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Abstract
Grasslands  cover  nearly  one-third  of  Earth's  terrestrial  surface  and  play  a  critical  role  in  global  carbon  and  nutrient  cycling;  however,  those  in  semi-arid

regions  are  particularly  vulnerable  to  climate  variability  and  local  disturbances.  Disentangling  the  relative  influences  of  climatic  drivers  and  local

disturbances  remains  a  major  ecological  challenge.  This  study  investigated  relative  influences  of  climate  drivers  and  local  disturbances  on  grassland

dynamics in Hustai National Park (HNP), which serves as a critical habitat for the Przewalski's horse, through an integrated approach combining satellite-

derived normalized difference vegetation index (NDVI), field-based biomass measurements, and soil–plant nutrient analyses. The park exhibited sensitivity

to climate variability, particularly rising temperatures. A negative correlation between land surface temperature and NDVI indicated increasing climate stress

across  the  region.  Results  showed  that  a  1  °C  increase  in  temperature  reduced  net  primary  production  by  14.07  g  C  m−2,  while  a  1  mm  increase  in

precipitation  increased  net  primary  production  by  1.28  g  C  m−2 during  summer.  Vegetation  analysis  further  revealed  a  shift  from  subshrubs/shrubs  to

grasses/forbs  in  HNP,  suggesting potential  land degradation associated with elevated herbivore activity,  supported by higher  dung cover  and standing

dead biomass. Soil–plant nutrient relationships demonstrated species-specific responses, with Stipa krylovii showing greater temperature sensitivity, while

Artemisia frigida exhibited higher uptake of major mineral elements. These differences may arise from herbivore preference for palatable species or intrinsic

differences  in  nutrient  acquisition  strategies  between  monocots  and  dicots.  These  findings  provide  important  baseline  insights  into  climate–grazing

interactions and offer guidance for sustainable grassland management and conservation in semi-arid ecosystems.
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 Introduction
Grassland  vegetation  functioning  reflects  the  collective  capacity

of  plant  communities  to  regulate  carbon  uptake,  water  flux,  and
energy  exchange  at  the  Earth's  surface[1].  In  addition  to  providing
essential  nutrients  for  herbivores  and  ruminants,  grasslands  contri-
bute to livestock health and offer various environmental benefits[2].
However,  balancing  the  multiple  functions  of  grasslands—such  as
supplying  forage  for  livestock  while  conserving  wildlife  and  plant
species—presents  a  challenge[3].  Moreover,  climate  change,  along
with  anthropogenic  activities,  has  led  to  severe  degradation  and
desertification in some grasslands, particularly in arid and semi-arid
regions[4].  The  Central  Asian  grasslands,  including  the  steppes  of
Mongolia and Inner Mongolia, represent one of the largest continu-
ous  grassland  biomes  in  the  world[5].  Owing  to  its  inland  location,
Mongolia  experiences  the  residual  influence  of  monsoonal  sys
tems originating from both the Pacific  and Arctic  Oceans.  Over  the
past  decade,  the  region  has  been  increasingly  exposed  to  climate
extremes,  including  severe  winters,  dust  storms,  elevated  daytime
temperatures,  cooler  nights,  strong  winds,  and  prolonged
droughts[6].  These interacting stressors  are  likely  to  influence vege-
tation productivity and alter species composition across Mongolian
steppes.

Climate  variability  can  disrupt  competitive  dynamics  among
plant species,  favoring some species over others and thereby alter-
ing  community  composition[7].  Evidence  from  multiple  regions

highlights the sensitivity of plant communities to changing climatic
conditions. For example, shifts in moisture availability have driven a
westward expansion of angiosperm species, and a poleward migra-
tion of gymnosperm trees across the eastern United States over the
past  three  decades[8].  Comparable  climate-driven  responses  have
been  observed  in  China,  where  grassland  Normalized  Difference
Vegetation Index (NDVI)  increased within the subtropical  broadleaf
evergreen  forest  region  despite  declines  in  precipitation  and  accu-
mulated  temperature  above  10 °C  (AT10).  In  contrast,  NDVI  in
temperate  steppes  and  desert  grasslands  showed  positive  correla-
tions  with  both  precipitation  and  AT10,  underscoring  regional
climatic  controls  on  vegetation  dynamics[9].  Long-term  observa-
tions  combined  with  manipulative  experiments  further  demon-
strate  that  climate  change  can  reorganize  plant  communities  even
when  ecosystem  productivity  remains  relatively  stable.  A  32-year
study  on  the  Tibetan  Plateau  revealed  that  warming  reshaped
species  dominance,  whereas  drought  reorganized  community
composition,  collectively  promoting  a  shift  toward  grass-domi-
nated  systems[10].  Similarly,  experimental  imposition  of  extreme
drought  and  a  mid-summer  heat  wave  in  the  central  US  grassland
showed that, although the ecosystem was resistant to heat stress, it
was highly vulnerable to drought. Extreme drought reduced above-
ground net primary productivity (ANPP) to its lowest level in nearly
three  decades  and  altered  species  abundances,  indicating  that
water  limitation  can  exceed  the  adaptive  capacity  of  grassland
communities[11].  Such  climate-driven  shifts  in  plant  community
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structure  may  destabilize  grassland  ecosystems  by  reducing  their
health,  resilience,  and long-term sustainability[12].  These vegetation
changes  can  also  trigger  cascading  ecological  effects,  particularly
for  species  that  depend  on  grasslands  for  habitat  and  forage
resources[13].

