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Abstract

Aims Current studies on the relationship between bio-
diversity and ecosystem functioning have mostly fo-
cused on plant communities. Less is known about the
individual and combined effects of biodiversity compo-
nents above-and-below-ground on ecosystem
multifunctionality. The aim of this study was to explore
how different management regimes influence
multifunctionality via modification of both plant and
soil microbial (bacterial and fungal) diversity.

Methods We used a 6-year experiment in Inner Mongo-
lian grassland to compare multifunctionality and separate
functions related to the C, N, P cycles and plant produc-
tivity under four management regimes and examine
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relationships between these functions and different com-
ponents of biodiversity, both above- and belowground.
Results Ecosystem multifunctionality and the rates of
nutrient cycling and plant productivity, were greatest
under moderate grazing intensity, and lowest under no
grazing. Further, across all management regimes,
multifunctionality was positively related to plant diver-
sity, and plant and soil microbial diversity combined
explained a much greater (62.5%) proportion of vari-
ance in multifunctionality than that did either compo-
nent alone. Different components of biodiversity
showed contrasting relationships with individual func-
tions: plant diversity was positively related to C and N
cycling, whereas bacterial diversity was negatively re-
lated to P cycling and plant productivity.

Conclusions Moderate grazing has better outcomes for
biodiversity conservation and ecosystem
multifunctionality than mowing and cessation of grazing.
Sustainable grazing management is a viable strategy to
conserve both above- and belowground biodiversity and
enhance the delivery of multiple ecosystem functions.

Keywords Aboveground biodiversity - Belowground
biodiversity - Nutrient cycling - Productivity - Land
management regimes - Inner Mongolian steppe

Introduction
Ecologists have long recognized that biodiversity can be

the underpinning behind the performance of an ecosys-
tem (Hector and Bagchi 2007; Zavaleta et al. 2010). The
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relationship between biodiversity and ecosystem func-
tioning (hereafter BEF) was proposed by Darwin in
1859 (Hector and Hooper 2002), but it was only exten-
sively explored in the past decades (Grime 1997; Nacem
2002). Most BEF studies indicate that species diversity
enhances ecosystem functioning (Cardinale et al. 2012;
Maestre et al. 2012), at least based on measures of single
ecosystem functions, such as productivity, litter decom-
position or soil nutrient cycling (Letts et al. 2015; Seidel
et al. 2013). However, ecosystems are valued for multi-
ple ecological functions that they provide simultaneous-
ly (i.e., multifunctionality) (Valencia et al. 2015;
Zavaleta et al. 2010).

When the effects of biodiversity on ecosystem
multifunctionality are examined, most attention is paid
to the effects of aboveground plant diversity, while the
effects of belowground biodiversity are less understood
(Bradford et al. 2014; Delgado-Baquerizo et al. 2017).
Soil is highly diverse, with literally billions of organisms
and tens of thousands of microbial taxa within a single
habitat (Roesch et al. 2007). This immense soil biodi-
versity plays critical roles in a wide range of ecosystem
functions, such as plant production, litter decomposi-
tion, organic matter mineralization, and nutrient cycling
(Bardgett and van der Putten 2014; de Vries et al. 2013;
Wardle et al. 2004). Recent studies have increasingly
examined the relationships between soil microbial bio-
diversity and ecosystem multifunctionality (Delgado-
Baquerizo et al. 2016; Jing et al. 2015; Wagg et al.
2014); however, it remains unclear how soil microbial
diversity, in combination with the aboveground plant
diversity, affects ecosystem multifunctionality under
different land uses (Allan et al. 2015; Delgado-
Baquerizo et al. 2016).

