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Abstract

Aims Land use change due to the increasing anthropo-
genic activities is the most important driver leading to
alteration of multiple ecosystem functions. Overgrazing
is thought to be one of most pervasive and significant
degrading processes in grasslands, but direct compari-
sons with other comparable drivers of land use
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intensification are lacking. Our results aimed to test
how single land use practices (grazing, mowing), and
combined land use practices (both grazing and mow-
ing), influence biodiversity, soils and plant function, and
the coupling of aboveground and belowground func-
tions and properties in a Eurasian steppe grassland.
Methods We examined changes in individual functions
associated with aboveground and belowground plant
and soil compartments, and multiple combined func-
tions (hereafter ‘multifunctionality’) at 317 sites along
an extensive climatic gradient in Northern China. Fur-
ther, we investigated the correlations (coupling) be-
tween aboveground and belowground processes under
the three land use scenarios.

Results We found a mixture of effects of grazing, mow-
ing and mowing plus grazing. However, values of many
aboveground and belowground attributes were lower
when sites were grazed. Although grazed sites had
lower values of soil carbon and nutrients, there were
no grazing-induced changes in root carbon, nitrogen and
phosphorus. More importantly, the most intense land
use scenario (grazing combined with mowing)
decoupled the correlations between belowground and
aboveground functions compared with that of single
land uses.

Conclusions Our study demonstrates that mowing is a
better long-term management method than grazing for
semi-natural grasslands in the Eurasian steppe are heavi-
ly grazed. 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
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critical if we are to adopt strategies to maintain diverse
grassland ecosystems and the important services and
functions that they provide.

Keywords Eurasian grassland - Ecosystem functions -
Multifunctionality - Grazing - Mowing - Plant diversity -
Ecosystem services

Introduction

Land use intensification has increased over the past
century to meet the food needs of an increasing global
population (Tilman et al. 2011). Land use intensification
includes overgrazing by domestic livestock, vegetation
removal and land clearing for agriculture, and fertiliza-
tion, and has been shown to reduce diversity and pro-
ductivity, and therefore ecosystem functioning and sta-
bility (Allan et al. 2015; Bliithgen et al. 2016; Chillo
etal. 2016; Habel et al. 2013; Travers et al. 2019). Most
studies to date have examined the effects of single land
use drivers, or the effects of different drivers on multiple
functions simultaneously, and the majority has focussed
on aboveground processes (hereafter aboveground
multifunctionality; Garland et al. 2020). However, the
impacts of grazing on plant and plant processes (partic-
ularly root traits) and soil functions compared with those
of similar land use drivers (e.g., mowing) are less well
understood. Similarly, very little is known about the
effects of mowing and grazing on soil ecosystem func-
tions across different soil depths. This knowledge is
important because land use intensification often in-
volves multiple landuse drivers (e.g., grazing and fertil-
ization), which have different effects on both above-
ground and belowground functions.

Land use intensification practices such as mowing for
hay production and livestock grazing would be expected
to negatively affect aboveground ecosystem functions,
by reducing, for example, the amount of plant biomass,
altering species composition, and potentially removing
keystone species such as perennial grasses that are crit-
ically important for sustaining productive and stable
ecosystems (Bai et al. 2012). However, we know very
little about how these processes might affect the biomass
of belowground components (e.g., root biomass). Sim-
ilarly, the effects of mowing or grazing on soil carbon
(C), nitrogen (N) and phosphorus (P) concentrations are
expected to be more pronounced in the upper surface
layers where most C and nutrients are found. Leaching
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and erosion processes associated with mowing and graz-
ing might impact the concentration of soil C, N and P
with depth, but the extent of these practices is little
known because any effects of grazing or mowing on
these important elements have been little studied at
different soil depths. We know, for example, that soil
C and nutrients in drylands (semi-arid to dry subhumid)
soils are concentrated in the uppermost layers (< 10 cm),
so many studies of grazing effects on soils have tended
to focus at these depths (e.g., Eldridge et al. 2016).
Similarly, the effects of mowing could influence soils
by reducing photosynthesis and therefore C substrates,
increasing surface temperatures, or increasing soil res-
piration, but these effects have generally been tested at
only relatively shallow depths (< 10 cm, Han et al.
2012).

