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The Mongolian Plateau (MP) is one of the largest 
contiguous global drylands, stretching about 2.75 
million  km2 from western Mongolia to the eastern 
part of the Inner Mongolian Autonomous Region 
in China, and is famous for its extensive grasslands. 
As an indispensable component of Eurasian steppes, 
grasslands of the MP play important roles in animal 
husbandry, biodiversity conservation, carbon seques-
tration and ecological barriers (Kang et  al. 2007). 
The grasslands are characterized by perennial herba-
ceous forbs and grasses with great adaptation to the 

arid and semi-arid climates. Soils of the grasslands in 
MP are mainly chestnut with neutral to alkaline pH 
and are distinguished by low availability of mineral 
nutrients such as nitrogen (N), phosphorus (P) and 
iron (Fe), while the soil is rich in calcium and potas-
sium (Hou 1982). Plant species in these grasslands 
have evolved a diverse range of strategies to adapt to 
the climatic and edaphic environments. The grass-
lands in MP, particularly in Inner Mongolia, have 
degraded severely since 1980’s due to global change 
(e.g., atmospheric N deposition, changes in patterns 
of  precipitation, and global warming) and human 
activities (e.g., grazing, mowing and reclamation), 
as evidenced by reduced aboveground biomass and 
plant biodiversity, soil desertification and saliniza-
tion (Zhou et al. 2014; Batunacun et al. 2018; Li et al. 
2000). Therefore, restoration of the degraded grass-
lands in this region is a great challenge to maintain 
biodiversity and productivity of grasslands under the 
scenarios of global change.

The number of papers indexed in the Web of Sci-
ence (Clarivate) with topics of Inner Mongolia and 
grasslands has increased sharply in the past three dec-
ades. For example, less than 10 papers were published 
annually before 2001, and the number of papers has 
increased from 12 in 2002 to 323 in 2022 (Fig. 1A). 
The published papers belong to 111 research fields 
categorized by the Web of Science as Environmental 
Sciences, Ecology, Soil Science, Plant Sciences and 
Geosciences Multidisciplinary the top five research 
fields (Fig.  1B). The papers were published in 592 
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journals, with Plant and Soil, Science of the Total 
Environment, Ecological Indicators, Sustainability 
and PLoS ONE as the top five journals for the pub-
lished papers (Fig.  1C). More papers on grasslands 
of the Mongolian Plateau are expected to appear in 
high-impact journals.

Several studies have addressed how the grasslands 
in Inner Mongolia respond to N enrichment (Zhang 
et al. 2014; Diao et al. 2022), changes in precipitation 
(Zhang et  al. 2017), mowing and grazing (Bai et  al. 
2015; Guo et al. 2021; Zhang et al. 2023a, b) at spe-
cies, functional group and community level by in situ 
field experiments across different steppe types in the 
last two decades. Previous studies mainly focused on 
aboveground communities of grasslands (Bai et  al. 
2010b). Belowground processes in general and plant-
soil interaction in grassland ecosystems in particular 
have drawn significant attention in recent years (Tian 
et  al. 2021, 2022). Given the importance of plant-
soil interactions in grassland ecosystems, it is nec-
essary to evaluate the roles of plant-soil interactions 
in response of grasslands in MP to global change 
and human activities. To highlight the current status 
of plant-soil interactions of temperate grasslands in 
Inner Mongolia under scenarios of global change, we 
organized this special issue of “Plant-soil interactions 
in grasslands on the Mongolian Plateau”. The spe-
cial issue includes 16 papers covering a wide range 
of topics of plant-soil interactions of Inner Mongo-
lian grasslands in response to N enrichment, changes 
in precipitation, mowing and grazing. Among the 16 
paper, six are related to the effect of N and sulfur (S) 
addition on different types of grasslands, six discuss 
the effects of variation in precipitation on grassland 
ecosystems, and four explore the response of grass-
lands to mowing and grazing.

Effects of nitrogen enrichment on Inner Mongolia 
grasslands

Deposition of atmosphere N has increased substan-
tially in China over the past decades, and this increase 
will continue to some degrees (Liu et  al. 2013; Xu 
et  al. 2015). The enhanced N deposition has great 
impacts on terrestrial ecosystems (Bobbink et  al. 
2010). Like other terrestrial ecosystems, the grass-
lands in Inner Mongolia are limited by N. Accord-
ingly, many studies have investigated the effects of 

Fig. 1  Number of papers indexed in Web of Science (Clarivate) with 
topics of Inner Mongolia and grasslands between 1991 and 2022 (A), 
the top 10 research fields of the published papers (B) and the top 10 
journals of the papers published (C)
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N addition on grassland ecosystems in Inner Mongo-
lia over the last 20 years, and found that N addition 
enhances aboveground biomass and reduces plant 
species richness (Bai et al. 2010b; Zhang et al. 2014; 
Tian et  al. 2016), acidifies  soil (Tian et  al. 2016), 
affects root production and rhizosphere-mediated 
processes (Bai et  al. 2010a; Tian et  al. 2021, 2022), 
and alters soil bacterial and fungal communities (Liu 
et  al. 2020). These findings suggest multiple effects 
of N enrichment on grassland ecosystems in Inner 
Mongolia.

