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Abstract
Background and aims Theoretical and experimental evidence, predominantly from temperate grasslands, demonstrates strong support for a positive relationship between biodiversity and ecosystem functioning. This relationship is likely to be affected by land use drivers that
remove vegetation, and/or disturb the soil surface. Our
study aimed to examine the links between land use
intensity and plant richness, and potential effects on
productivity and function.
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Methods We examined the impact of mowing, grazing,
and mowing plus grazing, on the relationship between
plant diversity, and two measures of function; aboveground biomass and soil carbon. Our focus was on
Eurasian grasslands, which support a high diversity of
plant species, millions of people and their livelihoods,
and where livestock grazing and mowing are predominant land uses. We used structural equation modelling to
examine the effects of these land use drivers at 371 sites
across 100,000 km2 of northern China.
Results Mown sites supported a greater number of plant
species than sites that were either grazed, or grazed and
mown. Increasing plant richness was associated with
greater aboveground biomass and soil carbon when sites
were either mown or grazed, but these relationships
disappeared when the two land use drivers were combined. Relationships among plant diversity and two
measures of function were maintained when we
accounted for the spatial differences between sites.
Conclusion Our results demonstrate that additional land
use pressure imposed when mowing and grazing are
applied together can decouple the positive associations
between plant richness and functions. An understanding
of these potential effects is important if we are to adopt
strategies, such as destocking or reduced mowing, to
maintain diverse grassland ecosystems, and their services and functions.
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Introduction
Theoretical and experimental evidence over the last
decades provides support for a strong positive relationship between plant diversity and key ecosystem functions such as plant production and soil organic carbon
(SOC; Diaz et al. 2009; Hooper et al. 2012). These
biodiversity-ecosystem function relationships have
been, for example, largely studied in temperate European systems where reductions in diversity are known to
have marked reductions in function (Hector et al. 1999,
2001; Kirwan et al. 2007). Global studies have demonstrated that diverse grasslands lead to more stable plant
productivity and soil carbon sequestration (Grace et al.
2016; Wang et al. 2019b). Such a relationship is expected to be highly vulnerable to global change drivers, but
studies evaluating how the biodiversity-ecosystem function relationships changes across different ecological
contexts are lacking.
We know relatively little about how diversityproductivity relationships might be affected by disturbance, particularly different land-use types that involve
either herbivory (e.g. mowing), a combination of herbivory (mowing) and surface disturbance (grazing), or
more intensive landuses that combine both mowing and
grazing (Fig. 1a). Temperate Eurasian grasslands have
evolved under a long history of biomass removal
(Fischer and Wipf 2002; Kristin et al. 2017) and have
been maintained for thousands of years by intensive
mowing and grazing by livestock (Socher et al. 2012),
which are likely to have a strong influence on how
diverse plant communities function. Studies from Eurasian grasslands indicate that mowing and grazing, individually, can have significant effects on plant diversity
in temperate grasslands (Zhou et al. 2019; Smith et al.
2018). While the effects on grassland biodiversity of
grazing or mowing, with or without fertilization, have
been examined (Yang et al. 2012; Socher et al. 2012;
Kristin et al. 2017), little is known about the potential
additive effects of combining both land use drivers on
plant richness and grassland functions such as primary
productivity and soil function, and how this might likely
influence biodiversity-ecosystem function relationships.
An understanding of the links between the two important land use drivers and biodiversity-productivity relationship is critically important if we are to manage
Eurasian grasslands sustainably as the planet moves
towards a hotter and drier climate, and grazing increases
to feed a larger global population.