Herbivory by livestock could induce similar effects
to those of mowing because they remove aboveground
biomass. Thus, it could be hypothesized that mowing
and grazing impacts on ecosystem functions are similar.
Notwithstanding the positive effects of livestock on
ecosystems and their biota (e.g. Lu et al. 2017), live-
stock not only remove plants, but also compact the soil
and affect soil processes such as the decomposition of
organic matter and the turnover of nutrients. This is
important because land use changes that alter above-
ground attributes such as litter and plant production are
likely to affect decomposition and mineralization pro-
cesses, and therefore soil microbial functions, with feed-
backs to pastoral production and resistance to, and re-
silience from, disturbance, particularly as Earth’s cli-
mate becomes more variable. We posit, therefore, that
the effects of grazing can be far more important than
those of mowing in terrestrial ecosystems. The function-
al impacts of grazing compared with mowing could be
particularly pronounced in nutrient-poor ecosystems
wherein herbivore dung has affects nutrient availability
for plants and microbes (Cai et al. 2014). Understanding
the relative importance of different land use drivers in
altering ecosystem functions is essential to predict how
future changes in land use intensification under global
change scenarios will alter ecosystem productivity and
sustainability.

Climate change and land use intensification can alter
the relationships among belowground and aboveground
processes i.e. the extent to which they are coupled,
leading to changes in critical ecosystem functions. The
strength of these direct and indirect linkages (Risch et al.
2018) reflects a greater ecosystem stability and therefore
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greater resistance and resilience (Ochoa-Hueso et al.
2019). For example, increasing aridity has been shown
to decouple soil C and N in steppe grasslands (Ye et al.
2013), and C, N and P stoichiometry in drylands glob-
ally (Delgado-Baquerizo et al. 2013). However, we
know relatively less about how aboveground and be-
lowground functions are linked and how the connec-
tions are likely to change under various land use
scenarios.

Here we describe a study where we aimed to test how
single land use practices (grazing, mowing), and com-
bined land use practices (both grazing and mowing),
influence biodiversity, soils and plant function, and the
coupling between aboveground and belowground func-
tions and properties in a Eurasian steppe grassland. We
examined changes in individual functions associated
with aboveground and belowground plant and soil com-
partments, and multiple combined functions (hereafter
‘multifunctionality’) at 317 sites along an extensive
climatic gradient in Northern China. Further, we inves-
tigated the coupling (i.e., the lack or reduction in envi-
ronmental correlation among ecosystem attributes in
response to disturbance) among aboveground and be-
lowground processes under the three land use scenarios.
We predicted that there would be greater coupling under
single land uses, and that the more intense land use
practice (grazing combined with mowing) would lead
to a decoupling of aboveground and belowground func-
tions. Our study provides a scientific basis for determin-
ing policy in relation to appropriate levels of land use
intensity needed to sustain healthy productive grass-
lands, on which human livelihoods depend.

Methods
Site description

This study was conducted in the Hulun Buir steppe,
located across an area of about 113,000 km? in the
Hulun Buir region of Inner Mongolia, China (47°05'-
53°20°N and 115°31’-123°00'E, 650-1050 m asl). The
study area lies among China, Mongolia and Russia (Zhu
et al. 2019). The region experiences a temperate semi-
arid continental climate. Mean annual temperature
ranges from 0 to 3 °C, with the lowest monthly mean
temperature (—22 °C) in January and the highest month-
ly mean temperature in August (18.5 °C). Mean annual
precipitation is 250—350 mm and approximately 80% is