Land use change due to the increasing anthropogenic
activities is the most important driver leading to biodi-
versity loss (Pereira et al. 2012) and alteration of multi-
ple ecosystem functions (Allan et al. 2015; Chillo et al.
2016). The effects of land use change on ecosystem
processes can be direct via the alteration of soil physi-
cochemical properties (Walter et al. 2013) or indirect via
the alteration of plant and soil community structure and
diversity (Mayfield et al. 2010; Yang et al. 2013). Graz-
ing, mowing (for hay), and enclosure to exclude live-
stock completely, are the three most common manage-
ment regimes on steppe grassland in Inner Mongolia,
and in many other grassland regions of the world
(Baoyin et al. 2014; Li et al. 2008). Grazing alters the
composition of plant communities and resource
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availability through a variety of mechanisms, including
selective defoliation, trampling, and deposition of ani-
mal wastes (Bardgett and Wardle 2003). Moderate graz-
ing means a proper grazing intensity that maintains a
dynamic balance between grazing quantity and carrying
capacity of grassland. The key is that herbivores can
evoke plant growth compensation mechanisms and pro-
mote primary production (de Mazancourt et al. 1999;
Hayashi et al. 2007). Many studies have found that
moderate grazing reduces plant interspecific competi-
tion and may enhance plant species diversity, further
improve nutrient cycling and plant growth (Carrera
et al. 2008; Zou et al. 2015). Mowing affects biological
communities and ecosystem functions primarily
through non-selective plant biomass removal (Catorci
et al. 2014), which may enhance the compensatory
growth of plant species and the mineralization of soil
nutrients (Wan et al. 2016). Enclosure by fencing is now
widely used in Inner Mongolia for the restoration of
degraded grasslands. It may cause major shifts in vege-
tation composition, changes in soil resource availability,
and affect belowground decomposer organisms, ulti-
mately affecting ecosystem functions (Bardgett and
Wardle 2003). Therefore, it is imperative to understand
the impact of the changes in biodiversity, both above-
and belowground, on ecosystem multifunctionality un-
der different land management regimes within hetero-
geneous environments in the field.

Here, we used a 6-year experiment in Inner Mongolia
to examine relationships among different components of
biodiversity, both above- and belowground, individual
ecosystem functions of C, N, and P cycling and plant
productivity, and ecosystem multifunctionality of typi-
cal steppe grassland subject to different management
regimes. Our aim was to explore how different manage-
ment regimes influence ecosystem multifunctionality
via modification of both plant and soil microbial diver-
sity. We hypothesized that (i) the moderately grazed
grassland has the highest ecosystem multifunctionality,
or separate ecosystem functions of nutrient cycling and
productivity, whereas the enclosed grassland has the
lowest; (ii) the changes in ecosystem multifunctionality
across different land management regimes can be pre-
dicted by the responses of different components of
biodiversity, including plant diversity and soil (bacterial
and fungal) diversity to management; and (iii) the
above- and belowground biodiversity combined is a
stronger predictor of ecosystem multifunctionality than
either above- or belowground biodiversity alone.
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Methods and materials
Study site and experimental design

This study was conducted at the Grassland Ecosystem
Research Station of Inner Mongolia University, located
in the Xilingol region of Inner Mongolia, China (44°10°
N, 116°28' E, 1101 m asl) (See Fig. Sla for location of
the study site). The region experiences a temperate
semi-arid climate. Mean annual temperature is
—0.5 °C, with the lowest monthly mean temperature in
January (—=19.6 °C) and the highest in July (21.8 °C).
Mean annual precipitation is 315 mm; the precipitation
has a wide inter-annual fluctuation, and 80% of which
falls between May and September (climatic data from
the Xilinhot meteorological station). The natural vege-
tation is a typical steppe dominated by Leymus chinensis
(Trin.) Tzvel., Stipa krylovii Roshev and Cleistogenes
squarrosa (Trin.) Keng.. The soil is a sandy loam chest-
nut soil (or Calcic-orthic Aridisol in the US soil taxon-
omy classification system) with mean pH of 8.07 in
plant root layer (020 cm).