Mowing and grazing have markedly different effects
on grassland ecosystems. Mowing is non-selective,
resulting in a uniform removal of plant biomass with
little or no surface disturbance (Socher et al. 2012).
Mowing can enhance niche complementarity, allowing
more species to capture light and nutrients (Mason et al.
2011; Moinardeau et al. 2018), and stimulating increases in species diversity and ecosystem functioning
(Mason et al. 2011). Conversely, though it supports the
livelihoods of millions of peoples worldwide (Petz et al.
2014; Eldridge and Manuel 2018), grazing can also
have substantial negative effects on ecosystem structure,
composition and function (Eldridge et al. 2016), leading
to changes in plant community composition, reductions
in soil health and reduced hydrological functions. Unlike mowing, grazing is highly selective, combining the
selective removal of vegetation with physical disturbance to the soil surface (Fig. 1a). Livestock-induced
disturbance to the soil surface creates gaps in the vegetation, promoting the establishment and persistence of
annual, exotic and light-demanding species (Köhler
et al. 2016; Rupprecht et al. 2016).
In this study we examined the relationships between
plant richness, and two essential functions: aboveground
plant biomass and soil organic carbon in grasslands, under
three land uses that represent a gradient from low to
intensive across a large area of Eurasian grasslands in Inner
Mongolia. We had three hypotheses; First, we expected
that mown sites, which represent sites under the least
intensive land use, should support the greatest plant richness, given that mowing will reduce the influence of large
biomass plants, potentially releasing subordinate species
from competition. Second, we expected that the relationship between richness, and both productivity and function,
would be strongest under mowing, because grazing has
both herbivory and soil disturbance effects. Finally, we
expected that when grazing and mowing were combined
in these grassland sites, any positive relationships between
richness and productivity-function would disappear.

Methods
Site description
The study was located in the Hulun Buir grassland, Inner
Mongolia Autonomous Region, P.R. China across an area
of about 100,000 km2, between 47°05′-53°20’N and
115°31′–123°00′E. The study area lies among China,
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Fig. 1 (a) Biodiversity-ecosystem function relationship with predicted changes with increasing intensity of land use. (b) Map of the research
area in Inner Mongolia China showing the location of the four west-east transects, and images of plots that are (c) mown or (d) grazed

Mongolia and Russia (CENMN 1985; Zhang et al. 2011;
Zhu et al. 2019) (Fig. 1b). The Hulun Buir grassland
comprise relatively flat, vast and undulating high plains,
and the dominant management uses are mowing (Fig. 2b),

grazing (Fig. 2c), and the combination of mowing and
grazing. In the Hulun Buir grassland, grazing is carried
out year-round (except during the banned period in May),
and mowing is generally carried out in late August, at the
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Fig. 2 Box and raincloud plots of
plant richness for grazing,
mowing and grazing + mowing
land-use types

end of the grassland growing season. The semiarid continental climate is characterized by mean annual precipitation of 250–350 mm and mean annual temperature ranging
from 0 to 3 °C, mean growing season (May to September)
temperatures from 14 to 18 °C, and mean winter temperatures from −20 to −18.5 °C. Rainfall declines from the
northeast to the southwest, and approximately 80% is
concentrated between June and September. The frost-free
period ranges from 85 to 155 days. The temperature in the
southwest is higher than in the northeast, with an annual
sunshine period of 2650–3000 h (Zhang et al. 2011; Huhe
et al. 2014; Liu et al. 2014). The perennial rhizomatous
grass Leymus chinensis, the perennial bunchgrass Stipa
grandis, and the perennial sedge Carex duriuscula dominate typical steppe communities (Zhu et al. 2019). The
major soil types of this region are chernozems and chestnuts (CENMN 1985). We recorded 193 species across the
371 sites. Of these, 11% were grasses and the remainder
forbs and shrubs. The most common grass species were
Carex duriuscula (65% of sites), Leymus chinensis (58%)
and Stipa grandis (44%). Plant cover ranged from 8 to
85%.

Sampling procedures
We sampled the grassland community in July and August 2017 and 2018, along four west-east transects of
about 400 km. Transects ran from the eastern end of the
western foothills of the Great Khingan Mountains to the
western end of the China-Mongolia border, and plots

were distributed relatively evenly along the these transects every 2–3 km, except in urban, disturbed areas,
rivers and lakes. In total, 371 sites were selected away
from roads (> 100 m) in homogeneous and natural
steppe vegetation (Fig. 1b). The land use of each site
was verified by interviewing local pastoralists. Within
each site, we established three 1 m × 1 m quadrats
separated by distances of >10 m) within which we
measured the total cover, and cover, density and height
of every vascular plant species. We also recorded the
location (latitude, longitude) and environmental data
such as altitude, aspect, slope angle, bedrock, topographic position, and whether the grassland was grazed,
mown or both. Since almost all the grassland in Hulun
Buir is allocated to local farmers for either grazing or
hay production, natural ‘control’ areas are largely nonexistent across the study area. All the plants in each
quadrat were clipped, dried to a constant weight at
80 °C, and weighed to calculate aboveground biomass.
Three 5 cm diameter soil cores were collected, to a depth
of 15 cm from each quadrat using a soil auger. Samples
were combined, air dried, and visible plant material and
roots removed and the soil ground to pass a 0.5 mm
sieve. Total soil carbon (C) was analysis on a C-N
analyzer (CN-2000, LECO Inc., St. Joseph, MI).