concentrated between June and September; the frost-
free period ranges from 85 to 155 days and with an
annual sunshine period of 2650-3000 h (climatic data
from the Hulun Buir Meteorological Station). The nat-
ural vegetation is steppe dominated by the grasses Stipa
grandis P. Smirn., Stipa krylovii Roshev, Leymus
chinensis (Trin.) Tzvel. and Stipa baicalensis Roshev
(Zhu et al. 2019). The major soil types of this region are
chernozems and chestnuts (CENMN 1985). There are
two dominant land uses; hay production for sale as
fodder (hereafter ‘mowing’), and in situ sheep, goat
and cattle grazing for meat and wool (hereafter ‘graz-
ing’), with some land owners practicing both land uses
(hereafter ‘mowing plus grazing’). All the studied grass-
lands were unfertilized, and the land use of each site was
verified by interviewing local pastoralists.

Sampling procedures

Over the period of two growing seasons in 2017 and
2018, we surveyed 317 sites within the Hulun Buir
steppe using four west-east trending transects of about
300 km running from the eastern end of the western
foothills of the Great Khingan Mountains to the western
end of the China-Mongolia border. Our field sites were
spaced at distances of 2 to 3 km along these transects in
areas of homogeneous steppe. Urban or disturbed areas,
riparian and lakeside sites were avoided. At each site we
located three 1m? plots to investigate the plant commu-
nity and soils (n =951 quadrats). Within each quadrat
we measured the total cover of all vascular plants by
species, and recorded the land use (grazed, mown,
grazed + mown) using interviews with local pastoralists.

In the Hulun Buir grasslands, each herder (pastoral)
family generally subdivides their rangeland plot into
two parts, one that is grazed for meat and wool produc-
tion, and the other mown, to produce fodder for sale off-
farm. Rangelands are grazed year-round, except during
May, which is the period when perennial grasses begin
to germinate. Government bans on grazing on all
rangelands during May aim to encourage grassland
regeneration. The rangelands are grazed by sheep, goats
and cattle, at average stocking rates of about 110-170
sheep units per square kilometre, equivalent to 22-34
livestock (cattle) units per square kilometre.
Overgrazing is a substantial issue, and herders typically
respond to grazing-reduced grassland productivity by
increasing livestock densities in order to maintain living
standards (Gao et al. 2016). Mowing, using tractor-
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based mowers and hay balers, is carried out in areas that
have not been grazed, in late August to early September,
at the end of the grassland growing season. Herders that
practice both grazing and mowing graze their previously
mown grasslands until the following March (Zhu et al.
2019; NSBC 2019). Although the mixed (grazing +
mowing) grassland management system is believed to
be environmentally and financially better than continu-
ous grazing (Schonbach et al. 2011), free-range contin-
uous grazing, without mowing, is the most widely prac-
ticed system, while mowing practiced mainly by those
who have access to hay-making machinery.

All aboveground plants were harvested in each plot,
oven-dried at 45 °C and weighed to calculate above-
ground biomass (g m ). Three 10 cm diameter soil
cores were also collected, to a depth of 20 cm, from
each quadrat using a root auger, and the roots in each
soil core cleaned and dried at 45 °C and weighed and
expressed as g m 2. Aboveground and belowground
biomass was collected in the same area for C, N and P
analyses.

Soil samples were collected by taking three 5 cm
diameter soil cores from the 0—10 ¢m, 10-20 cm and
20-40 cm depths from each quadrat with a soil auger.
The three cores from each quadrat were combined, air
dried, hand sorted to remove rocks and visible plant
material, and the soil ground to pass through a 2 mm
sieve for use in soil physicochemical analyses. Soil pH
was measured in 1:2.5 (soil: water) suspension using a
pH meter (Mettler Toledo, Shanghai, China). Rock vol-
ume was measured to correct for soil C, N and P pools.
Bulk density of the surface 10 cm was determined with a
100 cm® corer after correction for rock volume. Soil
cores were oven-dried at 105 °C to constant weight.
Total organic C in soil and plant samples was analysis
on a liquiTOC analyzer (Elementar, Hanau, Germany).
Total N in plant and soil samples was determined fol-
lowing Kjeldehl digestion by a Nitrogen Analyzer Sys-
tem (Kjeltec 2300 Auto System II, Foss Tecator AB,
Hoganiés, Sweden), and total P in soil and plant samples
determined by the H,SO4-HC1O, fusion method
(Sparks et al. 1996). The soil texture was determined
using Laser Particle Size Analyser (S3500, Microtrac,
America), and divided into clay (< 2 um), silt (2-50 um)
and sand (50-2000 um) according to the USDA system
(Soil Survey Staff 1951). To assess the effects of grazing
and mowing on functional group composition, we clas-
sified all plants into five functional groups based on life
forms (perennial grasses, perennial forbs, perennial
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rhizomatous grasses, shrubs and semi-shrubs, annuals;
after Bai et al. 2012).