The experiment was established in 2011 to investi-
gate the effects of different management regimes on
grassland ecosystems. The land use treatments consid-
ered in this study were: all growing-season grazing with
sheep grazing once every calendar month from May to
September, starting on the 20th of each month, and
ending when grassland residual height reached to 6 cm
(G1); spring & summer grazing with sheep grazing
twice each year (in May and July), also starting on the
20th of each month and ending when grassland residual
height reached to 6 cm (G2); mowing to 6 cm once a
year on the 20th August, with the mown herbage re-
moved for hay-making (M); the 6 cm stubble height was
consistently considered to be a reasonable height for
sustainable use of the studied grassland (Baoyin et al.
2014); and enclosure by wire fence, no grazing or mow-
ing since 2011 (E). The four treatments were assigned in
a randomized block design replicated three times. The
size of each replicated plot was 1100 m? (1/9 hm*=
33.3 mx33.3 m) (See Fig. S1b for layout of the
experimental plots). For grazing treatments (G1 and
G2), the experimental sheep species was Ujimqin sheep,
and a flock of six sheep was used in each plot. Thus the
grazing intensity in G1 and G2 were similar and mod-
erate due to the same grazing quantity and relatively
high residual height, but the frequent gazing in G1 might
have greater effects on grasslands than G2. In 2017, four

1 mx 1 m cages were set up in each grazing plot (G1
and G2) before the grazing season, so as to evaluate the
diversity of plant community in the peak season of plant
growth (August).

Plant sampling and analysis

We sampled plant and soil communities in the plots
under the four land use treatments in mid-August
2017. Within each of the 12 plots (four treatmentsxthree
replicates), we surveyed plant communities using four
1 mx1 m quadrats in each plot, to record species
richness and abundance, and harvest plant aboveground
biomass by species and weigh after 48 h oven-drying at
65 °C. Aboveground dry material was then ground to a
fine powder, and used to determine plant nitrogen con-
tent using an elemental analyzer (Vario EL III,
Elementar, Hanau, Germany), and determine plant
phosphorus content using the Mo-Sb colorimetric meth-
od with a visible-wavelength spectrophotometer
(V-722, Jinghua, Shanghai, China).

The total aboveground biomass of the mowing or
enclosing grasslands at peak plant growing season was
used as a proxy of aboveground productivity. While for
grazing grasslands (G1 and G2), two cages (I m x 1 m)
were set up before each grazing in each plot, and the
difference between the biomass inside and outside of
each cage was used to estimate the sheep feed intake
during each grazing rotation. Thus the aboveground
productivity of grazing grasslands was calculated as
the sum of feed intake during the season and the residual
biomass at the end of last grazing in the season. We also
estimated plant root biomass by collecting three soil
cores from each of four quadrats in each plot, which
were used to generate a composite sample (030 cm
depth, 7 cm diameter) as a proxy of belowground pro-
ductivity. Roots were collected by rinsing the samples
using sieves (mesh size 0.25 mm) on the same day, and
then oven dried at 65 °C for 48 h and weighed.

Soil sampling and analysis

After removal of plant material in the four quadrats in
each plot, four soil cores (0-20 cm depth, 5 cm diame-
ter) were collected from the quadrats, which were
bulked to produce a composite sample. Each fresh soil
sample was sieved through a 2 mm mesh to remove
visible roots and stones, and then divided into three
subsamples. Two of the three subsamples were
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immediately kept on ice, transported back to the labora-
tory and stored at —20 °C for microbial DNA extraction
and —4 °C for soil available nitrogen analysis respec-
tively, while the other was air-dried for analysis of other
soil properties.