Statistical analyses
All analyses were based on site-level data. We used a
linear mixed effect model, with transacts as random
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effects, to examine potential differences in plant richness between the three land use categories, after using
standard diagnostic tests (G-G plots, homogeneity of
residuals) in the R statistical package (Vers. 3.6.2; R
Core Team 2019). A Least Significant Difference (LSD)
test was used to identify those land uses that differed
significantly. We then used regression analysis to examine potential relationships between plant richness and
both soil carbon and aboveground plant biomass in R.
We tested both linear and nonlinear models and used
AIC to select the most parsimonious model.
Finally, we used Structural Equation Modelling
(SEM; Grace 2006) to analyze the effects of different
land-use types (grazing, mowing, grazing + mowing) on
site-level plant richness, or plant cover, and ecosystem
functions (soil organic carbon and aboveground biomass). We developed separate models for each landuse type. Structural equation modelling was used because it allowed us to partition direct and indirect effects
of one variable upon another and to estimate the
strengths of these multiple effects (Eldridge et al. 2018).
We fitted three SEMs where we examined the relationships among location (latitude, longitude), plant
richness (at the site level), and two measures of function
(aboveground plant biomass, soil organic carbon). Our a
priori model predicted that plant richness directly influences both biomass and soil carbon, after accounting for
the effects of location i.e. the location of all study sites.
To account for any spatial correlation in our data, we
expressed location as a composite variable made up of
latitude, cosine longitude and sine longitude. Both measures of function, biomass and soil carbon, were allowed
to covary (double headed arrow). Separate models using
either untransformed or transformed (log10) data revealed that models using untransformed data were superior (AIC < 2). The a priori model was compared with
the variance-covariance matrix to assess an overall
goodness-of-fit, using the χ2 statistic. The goodness of
fit test estimates the probability of the observed data
given the a priori model structure (Appendix S1), indicating whether the models are highly plausible causal
structures underlying the observed correlations. Because
our a priori model was a good fit to our data (low χ2,
high Goodness of Fit Index [GFI] and high Normal Fit
Index [NFI] or low root mean square error of approximation [RMSEA]) we made no post hoc alterations to
the model, allowing us to interpret the path coefficients
of the model and the P values. Our analyses with the
AMOS 22 (IBM, Chicago, IL, USA) software.
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Results
Our results indicated a significant effect of landuse on
plant richness (F2,365.6 = 43.1, P < 0.001; Fig. 2), with
greater plant richness under mowing than either the
grazing or mowing plus grazing. Moreover, we found
positive associations between plant richness, and aboveground biomass and soil carbon, for mowing and grazing alone. Non-linear models best described the relationships between richness and soil carbon for mown
and grazed sites, and for the relationship between richness and biomass for mown sites. However, these relationships broke down across locations wherein both
mowing and grazing were applied simultaneously. For
example, increasing plant richness was associated with
increasing soil carbon (Fig. 3a; R2 = 0.07) and aboveground biomass (Fig. 3b; R2 = 0.28) across mown sites,
and similar, though weaker trends, across grazed sites
(soil carbon, R2 = 0.07, Fig. 3c; biomass: R2 = 0.04, Fig.
3d). However, when sites were both mown and grazed,
these relationships were non-significant (Figs. 3e-f).
When we examined effects of cover on functions, it
was less sensitive to changes in the intensity of land
use drivers (Fig. S2).