In this special issue, Song et al. (2023) compared 
different frequencies of N addition on grassland 
communities, and found that N addition-induced 
increase in plant community production was reduced 
with increasing frequency of N addition in a temper-
ate grassland of Inner Mongolia. They further dem-
onstrated that the high plant production under low 
frequency of N addition was related to soil nitrate 
concentration. These findings highlight the neces-
sity to use a high frequency of N addition in field 
experiments to simulate atmospheric N deposition. 
Increased atmospheric N deposition and altered pre-
cipitation regimes are two important global-change 
factors influencing grassland communities by chang-
ing soil nutrient availability and acquisition by plants. 
Cai et  al. (2023) investigated the effects of N addi-
tion and irrigation on leaf nutrient concentrations of 
a temperate steppe. They found that the monocots 
and dicots differed in their responses to N addition in 
terms of foliar mineral concentrations, and that irri-
gation can mitigate the N-induced increase in foliar 
manganese (Mn) and decrease in foliar Fe concentra-
tions, as well as N-induced changes in foliar calcium 
(Ca) and potassium (K) concentrations. These find-
ings may have important implications for grassland 
management under the scenarios of enhanced N dep-
osition and altered precipitation patterns.

Hu et al. (2023) assessed the effects of N addition 
on ecosystem multifunctionality in a desert steppe 
of Inner Mongolia, and discovered that N addition 
increased plant functional diversity, but not species 
and phylogenetic diversity. They further showed that 
functional diversity was positively correlated with 
ecosystem multifunctionality, and that N addition 
increased ecosystem multifunctionality both directly 
and by increasing functional diversity. In addition 
to atmospheric N deposition, there is an increase 
in S deposition due to human activities in China 

(Zhou et  al. 2023). Like N deposition, S deposition 
can acidify soil, thus affecting grassland ecosystem. 
However, few studies have specifically focused on the 
effects of S deposition on grassland ecosystems. Feng 
et  al. (2023) investigated the effects of S addition 
on foliar N, P and S concentrations as well as nutri-
ent-resorption efficiency of a grass and a sedge in a 
meadow steppe of Inner Mongolia. They found that 
N, P and S concentrations in senescent leaves were 
increased by S addition, while N and P concentra-
tions in green leaves of the grass were relatively con-
stant in response to S addition. Leaf nutrient-resorp-
tion efficiency decreased with S addition driven by 
increasing soil N, P and S availability. More studies 
focusing on the effects of S enrichment on plant-soil 
interaction of grassland ecosystems may shed light 
on the responses of Inner Mongolian grasslands to 
S deposition. The implementation of stringent emis-
sion policies in some developed countries has led to 
a decline in regional N deposition across the globe. 
For example, N deposition has decreased over the last 
two decades in Europe based on the long-term moni-
toring (EEA 2011). Therefore, how the grasslands 
respond to the reduced N input following long-term 
N enrichment has been addressed (Clark and Tilman 
2010; Street et al. 2015; Tilman and Isbell 2015). In 
this special issue, two papers evaluated the response 
of Inner Mongolian grasslands to cessation of N input 
after N addition. Kang et  al. (2023) investigated the 
changes in mineral nutrition (K, Ca and magnesium 
(Mg)) in response to cessation of N addition after six 
years of N addition in a temperate steppe. They found 
that soil K/(Ca + Mg) ratio was increased by histori-
cal N addition across the three years. Plant mineral 
concentrations and K/(Ca + Mg) ratio at the plant 
community level showed no variation with increas-
ing historical N addition rates across the three years. 
These results highlight the critical role of stoichio-
metric homeostasis in maintaining forage non-N min-
eral nutrition of grasslands in response to variation of 
mineral nutrients in soil. Meng et al. (2023) examined 
the legacy effects of N deposition and increased pre-
cipitation on plant productivity in a semi-arid steppe 
of Inner Mongolia after the cessation of 13 years of 
N and water addition. They found that historical N 
and water addition generally had positive effects on 
plant productivity, even after the treatments were 
ceased. Although N availability decreased rapidly, 
the positive effect of historical N input persisted after 
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two years of cessation due largely to the maintenance 
of the enhanced community plant stature through 
the increased stature of all functional groups. These 
findings highlight the importance of plant traits and 
community compositions in the short-term legacy 
effects of historical N and water input on community 
productivity.