Nevertheless,  disentangling  the  relative  contributions  of  climatic
variability and local disturbances in shaping plant community struc-
ture  remains  a  fundamental  challenge,  particularly  in  semi-arid
regions  such  as  the  Mediterranean,  Northern  China,  and  Inner
Mongolia,  where  these  drivers  frequently  interact.  Among  local
disturbances,  grazing  is  widely  recognized  as  one  of  the  most
powerful  forces  influencing  grassland  ecosystems.  Excessive  graz-
ing  reduces  plant  cover,  diminishes  biodiversity,  and  accelerates
soil  degradation[14].  Grassland  degradation  typically  begins  with  a
decline  in  community  productivity,  reflected  in  reduced  plant
height, cover, and density, followed by shifts in species composition.
Long-term overgrazing has been shown to decrease the abundance
of  dominant  palatable  species  such  as Leymus  chinensis, Stipa
krylovii,  and Cleistogenes  squarrosa,  while  promoting  the  expan-
sion of unpalatable species such as Artemisia frigida[15]. Beyond alter-
ing  vegetation  structure,  overgrazing  also  modifies  soil  chemical
properties,[16] often leading to reduced nutrient  availability[17].  As  a
result,  productivity  in  degraded  grasslands  becomes  increasingly
constrained  by  nitrogen  and  phosphorus  limitation[18],  which  can
further influence the uptake of trace elements by plants[19].  Grazing
may  additionally  suppress  vegetation  regeneration;  for  instance,  it
was found that herbivory by red deer and Przewalski's horses further
inhibits  forest  regeneration  in  the  low-productivity  forests,  charac-
terized  by  a  low  growth  stock  (25.3  ±  9.5  m3·ha−1)[20].  Collectively,
these  processes  can  generate  a  self-reinforcing  feedback  loop  in
which  vegetation  loss  accelerates  soil  degradation,  further
constraining  plant  recovery  and  increasing  ecosystem  vulnerability
to continued disturbance.

Climate  change  and  grazing  jointly  shaped  plant  communities,
yet  their  relative  influences  remain  difficult  to  disentangle  in  semi-
arid  ecosystems.  This  challenge  is  particularly  relevant  in  Hustai
National Park (HNP), where grazing pressure is expected to increase
following  the  reintroduction  of  the  protected  Przewalski's  horse
(Equus ferus przewalskii).  To distinguish the impacts of grazing from
those  of  climate  variability,  we  compared  two  national  parks  in
Mongolia  of  similar  size  and  climatic  conditions.  Bogd  Khan  Uul
National  Park  (BKU),  characterized  by  limited  large-herbivore  pres-
sure,  served as a reference site for assessing climate-driven vegeta-
tion patterns. Paired fenced and unfenced plots within HNP further
enabled  direct  evaluation  of  grazing  impacts  on  vegetation  struc-
ture  and  ecosystem  functioning.  We  hypothesized  that  chronic
grazing  would  shift  vegetation  productivity  and  composition,
accompanied by changes in plant nutrient dynamics. We focused on
two  dominant  grassland  species  with  contrasting  susceptibility  to
herbivory—the  palatable  grass Stipa  krylovii and  the  unpalatable
shrub Artemisia frigida. The objectives of this study were to (1) quan-
tify vegetation dynamics using NDVI to distinguish the relative influ-
ences  of  climate  and  grazing,  (2)  assess  whether  grazing  alters
biomass  allocation  and  productivity  under  fenced  and  unfenced
conditions,  and  (3)  determine  how  grazing-driven  shifts  in  species
dominance  influence  plant  nutrient  uptake  between  palatable  and
unpalatable species.

 Methods
This  study  employed  a  multi-scale,  quasi-experimental  design

integrating  satellite-derived  vegetation  data  with  field  measure-
ments  of  biomass  allocation  and  plant  nutrient  status  to  evaluate

grazing impacts in HNP (Supplementary Table S1).  Grazing impacts
were  assessed using paired fenced and unfenced plots  established
across  three  subsites  (sites  2,  3,  and  4)  within  the  park,  enabling
direct  comparison  between  grazed  and  ungrazed  conditions.  For
each site, the area inside the fence (subject to animal disturbances)
was labeled as '−2', and the area outside the fence (not disturbed by
grazing)  was  labeled  as  '−1'.  For  example,  site  2-1  denotes  site  2
outside the fence, while 2-2 denotes site 2 within the fence. A map
of  sampling  locations  is  presented  in Fig.  1.  Because  soil  and  plant
sampling  was  conducted  within  a  single  year  and  focused  on  two
representative  species,  soil–plant  elemental  patterns  are  inter-
preted  as  preliminary  evidence  of  potential  nutrient-cycling
responses rather than definitive mechanistic conclusions.