Direct and indirect effects among plant richness
and functional variables
Our structural equation modelling provided further
evidence that, in locations being grazed and mowed
simultaneously, the relationship between plant richness and ecosystem functions collapses (Fig. 4).
However, when mowing or grazing are applied separately, we still found positive associations between
richness and ecosystem functions. For instance, plant
richness had strong positive effects on plant biomass
under mowing, but the strength of the effect declined
under grazing. We found a weak effect of richness
on soil carbon, but only under grazing. When we
modelled the effects of plant cover on carbon and
biomass, given the reported strong relationship between cover and biomass (e.g. Röttgermann et al.
2000), we found that, unlike the results for richness,
the strong positive effects on biomass were retained,
irrespective of treatment (Fig. S2). These results
were maintained when we accounted for the spatial
differences among the sites i.e. differences in latitude
and longitude, in our models.
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Fig. 3 Relationships between plant richness, and soil organic carbon (%) and aboveground biomass (m−2) for mowing, grazing, and grazing
+ mowing land-use types

Discussion
Using an extensive sampling network of 371 sites across
100,000 km2 of northern China, one of the largest remaining grasslands on Earth, we show that locations under two
land-use drivers, mowing and grazing, had lower levels of
plant richness than those locations including either mowing or grazing applied alone. More importantly, the correlations among plant richness and aboveground and belowground functions declined with increasing land-use intensity i.e. from mowing, through grazing, to combined mowing and grazing. Our results demonstrate that additional
land-use pressures imposed when mowing and grazing are
applied together can decouple the positive associations
between plant richness and functions. This knowledge is

critical if we are to adopt strategies to maintain diverse
grassland ecosystems and the important services and functions that they provide.
Plant richness has been shown to play an important
role in maintaining productive, functional and resilient
temperate and alpine grasslands (Kuzyakov and
Domanski 2002; Yun and Wesche 2016) and dryland
ecosystems globally (Maestre et al. 2016). Increasing
richness is linked to a greater number of plant functional
types (grasses, forbs, shrubs), and would be expected to
support a greater diversity of litter, and root types with a
greater range of organic exudates (Bezemer et al. 2006)
and more biomass (Deyn et al. 2011). A more diverse
plant community would also be expected to produce
more varied litter with different decomposition rates
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Fig. 4 Structural equation model depicting the effects of the
location (latitude, cosine longitude, sine longitude), plant richness,
soil organic carbon and plant biomass under (a) mowing, (b)
grazing, (c) grazing + mowing treatment, and (d) the standardized
total effects of the three land-use types on biomass and soil carbon.

Only significant pathways are shown. Model statistics: Mowing:
χ2 = 3.15, df = 4; p = 0.53; RMSEA p = 0.67; GFI = 0.992, NFI =
0.984. Grazing: χ2 = 1.12, df = 4; p = 0.99; RMSEA: p = 0.99;
GFI = 1.00, NFI = 1.00. Mowing plus Grazing: χ2 = 1.70, df = 1;
p = 0.19; RMSEA: p = 0.22; GFI = 0.998, NFI = 0.968

and chemistries (e.g., wide ranges of C:N ratios;
Bardgett and Wardle 2013). These attributes all likely
contribute to the strong positive relationships between
plant richness and ecosystem function. Our results accord with these positive biodiversity-function associations where single land-use types occur, but highlight
the fact that these critically important associations are
highly vulnerable and can disappear when multiple land
use management practices (grazing + mowing) are applied simultaneously.
Regular mowing is used to maintain grassland biodiversity (Collins et al. 1998; Prober et al. 2007) and has
been an integral component of semi-natural grassland
management in Europe and China for thousands of
years (Hansson and Fogelfors 2000). We found that
plant richness and function were positively related under
mowing, but the explanatory power of the relationship
was relatively weak. Mowing can increase population
and community stability in temperate grassland ecosystem (Yang et al. 2012), and mowing has also been