Effect of changes in precipitation on Inner 
Mongolia grasslands

In addition to enhanced atmosphere N deposition, the 
Mongolian plateau has also experienced alterations 
in precipitation regimes (Piao et  al. 2010). There-
fore, understanding the response of Inner Mongolian 
grasslands to changes in precipitation can contribute 
to development of sustainable grassland manage-
ment. Qin et  al. (2023) investigated the responses 
of soil organic carbon (SOC) decomposition and 
accumulation to precipitation in an Inner Mongo-
lian grassland. They found that SOC decomposition 
significantly increased and decreased under wet and 
dry treatments, respectively. SOC accumulation was 
enhanced by wet treatment via the increase of min-
eral-associated organic carbon, and vice versa for the 
dry treatment. Precipitation may affect soil microbial 
biomass and activities by plant derived carbon input, 
thus leading to changes in SOC dynamics. Zhang 
et al. (2023a) explored the impacts of altered precipi-
tation on soil respiration and its autotrophic (Ra) and 
heterotrophic (Rh) components in an Inner Mongo-
lian grassland. They found that reduced and increased 
precipitation decreased and increased Rs, Ra and Rh, 
respectively. Their results also showed that grazing 
and mowing had relatively small effects on Rs, while 
precipitation and land-use interactively impacted abi-
otic and biotic drivers and Rs.

Liu et al. (2023) reported that water supply signifi-
cantly affected plant C:N and N:P ratios, and these 
effects differed among plant species of Inner Mon-
golian grasslands. Specifically, they found that C: N 
for the forb species Artemisia frigida and Potentilla 
acaulis was not responsive to water supply, while 
C:N for the grass species Leymus chinensis and Stipa 
grandis increased with increasing precipitation. In 
addition, above- and belowground N:P exhibited 
similar trends with changing water supply, suggesting 

plant stoichiometry between above- and belowground 
parts follow an allometric pattern.

The natural abundances of stable carbon (C) and 
N isotopes (δ13C and δ15N) have been used widely to 
indicate the C and N biogeochemical cycles in terres-
trial ecosystems (Han et al. 2020). To dissect the spa-
tial patterns of δ13C and δ15N in plant-soil systems of 
grasslands in northern China and their main driving 
factors across an annual precipitation gradient (from 
152 to 502 mm), Wu et al. (2023) measured plant and 
soil δ13C and δ15N composition as well as their asso-
ciated environmental factors across a 2000-km cli-
matic gradient in grasslands of northern China. They 
found that soil δ13C and δ15N values in surface soil 
were lower than those in subsurface soil for a typi-
cal steppe, but showed no significant differences for a 
meadow steppe and a desert steppe. Soil δ13C values 
were related to soil organic carbon and mean annual 
temperature, while δ15N values in soil and plant were 
negatively correlated with mean annual tempera-
ture and mean annual precipitation. These findings 
indicate the spatial patterns and different influencing 
factors on δ13C and δ15N values along the climatic 
gradient in grasslands of northern China. Given the 
dominance of clonal plants in temperate grasslands 
(Zheng et al. 2019), Tian et al. (2023) addressed how 
clonal integration affects plant productivity and nutri-
ent uptake in a heterogeneous water environment by 
a microcosm experiment in a greenhouse using the 
dominant clonal grass Leymus chinensis and the non-
clonal grass Stipa grandis grown under two soil mois-
ture conditions (homogeneous water content vs het-
erogeneous water content) and two root connections 
(connected or severed L. chinensis). Their results 
reveal that plant biomass and N uptake are enhanced 
and suppressed by clonal integration in heterogeneous 
and homogeneous environments, respectively. They 
also highlight that clonal plants rely on the clonal 
integration of clonal roots and arbuscular mycorrhizal 
fungal networks to acquire N from soil.

Xie et al. (2023) tested whether the positive effect 
of shrubs on herbaceous communities is mediated 
by modifying soil biotic and abiotic properties in a 
desert steppe with limited precipitation (mean annual 
precipitation of 110 mm) of Inner Mongolia by com-
paring herbaceous plant communities and soil proper-
ties underneath and outside shrubs of five Caragana 
species. They found that the Caragana shrubs facili-
tated their associated herbaceous communities by 
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accumulating more soil resources and soil organisms 
and conserving more rainwater at shallow soil lay-
ers beneath than outside their canopies. Their find-
ings reveal that shrub-mediated horizontal and verti-
cal distributions of soil resources and soil organisms 
underpin the facilitation effects of shrubs on the asso-
ciated herbaceous communities in desert steppes.

