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Abstract
Background
Loss of biodiversity and increased nutrient inputs are two of the most crucial anthropogenic
factors driving ecosystem change. Although both received considerable attention in previous studies, information on their interactive effects on ecosystem functioning is scarce. In
particular, little is known on how soil biota and their functions are affected by combined
changes in plant diversity and fertilization.

Methodology/Principal Findings
We investigated the effects of plant diversity, functional community composition, and fertilization on the biomass and respiration of soil microbial communities in a long-term biodiversity experiment in semi-natural grassland (Jena Experiment). Plant species richness
enhanced microbial basal respiration and microbial biomass, but did not significantly affect
microbial specific respiration. In contrast, the presence of legumes and fertilization significantly decreased microbial specific respiration, without altering microbial biomass. The effect of legumes was superimposed by fertilization as indicated by a significant interaction
between the presence of legumes and fertilization. Further, changes in microbial stoichiometry (C-to-N ratio) and specific respiration suggest the presence of legumes to reduce N limitation of soil microorganisms and to modify microbial C use efficiency.

Conclusions/Significance
Our study highlights the role of plant species and functional group diversity as well as interactions between plant community composition and fertilizer application for soil microbial
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functions. Our results suggest soil microbial stoichiometry to be a powerful indicator of microbial functioning under N limited conditions. Although our results support the notion that
plant diversity and fertilizer application independently affect microbial functioning, legume
effects on microbial N limitation were superimposed by fertilization, indicating significant interactions between the functional composition of plant communities and nutrient inputs for
soil processes.

Introduction
Loss of biodiversity and increased nutrient inputs are two of the most crucial anthropogenic
impacts on Earth’s biosphere [1,2]. Many studies have investigated the effects of species loss
and eutrophication on ecosystem functioning; however, usually these factors have been considered in isolation. Knowledge of how these factors interactively influence ecosystem functions,
such as decomposition and element cycling, is incomplete (but see e.g. [3,4]).
Plant diversity plays an important role for ecosystem functions, such as primary productivity [5,6] and its temporal and spatial stability [7–9]. Diverse grassland plant communities are
more productive than plant communities with low diversity [6,10]. Positive effects of species
diversity on plant productivity in turn increase the input of organic carbon (C) to the soil, e.g.,
by producing more root exudates and shoot and root litter, thereby enhancing resource supply
to decomposers [11,12]. In particular, grasses may lead to high rates of soil microbial respiration and biomass due to their dense root system and high root exudation rates compared to
other plant functional groups [13,14].
Microbial communities are known to respond to the identity and diversity of C substrates
secreted by plant roots [11,15,16]. As different plant species provide different biochemical
compounds [17], higher plant diversity is likely to improve the nutrition of microorganisms.
Thus, microorganisms may not only profit from higher quantity, but also from higher variety
of plant-derived resources in species-rich plant communities [11] and from lower temporal
variability of C supply [18]. Consequently, microbially-driven processes, such as decomposition and element cycling, are affected by plant diversity [19]. Previous studies found microbial
biomass to increase with increasing plant diversity [12,14,20], thereby also modifying biogeochemical cycles [4,12]. However, previous studies also stressed the importance of certain plant
functional groups for the composition and functioning of soil organisms [21,22]. For instance,
N fixation by rhizobia associated with legumes and high root biomass of grasses have been
identified as major drivers of soil communities [22,23].
Given the significant role of N in shaping the composition of terrestrial ecosystems [24],
anthropogenic N inputs may alter the relationship between plant diversity and ecosystem functioning [25] as well as interactions between plants and soil organisms [4,26]. Soil microorganisms are generally C-limited [27–29] and drive soil N transformations that, for a large part,
require easily accessible C [28]. On the other hand, plants are typically N- and/or P limited
[30]. N addition therefore generally increases primary productivity and organic matter input to
the soil [31,32], and can directly contribute to microbial growth and activity [33], thereby leading to enhanced competition between plants and microorganisms for N [34]. However, N
addition can also adversely affect soil microbial biomass and activity [33]. A number of mechanisms have been proposed to explain effects of increased N input on soil microbial growth,
including soil acidification [35,36] as well as leaching of nutrients such as magnesium and
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calcium [24,33]. This leads to uncertainty on the overall outcome for soil microbial properties,
especially when considering N addition in interaction with other environmental changes.
We investigated effects of plant diversity and community composition, fertilizer addition,
and their interactions on the activity (respiration) and biomass of soil microorganisms in temperate grassland. At the Jena Experiment field site, where we conducted this study, the positive
effect of fertilizer on primary productivity was slightly strengthened by plant species richness
[37]. However, effects of fertilization mainly occurred in plots without legumes [37],suggesting
significant interactive effects of plant community composition and fertilization on soil microorganisms. Specifically, we tested the following hypotheses:
1. Plant species and functional group richness increase soil microbial respiration and biomass
due to increased resource supply by plants.
2. Plant functional groups (grasses, small herbs, tall herbs, legumes) differently affect soil microorganisms due to group-specific functional traits.
3. Fertilization increases soil microbial biomass and respiration by enhancing
plant productivity.
4. Effects of plant diversity and community composition on soil microbial respiration and biomass are strengthened by fertilization.

Materials and Methods
Ethic statement
Soil and plant biomass sampling was conducted with the permission of the city council of Jena,
Germany.

Study site
The experiment was performed on the field site of the Jena Experiment, a long-term biodiversity study focusing on the role of biodiversity for ecosystem functioning in semi-natural temperate grassland [38]. The study site is situated in the floodplain of the Saale River near the city of
Jena (Thuringia, Germany, 50°55`N, 11°35`E, 130 m a. s. l.). Mean annual temperature is 9.3°C
and mean annual precipitation is 587 mm. Prior to establishment of the Jena Experiment in
May 2002 the site had been used as arable field for about 40 years. The plant communities established in the Jena Experiment were assembled from plant species typical for hay meadows
in Central Europe.