Statistical analyses

All analyses were based on site-level data. We calculat-
ed an average multifunctionality index (MF) assigning
each of the 32 attributes to a particular function
(Table 1), obtained as the average standardised (z-score)
values across the different ecosystem functions (Maestre
et al. 2012). This index has good statistical properties
and is a straightforward and easily interpretable measure
of multifunctionality (Lefcheck et al. 2015). The index

Table 1 The relationship between different attributes and func-
tions. *not included as an ecosystem service in Fig. 2

Services Functions Attribute

Provisioning  Plant productivity Aboveground biomass
Belowground biomass
Plant foliage cover
Alpha diversity

Pieleu’s index

Biodiversity ~ Plant diversity
Evenness index
Simpson index

Beta diversity
Gamma diversity
Cover CV
ShannonWeiner index
Soil Water

Soil N 0-10 cm

Soil N 10-20 cm

Soil N 20-40 cm

Soil P 0-10 cm

Soil P 10-20 cm

Soil P 20-40 cm

Root N

Root P

Root C

Plant N

Plant P

Plant C

Soil organic carbon 0-10 cm

Supporting Water resources

Nutrient cycling

Nutrient uptake

Regulating Carbon stocks
Soil organic carbon 10-20 cm
Soil organic carbon 20-40 cm
Soil properties  Soil acidification Soil pH

Soil density® Soil bulk density
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is an averaging method, and attempts to summarize
multifunctionality so that high values equate with high
values of many, but not necessarily all, attributes
(Garland et al. 2020). We also report results on individ-
ual function to aid interpretation.

Differences in multifunctionality of aboveground
and belowground attributes for the three land use prac-
tices, and the seven ecosystem services/functions for
each of the three land use types were tested using
Oneway ANOVA. A Least Significant Difference
(LSD) test was used to identify those land uses that
differed significantly using SPSS 22 (IBM, Chicago,
IL, USA) software. We used a linear model to examine
the relationships among selected aboveground and be-
lowground attributes for the three land use practice
categories, after using standard diagnostic tests (G-G
plots, homogeneity of residuals) in the R statistical
package (R Core Team 2019). Correlations among all
aboveground and belowground attribute (Table S1)
were analysed separately, for each landuse type, using
the R statistical package. To account for different sam-
ple sizes among the three land use types, we randomly
selected 56 sites from each of the grazed (original n =
186) and mown (original n = 127) sites.

Results

Multifunctionality of aboveground and below-
ground attributes was greater at mown sites than
those at grazed, either alone or in combination
with mowing (Fig. la & b). Similar results were
found for individual groups of functions, except
nutrient uptake and acidification (soil pH; Fig. 2).
We also found a general association between
aboveground and belowground multifunctionality
(r= 0.27, P<0.001; Fig. lc).

Compared with mowing, we found significantly low-
er values in nine of the 15 aboveground attributes, and
only two values that were greater (plant N, shrub cover)
when sites were grazed. Half of the attributes whose
values were lower under grazing had even lower values
when grazing was combined with mowing (Fig. 3,
Table S1). For belowground attributes, values of soil
C, N and P were all lower under grazing in all soil
layers, even down to 40 cm (Fig. 4, Table S1). Despite
the lower, grazing-induced values of soil C and nutri-
ents, we found no grazing-induced changes in root C, N
or P.