Response of Inner Mongolian grasslands 
to mowing and grazing

Mowing and grazing are two common grassland man-
agement practices worldwide, and can have great 
impacts on the biodiversity, functioning and stabil-
ity of grasslands (Yang et al. 2019; Moinardeau et al. 
2018; Piseddu et  al. 2021; Zhang et  al. 2023b). In 
this special issue, Bai et  al. (2023) investigated the 
long-term effect of mowing on plant and soil bacte-
rial, fungal and protistan communities, and dissected 
the correlation between the soil bacterial commu-
nity and plant/soil parameters in a temperate steppe. 
They found that the microbial community structures 
mainly correlated with those of plant parameters 
rather than with to those of soil properties. They fur-
ther demonstrated that β-diversity of the soil micro-
bial communities was significantly affected by plant 
community β-diversity, and that mowing enhanced 
plant–microbe interactions in the networks. These 
findings indicate that changes in plant community 
attributes by long-term mowing rather than soil prop-
erties are more effective drivers in shaping soil micro-
bial communities in grasslands. Mowing may also 
exert profound impacts on nutrient-acquisition strate-
gies of herbaceous species due to removal of nutri-
ents by the mown plants. Li et al. (2023) investigated 
the response of two nutrient-acquisition strategies: 
root traits and leaf nutrient resorption of perennial 
herbaceous species, and explored their correlations 
with long-term mowing in a temperate steppe. They 
found that root traits of tall and short plants had little 
response to long-term mowing, but mowing exerted 
opposite effects on leaf nutrient efficiency (NRE) of 
the two plant groups. They further showed that root 
absorption capacity was positively correlated with 
leaf nutrient-resorption efficiency for tall plants in 
control plots, but mowing eliminated this correla-
tion. These results suggest that long-term mow-
ing can alter the correlations between alternative 

resource-acquisition strategies in perennial herba-
ceous species of Inner Mongolian grasslands.

Ning et al. (2023) focused on the interactive effect 
of mowing and N addition on soil microbial bio-
mass in an Inner Mongolian grassland. They found 
that mowing increased soil inorganic N concentra-
tions, available copper  (Cu2+) concentrations, plant 
aboveground net primary production (ANPP), spe-
cies richness, Shannon–Wiener biodiversity and ratio 
of fungal to bacterial biomass, and mitigated the N 
enrichment-induced increase in plant-available soil 
 Mn2+ concentrations. They also showed that mowing 
did not affect the soil microbial biomass C (MBC), 
and that soil MBC was positively affected by plant 
species richness, but negatively by ANPP, soil inor-
ganic N, available  Cu2+ and  Mn2+ concentrations 
in mown plots. These findings highlight that mow-
ing cannot mitigate the negative effects of N enrich-
ment on soil MBC, and that soil, plant and microbial 
properties play important roles in the response of soil 
MBC to mowing in N-enriched soil.

As a traditional grassland management practice in 
Inner Mongolia, grazing can affect plant communities 
(Talle et al. 2016) and soil microbial communities of 
grassland ecosystems (Rong et al. 2022). In this spe-
cial issue, Wang et al. (2023) evaluated the effects of 
grazing intensity on soil microbial diversity and com-
munity composition in a desert steppe of Inner Mon-
golia. Their results show that grazing led to changes 
in soil bacterial and fungal community composition, 
such that heavy grazing significantly increased the 
relative abundances of Chloroflexi, Gemmatimona-
detes, and Firmicutes bacteria, while light grazing 
significantly decreased the relative abundance of Act-
inobacteria. Further analysis revealed that the bacte-
rial community responded to grazing via changes 
in the biomass of perennial plant species and SOC, 
whereas the SOC and soil pH altered the fungal com-
munity composition. These findings suggest that opti-
mal grazing intensity can facilitate the recovery of 
primary productivity and ecosystem functions in a 
desert steppe.

In summary, the 16 papers in this special issue 
highlight the diverse roles of plant-soil interactions 
in responses of different types of grasslands in Inner 
Mongolia to nutrient enrichment, variation in pre-
cipitation, mowing and grazing at species, functional 
group and community levels. Future studies on the 
plant-soil interaction in grasslands on the Mongolian 
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Plateau at regional scales would contribute to our 
development of sustainable grassland management in 
this unique region under scenarios of global change.

References

Bai WM, Wan SQ, Niu SL, Liu WX, Chen QS, Wang QB, 
Zhang WH, Han XG, Li LH (2010a) Increased tempera-
ture and precipitation interact to affect root production, 
mortality, and turnover in a temperate steppe: implications 
for ecosystem C cycling. Global Change Biol 16:1306–
1316. https:// doi. org/ 10. 1111/j. 1365- 2486. 2009. 02019.x

Bai YF, Wu J, Clark CM, Naeem S, Pan Q, Huang J, Zhang 
L, Han X (2010b) Tradeoffs and thresholds in the effects 
of nitrogen addition on biodiversity and ecosystem func-
tioning: evidence from Inner Mongolia grasslands. Global 
Change Biol 16:358–372. https:// doi. org/ 10. 1111/j. 1365- 
2486. 2009. 01950.x