Experimental design
We established model grassland communities from a pool of 60 plant species differing in two
aspects of plant diversity. The experiment included a gradient of plant species richness of 1, 2,
4, 8, 16 and 60 plant species and a gradient of plant functional group richness of 1, 2, 3 and 4
different plant functional groups (for details see [38]). Plant species were ascribed to functional
groups using cluster analysis based on above- and belowground morphological traits, phenological traits, and N2 fixation [38]. The 60 species were grouped into grasses (16 species), small
herbs (12 species), tall herbs (20 species), and legumes (12 species).
The experiment consists of 82 plots of 20 × 20 m. Plots are mown twice a year in June and
September and weeded in April and July to maintain the target plant species composition.
Plots were grouped into four blocks with two blocks sampled in the present study. Each block
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contains an equal number of plots of plant species and plant functional group richness levels.
For more detailed information on the experimental design see [38].

Fertilizer treatment and aboveground plant biomass sampling
Within each plot of 20×20 m, two subplots of 1.6 × 4.0 m each were established; fertilizer was
added to one of the subplots as mineral NPK pellets (100 kg N ha-1, 44 kg P ha-1, 83 kg K ha-1)
in early spring (April 2006 and March 2007) and after the first mowing (June 2006 and June
2007); control subplots were kept unfertilized. Plots were mown twice a year during the growing season (June and September) at approximately 3 cm above soil surface. The cut material
was removed from the plots. Mowing, fertilizing, and weeding were carried out block-wise, and
the block effect was included in the statistical model. For more details see [37].
It is known that fertilization can reduce plant species richness, especially in the long-term
[24,39]. To test whether fertilization altered plant species richness in the present study, plant
species number was recorded in 2008 on plots with sown diversity levels of 1, 2, 4, 8, and 16
plant species. Species richness was derived from species-specific frequency measurements in 30
quadrats of 10 x 10 cm in size within the core area of 1x1 m in fertilized and unfertilized
subplots (S1 Fig). Indeed, fertilization slightly reduced plant species richness compared to unfertilized subplots (F = 10.54, P<0.05), but on average only by 0.52 ± 0.59 species. Thus, we
consider changes in plant diversity due to fertilization to be negligible. Additionally, we found
a significant positive effect of realized species richness on microbial biomass C in both fertilized
and unfertilized subplots (F = 11.43, P<0.05 and F = 4.5, P<0.05, respectively), confirming the
results of the model using design variables. We are aware that high plant diversity cannot be
sustained in fertilized grasslands in the long-term, but in this experiment synchronous maintenance of both fertilization and high plant diversity was possible because plant species loss due
to fertilization was slow enough [37].
Notably, the design variables of our model, in particular presence of plant functional groups,
were not significantly influenced by fertilization. This was confirmed by additional statistical
analyses (GLM), where we tested the effect of fertilization on the presence of plant functional
groups. Even the presence of legumes, which was most reduced in the framework of this experiment compared to the other plant functional groups, was not significantly influenced by
fertilization (for the effect of fertilization on the presence of legumes: F = 2.59, p>0.1; average
reduction of legume species was only 0.19 ± 0.27 species).

Soil and aboveground plant biomass sampling
Soil samples were taken in June 2008 in control and fertilized subplots in each of the plots of
blocks 1 and 2. Eight samples were taken per subplot with a soil corer (1.5 cm diameter, 15 cm
deep), pooled and transferred to the laboratory. Roots and soil animals were picked by hand
and the samples sieved through 2 mm mesh. Aboveground plant biomass was harvested
subplot-wise in one randomly placed 0.2 × 0.5 m area, dried (70°C, 48h) and weighed [37].

Soil microbial biomass, C-to-N ratio, and respiration
Microbial biomass C (MBC) was measured by substrate-induced respiration (SIR; see below)
and chloroform fumigation extraction (CFE); soil microbial biomass determined by the two
methods correlated significantly (R2 = 0.55, P < 0.001). Combined with measurements of microbial biomass N (MBN), the latter was used for calculating microbial C-to-N ratio, whereas
the former was used to calculate microbial specific respiration as both basal respiration and
substrate-induced respiration were measured from the same soil sample (see below).
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For measurement of microbial biomass by chloroform fumigation extraction (MBCCFE) two
subsamples of 7 g were taken from each soil sample, one was fumigated with chloroform vapour for 24 h, while the other remained unfumigated. Fumigated and unfumigated samples
were extracted with 40 ml 0.5 M K2SO4 with agitation for 30 min, the extracts were filtered and
frozen. Total C and N in the extracts was measured by dry combustion in a DIMA-TOC 100
Analyzer (Dimatec, Essen, Germany). MBCCFE was calculated as [(total C in fumigated soil)—
(total C in non-fumigated soil)] / 0.45 [40]. MBN was calculated as [(total N in fumigated
soil)–(total N in non-fumigated soil)]/0.54 [41]. Gravimetric soil water content was measured
by drying subsamples at 105°C for 48 h. Microbial biomass C-to-N ratio was determined from
data on soil microbial biomass C and N [41–43].
Microbial basal respiration was measured using an O2 microcompensation apparatus [44].
O2 consumption of soil microorganisms in fresh soil equivalent to 3.5 g dry weight was measured at 22°C over a period of 24 h. Basal respiration [μL O2 g-1 dry soil h-1] was calculated as
mean of the O2 consumption rates of hours 14 to 24 after the start of measurements. Substrateinduced respiration [45] was determined by adding D-glucose to saturate catabolic enzymes of
microorganisms according to preliminary studies (4 mg g-1 dry soil solved in 400 μL deionized
water). Maximum initial respiratory response (MIRR; [μL O2 g-1 dry soil h-1]) was calculated
as mean of the lowest three O2 consumption values within the first 10 h after glucose addition.
MBCSIR [μg C g-1 dry soil] was calculated as 38 × MIRR [46]. Data on microbial basal respiration and MBCSIR were used to calculate microbial specific respiration (metabolic oxygen quotient; [μL O2 mg-1MBC h-1]) as a measure of microbial C use efficiency by dividing basal
respiration by MBCSIR [47]. MBCSIR was used to analyze the response of microbial biomass C
to experimental treatments, as done in previous studies of the Jena Experiment [14].