(@) ABOVEGROUND (b) BELOWGROUND

0.3

a a
0.2
0.1 4
0.0
o1
-0.2 4 b b
& b

-0.3 4

Multifunctionality (unitless)

(c) 4

Aboveground multifunctionality (unitless)

Belowground multifunctionality (unitless)

Fig. 1 Multifunctionality of (a) aboveground and (b) below-
ground attributes for the three land use types and (c¢) the relation-
ship between above- and belowground multifunctionality. Differ-
ent letters indicate a significant difference in multifunctionality
among the land use types at P <0.05. M = mowing, G = grazing,
MG = mowing plus grazing

When we explored the correlation among multiple
separate belowground and aboveground functions, we
found some strong differences and similarities among
the three land use practices. In particular, the intense
land use scenario (grazing combined with mowing)
decoupled the correlations among belowground and
aboveground functions compared with that of single
functions (mowing only or grazing only; Fig. 5). For
example, there were 39 significant correlations under
mowing, and this declined to 23 when sites were both
mown and grazed (Fig. 5). The richness, cover and
biomass of perennial forbs were generally positively
correlated with all belowground attributes under mow-
ing, but these correlations declined markedly under
grazing and all but disappeared when sites were mown
and grazed. Conversely, plant C, N and P were uncor-
related with soil P, at all three depth under grazing, but
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Carbon stocks a ' i 'b
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Plant productivity . : b . ¢
o A Mow + Graze
Nutrient uptake | A ] % a ® Mow
' ' Graze
T T T T T T 1
-0.8 -0.6 -0.4 0.0 0.2 0.4 0.6 0.8

Multifunctionality (z-transformed)

Fig. 2 Mean (+ 95% CI) multifunctionality for seven ecosystem services/functions for each of the three land use types. Within a function,

different letters indicate a significant difference at P <0.05

when sites were grazed, and/or mown, correlations were
highly positive. There were few if any correlations for
annual plants and shrubs across all land use types.
Perennial grass richness cover and biomass showed
some negative correlations with root N under grazing
but not under any other land uses. Finally, there were
few correlations for shrubs, with soil P at depth being
positively correlated with shrub richness, but only under
the mowing plus grazing land use (Fig. 5).

Discussion

Our study provides compelling evidence of lower
multifunctionality of most aboveground and below-
ground attributes when sites are grazed, with or without
mowing, than sites under only the mowing land use.
Further, there were significant reductions in most above-
ground and belowground attributes when sites were
grazed. Although grazing resulted in a reduction in soil
C, N and P, we found no grazing-induced effects on root
C, N or P. Importantly, subjecting sites to the most
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intense land use practice (both land uses combined)
resulted in a decoupling of the correlations among be-
lowground and aboveground functions compared with
single land use practices. Overall, our study reinforces
the notion that mowing results in better ecological out-
comes in terms of sustaining soil processes in the semi-
natural Eurasian grassland, consistent with previous
studies (Wahlman and Milberg 2002; TiLle et al.
2015). Our results can provide a scientific basis for
policy decisions regarding appropriate land uses to sus-
tain soil functions and therefore healthy, productive
grasslands.

Grazing impacts on functions exceed those
from mowing

Land use change due to increasing intensity of anthro-
pogenic activity is a major driver of ecosystem functions
(Allan et al. 2015; Chillo et al. 2016). Grazing and
mowing have similar direct effects on plant production,
with non-selective reductions in productivity and cover
(Baoyin et al. 2014). Unlike mowing, grazing is highly
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the three land uses (Mowing, Grazing, and Mowing+Grazing). For
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difference among land uses. Richness values expressed as the