Bai WM, Fang Y, Zhou M, Xie T, Li LH, Zhang WH (2015) 
Heavily intensified grazing reduces root production in 
Inner Mongolia temperate steppe. Agric Ecosyst Environ 
200:143–150. https:// doi. org/ 10. 1016/j. agee. 2014. 11. 015

Bai·R, Zhou M, Guo YM, Sheng J, Yuan YJ, Li QM, Hou 
LY, Bai WM (2023) Long-term mowing reinforces con-
nections between soil microbial and plant communities 
in a temperate steppe. Plant Soil. https:// doi. org/ 10. 1007/ 
s11104- 023- 06012-8

Batunacun NC, Hu YF, Lakes T (2018) Land-use change and 
land degradation on the Mongolian Plateau from 1975 to 
2015-A case study from Xilingol, China. Land Degrad 
Dev 29:1595–1606. https:// doi. org/ 10. 1002/ ldr. 2948

Bobbink R, Hicks K, Galloway J, Spranger T, Alkemade R, 
Ashmore M, Bustamante M, Cinderby S, Davidson E, 
Dentener F et  al (2010) Global assessment of nitrogen 
deposition effects on terrestrial plant diversity: a syn-
thesis. Ecol Appl 20:30–59. https:// doi. org/ 10. 1890/ 
08- 1140.1

Cai JP, Fu JL, Liu HY, Li TP, Feng X, Lu JY, Wang RZ, Jiang 
Y (2023) Divergent responses of leaf mineral nutrient con-
centrations among plant families and functional groups to 
nitrogen addition and irrigation in a semi-arid grassland. 
Plant Soil. https:// doi. org/ 10. 1007/ s11104- 023- 05904- zo

Clark CM, Tilman D (2010) Recovery of plant diversity fol-
lowing N cessation: effects 485 of recruitment, litter, and 
elevated N cycling. Ecology 91:3620–3630. https:// doi. 
org/ 10. 1890/ 09- 1268.1

Diao HJ, Chen XP, Wang G, Ning QS, Hu SY, Sun W, Dong 
KH, Wang CH (2022) The response of soil respiration to 
different N compounds addition in a saline-alkaline grass-
land of northern China. J Plant Ecol 15:897–910. https:// 
doi. org/ 10. 1093/ jpe/ rtac0 06

EEA (2011) Air quality in Europe-2011 Report, Technical 
Report 12/2011, EEA, Kopenhagen

Feng X, Wang RZ, Li TP, Cai JP, Liu HY, Wang B, Lv XT, 
Jiang Y (2023) Nutrient resorption and coupling relation-
ships in two plant species with sulfur addition: a two-year 
study in a meadow. Plant Soil. https:// doi. org/ 10. 1007/ 
s11104- 022- 05408-2

Guo FH, Li XL, Yin JJ, Jimoh SO, Hou XY (2021) Graz-
ing-induced legacy effects enhance plant adaption to 
drought by larger root allocation plasticity. J Plant Ecol 
14:1024–1029. https:// doi. org/ 10. 1093/ jpe/ rtab0 56

Han G, Tang Y, Liu M, Van Zwieten L, Yang X, Yu C, 
Wang H, Song Z (2020) Carbon-nitrogen isotope cou-
pling of soil organic matter in a karst region under land 
use change, Southwest China. Agric Ecosyst Environ 
301:107027. https:// doi. org/ 10. 1016/j. agee. 2020. 107027

Hou XY (1982) Vegetation geography of China and chemical 
composition of dominant species. Science Press, Beijing

Hu Y, Guo XA, Li XY, Yue P, Zhao SL, Lv P, Zuo XA 
(2023) Multi-trait functional diversity predicts eco-
system multifunctionality under nitrogen addition in 
a desert steppe. Plant Soil. https:// doi. org/ 10. 1007/ 
s11104- 022- 05731-8

Kang L, Han XG, Zhang ZB, Sun OJ (2007) Grassland ecosys-
tems in China: review of current knowledge and research 
advancement. Philos Trans Roy Soc B Biol Sci 362(997–
1008362):997–1008. https:// doi. org/ 10. 1098/ rstb. 2007. 
2029

Kang NQ, Hu YY, Zhang ZW, Lu XT (2023) Changes of min-
eral nutrition (K, Ca, and Mg) in soil and plants follow-
ing historical nitrogen inputs in a temperate steppe: the 
implications for grass tetany. Plant Soil. https:// doi. org/ 10. 
1007/ s11104- 023- 06012-8

Li SG, Harazono Y, Oikawa T, Zhao HL, He ZY, Chang XL 
(2000) Grassland desertification by grazing and the result-
ing micrometeorological changes in Inner Mongolia. 
Agric for Meteoro 102:125–137. https:// doi. org/ 10. 1016/ 
S0168- 1923(00) 00101-5