Statistical analyses
Data (except microbial C-to-N ratio) were log-transformed to meet the requirements of
parametric statistical tests. Plant species richness was log-transformed to linearize the saturating relationship between plant diversity and soil microbial properties [19]. Effects of block,
plot, (log-transformed) plant species richness, plant functional group richness, fertilization,
and presence of grasses, tall herbs, small herbs, and legumes as well as interactions between
plant community factors and fertilization were analyzed by sequential split-plot general linear
models (GLM, type I sum of squares). Block was fitted first in our model. As we focused on
plant diversity effects, plant species richness or functional group richness were always fitted before presence/ absence of single plant functional groups. These were followed by plot, fertilization and the respective interactions between fertilization and plant community factors. Fvalues given in the results refer to those where the respective factor within each category (e.g.,
plant diversity or presence of plant functional groups) was fitted first [48]. The effects of block
and plant community factors were tested against plot in order to avoid pseudo-replication,
whereas fertilization and interactions were tested against the total error. Multiple comparisons
of means were conducted using Tukey’s honest significant difference test. We did not correct
for multiple statistical tests considering the mathematical and logical argumentation by Moran
[49]. Statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, USA). Regressions
between microbial C-to-N ratio as well as aboveground plant biomass and microbial properties
were carried out using Sigmaplot 10.0 (Systat Software Inc., San Jose, USA).

Results
Soil water content and aboveground plant biomass were significantly increased by plant species
richness (F = 13.12, P<0.001, R2 = 0.16, and F = 58.45, P< 0.001, R2 = 0.43, respectively).
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Moreover, plant species richness significantly increased basal respiration and MBCSIR (Fig 1a
and 1b; Table 1). Aboveground plant biomass and soil water content correlated positively
with MBN (plant biomass: F = 8.31, P<0.01, R2 = 0.09,Fig 1c; soil water: F = 89.35, P<0.001,
R2 = 0.53) and MBCSIR (plant biomass: F = 10.88, P<0.01, R2 = 0.12, Fig 1d; soil water:
F = 47.18, P<0.001, R2 = 0.37). Nevertheless, plant diversity effects on soil microbial respiration and MBCSIR remained (marginally) significant even if accounting for the effect of aboveground plant biomass (respiration: F = 17.77, P<0.001; microbial biomass: F = 7.40, P<0.01) or
soil water content (respiration: F = 5.53, P<0.05; microbial biomass: F = 3.23, P<0.1), indicating
that plant diversity effects on soil microbial properties cannot be fully explained by aboveground
plant biomass production and soil water content. Plant functional group richness significantly
enhanced basal respiration, but only when fitted before plant species richness (Fig 1e).
The interaction between the presence of legumes and fertilization significantly affected
basal respiration and specific respiration: legumes reduced basal and specific respiration in
non-fertilized plots, but increased both of these variables in fertilized plots (Fig 2a and 2b). As
indicated by regression analyses specific respiration increased significantly with increasing microbial C-to-N ratio in non-fertilized but not in fertilized plots (Fig 2c).
The presence of legumes significantly decreased microbial C-to-N ratio (-12%; Fig 3a),
while the presence of grasses significantly enhanced it (+9%; Fig 3b). Further, the presence of
small herbs significantly increased basal respiration (+18%; Fig 3c) and soil MBCSIR (+18%; Fig
3d). Note that effects of presence of different plant functional groups are effects with plant diversity factors (plant species richness and plant functional group richness) fitted before plant
functional groups. Neither MBN nor microbial C-to-N ratio were significantly affected by
plant diversity measures or by fertilization.

Discussion
We investigated effects of plant community properties and fertilization on soil microbial biomass, respiration and C use efficiency. Plant community properties significantly affected soil
microbial activity (respiration) and biomass, while fertilization affected microbial activity and
C use efficiency (specific respiration). In contrast to our hypothesis, effects of plant diversity
(species and functional group richness) were independent of fertilization. Our results highlight
the importance of plant diversity for increased basal respiration and soil microbial biomass
and are in line with previous studies [4,12,22]. Plant functional groups, legumes, grasses, and
small herbs contrastingly affected soil microbial properties. The significant correlation between
soil water content and plant species richness as well as the weaker plant species richness effect
when fitted after soil water content suggests that effects of plant diversity on soil microbial respiration and biomass are mediated, at least in part, by changes in soil water content [50,51].
Our microbial stoichiometry results (C-to-N ratio) suggest that legumes reduced N limitation
of soil microorganisms, and that under N limitation microbial stoichiometry determines the
functioning of soil microbial communities (as indicated by changes in microbial specific respiration). Additionally, the ratio between fungal and bacterial biomass may have shifted towards
bacteria in the presence of legumes as fungal biomass is known to decrease in presence of legumes and with increased N input [52].
In accordance with our hypothesis 1, plant species richness significantly increased soil microbial biomass and basal respiration. Plant diversity effects on soil microbial properties remained significant even after accounting for the effect of aboveground plant biomass. This
suggests that plant diversity impacted soil microbial functioning via mechanisms not directly
related to aboveground plant productivity. Plant functional group richness increased microbial
basal respiration, but did not significantly affect the other soil microbial parameters measured.
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Fig 1. Effects of plant diversity and shoot biomass on microbial basal respiration and soil microbial biomass C and N. Effects of plant species
richness on (A) basal respiration and (B) soil microbial biomass C. (C) Relationships between aboveground plant biomass (dry weight) and soil microbial
biomass C, and (D) between aboveground plant biomass and soil microbial biomass N. (E) Effects of plant functional group richness on basal respiration.
Note log scale of y-axes. Black dots are measures from unfertilized plots, white dots from fertilized plots. Regression lines with 95% confidence bands.
Asterisks indicate significant differences (**p0.01, ***p0.001).
doi:10.1371/journal.pone.0125678.g001
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Table 1. Fertilization and plant community effects on soil microbial properties.
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0.0002
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0.0083

logSR
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0.0015 "
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0.7912

1, 32

0
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0.2
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0.3
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SH * FERT
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0.3
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1, 32

0.1
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0.2
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0.1