Soil physiochemical analysis

Excess hydrochloric acid was added firstly to decom-
pose the inorganic carbonate into carbon dioxide to
remove the interference of inorganic carbon on mea-
surement results (Harris et al. 2001), then total or-
ganic carbon (TOC) was determined by a liquiTOC
analyzer (Elementar, Hanau, Germany). Total nitro-
gen (TN) was determined by a Vario MACRO cube
elemental analyzer (Elementar, Hanau, Germany).
Soil inorganic nitrogen (AN: NH,* and NO;3 ) was
measured using a KCL extraction procedure, and
analysed on a Flow analyzer (AA3, SEAL Analyti-
cal, Germany). Soil available phosphorus (Olsen-p;
AvP) was measured by the Mo-Sb colorimetric meth-
od with a visible-wavelength spectrophotometer
(V-722, Jinghua, Shanghai, China). The activities of
urease (S-UE) and alkaline phosphatase (S-AKP)
were determined by the indophenol blue colorimetric
method and phenyl disodium phosphate colorimetric
method respectively using the soil enzyme assay Kkits
(Keming biotechnology, Suzhou, China). The basic
principle for S-UE measurement is that S-UE hydro-
lyzes urea to produce NH4*-N, which reacts with
hypochlorite and phenol in a strong alkaline medium
to form water-soluble indophenol blue; the basic
principle for S-AKP measurement is that S-AKP
catalyzes the hydrolysis of phenyl disodium phos-
phate to phenol, which reacts with chlordibromo-p-
benzoquinone imine for further color development.
We then determined their absorbance at 578 nm and
660 nm, respectively, through a Multi-function mi-
croplate reader (Epoch, BioTek, Vermont, USA).
Measurements of greenhouse gases (CO, and CHy)
were conducted using enclosed static chamber meth-
od through a high-performance gas chromatography
equipped with hydrogen flame ionization detector
(FID) (7890A, Agilent Technologies, California,
USA). Gas samples were collected every two hours
(from 6:00 am to 24:00 pm) at 7-day intervals during
the 2017 growing season (May—September). The av-
erage gas fluxes at three measurements in August
were used in analysis, in consistent with sampling
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period of plants and soil microbes (See more details
in Online Resource 1).

Soil microbial DNA extraction and determination

Soil microbial total DNA was extracted from 0.5 g soil
using a FastDNA spin kit for soil (MP Biomedical,
Carlsbad, CA, USA). To investigate the taxonomic
composition of soil bacterial and fungal communities,
operational taxonomic units (OTUs) were classified at
the phylum and class levels. To assess bacterial commu-
nities, the V3-V4 hypervariable regions of bacterial 16S
rRNA were amplified using the primer set: 341F (5°-
ACTCCTACGGGAGGCAGCAG-3"), 806R (5'-
GGACTACHVGGGTWTCTAAT-3"). To assess fungal
communities, the second internal transcribed spacer re-
gion (ITS2) gene fragment was amplified using the
primer set: its3 (5-GCATCGATGAAGAACGCAGC-
3", its4 (5'-TCCTCCGCTTATTGATATGC-3'). The
high-throughput sequencing of the 12 soil microbial
total DNA was done by Wuhan Biotechnology BGI
Co., Ltd., Wuhan, China (See more details in
Online Resource 1).

Assessing biodiversity and multifunctionality

We calculated Shannon-Weiner index to assess the di-
versity of plant and soil microbial communities, and
chose 12 ecosystem functional variables to assess
multifunctionality. These 12 functional variables were
related to the cycling of carbon (TOC, CO, fluxes, and
CH, fluxes), nitrogen (TN, AN, S-UE, and plant nitro-
gen content), phosphorus (AvP, S-AKP, and plant
phosphorus content) and biological productivity (plant
aboveground biomass and root biomass). These vari-
ables constitute good proxies of processes driving nutri-
ent cycling, primary production and the build-up of
nutrient pools (Delgado-Baquerizo et al. 2017; Manning
et al. 2018). Various methods have been proposed to
quantify the multiple functions of ecosystems (Byrnes
et al. 2014; Manning et al. 2018), and the
multifunctionality index (M-index) (Maestre et al.
2012) is the one of them. The index provides a straight-
forward, easily interpretable measure of a community’s
ability to sustain multiple functions simultaneously
(Bymes et al. 2014). It also has good statistical proper-
ties (Maestre et al. 2012) and has been increasingly used
in the literature (Bradford et al. 2014; Valencia et al.
2015). Moreover, in our case, the correlations between
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the variables show a low redundancy within the data,
and M-index is well correlated with other previously
proposed multifunctionality indices (Online Resource 1:
Figs. S2-3). Thus, we calculated Z-scores of these 12
variables and averaged them to obtain multifunctionality
(M-index) in each plot, following the approach of
Maestre et al. (2012). In the 12 functions chosen, we
identified these functions for which lower values indi-
cate higher functioning, and multiplied them by —1 to
reflect their negative relations with the strength of eco-
system functioning; these variables included soil inor-
ganic N and soil available P, as well as CO, fluxes. A 5-
year grazing experimental study showed that the net N
mineralization rate and cumulative N mineralization
were significantly lower under moderate grazing inten-
sity than under no grazing in the peak plant growing
season in the steppe grassland in the Xilingol region of
Inner Mongolia (Shan et al. 2011); thus the lower inor-
ganic N content and soil available P content in August in
the studied grassland were deemed the results of greater
capture or utilization of these soil nutrients by plants
(Scherer-Lorenzen et al. 2003). The lower values of
CO, fluxes represented less greenhouse gas emission.
The value of CH, fluxes was not multiplied by —1 as the
steppe grassland is a CHy sink. We also added the
unreflected maximum to each of the three functions so
that the lowest value of each transformed function was 0
(Byrmes et al. 2014). Additionally, we calculated the C-
cycling index, N-cycling index, P-cycling index and
productivity index separately based on the different
groups of variables specified in the parentheses above
(See more details in Online Resource 1).