Li QM, Bai WM, Guo YM, Sheng J, Yuan YJ, Zhang WH, 
Zhou M (2023) The response of two nutrient acquisition 
strategies: root traits and leaf nutrient resorption and their 
relationships to long-term mowing in a temperate steppe. 
Plant Soil. https:// doi. org/ 10. 1007/ s11104- 022- 05533-y

Liu XJ, Zhang Y, Han WX, Tang AH, Shen JL, Cui ZL, 
Vitousek P, Erisman JW, Goulding K, Christie P, Fang-
meier A, Zhang FS (2013) Enhanced nitrogen deposition 
over China. Nature 494:459–4672. https:// doi. org/ 10. 
1038/ natur e11917

Liu W, Jiang L, Yang S, Wang Z, Tian R, Peng Z, Chen Y, 
Zhang X, Kuang J, Ling N, Wang S, Liu LL (2020) Criti-
cal transition of soil bacterial diversity and composition 
triggered by nitrogen enrichment. Ecology 101:e03053. 
https:// doi. org/ 10. 1002/ ecy. 3053

Liu YJ, Li GE, Wang MXx, Ma CY, De Boeek HJ, Hou FJ, 
Li ZQ (2023) Effects of water supply on plant stoichiom-
etry of C, N, P in Inner Mongolia grasslands. Plant Soil. 
https:// doi. org/ 10. 1007/ s11104- 022- 05467-5

Meng YN, Li TP, Liu HY, Li SP, Xu ZW, Jiang Y (2023) Leg-
acy effects of nitrogen deposition and increased precipita-
tion on plant productivity in a semi-arid grassland. Plant 
Soil. https:// doi. org/ 10. 1007/ s11104- 022- 05550-x

Moinardeau C, Mesléard F, Ramone H, Dutoit T (2018) Short-
term effects on diversity and biomass on grasslands from 
artificial dykes under grazing and mowing treatments. 
Environ Conser 46:132–139. https:// doi. org/ 10. 1017/ 
S0376 89291 80003 46

Ning QS, Jiang LC, Niu GX, Yu Q, Liu JS, Wang RZ, Liao S, 
Huang JH, Han XG, Yang JJ (2023) Mowing increased plant 

https://doi.org/10.1111/j.1365-2486.2009.02019.x
https://doi.org/10.1111/j.1365-2486.2009.01950.x
https://doi.org/10.1111/j.1365-2486.2009.01950.x
https://doi.org/10.1016/j.agee.2014.11.015
https://doi.org/10.1007/s11104-023-06012-8
https://doi.org/10.1007/s11104-023-06012-8
https://doi.org/10.1002/ldr.2948
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1007/s11104-023-05904-zo
https://doi.org/10.1890/09-1268.1
https://doi.org/10.1890/09-1268.1
https://doi.org/10.1093/jpe/rtac006
https://doi.org/10.1093/jpe/rtac006
https://doi.org/10.1007/s11104-022-05408-2
https://doi.org/10.1007/s11104-022-05408-2
https://doi.org/10.1093/jpe/rtab056
https://doi.org/10.1016/j.agee.2020.107027
https://doi.org/10.1007/s11104-022-05731-8
https://doi.org/10.1007/s11104-022-05731-8
https://doi.org/10.1098/rstb.2007.2029
https://doi.org/10.1098/rstb.2007.2029
https://doi.org/10.1007/s11104-023-06012-8
https://doi.org/10.1007/s11104-023-06012-8
https://doi.org/10.1016/S0168-1923(00)00101-5
https://doi.org/10.1016/S0168-1923(00)00101-5
https://doi.org/10.1007/s11104-022-05533-y
https://doi.org/10.1038/nature11917
https://doi.org/10.1038/nature11917
https://doi.org/10.1002/ecy.3053
https://doi.org/10.1007/s11104-022-05467-5
https://doi.org/10.1007/s11104-022-05550-x
https://doi.org/10.1017/S0376892918000346
https://doi.org/10.1017/S0376892918000346


7Plant Soil (2023) 491:1–7 

1 3
Vol.: (0123456789)

diversity but not soil microbial biomass under N-enriched 
environment in a temperate grassland. Plant Soil. https:// doi. 
org/ 10. 1007/ s11104- 022- 05332-5

Piao S, Ciais P, Huang Y, Shen Z, Peng S, Li J, Zhou L, Liu H, 
Ma Y, Ding Y, Friedlingstein P, Liu C, Tan K, Yu Y, Zhang 
T, Fang J (2010) The impacts of climate change on water 
resources and agriculture in China. Nature 467:43–51. 
https:// doi. org/ 10. 1038/ natur e07944

Piseddu F, Bellocchi G, Picon-Cochard C (2021) Mowing and 
warming effects on grassland species richness and harvested 
biomass: meta-analyses. Agron Sust Dev 41:74. https:// doi. 
org/ 10. 1007/ s13593- 021- 00722-y