0.727

1, 32

0.4
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d.f. error

33

33

33

32

32

d.f. model

46

46

46

46

46

F-statistic

2.24

3.49

2.22

7.48

6.43

GLM (type I sum of squares) table of F-values for effects of block, plot, fertilization (FERT), log-transformed plant species richness(logSR), plant functional
group richness (FR), presence of grasses (GR), legumes (LEG), small herbs (SH) or tall herbs (TH) and the respective interactions between fertilization
and plant community properties on log-transformed data of microbial basal respiration (logBR), microbial biomass C (logMBCSIR), microbial speciﬁc
respiration (logqO2), and microbial biomass N (log MBN) and un-transformed microbial C-to-N ratio. F-values refer to those where the respective factor
was ﬁtted ﬁrst within its category (plant diversity or presence of plant functional groups). d.f. = degrees of freedom; F = F-value; P = p-value.
" / #
= increase/decrease with increasing diversity level or in presence of the respective plant functional group or treatment. Signiﬁcant effects (P0.05) are
given in bold.
doi:10.1371/journal.pone.0125678.t001

The lack of effects of plant diversity on microbial specific respiration was unexpected, as Wardle and Ghani [53] showed microbial specific respiration to decrease in more stable ecosystems
such as those with high plant diversity [54]. High diversity plant communities are likely to provide high amounts of resources to decomposer communities [9]. Aboveground plant biomass
correlated positively with MBCSIR and MBN despite plants were cut and residues were removed from the plots after mowing, suggesting that enhanced C and N availability to soil microorganisms in high diversity communities was due to increased amounts of root-derived
resources [55]. Microbial communities in the rhizosphere are known to heavily rely on root exudates [56] and other rhizodeposits [57]. Further, more constant C and N inputs into the soil
and high plant coverage in high diverse plant communities [58,59] as well as more constant
and favorable soil moisture [27] may have contributed to higher soil microbial respiration and
biomass at high plant diversity [14].
Hypothesis 2 suggested plant functional groups to differently affect soil microbial properties, due to group-specific plant functional traits [14,38,60]. Supporting this hypothesis, the
presence of legumes significantly reduced basal respiration, specific respiration, and microbial
C-to-N ratio, while small herbs significantly enhanced soil microbial basal respiration and biomass. The fact that legumes did not alter soil microbial biomass is in line with findings of Zak
et al. [12], but contrasts with other plant diversity studies in experimental grasslands (e.g.,
[21,61]). Eisenhauer et al. [14] found increased soil microbial biomass in the presence of
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Fig 2. Interactive effects of the presence of legumes and fertilization on microbial basal respiration
and specific respiration, and correlation between microbial C-to-N ratio and microbial specific
respiration in fertilized and unfertilized plots. (A) Interactive effects of the presence of legumes and
fertilization on soil microbial basal respiration and (B) specific respiration. Means with standard error bars.
Different letters indicate significant differences (*p0.05; **p0.01). (C) Regressions between soil microbial
C-to-N (C:N) ratio and specific respiration in unfertilized plots (black line, black dots) and fertilized plots
(dashed line, white dots) with coefficients of determination and p-values of slopes.
doi:10.1371/journal.pone.0125678.g002
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Fig 3. Effects of plant functional groups on microbial properties. Effects of (A) legumes and (B) grasses on microbial C-to-N (C:N) ratio. Effects of small
herbs on (C) basal respiration and (D) soil microbial biomass C. Asterisks indicate significant differences (*p0.05, **p0.01). Means with standard
error bars.
doi:10.1371/journal.pone.0125678.g003