Statistical analyses

Data on P-cycling index was sine transformed to meet
the normality assumption and homogeneity of variance.
We first conducted one-way analyses of variance
(ANOVA) to compare the differences of M-index and
separate functions related to the C, N, P cycles and plant
productivity among grazing, mowing and enclosure
treatments using Least-significant difference (LSD) tests
for post hoc comparisons at P < 0.05. Then, we analysed
the community composition of plants and soil microbes
and compared the differences of dominant species or
classes among treatments (LSD tests at P <0.05). We
also examined the relationships of biodiversity with M-
index, and with its component functions linked to the C,
N, P cycles and plant productivity using general linear

models (GLMs). In order to evaluate the combined
effects of plant and soil microbial biodiversity on M-
index after the effects of management treatments across
plots and blocks were excluded, we fitted the linear
mixed-effects models, with biodiversity as a fixed ef-
fect, and land use treatment and block as two random
effects. Marginal R’ is reported as a measure of the
explanatory power of biodiversity (Nakagawa and
Schielzeth 2013). We also computed the variance infla-
tion factor (VIF) among the explanatory variables to
check their multicollinearity. The VIF was in all cases
below two, suggesting the absence of collinearity prob-
lems. The ANOVA were conducted in SPSS software
version 19.0. The remaining statistical analyses were
performed with R version 3.3.1 (R Core Development
Team 2016).

Results

Grassland management and ecosystem
multifunctionality

The M-index was significantly higher under grazing
(both G1 and G2) and mowing than in ungrazed enclo-
sure, and was significantly higher under G2 than mow-
ing (Fig. 1). (The details of each component of M-index
across the treatments were given in Online Resource 1:
Fig. S4). In terms of individual components of the M-
index, the C-cycling, P-cycling, and productivity indices
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Fig.1 The effects of different management regimes (E, enclosure;
G1, all growing-season grazing; G2, spring & summer grazing; M,
mowing) on the multifunctionality index. Different lowercase
letters indicate significant differences between means at P < 0.05

(n=3), after using LSD test for post hoc comparisons. Error bars
represent £1 SE
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were all significantly higher under grazing (both G1 and
G2) than in enclosure, whereas the N-cycling index was
significantly higher only in G1, but not in G2, than in
enclosure (Fig. 2). In general, grazed grassland had the
highest functional values, while ungrazed, enclosed
grassland had the lowest.

Taxonomic composition of plant and soil microbial
communities and relationships between biodiversity
and ecosystem multifunctionality

Plant community was dominated by L. chinensis,
S. krylovii and C. squarrosa, which accounted for
11.7%-78.2%, 0.4%—52.0%, and 4.6%—-37.1% of the
total aboveground biomass, respectively. After the 6-
year land management treatments, the relative abun-
dance of S. krylovii was significantly higher, whereas
that of L. chinensis was significantly lower, in grazing
(both G1 and G2) and mowing than no-grazing grass-
lands; the relative abundance of C. squarrosa was sig-
nificantly higher in all growing-season grazing (G1)
than no-grazing grasslands; the relative abundance of
S. krylovii was also significantly higher, whereas that of
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Fig.2 The effects of different management regimes (E, enclosure;
G1, all growing-season grazing; G2, spring & summer grazing; M,
mowing) on the different functional indices related to the C, N, P
cycles and plant productivity. Different lowercase letters indicate