selective (Zhu et al. 2020), often more intense and
sustained, and rather than a one-off process. Despite
some positive effects in specific areas and for certain
attributes (e.g., Lu et al. 2017), grazing often leads to
reductions in plant richness (Allan et al. 2015) and a
range of physical effects on the soil surface (Eldridge
etal. 2016). These indirect effects can lead to changes in
the amount and distribution of dung and litter (Eldridge
et al. 2015), reduced decomposition, declines in soil
stability, and long-term reductions in soil functions
(Daryanto et al. 2013). In general, the effects of mowing
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number of species per site, plant cover, nitrogen, phosphorus and
nitrogen values in %, biomass values in g m 2. There were no
significant differences for shrub cover and shrub biomass

combined with grazing on functions were similar to
those from grazing only, suggesting that mowing al-
ready grazed sites does not result in additive negative
impacts on functions.

Our results indicate that, compared with mowing,
most aboveground attributes were significantly reduced
when sites were grazed (Fig. 2, Table S1). Reductions in
plant richness and productivity under grazing have been
demonstrated in other grassland systems in Switzerland
(Peter et al. 2009), Italy (Catorci et al. 2014) and Swe-
den (TéLle et al. 2015), to name a few. As well as its
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Fig. 4 Mean (+ SE) values of belowground plant attributes under
the three land uses (Mowing, Grazing, and Mowing+Grazing). For
a particular attribute, different superscripts indicate a significant

effects on aboveground systems, grazing also affects
belowground processes, directly, by altering soil phys-
icochemical properties such as soil bulk density, and soil
C, N and P concentrations (Teague et al. 2011; Walter
et al. 2013) and indirectly, by altering plant nutrient use
efficiency, vegetation cover, and soil community struc-
ture and diversity (Mayfield et al. 2010; He et al. 2019).

Our results showed that, compared with mowing,
grazing significantly reduced soil C, N, and P contents
across all depths (Table 1), consistent with previous
findings from temperate steppe systems (Avila-Ospina
et al. 2014; Tang et al. 2018). Our results are novel
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land uses

because most previous studies have focused on the very
surface of the soil. We found that the negative impacts
of grazing compared with mowing in C, N and P reach
at least the top 40 cm of soil. Frequent livestock tram-
pling destroys biological soil crusts and reduces soil
aggregation, resulting in soil C, N and P loss (Heyburn
et al. 2017; Zhou et al. 2017). Overgrazing is known to
alter plant rooting patterns and C:N:P stoichiometry
within the rhizosphere (Rumpel et al. 2015; Zhou et al.
2019). While large amounts of P and N are returned to
the soil in dung and urine (Senapati et al. 2014), grazing
has been shown to decouple C from N and P (Delgado-
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Baquerizo et al. 2013). Dung is a source of labile C, N
and P, which may increase microbial biomass (Rumpel
et al. 2015), and the heavy grazing pressure can in-
creases N and P losses (Jouquet et al. 2011). Mowing
may stimulate a rapid changing in the amount of organic
matter (soil C, N, P) that is stored in the soil through the
compensatory growth (Wang et al. 2020; McSherry and
Ritchie 2013). Long-term grazing can reduce the capac-
ity of plants to fix N and P in grasslands (Schuman et al.
1999; Yang et al. 2017). Mown sites were not grazed in
order to maximise the accumulation of available pasture
(Ruthrof et al. 2013). This leads to an accumulation of
surface litter and soil organic matter (Hou et al. 2019).
Vegetation restoration and litter accumulation may re-
duce nutrients loss due to erosion of soil, which may
also contribute to the higher C, N and P content in
mowing sites than in grazing sites, including those
mown and grazed (Yang et al. 2017).

Aboveground and belowground processes decoupled
under grazing

We might expect to find strong correlations between soil
C, N and P and aboveground productivity, given the
strong links between soil nutrients and productivity
(Heyburn et al. 2017; Deyn 2017). We found that these
relationships were positive under the least disturbed
land use (mowing), but only for forbs (Fig. 5). However,
total plant C was weakly negatively correlated with soil
C and N, and these correlations were not restricted to the

immediate surface 10 cm (Fig. 5). Grazing however,
either singly or in combination with mowing, had two
major effects. First, it decoupled any positive relation-
ship between forbs and soil C, N and P, and second, soil
P became positively associated with plant C and P.
Thus, our results suggest that mowing is a less aggres-
sive land use driver when it comes to disconnecting the
multiple relationships between plant and soil properties.
However, grazing impacts largely decouple the natural
associations between plant communities and soil prop-
erties. Ecosystem connectivity is often associated with
ecosystem properties responding in a different manner
to a given driver.