legumes at the same field site four years before the present study, but this effect disappeared
two years later, indicating a change in the effects of certain plant functional groups on microbial properties over time. N2 fixation by legumes requires high amounts of phosphorus [62], potentially leading to stronger P limitation of soil microorganisms as compared to plant
communities without legumes. Indeed, Oelmann et al. [63] found legumes to reduce labile inorganic P compounds at our study site. Thus, competition for P between soil microorganisms
and legumes may explain the missing legume effect on soil microbial biomass in this study
[64]. Lower microbial C-to-N ratio in the presence of legumes indicates improved nitrogen
supply of soil microorganisms due to N2 fixation by legumes. Therefore, the reduced microbial
specific respiration in the presence of legumes likely was due to improved C use efficiency induced by increased N supply.
In contrast to legumes, the presence of grasses increased microbial C-to-N ratio and specific
respiration, indicating reduced microbial C use efficiency. Grasses are characterized by higher
tissue C-to-N ratios than other plant functional groups and by building dense fibrous root systems with high specific root length [65,66]. Thus, grasses likely enhance microbial activity and
biomass by providing large amounts of rhizodeposits [67]. However, we suggest grasses to
force soil microorganisms to invest more energy into metabolic activity to alleviate N limitation, resulting in competition for N between soil microorganisms and plants [34]. Reduced soil
water content in the presence of grasses likely aggravated the competition between plants and
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microorganisms for capturing N [34,68]. Small herbs are generally shallow-rooting, with most
roots in the soil layer sampled in the present study. Presumably, increased soil microbial activity and biomass in the presence of small herbs in our study were due to increased rhizodeposition in the topsoil [69–71].
In contrast to hypothesis 3, fertilization did not affect soil microbial biomass. In earlier studies effects of fertilization on soil microbial biomass have been found to be positive [72,73], negative [33,74] or neutral [75], suggesting that higher plant productivity due to fertilization does
not uniformly translate into increased soil microbial biomass. A number of mechanisms may
explain the lack of fertilizer effects on soil microbial biomass. First, the removal of the aboveground biomass after mowing prevented aboveground litter from entering the soil. Second, fertilization generally reduces plant resource allocation to belowground structures, resulting in
reduced root biomass [76–78], and hence, reduced root deposits serving as resources for microorganisms. Third, as the response of soil microbial communities to changes in plant community composition has been shown to lag behind by several years [14], our two-year study may
have been too short to uncover the full effects of fertilization on soil microorganisms [33]. Soil
microbial activity may have responded earlier to fertilization than microbial biomass, due to
fertilizer-mediated changes in rhizodeposition [4] or reduced root exudation [32].
Fertilization superimposed the negative legume effect on basal and specific respiration. Legumes are known to negatively respond to N fertilization as they may be outcompeted by
grasses starting to grow earlier in the season and having a more efficient root system for nutrient uptake [79,80]. Notably, both legumes and fertilizer addition decreased microbial respiration, but the underlying mechanisms are likely to be different: legumes decreased microbial
activity probably by improving organic N supply, while fertilization presumably acted through
decreasing rhizosphere priming effects [81] and simultaneously through provision of inorganic
N used by microorganisms [82]. Indeed, earlier studies in forest soils also found N amendment
to decrease soil microbial activity [76,83].
Although it remains elusive whether decreased specific respiration was induced by inhibition of microbial metabolism [33] or by increased microbial C use efficiency [53], we assume
the latter to be more likely as fertilization alleviates N limitation of microorganisms with high
C-to-N ratio. In non-fertilized plots, microbial C-to-N ratio was positively correlated with specific respiration, while this was not the case in fertilized plots, indicating that soil microorganisms at the field site of the Jena Experiment are N limited as indicated in earlier studies [14].
Hence, our results demonstrate microbial stoichiometry to be a powerful indicator of soil microbial functioning in N limited systems [84]. In addition, microbial C-to-N ratios at our study
site are close to that of bacteria (i.e., 5:1 [85]), suggesting that bacteria rather than fungi were
responsible for the observed responses [50].
Contrary to hypothesis 4, fertilization did not strengthen the effects of plant diversity (species richness and functional group richness) on soil microbial respiration or biomass. Except
for the interaction between legumes and fertilizer addition discussed above, fertilization and
plant diversity did not in an interactive way affect any soil microbial parameters measured.
This contrasts earlier studies reporting the addition of N to increase effects of plant diversity
on ecosystem functioning [25,86], or to induce positive biodiversity-ecosystem functioning relationships [87]. At the Jena Experiment field site Weigelt et al. [37] found N fertilization to
slightly increase effects of plant diversity on primary production. Overall, this suggests that
plant diversity and fertilization act through decoupled mechanisms on microbial properties
with the effects being independent of N fertilizer-induced increase in plant productivity in
more diverse plant communities. Alternatively, the weak interactive effect of plant diversity
and fertilization on plant biomass production may not be strong enough to cascade to changes
in soil microbial respiration and biomass.
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Conclusions
Overall, plant diversity beneficially affected soil microorganisms, likely due to changes in rhizodeposition, plant productivity, and soil moisture. Our results underline the importance of plant
functional groups, in particular legumes, for soil microbial functioning and stoichiometry.
Thus, promoting high plant diversity in managed grasslands, by including certain plant functional groups, is likely to beneficially affect microbially-driven ecosystem functions such as decomposition and element cycling. Generally, effects of plant diversity and fertilization were
independent, while the effect of legumes on microbial C use efficiency was modified by fertilization. Both legumes and fertilization alleviated N limitation of soil microorganisms, but this
likely was due to different mechanisms with legumes acting via provisioning of organic N, and
fertilization acting via provisioning of inorganic N and decreasing rhizosphere priming effects.
Our results suggest that both fertilizer application and the presence of legumes reduce soil microbial N limitation, and thereby modulate soil microbial stoichiometry and functioning. To
mechanistically understand the observed response of microorganisms root-derived resources
need closer investigation.
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species specific frequency measurements in 30 quadrats of 10 x 10 cm in size within the core
area of 1 m2 of treated subplots.
(TIF)
S1 Dataset. Data on soil microbial parameters, soil moisture, aboveground plant biomass
and predictor variables used for the statistical analyses.
(XLS)
S2 Dataset. Data on sown and realized plant species numbers on the experimental plots of
the Jena Experiment in 2008.
(XLS)

Acknowledgments
We thank Theodora Volovei for technical assistance.

Author Contributions
Conceived and designed the experiments: RLB PAN MSL SS AW NE. Performed the experiments: RLB PAN MSL SS AW NE. Analyzed the data: TS NE. Contributed reagents/materials/
analysis tools: RLB PAN MSL SS AW NE. Wrote the paper: TS NE SS.

References
1.

Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW, Almond REA, et al. Global biodiversity: indicators of recent declines. Science. 2010 May 28; 328(5982):1164–8. doi: 10.1126/science.
1187512 PMID: 20430971

2.

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney JR, et al. Transformation of the nitrogen cycle: recent trends, questions, and potential solutions. Science. 2008 May 16; 320(5878):889–92.
doi: 10.1126/science.1136674 PMID: 18487183

PLOS ONE | DOI:10.1371/journal.pone.0125678 May 4, 2015

12 / 16

Effects of Plant Diversity and Fertilization on Soil Microorganisms

3.

Isbell F, Reich PB, Tilman D, Hobbie SE, Polasky S, Binder S. Nutrient enrichment, biodiversity loss,
and consequent declines in ecosystem productivity. Proc Natl Acad Sci U S A. 2013 Jul 16; 110(29):11911–6. doi: 10.1073/pnas.1310880110 PMID: 23818582

4.

Chung H, Zak DR, Reich PB, Ellsworth DS. Plant species richness, elevated CO2, and atmospheric nitrogen deposition alter soil microbial community composition and function. Glob Chang Biol. 2007 May;
13(5):980–9.

5.

Roscher C, Temperton VM, Scherer-Lorenzen M, Schmitz M, Schumacher J, Schmid B, et al. Overyielding in experimental grassland communities—irrespective of species pool or spatial scale. Ecol
Lett. 2005 Apr; 8(4):419–29.

6.

Cardinale BJ, Matulich KL, Hooper DU, Byrnes JE, Duffy E, Gamfeldt L, et al. The functional role of producer diversity in ecosystems. Am J Bot. 2011 Mar; 98(3):572–92. doi: 10.3732/ajb.1000364 PMID:
21613148

7.

McCann KS. The diversity-stability debate. Nature. 2000 May 11; 405(6783):228–33. PMID: 10821283

8.

Eisenhauer N, Milcu A, Allan E, Nitschke N, Scherber C, Temperton V, et al. Impact of above- and
below-ground invertebrates on temporal and spatial stability of grassland of different diversity. J Ecol.
2011 Jan 19; 99:572–82.

9.

Tilman D, Downing J. Biodiversity and stability in grasslands. Nature. 1994; 367:363–5.

10.

Reich PB, Tilman D, Isbell F, Mueller K, Hobbie SE, Flynn DFB, et al. Impacts of biodiversity loss escalate through time as redundancy fades. Science. 2012 May 4; 336(6081):589–92. doi: 10.1126/
science.1217909 PMID: 22556253

11.