Phosphorus cycling index (unitless)
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L. chinensis was significantly lower, in G1 than mowing
grasslands, and the relative abundance of L. chinensis
was significantly lower under G1 than G2 (Fig. S5a).
Thirty-five phyla and 37 classes were identified in
soil bacterial community. A majority of the bacterial
16S rRNA gene sequences were associated with the
Actinobacteria, Acidobacteria and Proteobacteria phyla,
which represented 26.6%—-37.3%, 19.0%—30.7% and
12.7%—16.5% of the total sequences, respectively. The
remaining phyla (inclusive of ‘unclassified’) accounted
for 26.3%-30.5% of the communities overall. At the
class level, the community was dominated by
Chloracidobacteria (10.5%—21.6%), Thermoleophilia
(10.3%-16.5%), Acidimicrobiia (4.3%—-8.3%),
Alphaproteobacteria (5.5%—7.9%), and Actinobacteria
(4.9%—7.1%). The relative abundance of Acidimicrobiia
was significantly lower under G2 than GI, and the
relative abundance of Actinobacteria was significantly
lower in G2 than in other three treatments; no significant
differences were detected in the relative abundance of
remaining three classes among management types (Fig.
S5b). Five phyla were identified in soil fungal commu-
nity, including Ascomycota, Basidiomycota,
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+1 SE
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Chytridiomycota, Glomeromycota, and Zygomycota.
The dominant phyla were Basidiomycota, Ascomycota
and Zygomycota, which represented 22.8%—-81.1%,
11.0%—59.2%, and 3.0%—27.0% of the total sequences,
respectively. The remaining two phyla (inclusive of
‘unclassified’) accounted for only 4.9%—17.5% of the
overall. At the class level, OTUs comprised 11 fungal
classes, with the predominantly abundant corresponding
to Agaricomycetes (20.9%-80.3%), Incertae_sedis
(3.3%—27.5%), Sordariomycetes (3.5%—18.1%),
Eurotiomycetes (0.8%—16.0%), and Dothideomycetes
(2.5%—-11.9%). The relative abundance of
Eurotiomycetes was significantly lower in enclosure
than in other three treatments; no significant differences
were detected in the relative abundance of remaining
four classes among management types (Fig. S5c).

The relationships between biodiversity and
multifunctionality varied among different components
of'above- and belowground diversity. Multifunctionality
was positively related with plant diversity, but negative-
ly related with bacterial diversity, and was not related
with fungal diversity (Fig. 3). For fungal diversity, we
removed one outlier point from the fitted relationship
and completed the analyses using the remaining points
(See Fig. S6 for more details). Plant diversity was pos-
itively related with C and N cycling indices (Fig. 4a, b),
while bacterial diversity was negatively related with P
cycling index and productivity index (Fig. 4g, h). No
significant relations were detected between other biodi-
versity components and functional index pairs (Fig. 4c-
f), including between soil fungal diversity and any of
these indices (data not shown on Fig. 4).

Combined and separate effects of above-
and belowground biodiversity on multifunctionality

The combined effects of above- and belowground bio-
diversity on multifunctionality were examined using
linear mixed-effects models. We found that 62.5% of
variation in multifunctionality was accounted for by
plant and soil microbial biodiversity combined, after
the effects of land-use treatments and blocks were both
excluded (Table 1). The variation in multifunctionality
explained jointly by the plant and soil microbial diver-
sity was much greater than the sum of the variation
explained separately by plant (40.2%), bacterial
(7.6%), and fungal diversity (0.4%). As such, above-
and belowground biodiversity combined is a better pre-
dictor of ecosystem multifunctionality.
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Fig. 3 Relationships between grassland multifunctionality and
the diversity of plant (a), soil bacteria (b), and soil fungi (¢). The
fitted lines are from general linear regressions, with only signifi-
cant fitted lines (P < 0.05) shown. Shaded areas show 95% confi-
dence interval of the fit

Discussion

Multifunctionality and individual ecosystem functions
under different management regimes