shown to lead, indirectly, to increases in plant species
richness (Benot et al. 2014; Kotas et al. 2017; Chai et al.
2019) via compensatory growth (Kitchen et al. 2009;
Wan et al. 2016), removal of dead plant material that
enhances plant establishment, resulting in greater productivity and diversity (Yang et al. 2019; Zhang et al.
2018; Zhou et al. 2019). Mowing would be expected to
release subordinate plant species from competition by
reducing the biomass of taller dominant plants (Smith
et al. 2018; Liu et al. 2018) and can increase the capacity
of plants to buffer the negative effects of N enrichment
on diversity (Zheng et al. 2017; Yang et al. 2019).
Compared with mowing plus grazing, the most obvious
effect of mowing is to reduce aboveground biomass,
indiscriminately, irrespective of plant palatability (Fu
and Shen 2017). In our study, grazing reduced plant
richness compared with mowing, and compared with
mown sites, the explanatory power on plant biomass
was substantially diminished (Fig. 4a and b). Interestingly, however, we also found a weak correlation
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between richness and soil C under grazing but not under
mowing (Fig. 4). The most parsimonious explanations
relate to mechanistic differences between locations affected by both land use drivers.
We found that in locations when grazing and
mowing were applied together, the effects of richness on soil C and plant biomass were decoupled
compared with the same association in either mowed
or grazed locations (Fig. 4c). Furthermore, grazed
and mown sites had lower plant richness than either
land use alone (Fig. 2). The expected effect of both
mowing and grazing is to remove biomass indiscriminately (mowing), selectively remove palatable
or sensitive plants, disturb the soil surface, increase
erosion, alter soil hydrological processes (Prober
et al. 2007; Socher et al. 2013; Eldridge et al.
2016), change soil microbial food webs (Wang
et al. 2019a) and influence soil fungal functional
groups (Eldridge and Manuel 2018). It is possible
that the lack of a significant relationship between
richness and function at sites that were both mown
and grazed might be an artefact of the low range in
plant richness values resulting from the effects of a
combined treatments. Low intensity management of
high diversity grasslands can lead to potentially high
forage production (Weigelt et al. 2009), and mowing
has been shown to increase population and community stability in temperate grasslands (Yang et al.
2012). Intensive grazing combined with mowing
has been shown to reduce not only plant richness,
but the richness of lichens, grasshoppers and butterflies (Allan et al. 2014). Thus mowing combined
with grazing will remove aboveground plant reserves, reducing belowground processes (Socher
et al. 2012; Kristin et al. 2017; Larreguy et al.
2017), and selectively remove species that might
perform specific functions and services such as N
fixation, hydrological function, or those associated
with specific microbial functions of decomposition
(Soliveres et al. 2012; Allan et al. 2014; Boch et al.
2016; Kruse et al. 2016). Mowing can also reduce
structural heterogeneity by preferentially removing
taller plants (Tälle et al. 2016; Valkó et al. 2012)
allowing herbivores access to smaller, less grazingtolerant species. Overall, therefore, it is not unexpected that combining both land-use types reduces
richness more than either land-use driver separately,
thereby weakening the linkages between richness
and critical ecosystem functions.

Concluding remarks
A better understanding how mowing and grazing, together, affect plant community structure and ecosystem
function is urgently needed to ensure the sustainable
management of large areas of the world’s grasslands.
Our work provides novel evidence that the combination
of two land uses was sufficient to decouple the essential
associations between biodiversity and ecosystem functions in one of the largest remaining grasslands of Earth.
In particular, our research indicates that grazing combined with mowing will likely reduce plant richness and
alter the positive effects of plant richness on C sequestration and grassland productivity. This is likely to be
more important as Earth experiences a drier and more
variable climate. Under such a scenario, producers will
be forced to increase stocking rates to maintain their
livelihoods, on a land base that is declining due to
degradation of existing grasslands. Given that both
mowing and grazing are economically fundamental for
people living in the studied ecosystems, our work suggests that in Hulun Buir grasslands, management practices including single land use drivers are likely to
maintain the positive effects of biodiversity on ecosystem functions, while maintaining livestock productivity.
Acknowledgements This work was supported by the National
Key Research and Developm ent Program of China
(2016YFC0500908) and the National Natural Science Foundation
of China (41971061). M.D-B. was supported by the European
Union’s Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie Grant Agreement No 702057
(CLIMIFUN) and by a Large Research Grant from the British
Ecological Society (Grant Agreement No. LRA17\1193,
MUSGONET).
Authors’ contributions X. Yang, Y. Liu and D.J. Eldridge
designed the research; Y. Zhu and D.J. Eldridge performed the
research; Y. Zhu and D. Shan contributed data; Y. Zhu and D.J.
Eldridge analyzed the data; Y. Zhu, D.J. Eldridge and M. DelgadoBaquerizo wrote the paper; all authors contributed to editing the
manuscript.