Grazing can also indirectly affect interactions among
plants through changes in soil physical and chemical
properties, litter breakdown and soil microbial commu-
nity (Herrera Paredes et al. 2016; Yao et al. 2018), with
shifts in functional composition of the soil biota (Casper
and Castelli 2007; Bardgett and Wardle 2010). Consis-
tent with the interactions among plants and soil, plant
roots and litter are important linkages connecting plant
and soil material and energy conversion. Grazing can
also affect root tissue chemistry by altering carbon allo-
cation and nutrient uptake (Jaramillo and Detling 1988;
Weemstra et al. 2016), and lead to changes in root
breakdown and therefore C (Semmartin et al. 2004;
Semmartin and Ghersa 2006). This can alter microbial
communities associated with the rhizosphere (Wardle
et al. 2004). Herbivory may influence organic matter
decomposition and nutrient cycling rates by changing
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the quality of plant litter entering the soil through both
above and belowground pathways (Wardle et al. 2002;
Semmartin et al. 2008). Moreover, grazing could either
accelerate or retard nutrient release from litter by alter-
ing decomposition rates (Sankaran and Augustine 2004;
Zhou et al. 2017).

We acknowledge that, in this study, we did not
identify differences in grazing management strategies
or practices among sites that were either grazed or
grazed and mown. Differences in herbivore densities,
timing, frequency, herd and flock makeup, and overall
management style could influence the effects of grazing
on our separate response variables and overall
multifunctionality. We also recognise that a crude char-
acterisation of grazing as grazed or ungrazed (Davies
and Boyd 2020) may not reflect true management styles
used in the Hulun Buir grassland. However, notwith-
standing this caveat, we still found that grazing had
substantial impacts on many aboveground and below-
ground attributes. Future studies including specific graz-
ing management strategies may well identify even great-
er effects of grazing on some attributes. Finally, we also
acknowledge two caveats of our study. First, part of the
decoupling under grazing and mowing could be an
artefact of low species richness in the grazed and mown
sites. Given that this is study is observational, a more
definitive test of this decoupling would need to involve
experimentally testing changes in function after manip-
ulation of plant species richness. Second, it is conceiv-
able that differences in the effects of grazing and mow-
ing could be due to legacy effects of these treatments.
Implicit in our study is that environmental conditions are
consistent across the treatments in the Hulun Bair grass-
land and that sites have an equal likelihood of being
mowed, grazed or mowed and grazed. While we made
every attempt to sample sites with similar abiotic con-
ditions, it is possible that some sites differed slightly in
their abiotic signature as a result of historic lands uses
imposed over thousands of years.

Concluding remarks

Our work provides novel evidence of strong correlations
among aboveground and belowground functions under
the single mowing land use practice. Further, more
intense land use practices where mowing is combined
with grazing led to a decoupling of biotic and abiotic
functions. Compared with the continuous grazing or

@ Springer

mowing plus grazing land uses, mowing can provide
benefits such as the retention of litter and vegetation,
increasing species richness and diversity, and a more
functional soil surface due to reduced physical distur-
bance to the surface. In particular, our research results
suggest that overgrazing will not only affect above-
ground diversity and productivity, but might also have
deleterious belowground effects, which are likely to
have feedback effects on plant diversity and productiv-
ity. Our work provides the basis for an improved under-
standing of how land use affects grassland ecosystem
functions. This is a priority if we are to maintain healthy
productive grasslands on which the herdsmen of the
Hulun Buir steppe depend for their livelihoods.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04970-5.
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