Hooper DU, Bignell DE, Brown VK, Brussaard L, Dangerfield JM, Wall DH, et al. Aboveground and Belowground Biodiversity in Terrestrial Ecosystems: Patterns, Mechanisms, and Feedbacks. Bioscience.
2000; 50(12):1049–61.

12.

Zak D, Holmes W, White D, Peacock A, Tilman D. Plant diversity, soil microbial communities, and ecosystem function: are there any links? Ecology. 2003; 84(8):2042–50.

13.

Roscher C, Schumacher J, Gubsch M. Using plant functional traits to explain diversity—productivity relationships. PLoS One. 2012 Jan; 7(5):e36760. doi: 10.1371/journal.pone.0036760 PMID: 22623961

14.

Eisenhauer N, Bessler H, Engels C, Gleixner G, Habekost M, Milcu a, et al. Plant diversity effects on soil
microorganisms support the singular hypothesis. Ecology. 2010 Feb; 91(2):485–96. PMID: 20392013

15.

Johnson D, Phoenix GK, Grime JP. Plant community composition, not diversity, regulates soil respiration in grasslands. Biol Lett. 2008 Aug 23; 4(4):345–8. doi: 10.1098/rsbl.2008.0121 PMID: 18426747

16.

Grayston S, Vaughan D, Jones D. Rhizosphere carbon flow in trees, in comparison with annual plants:
the importance of root exudation and its impact on microbial activity and nutrient availability. Appl Soil
Ecol. 1996; 5:29–56.

17.

Grayston SJ, Wang S, Campbell CD, Edwards AC. Selective influence of plant species on microbial diversity in the rhizosphere. Soil Biol Biochem. 1998 Mar; 30(3):369–78.

18.

Milcu A, Thebault E, Scheu S, Eisenhauer N. Plant diversity enhances the reliability of belowground
processes. Soil Biol Biochem. Elsevier Ltd; 2010 Dec; 42(12):2102–10.

19.

Hooper DU, Chapin FS, Ewel JJ, Hector A, Inchausti P, Lavorel S, et al. Effects Of Biodiversity On Ecosystem Functioning: A Consensus Of Current Knowledge. Ecol Monogr. 2005; 75(July 2004):3–35.

20.

De Deyn GB, Quirk H, Bardgett RD. Plant species richness, identity and productivity differentially influence key groups of microbes in grassland soils of contrasting fertility. Biol Lett. 2010 Feb 23; 7(1):75–8.
doi: 10.1098/rsbl.2010.0575 PMID: 20685699

21.

Milcu A, Partsch S, Scherber C, Weisser WW, Scheu S. Earthworms and legumes control litter decomposition in a plant diversity gradient. Ecology. 2008 Jul; 89(7):1872–82. PMID: 18705374

22.

Spehn E, Joshi J, Schmid B, Alphei J, Körner C. Plant diversity effects on soil heterotrophic activity in
experimental grassland ecosystems. Plant Soil. 2000; 224:217–30.

23.

Eisenhauer N, Milcu A, Sabais ACW, Bessler H, Weigelt A, Engels C, et al. Plant community impacts
on the structure of earthworm communities depend on season and change with time. Soil Biol Biochem.
Elsevier Ltd; 2009 Dec; 41(12):2430–43.

24.

Vitousek P, Aber J. Human alteration of the global nitrogen cycle: sources and consequences. Ecol
Appl. 1997; 7(November 1996):737–50.

25.

Reich PB, Knops J, Tilman D, Craine J, Ellsworth D, Tjoelker M, et al. Plant diversity enhances ecosystem responses to elevated CO2 and nitrogen deposition. Nature. 2001 Jun 14; 410:809–12. PMID:
11298447

26.

Eisenhauer N, Cesarz S, Koller R, Worm K, Reich PB. Global change belowground: impacts of elevated CO2, nitrogen, and summer drought on soil food webs and biodiversity. Glob Chang Biol. 2012
Feb 27; 18(2):435–47.

PLOS ONE | DOI:10.1371/journal.pone.0125678 May 4, 2015

13 / 16

Effects of Plant Diversity and Fertilization on Soil Microorganisms

27.

Wardle D. A comparative assessment of factors which influence microbial biomass carbon and nitrogen
levels in soil. Biol Rev. 1992; PMID: 1463811

28.

Hobbie JE, Hobbie E a. Microbes in nature are limited by carbon and energy: the starving-survival lifestyle in soil and consequences for estimating microbial rates. Front Microbiol. 2013 Jan; 4
(November):324.

29.

Farrell M, Prendergast-Miller M, Jones DL, Hill PW, Condron LM. Soil microbial organic nitrogen uptake
is regulated by carbon availability. Soil Biol Biochem. Elsevier Ltd; 2014 Oct; 77:261–7.

30.

LeBauer D, Treseder K. Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed. Ecology. 2008; 89(2):371–9. PMID: 18409427

31.

Gough L, Osenberg CW, Gross KL, Collins SL. Fertilization effects on species density and primary productivity in herbaceous plant communities. Oikos. 2000 Jun; 89(3):428–39.

32.

Dijkstra FA, Hobbie SE, Reich PB, Knops JMH. Divergent effects of elevated CO2, N fertilization,
and plant diversity on soil C and N dynamics in a grassland field experiment. Plant Soil. 2005 May; 272(1–2):41–52.

33.

Treseder KK. Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies. Ecol
Lett. 2008 Oct; 11(10):1111–20. doi: 10.1111/j.1461-0248.2008.01230.x PMID: 18673384

34.

Kaye J, Hart S. Competition for nitrogen between plants and soil microorganisms. Trends Ecol Evol.
1997; 12(97):139–42.

35.

Johnson D, Cresser M, Nilsson S, Turner J, Ulrich B, Binkley D, et al. Soil changes in forest ecosystems: evidence for and probable causes. Proc R Soc Edinburgh. 1991; 97B:81–116.

36.

Fenn ME, Huntington TG, McLaughlin SB, Eagar C, Gomez A, Cook RB. Status of soil acidification in
North America. J For Sci. 2006; 52:3–13.

37.