References
Allan E, Bossdorf O, Dormann CF et al (2014) Inter-annual
variation in land-use intensity enhances grassland
multidiversity. Proc Natl Acad Sci USA 111:308–313
Bardgett R, Wardle DA (2013) Aboveground-belowground linkages: biotic interactions, ecosystem processes, and global
change. Eos Trans Am Geophys Union 92:222–222

Plant Soil (2020) 450:511–520
Benot ML, Saccone P, Pautrat E, Vicente R, Colace MP, Grigulis
K, Clement JC, Lavorel S (2014) Stronger short-term effects
of mowing than extreme summer weather on a subalpine
grassland. Ecosystems 17:458–472
Bezemer TM, Lawson CS, Hedlund K, Edwards AR, Brook AJ,
José MI, Mortimer SR, Putten WHVD (2006) Plant species
and functional group effects on abiotic and microbial soil
properties and plant-soil feedback responses in two grasslands. J Ecol 94:893–904
Boch S, Prati D, Schöning I, Fischer M (2016) Lichen species
richness is highest in nonintensively used grasslands promoting suitable microhabitats and low vascular plant competition. Biodivers Conserv 25:225–238
CENMN (Comprehensive Expedition in Nei Mongol, Ningxia,
Chinese Academy of Sciences) (1985) Nei Mongol
Vegetation. Science Press, Beijing
Chai QL, Ma ZY, Chang XF, Wu GL, Zheng JY, Li ZW, Wang GJ
(2019) Optimizing management to conserve plant diversity
and soil carbon stock of semi-arid grasslands on the loess
plateau. Catena 172:781–788
Collins SL, Alan K, Knapp JM, Briggs JM, Blair EM (1998)
Steinauer modulation of diversity by grazing and mowing
in native Tallgrass prairie. Science 280:745–747
Core Team R (2019) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria https://www.R-project.org/
Deyn GBD, Shiel RS, Ostle NJ, Mcnamara NP, Oakley S, Young
I, Freeman C, Fenner N, Quirk H, Bardgett RD (2011)
Additional carbon sequestration benefits of grassland diversity restoration. J Appl Ecol 48:600–608
Diaz S, Hector A, Wardle DA (2009) Biodiversity in forest carbon
sequestration initiatives: not just a side benefit. Curr Opin
Environ Sustain 1:55–60
Eldridge DJ, Manuel D-B (2018) Grazing reduces the capacity of
landscape function analysis to predict regional-scale nutrient
availability or decomposition, but not total nutrient pools.
Ecol Indic 90:494–501
Eldridge DJ, Poore AGB, Ruiz-Colmenero M, Letnic M, Soliveres
S (2016) Ecosystem structure, function and composition in
rangelands are negatively affected by livestock grazing. Ecol
Appl 26:1273–1283
Eldridge DJ, Delgado-Baquerizo M, Travers SK, Val J, Oliver I,
Dorrough JW, Soliveres S, Müller J (2018) Livestock activity
increases exotic plant richness, but wildlife increases native
richness, with stronger effects under low productivity. J Appl
Ecol 55(2):766–776
Fischer M, Wipf S (2002) Effect of low-intensity grazing on the
species-rich vegetation of traditionally mown subalpine
meadows. Biol Conserv 104:1–11
Fu G, Shen ZX (2017) Clipping has stronger effects on plant
production than does warming in three alpine meadow sites
on the northern Tibetan plateau. Sci Rep 7:16330
Grace JB (2006) Structural equation modelling and natural systems. Cambridge University Press, Cambridge
Grace JB, Anderson TM, Seabloom EW, Borer ET, Adler PB,
Harpole WS et al (2016) Integrative modelling reveals mechanisms linking productivity and plant species richness.
Nature 529:390–393
Hansson M, Fogelfors H (2000) Management of a semi-natural
grassland; results from a 15-year-old experiment in southern
Sweden. J Veg Sci 11:31–38