Grazing, mowing and enclosure are three of the main
management regimes in grassland regions. Using the
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communities. The fitted lines are from general linear regressions,

typical steppe grassland in Inner Mongolia as a model, multifunctionality and different components of biodi-
we tested for relationships between ecosystem versity across grassland sites subjected to different
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Table 1 Summary of the linear mixed-effects model for the effects of plant and soil biodiversity on grassland multifunctionality

Source n Estimate SE t-value P.(>t]) VIF
Plant diversity 12 1.2987 0.4030 3.222 0.0061 1.124
Bacterial diversity 12 —0.3542 0.6806 —0.520 0.3086 1.015
Fungal diversity 11 —0.0944 0.2258 —0.418 0.3442 1.115

Marginal R? = 0.625

SE, standard errors; VIF, variance inflation factor. VIF is used to check the collinearity between explanatory variables in multiple linear
regressions; a collinearity problem occurs when the value of VIF exceeds 10

long-term management regimes. Our results show that
grazing (G1 & G2) and mowing (M) significantly en-
hance ecosystem multifunctionality relative to enclosure
(E). We also show that the enhancement of
multifunctionality under less frequent grazing (G2) is
significantly greater than for mowing (Fig. 1). Many
studies have demonstrated that moderate grazing may
improve nutrient cycling and soil carbon storage, and
induce compensatory plant growth (Carrera et al. 2008),
which are deemed to be primary mechanisms responsi-
ble for positive effects of moderate grazing on grassland
production, or the grazing optimization hypothesis
(Hayashi et al. 2007). As such, our results obtained in
this study are consistent with those described for grass-
land under moderate grazing, and the high M-index
under grazing is mainly attributed to high nutrient cy-
cling and productivity (Fig. 2). The variation of 12
variables across different management regimes also
shows that grazing grasslands have low CO, emissions
(G1), low soil available P content and high belowground
plant biomass (G2) (Online Resource 1: Fig. S4).
Mowing increases the N content in plant leaves, thus
decreasing the C: N ratio and lignin: N ratio in plant
litter, which in turn stimulates soil microbial activity,
thereby accelerating rates of litter decomposition and
nutrient cycling (Walter et al. 2013). At the same time,
mowing and associated herbage removal reduce plant
litter accumulation, which can benefit the growth of
some aerobic bacteria and promote nutrients transfor-
mations in soil (Raich and Schlesinger 1992). Further,
previous studies on the steppe grassland in Inner Mon-
golia indicate that mowing once a year causes compen-
satory plant growth, which is associated with enhanced
availability of soil N and P (Baoyin et al. 2014). Thus,
our results show that mowed grassland (M) has a sig-
nificantly greater M-index than ungrazed grassland (E),
indicating that mowing enhances ecosystem
multifunctionality. However, the enhancement of

nutrient cycling by mowing for hay is much smaller
than that by animal grazing (Kohler et al. 2005), which
in this study resulted in a lower C cycling index under
mowing than all growing-season grazing (G1) and low-
er P cycling and productivity indices and overall M-
index under mowing than spring & summer grazing
(G2) (Figs. 1-2).

It is commonly believed that cessation of grazing has
short-term benefits for vegetation and soil functioning
(Bai et al. 2007), but long-term enclosure is detrimental
to the stability of steppe ecosystem and the comprehen-
sive utilization of energy (Wan et al. 2016). Ungrazed
grasslands have no biomass removal, and thus accumu-
late large amounts of recalcitrant organic matter in the
litter layer, which reduces rates of decomposition and
nutrient cycling (Hossain and Sugiyama 2010). Consis-
tent with this, indices of C, N and P cycling and pro-
ductivity were lower in ungrazed than in grazed grass-
lands (Fig. 2). These results are not surprising as the C,
N and P cycling processes are coupled.