Qin WK, Wang YH, Yuan X, Zhang QF, Wang XD, Zhao HY, 
Zhu B (2023) Responses of soil carbon dynamics to precipi-
tation and land use in an Inner Mongolian grassland. Plant 
Soil. https:// doi. org/ 10. 1007/ s11104- 022- 05858-8

Rong YP, Monaco TA, Liu ZK, Zhao ML, Han GD (2022) Soil 
microbial community structure is unaltered by grazing 
intensity and plant species richness in a temperate grass-
land steppe in northern China. Eur J Soil Biol 110:103404. 
https:// doi. org/ 10. 1016/j. ejsobi. 2022. 103404

Song CC, Zhang YQ, Rren ZR, Lu HN, Chen X, Liu RX, Chen 
JG, Zhang YH (2023) Soil nitrate mediates the responses of 
plant community production to the frequency of N addition 
in a temperate grassland: a decadal field experiment. Plant 
Soil. https:// doi. org/ 10. 1007/ s11104- 022- 05435-z

Street LE, Burns NR, Woodin SJ (2015) Slow recovery of High 
Arctic heath 614 communities from nitrogen enrichment. 
New Phytol 206:682–695. https:// doi. org/ 10. 1111/ nph. 13265

Talle M, Deak B, Poschlod P, Valko O, Westerberg L, Milberg P 
(2016) Grazing vs. mowing: a meta-analysis of biodiversity 
benefits for grassland management. Agric Ecosys Environ 
222:200–212. https:// doi. org/ 10. 1016/j. agee. 2016. 02. 008

Tian QY, Liu NN, Bai WM, Li LH, Chen JQ, Reich PB, Yu Q, 
Guo DL, Smith MD, Knapp AK, Cheng WX, Lu P, Gao 
Y, Yang A, Wang TZ, Li X, Wang ZW, Ma YB, Han XG, 
Zhang WH (2016) A novel soil manganese mechanism 
drives plant species loss with increased nitrogen deposition 
in a temperate steppe. Ecology 97:65–74. https:// doi. org/ 10. 
1890/ 15- 0917.1

Tian QY, Lu P, Ma PF, Zhou HR, Zhai XF, Chen MM, Wang H, 
Li WC, Bai WM, Lambers H, Zhang WH (2021) Processes 
at the soil-root interface determine the different responses of 
nutrient limitation and metal toxicity in forbs and grasses to 
nitrogen enrichment. J Ecol 109:927–938. https:// doi. org/ 10. 
1111/ 1365- 2745. 13519

Tian QY, Lu P, Zhai XF, Nie B, Zhang RF, Zheng Y, Bai WM, 
Wang H, Niu SL, Shi PL, Yang YH, Li KH, Yang DL, 
Stevens C, Lambers H, Zhang WH (2022) An integrated 
belowground trait-based understanding of nitrogen driven 
plant diversity loss. Glob Chang Biol 28:3651–3664. https:// 
doi. org/ 10. 1111/ gcb. 16147

Tian YQ, Cui Y, Wen SH, Li XB, Song MH, Chen XX, Zhang Y, 
Xu XL, Kuzyakov Y (2023) Clonal integration under het-
erogeneous water environment increases plant biomass and 
nitrogen uptake in a temperate steppe. Plant Soil. https:// doi. 
org/ 10. 1007/ s11104- 023- 06163-8

Tilman D, Isbell F (2015) Recovery as nitrogen declines. Nature 
528:336–337. https:// doi. org/ 10. 1038/ natur e16320

Wang Z, Jiang SY, Struik PC, Wang H, Jin K, Wu R, Na RS, Mu 
HB, Ta N (2023) Plant and soil responses to grazing inten-
sity drive changes in the soil microbiome in a desert steppe. 
Plant Soil. https:// doi. org/ 10. 1007/ s11104- 022- 05409-1

Wu YT, Zhang XD, Song ZL, Yu CX, Liu M, Wang YD, Hao Q, 
Li Q, Zhao XW, Wu LL, Wang X (2023) Climatic controls 
on stable carbon and nitrogen isotope compositions of tem-
perate grasslands in northern China. Plant Soil. https:// doi. 
org/ 10. 1007/ s11104- 022- 05712-x

Xie LN, Han L, Guo HY, Zhao F, Fl G, Zhang GG, Ma CC 
(2023) Shrubs facilitate herbaceous communities in a desert 
by modifying soil properties. Plant Soil. https:// doi. org/ 10. 
1007/ s11104- 022- 05774-x

Xu W, Luo XS, Pan YP, Zhang L, Tang AH, Shen JL, Zhang Y, 
Li KH, Wu QH, Yang DW et al (2015) Quantifying atmos-
pheric nitrogen deposition through a nationwide monitoring 
network across China. Atmo Chem Phys 15:18365–18405. 
https:// doi. org/ 10. 5194/ acp- 15- 12345- 2015