519
Hector A, Schmid B, Beierkuhnlein C, Caldeira MC, Diemer M,
Dimitrakopoulos PG et al (1999) Plant diversity and productivity experiments in European grasslands. Science 286:1123
Hector A, Joshi J, Lawler S, Spehn EM, Wilby A (2001)
Conservation implications of the link between biodiversity
and ecosystem functioning. Oecologia 129:624–628
Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA,
Matulich KL, Gonzalez A, Duffy JE, Gamfeldt L, O’Connor
MI (2012) A global synthesis reveals biodiversity loss as a
major driver of ecosystem change. Nature 486:105–108
Huhe SB, Cheng YX, Nobukiko N, Toshiaki N, Toru N, Hiroo U
(2014) Effect of abandonment on diversity and abundance of
free-living nitrogen-fixing bacteria and total bacteria in the cropland soils of Hulun Buir, Inner Mongolia. PLoS One 9:1–10
Kirwan L, Lüscher A, Sebastià MT, Finn JA, Collins RP,
Porqueddu C et al (2007) Evenness drives consistent diversity effects in intensive grassland systems across 28 European
sites. J Ecol 95:530–539
Kitchen DJ, Blair JM, Callaham MA (2009) Annual fire and
mowing alter biomass, depth distribution, and C and N
content of roots and soil in tallgrass prairie. Plant Soil 323:
235–247
Köhler M, Hiller G, Tischew S (2016) Year-round horse grazing
supports typical vascular plant species, orchids and rare bird
communities in a dry calcareous grassland. Agric Ecosyst
Environ 234:48–57
Kotas P, Choma M, Santruckova H, Leps J, Triska J, Kastovska E
(2017) Linking above- and belowground responses to 16
years of fertilization, mowing, and removal of the dominant
species in a temperate grassland. Ecosystems 20:354–367
Kristin G, Steffen B, Markus F, Norbert H, Kleinebecker T, Daniel
P, Denise R, Barbara S, Valentin HK (2017) Grassland management in Germany: effects on plant diversity and vegetation composition. Tuexenia 37:379–397
Kruse M, Stein-Bachinger K, Gottwald F, Schmidt E, Heinken T
(2016) Influence of grassland management on the biodiversity of plants and butterflies on organic suckler cow farms.
Tuexenia 36:97–119
Kuzyakov Y, Domanski G (2002) Model for rhizodeposition and
CO2 efflux from planted soil and its validation by 14C pulse
labelling of ryegrass. Plant Soil 239:87–102
Larreguy C, Carrera AL, Bertiller MB (2017) Reductions of plant
cover induced by sheep grazing change the abovebelowground partition and chemistry of organic C stocks in
arid rangelands of Patagonian Monte, Argentina. J Environ
Manag 199:139–147
Liu M, Liu GH, Wu X, Wang H, Chen L (2014) Vegetation traits
and soil properties in response to utilization patterns of grassland in Hulun Buir City, Inner Mongolia, China. Chinese
Geogr Sci 24:471–478
Liu Z, Baoyin T, Sun J, Minggagud H, Li X (2018) Plant sizes
mediate mowing-induced changes in nutrient stoichiometry
and allocation of a perennial grass in semi-arid grassland.
Ecol Evol 8:3109–3118
Maestre FT, Eldridge DJ, Soliveres S, Kéfi S, Delgado-Baquerizo
M, Bowker MA, García-Palacios P, Gaitán J, Gallardo A,
Lázaro R, Berdugo M (2016) Structure and functioning of
dryland ecosystems in a changing world. Ann Rev Ecol Evol
Syst 47:215–237
Mason NW, de BelloF DJ, Lepš J (2011) Niche overlap reveals the
effects of competition, disturbance and contrasting assembly

520
processes in experimental grassland communities. J Ecol 99:
788–796
Moinardeau C, Mesléard F, Ramone H, Dutoit T (2018) Shortterm effects on diversity and biomass on grasslands from
artificial dykes under grazing and mowing treatments.
Environ Conserv:1–8
Petz K, Alkemade R, Bakkenes M, Schulp CJE, van der Velde M,
Leemans R (2014) Mapping and modelling trade-offs and
synergies between grazing intensity and ecosystem services
in rangelands using global-scale datasets and models. Glob
Environ Chang 29:223–234
Prober SM, Thiele KR, Lunt ID (2007) Fire frequency regulates
tussock grass composition, structure and resilience in endangered temperate woodlands. Austral Ecol 32:808–824
Röttgermann M, Steinlein T, Beyschlag W, Dietz H (2000) Linear
relationships between aboveground biomass and plant cover
in low open herbaceous vegetation. J Veg Sci 11:145–148
Rupprecht D, Gilhaus K, Hölzel N (2016) Effects of year-round
grazing on the vegetation of nutrient-poor grass-and heathlands — evidence from a large-scale survey. Agric Ecosyst
Environ 234:16–22
Smith AL, Barrett RL, Milner RNC (2018) Annual mowing
maintains plant diversity in threatened temperate grasslands.
Appl Veg Sci 21:207–218
Socher SA, Prati D, Boch S, Müller J, Klaus VH, Hölzel N,
Fischer M (2012) Direct and productivity-mediated indirect
effects of fertilization, mowing and grazing on grassland
species richness. J Ecol 100:1391–1399
Socher SA, Prati D, Boch S, Mueller J, Baumbach H, Gockel S,
Hemp A, Schoening I, Wells K, Buscot F, Kalko EKV,
Linsenmair KE, Schulze ED, Weisser WW, Fischer M
(2013) Interacting effects of fertilization, mowing and grazing on plant species diversity of 1500 grasslands in Germany
differ between regions. Basic Appl Ecol 14:126–136
Soliveres S, Eldridge DJ, Hemmings F, Maestre FT (2012) Nurse
plant effects on plant species richness in drylands: the role of
grazing, rainfall and species specificity. Perspect Plant Ecol
14:402–410
Tälle M, Deák B, Poschlod P, Valkó O, Westerberg L, Milberg P
(2016) Grazing vs. mowing: a meta-analysis of biodiversity
benefits for grassland management. Agric Ecosyst Environ
222:200–212
Valkó O, Török P, Matus G, Tóthmérész B (2012) Is regular
mowing the most appropriate and cost-effective management
maintaining diversity and biomass of target forbs in mountain
hay meadows? Flora 207:303–309
Wan ZQ, Yang JY, Gu R, Liang Y, Yan YL, Gao QZ, Yang J
(2016) Influence of different mowing systems on community
characteristics and the compensatory growth of important