The effects of above- and belowground biodiversity
on ecosystem multifunctionality

It is now widely accepted that plant diversity is a
key driver of ecosystem functioning in a wide range
of ecosystems (Cardinale et al. 2012; Zavaleta et al.
2010), and recent studies also show that plant diver-
sity tends to be positively related with ecosystem
multifunctionality (Maestre et al. 2012; Pasari et al.
2013). Our results are consistent with this, showing
that plant diversity and multifunctionality are posi-
tively related across a range of grassland manage-
ment regimes (Fig. 3). Furthermore, we also show
that the diversity of soil microorganism is related to
ecosystem multifunctionality, and that combined,
plant and soil microbial diversity explain a much
greater (62.5%) proportion of variance in
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multifunctionality than that does either component
alone (Table 1). As such, our results demonstrate
that incorporating both above- and belowground
biodiversity significantly enhance the predictability
of biodiversity effects on ecosystem
multifunctionality.

We also find plant diversity to be related with C
and N cycling indices in our study site (Fig. 4a-b),
suggesting that plant diversity is particularly vital to
maintain ecosystem functions linked to C and N
cycling, and subsequently to sustain C sequestration
and soil fertility (Maestre et al. 2012; Reid et al.
2005). Soil microorganisms can indirectly influence
ecosystem functions, such as plant productivity, via
the actions that alter rates of nutrient supply and
resource partitioning. These effects can either stim-
ulate ecosystem functions, through enhancing nutri-
ent availability for plant uptake, or reduce the func-
tions through competing for nutrients with plant root
and/or promoting nutrient loss via leaching of mo-
bile nutrient forms (van der Heijden et al. 2008;
Wardle et al. 2004). Our results show that soil bac-
terial diversity was significantly and negatively re-
lated with ecosystem multifunctionality, and with P
cycling index and plant productivity, across the dif-
ferent management regimes (Fig. 3, Fig. 4g-h). Pre-
vious studies have shown that effects of soil bacte-
rial diversity on plant productivity can range from
positive to negative depending on context, spatial
and temporal scale, and site fertility (Mittelbach
et al. 2001; Wardle et al. 2004), and the negative
effects might be attributed to competition of bacteria
and plants for limiting nutrients, especially in N and
P limited ecosystems, such as arctic tundra (Nordin
et al. 2004), temperate forest (Finzi and Berthrong
2005), and low productivity grassland (Bardgett
et al. 2003). While caution is needed in the interpre-
tation of relationships, we speculate that the nega-
tive relationships between bacterial diversity and P
cycling and plant productivity found in our study is
due to competition for nutrients under the low-
nutrient conditions in the studied grassland, which
reduces P availability for plants and inevitably limits
primary productivity (Bell et al. 2013). This specu-
lation is also supported by the evidence provided by
Schmidt et al. (1997) that soil sterilization increases
plant N and P uptake and growth, and suggests that
microbes can compete effectively with plants for
nutrient, thereby limiting plant growth. This,
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however, requires further testing to identify the
mechanisms involved in our situation.

It is well known that fungi play important roles in
regulating energy and nutrient fluxes through their hy-
pha structures (Cairney 2005; Dighton 2007; Holden
et al. 2013). However, no significant effect of fungal
diversity on ecosystem multifunctionality is detected
across the management regimes in our study (one outlier
point was removed) (Fig. 3), and the variation in fungal
diversity is very small (Table S1) whereas that in
multifunctionality is large across the management re-
gimes. Further studies with increased sample size over
multiple years are warranted to explore the relation
between fungal diversity and ecosystem
multifunctionality.

Conclusion

Our results demonstrate that the grasslands under mod-
erate grazing perform best in terms of sustaining a high
multifunctionality, including enhanced nutrient cycling
and plant productivity. Further, we find that the removal
of grazing, which is commonly proposed to be a means
of restoring degraded grassland, is the least effective
management for enhancing biodiversity and
multifunctionality. As such, we suggest moderate graz-
ing as the most effective management for maintaining
biodiversity and preserving ecosystem functioning in
steppe grassland. We also show that the effects of grass-
land management on ecosystem multifunctionality can
be explained by contrasting responses of different com-
ponents of biodiversity, namely plant, bacterial, and
fungal diversity, but that above- and belowground bio-
diversity combined is a more effective predictor of
ecosystem multifunctionality than any component
alone. Accordingly, our findings suggest that it is essen-
tial to incorporate both the above- and belowground
biodiversity in assessing the multifunctionality for con-
servation and sustainable management of grassland
ecosystems.
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