Weigelt A, Weisser WW, Buchmann N, Scherer-Lorenzen M. Biodiversity for multifunctional grasslands: equal productivity in high-diversity low-input and low-diversity high-input systems. Biogeosciences. 2009 Aug 21; 6(8):1695–706.

38.

Roscher C, Schumacher J, Baade J. The role of biodiversity for element cycling and trophic interactions: an experimental approach in a grassland community. Basic Appl Ecol. 2004; 5:107–21.

39.

Dickson TL, Foster BL. Fertilization decreases plant biodiversity even when light is not limiting. Ecol
Lett. 2011 Apr; 14(4):380–8. doi: 10.1111/j.1461-0248.2011.01599.x PMID: 21332902

40.

Wu J, Joergensen RG, Pommerening B, Chaussod R, Brookes PC. Measurement of soil microbial biomass by fumigation-extraction—an automated procedure. Soil Biol Biochem. 1990; 22(8):1167–9.

41.

Brookes P, Landman A. Chloroform fumigation and the release of soil nitrogen: a rapid direct extraction
method to measure microbial biomass nitrogen in soil. Soil Biol Biochem. 1985; 17(6):837–42.

42.

Jenkinson D, Powlson D. The effects of biocidal treatments on metabolism in soil—I. Fumigation with
chloroform. Soil Biol Biochem. 1976; 8:167–77.

43.

Joergensen RG, Mueller T. The fumigation-extraction-method to estimate soil microbial biomass: calibration of the ken value. Soil Biol Biochem. 1996; 28(1):33–7.

44.

Scheu S. Automated measurement of the respiratory response of soil microcompartments: active microbial biomass in earthworm faeces. Soil Biol Biochem. 1992; 24(11):1113–8.

45.

Anderson J, Domsch K. A physiological method for the quantitative measurement of microbial biomass
in soils. Soil Biol Biochem. 1978; 10:215–21.

46.

Beck T, Joergensen R. An inter-laboratory comparison of ten different ways of measuring soil microbial
biomass C. Soil Biol Biochem. 1997; 29(7):1023–32.

47.

Anderson T-H, Domsch KH. Determination of ecophysiological maintenance carbon requirements of
soil microorganisms in a dormant state. Biol Fertil Soils. 1985 Sep; 1(2):81–9.

48.

Schmid B, Hector A, Huston MA, Inchausti P, Nijs I, Leadley PW, et al. The design and analysis of biodiversity experiments. In: Loreau M, Naeem S, Inchausti P, editors. Biodiversity and ecosystem functioning. Oxford: Oxford University Press; 2002. p. 61–75.

49.

Moran M. Arguments for rejecting the sequential Bonferroni in ecological studies. Oikos. 2003;
2:403–5.

50.

Lange M, Habekost M, Eisenhauer N, Roscher C, Bessler H, Engels C, et al. Biotic and abiotic properties mediating plant diversity effects on soil microbial communities in an experimental grassland. PLoS
One. 2014 Jan; 9(5):e96182. doi: 10.1371/journal.pone.0096182 PMID: 24816860

51.

Joffre R, Ourcival J-M, Rambal S, Rocheteau A. The key-role of topsoil moisture on CO2 efflux from a
Mediterranean Quercus ilex forest. Ann For Sci. 2003; 60:519–26.

52.

De Vries FT, Hoffland E, van Eekeren N, Brussaard L, Bloem J. Fungal/bacterial ratios in grasslands
with contrasting nitrogen management. Soil Biol Biochem. 2006 Aug; 38(8):2092–103.

PLOS ONE | DOI:10.1371/journal.pone.0125678 May 4, 2015

14 / 16

Effects of Plant Diversity and Fertilization on Soil Microorganisms

53.

Wardle DA, Ghani A. A critique of the microbial metabolic quotient (qCO2) as a bioindicator of disturbance and ecosystem development. Soil Biol Biochem. 1995; 27(12):1601–10.

54.

Eisenhauer N, Dobies T, Cesarz S, Hobbie SE, Meyer RJ, Worm K, et al. Plant diversity effects on soil
food webs are stronger than those of elevated CO2 and N deposition in a long-term grassland experiment. Proc Natl Acad Sci U S A. 2013 Apr 23; 110(17):6889–94. doi: 10.1073/pnas.1217382110 PMID:
23576722

55.

Ravenek JM, Bessler H, Engels C, Scherer-Lorenzen M, Gessler A, Gockele A, et al. Long-term study
of root biomass in a biodiversity experiment reveals shifts in diversity effects over time. Oikos. 2014
May 4;(April):no—no. PMID: 25294947

56.

Baudoin E, Benizri E, Guckert A. Impact of artificial root exudates on the bacterial community structure
in bulk soil and maize rhizosphere. Soil Biol Biochem. 2003 Sep; 35(9):1183–92.

57.

Dennis PG, Miller AJ, Hirsch PR. Are root exudates more important than other sources of rhizodeposits
in structuring rhizosphere bacterial communities? FEMS Microbiol Ecol. 2010 Jun; 72(3):313–27. doi:
10.1111/j.1574-6941.2010.00860.x PMID: 20370828

58.

Eisenhauer N, Milcu A, Sabais ACW, Scheu S. Earthworms enhance plant regrowth in a grassland
plant diversity gradient. Eur J Soil Biol. Elsevier Masson SAS; 2009 Sep; 45(5–6):455–8.

59.

Tilman D, Lehman CL, Thomson KT. Plant diversity and ecosystem productivity: Theoretical considerations. Ecology. 1997; 94(March):1857–61.

60.

Díaz S, Cabido M. Vive la difference: plant functional diversity matters to ecosystem processes. Trends
Ecol Evol. 2001; 16(11):646–55.

61.

Biederbeck VO, Zentner RP, Campbell C a. Soil microbial populations and activities as influenced by legume green fallow in a semiarid climate. Soil Biol Biochem. 2005 Oct; 37(10):1775–84.

62.

Chaudhary MI, Adu-Gyamfi JJ, Saneoka H, Nguyen NT, Suwa R, Kanai S, et al. The effect of phosphorus deficiency on nutrient uptake, nitrogen fixation and photosynthetic rate in mashbean, mungbean
and soybean. Acta Physiol Plant. 2008 Feb 28; 30(4):537–44.