Yang GJ, Lu XT, Stevens CJ, Zhang GM, Wang HY, Wang 
ZW, Zhang ZJ, Liu ZY, Han XG (2019) Mowing miti-
gates the negative impacts of N addition on plant species 
diversity. Oecologia 189:769–779. https:// doi. org/ 10. 1007/ 
s00442- 019- 04353-9

Zhang YH, Lü X, Isbell F, Stevens C, Han XG, He NP, Zhang 
GM, Yu Q, Huang JH, Han XG (2014) Rapid plant species 
loss at high rates and at low frequency of N addition in tem-
perate steppe. Global Change Biol 20:3520–3529. https:// 
doi. org/ 10. 1111/ gcb. 12611

Zhang BW, Tan XR, Wang SS, Chen ML, Chen SP, Ren TT, Xia 
JT, Bai YF, Huang JH, Han XG (2017) Asymmetric sensi-
tivity of ecosystem carbon and water processes in response 
to precipitation change in a semi-arid steppe. Func Ecol 
31:1301–1311. https:// doi. org/ 10. 1111/ 1365- 2435. 12836

Zhang C, Song C, Wang DH, Qian WK, Zhu B, Li FY, Wang 
YH, Ma WH (2023a) Precipitation and land use alter soil 
respiration in an Inner Mongolian grassland. Plant Soil. 
https:// doi. org/ 10. 1007/ s11104- 022- 05638-4

Zhang LL, Li YT, Bai WM, Lambers H, Zhang WH (2023b) 
Morphological and physiological traits are involved in 
responses of plants to mowing in a temperate steppe. Ecol 
Appl 33:2863. https:// doi. org/ 10. 1002/ eap. 2863

Zheng Z, Bai WM, Zhang WH (2019) Clonality-dependent 
dynamic change of plant community in temperate grass-
lands under nitrogen enrichment. Oecologia 189:255–266. 
https:// doi. org/ 10. 1007/ s00442- 018- 4317-x

Zhou W, Gang C, Zhou L, Chen Y, Li J, Ju W, Odeh I (2014) 
Dynamic of grassland vegetation degradation and its quan-
titative assessment in the northwest China. Acta Oecol 
55:86–96. https:// doi. org/ 10. 1016/j. actao. 2013. 12. 006

Zhou KY, Xu W, Zhang L, Ma MR, Liu XJ, Zhao Y (2023) 
Estimating nitrogen and sulfur deposition across China 
during 2005 to 2020 based on multiple statistical models. 
Atmo Chem Phys 23:8531–8551. https:// doi. org/ 10. 5194/ 
acp- 23- 8531- 2023

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1007/s11104-022-05332-5
https://doi.org/10.1007/s11104-022-05332-5
https://doi.org/10.1038/nature07944
https://doi.org/10.1007/s13593-021-00722-y
https://doi.org/10.1007/s13593-021-00722-y
https://doi.org/10.1007/s11104-022-05858-8
https://doi.org/10.1016/j.ejsobi.2022.103404
https://doi.org/10.1007/s11104-022-05435-z
https://doi.org/10.1111/nph.13265
https://doi.org/10.1016/j.agee.2016.02.008
https://doi.org/10.1890/15-0917.1
https://doi.org/10.1890/15-0917.1
https://doi.org/10.1111/1365-2745.13519
https://doi.org/10.1111/1365-2745.13519
https://doi.org/10.1111/gcb.16147
https://doi.org/10.1111/gcb.16147
https://doi.org/10.1007/s11104-023-06163-8
https://doi.org/10.1007/s11104-023-06163-8
https://doi.org/10.1038/nature16320
https://doi.org/10.1007/s11104-022-05409-1
https://doi.org/10.1007/s11104-022-05712-x
https://doi.org/10.1007/s11104-022-05712-x
https://doi.org/10.1007/s11104-022-05774-x
https://doi.org/10.1007/s11104-022-05774-x
https://doi.org/10.5194/acp-15-12345-2015
https://doi.org/10.1007/s00442-019-04353-9
https://doi.org/10.1007/s00442-019-04353-9
https://doi.org/10.1111/gcb.12611
https://doi.org/10.1111/gcb.12611
https://doi.org/10.1111/1365-2435.12836
https://doi.org/10.1007/s11104-022-05638-4
https://doi.org/10.1002/eap.2863
https://doi.org/10.1007/s00442-018-4317-x
https://doi.org/10.1016/j.actao.2013.12.006
https://doi.org/10.5194/acp-23-8531-2023
https://doi.org/10.5194/acp-23-8531-2023

	Plant-soil interactions in grasslands of the Mongolian Plateau under global change
	Effects of nitrogen enrichment on Inner Mongolia grasslands
	Effect of changes in precipitation on Inner Mongolia grasslands
	Response of Inner Mongolian grasslands to mowing and grazing
	References


