N and P stocks increased if legumes were
present in the plant mixture due to an increased biomass
production. Phosphorus uptake by legumes may in turn be
increased by Ca uptake (Robson et al. 1970). Hence, it is
possible that the presence of legumes positively affects bio-
mass production due to enhanced p uptake, which in turn
may be controlled by enhanced Ca uptake, resulting in
higher Ca stock per m2. The dilution effect of the presence
of grass on Ca stock can be explained by the fact that Si
accumulation in grasses counteracts Ca uptake (Brackhage
et al. 2013) as grasses are generally not Ca-accumulator
plants.

To estimate the size of the positive relationship between
species richness and Si and Ca accumulation in the above-
ground biomass (Fig. 3), we calculated the deviation of the
observed Si and Ca accumulation in the aboveground bio-
mass in each mixture from the expected values of mono-
cultures of the species (D,,.,,)- Based on this approach, Si
accumulation in the aboveground biomass was increased
by 17 mmol m~2 and Ca accumulation was increased by
13 mmol m~?2 in plant mixtures compared to the expected
values (Fig. 3). This increase of Si and Ca accumulation in
the aboveground biomass may be due to complementary
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Si and Ca accumulation and facilitation and also particu-
lar productive species with high Si and Ca accumulation,
which possibly displace less productive species. To ana-
lyze the effect of particular productive species separately
from the contribution of complementary facilitation to
the Si and Ca accumulation in the aboveground biomass,
Dyeighea Was calculated as the deviation of the observed Si
and Ca accumulation in each mixture from that expected
from the actual biomass proportion of the species. Based
on this approach, Si and Ca accumulation in mixtures was
lower (Si: —3 mmol m~? and Ca: —26 mmol m~2) than
expected. Thus, there was a negative effect of mixtures on
Si and Ca accumulation in the aboveground biomass, pos-
sibly by dilution due to higher biomass production, but
no clear relationship between a dominant plant functional
group and positive or negative effects on Si and Ca stocks
was found. This is in contrast to the results of BeBler et al.
(2012) for nitrogen for the same experiment. But for nitro-
gen, this positive effect of species richness on Dgjopeq May
be explained by the N, fixation by legumes and by comple-
mentary resource use, i.e., the species-specific preference
for different nitrogen sources (nitrate and ammonium).
Considering only non-legumes regarding nitrogen accu-
mulation in the aboveground biomass (as legumes are able
to take up additional N,-fixation, which does not count as
complementarity), BeBler et al. (2012) found no effects of
species richness on nitrogen accumulation in the above-
ground biomass. For Si and Ca, we found no evidence of
possible utilization of different pools by different species or
an extra source such as nitrogen for legumes, because there
are no different pools of Si and Ca in bulk soils, and thus
all plants have to compete for the same pools. However,
for phosphorus, a positive effect of species richness was
reported by (Karanika et al. 2007), and for the Jena Experi-
ment at least no dilution effect was found (Oelmann et al.
2011b). Compared with the positive or balanced effect of
species richness on phosphorus, we found also a positive
species richness effect, when compared with data from the
mixtures (Fig. 1), but rather negative effects suggesting a
dilution of Si and Ca in mixtures, when compared to mod-
eled values from monoculture data (Fig. 3). Consequently,
the positive effect of species richness on Si and Ca pools in
the aboveground biomass as shown in Fig. 1 may be related
to dominant Si- or Ca-accumulating plants. Our results fur-
ther show that Dygjoheq should be used instead of Dy, for
estimating the effects of species richness beyond the effects
of productive, dominant species.

In conclusion, we showed that species richness increased
plant Si and Ca stocks via its positive relationship with
biomass production. Furthermore, the presence of spe-
cific functional groups (grasses for Si and legumes for Ca)
influenced Si and Ca stock per m? in grasslands. However,
in case of Si stocks, the effects of grasses were probably
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higher due to higher community-level Si concentrations
in the presence of this functional group, while in case of
Ca stocks both enhanced Ca concentration and biomass
production explained the increase in the aboveground Ca
stocks in communities with legumes. We also found a nega-
tive effect of species richness on Si and Ca accumulation in
the aboveground biomass, on comparing measured values
from the data of mixtures to those calculated from mono-
culture values. The observed effects on Si and Ca concen-
trations may be important for processes such as decom-
position of the biomass and nutrient cycling or herbivory,
respectively. Plant litter Si concentration is positively cor-
related to decomposition rate, but decouples fungal bio-
mass and litter decomposition, as recently shown for plant
material in aquatic systems (Schaller et al. 2014). A change
in the aboveground plant material Si concentration due to
the presence/absence of a certain plant functional group is
also important for herbivory. Plant material Si compounds
(e.g., in the form of phytoliths) are able to decrease her-
bivory effectively (Massey et al. 2006), which may explain
the negative correlation between herbivory and both spe-
cies richness and the presence of grass as found for the
Jena Experiment previously (Loranger et al. 2014).
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