63.

Oelmann Y, Kreutziger Y, Temperton VM, Buchmann N, Roscher C, Schumacher J, et al. Nitrogen
and phosphorus budgets in experimental grasslands of variable diversity. J Environ Qual. 2007; 36(2):396–407. PMID: 17255627

64.

Kuzyakov Y, Xu X. Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance. New Phytol. 2013; 198:656–69. doi: 10.1111/nph.12235 PMID: 23521345

65.

Weigelt A, Schumacher J, Roscher C, Schmid B. Does biodiversity increase spatial stability in plant
community biomass? Ecol Lett. 2008 Apr; 11(4):338–47. doi: 10.1111/j.1461-0248.2007.01145.x
PMID: 18190524

66.

Jackson RB, Mooney HA, Schulze E-D. A global budget for fine root biomass, surface area and nutrient
contents. Ecology. 1997; 94(July):7362–6.

67.

Krift T Van der, Kuikman P, Möller F, Berendse F. Plant species and nutritional-mediated control over
rhizodeposition and root decomposition. Plant Soil. 2001;191–200.

68.

Schimel DS, Braswell BH, Parton WJ. Equilibration of the terrestrial water, nitrogen, and carbon cycles.
Proc Natl Acad Sci U S A. 1997 Aug 5; 94(16):8280–3. PMID: 11607734

69.

Martens R. Contribution of rhizodeposits to the maintenance and growth of soil microbial biomass. Soil
Biol Biochem. 1990; 22(2):141–7.

70.

Paterson E. Importance of rhizodeposition in the coupling of plant and microbial productivity. Eur J Soil
Sci. 2003; 54(December):741–50.

71.

Paterson E, Gebbing T, Abel C, Sim A, Telfer G. Rhizodeposition shapes rhizosphere microbial community structure in organic soil. New Phytol. 2006 Nov 17; 173(3):600–10.

72.

Zhong WH, Cai ZC. Long-term effects of inorganic fertilizers on microbial biomass and community
functional diversity in a paddy soil derived from quaternary red clay. Appl Soil Ecol. 2007 Jun;
36(2–3):84–91.

73.

Chu H, Lin X, Fujii T, Morimoto S, Yagi K, Hu J, et al. Soil microbial biomass, dehydrogenase activity,
bacterial community structure in response to long-term fertilizer management. Soil Biol Biochem. 2007
Nov; 39(11):2971–6.

74.

Ramirez KS, Craine JM, Fierer N. Consistent effects of nitrogen amendments on soil microbial communities and processes across biomes. Glob Chang Biol. 2012 Jun 6; 18(6):1918–27.

75.

Donnison LM, Gri GS, Hedger J, Hobbs PJ, Bardgett D. Management influences on soil microbial communities and their function in botanically diverse haymeadows of northern England and Wales. Soil Biol
Biochem. 2000; 32:253–63.

76.

Phillips RP, Fahey TJ. Fertilization effects on fineroot biomass, rhizosphere microbes and respiratory
fluxes in hardwood forest soils. New Phytol. 2007 Jan; 176(3):655–64. PMID: 17822400

PLOS ONE | DOI:10.1371/journal.pone.0125678 May 4, 2015

15 / 16

Effects of Plant Diversity and Fertilization on Soil Microorganisms

77.

Wang C, Han S, Zhou Y, Yan C, Cheng X, Zheng X, et al. Responses of fine roots and soil N availability
to short-term nitrogen fertilization in a broad-leaved Korean pine mixed forest in northeastern China.
PLoS One. 2012 Jan; 7(3):e31042. doi: 10.1371/journal.pone.0031042 PMID: 22412833

78.

Bardgett RD, Mawdsley JL, Edwards S, Hobbs PJ, Rodwell JS, Davies WJ. Plant species and
nitrogen effects on soil biological properties of temperate upland grasslands. Funct Ecol. 1999 Oct; 13(5):650–60.

79.

Brum OB, López S, García R, Andrés S, Calleja A. Influence of harvest season, cutting frequency and
nitrogen fertilization of mountain meadows on yield, floristic composition and protein content of herbage. Rev Bras Zootec. 2009; 38:596–604.

80.

Wilman D, Fisher a. Effects of interval between harvests and application of fertilizer N in spring on the
growth of perennial ryegrass in a grass/white clover sward. Grass Forage Sci. 1996 Mar; 51(1):52–7.

81.

Kuzyakov Y. Review: Factors affecting rhizosphere priming effects. J Plant Nutr Soil Sci. 2002 Aug;
165(4):382–96.

82.

Harrison KA, Bol R, Bardgett RD. Do plant species with different growth strategies vary in their ability to
compete with soil microbes for chemical forms of nitrogen? Soil Biol Biochem. 2008 Jan; 40(1):228–37.

83.

Bowden RD, Davidson E, Savage K, Arabia C, Steudler P. Chronic nitrogen additions reduce total soil
respiration and microbial respiration in temperate forest soils at the Harvard Forest. For Ecol Manage.
2004 Jul; 196(1):43–56.

84.

Hartman WH, Richardson CJ. Differential nutrient limitation of soil microbial biomass and metabolic
quotients (qCO2): is there a biological stoichiometry of soil microbes? PLoS One. 2013 Jan; 8(3):
e57127. doi: 10.1371/journal.pone.0057127 PMID: 23526933

85.

Cleveland CC, Liptzin D. C:N:P stoichiometry in soil: is there a “Redfield ratio” for the microbial biomass? Biogeochemistry. 2007 Jul 31; 85(3):235–52.

86.

Reich PB, Tilman D, Naeem S, Ellsworth DS, Knops J, Craine J, et al. Species and functional group diversity independently influence biomass accumulation and its response to CO2 and N. Proc Natl Acad
Sci U S A. 2004 Jul 6; 101(27):10101–6. PMID: 15220472

87.

He J-S, Bazzaz FA, Schmid B. Interactive effects of diversity, nutrients and elevated CO2 on experimental plant communities. Oikos. 2002 Jun; 97(3):337–48.

PLOS ONE | DOI:10.1371/journal.pone.0125678 May 4, 2015

16 / 16