Plant Soil (2020) 450:511–520
species of the Stipa grandis steppe in Inner Mongolia.
Sustainability 8:1121
Wang B, Wu LJ, Chen DM, Wu Y, Hu SJ, Li LH, Bai YF (2019a)
Grazing simplifies soil micro-food webs and decouples their
relationships with ecosystem functions in grasslands. Glob
Chang Biol. https://doi.org/10.1111/gcb.14841
Wang Y, Cadotte MW, Chen Y, Fraser LH, Zhang Y, Huang F et al
(2019b) Global evidence of positive biodiversity effects on
spatial ecosystem stability in natural grasslands. Nat
Commun 10:3207
Weigelt A, Weisser WW, Buchmann N, Scherer-Lorenzen M
(2009) Biodiversity for multifunctional grasslands: equal
productivity in high-diversity low-input and low-diversity
high-input systems. Biogeosciences 6:1695–1706
Yang H, Jiang L, Li L, Li A, Wu M, Wan S (2012) Diversitydependent stability under mowing and nutrient addition:
evidence from a 7-year grassland experiment. Ecol Lett 15:
619–626
Yang GJ, Xiao-Tao L, Stevens CJ, Zhang GM, Wang HY, Wang
ZW, Wang ZW, Zhang ZJ, Liu ZY, Han XG (2019)
Correction to: mowing mitigates the negative impacts of N
addition on plant species diversity. Oecologia. https://doi.
org/10.1111/j.1365-2664.2010.01925.x
Yun W, Wesche K (2016) Vegetation and soil responses to livestock grazing in central Asian grasslands: a review of
Chinese literature. Biodivers Conserv 25:2401–2420
Zhang G, Xu X, Zhou C, Zhang H, Ouyang H (2011) Responses
of vegetation changes to climatic variations in hulun buir
grassland in past 30 years. J Geogr Sci 21:634–650
Zhang Y, Lu WJ, Zhang H, Zhou J, Shen Y (2018) Grassland
management practices in Chinese steppes impact productivity, diversity and the relationship. Frontiers Agricult Sci Eng
5(1):57–63
Zheng Q, Gang L, Xiao B, Chen LT, Zhang H, Ni Z (2017) Effect
of grazing intensity on species richness and biomass of alpine
meadow in Northwest Sichuan. Pratacult Sci 34:1390–1396
Zhou JQ, Wilson GWT, Cobb AB, Yang GW, Zhang YJ (2019)
Phosphorus and mowing improve native alfalfa establishment, facilitating restoration of grassland productivity and
diversity. Land Degrad Dev. https://doi.org/10.1002/ldr.3251
Zhu YJ, Shan D, Wang BZ, Shi ZJ, Yang XH, Liu YS (2019)
Floristic features and vegetation classification of the Hulun
Buir steppe in North China: geography and climate-driven
steppe diversification. Glob Ecol Conserv 20:e00741
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