 Study area
Spatial–temporal  vegetation  dynamics  were  investigated  in

Hustai National Park (HNP), and Bogd Khan Uul National Park (BKU),
Mongolia.  The  contrasting  herbivore  regimes,  combined  with
broadly  similar  climatic  conditions  between  these  parks,  create  a
natural  experiment  for  distinguishing  vegetation  responses  associ-
ated  with  climate  variability  from  those  driven  by  grazing  distur-
bance. A summary of the ecological characteristics of each national
park  is  provided  in Table  1.  The  BKU  (47°43′–47°54′ N,  106°46 ′–
107°10′ E)  is  located  approximately  110  km  southeast  of  HNP
(47°35′–47°52′ N,  105°23 ′–105°37′ E).  The two parks are comparable
in spatial extent and experience broadly similar climatic conditions,
supporting the use of BKU as a reference site for evaluating climate-
driven vegetation dynamics.

Despite  these  similarities,  the  parks  differ  notably  in  manage-
ment  objectives  and  disturbance  regimes.  HNP  was  established
primarily  to  support  the  conservation  and  reintroduction  of  the
endangered  Przewalski's  horse,  and  is  characterized  by  extensive
grassland–shrub  steppe  with  approximately  5%  forest  cover.  The
park  sustains  large  herbivore  populations,  resulting  in  substantial
grazing  pressure.  Fenced  exclosures  were  established  in  2018
enabling direct comparisons between grazed and ungrazed areas. In
contrast, BKU is managed under a zonation framework that includes
restricted,  protected,  and  pristine  areas.  Vegetation  is  predomi-
nantly  forest–steppe,  dominated  by  larch  and  birch,  although
certain  zones  permit  limited  human  activities.  The  park  provides
habitat  for  wildlife  such  as  musk  deer  and  sable[24].  Owing  to  its
stricter protection and lower large-herbivore density, grazing inten-
sity  in  BKU  is  considerably  lower  than  in  HNP.  Together,  the
contrasting  herbivore  pressures  alongside  broadly  similar  climatic
settings  provide  a  useful  natural  framework  for  disentangling  the
relative influences of grazing and climate on grassland dynamics.

 Climate data
The  spatial  and  temporal  vegetation  dynamics  were  assessed

using  Terra  Moderate  Resolution  Imaging  Spectroradiometer
(MODIS)  product  H25V04.  MODIS  data  was  obtained  in  HDF-EOS
format,  with  a  sinusoidal  projection.  The  MODIS  Reprojection  Tool
was  employed  for  image  mosaic  conversion,  resampling,  and
projection  transformation.  The  original  HDF  file  was  converted  to
GeoTIFF  format,  and  the  projection  was  transformed  from  sinu-
soidal to Albers Conical Equal Area, using the WGS 1984 datum. The
nearest  neighbor  method  was  used  for  resampling.  The  vector
boundary  of  the  study  area  was  used  to  clip  the  NDVI  data  in
ArcMap  10.8.2.  The  vegetation  changes  were  calculated  using  the
Raster  Calculator  tool.  Vegetation  conditions  were  characterized
using NDVI thresholds in grassland classification ranges for Northern
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Tibet between 2000 and 2013[28].  In that framework, NDVI values of
0.15–0.20 are typically associated with alpine steppe dominated by
grasses  and  short  sedges,  whereas  values  of  0.40–0.50  correspond
to alpine meadow vegetation characterized by shrubs,  sedges,  and
medium-height  grasses.  NDVI  values  near  0.20  have  also  been
linked  to  forb-dominated  communities.  These  NDVI  thresholds
were  applied  as  a  relative  indicator  of  vegetation  density,  as  the
alpine  and  semi-arid  grasslands  of  Northern  Tibet  share  broadly
similar  climatic  conditions  and  vegetation  characteristics  with  the
Mongolian steppe[29].  However,  no local  validation data is  available
for the study area; therefore, these thresholds should be considered

a first-order,  coarse approximation,  and may introduce uncertainty.
In this study, NDVI values < 0.20 were interpreted as sparse or early-
stage  vegetation,  0.30–0.40  as  grass- and  forb-dominated  cover,
0.40–0.50 as subshrub or shrub vegetation, and > 0.60 as areas with
dense  vegetation  typically  associated  with  forest  cover.  Notably,
the classification was intended to provide a broad indicator of vege-
tation  structure  rather  than  a  definitive  separation  of  plant  func-
tional types.

Meteorological  data  focusing  on  vegetation  growth  months
(May–August)  were  analyzed.  Global  precipitation  measurement
data  from  2000  to  2021  was  sourced  from  NASA's  GES  DISC

 

Fig.  1  Sampling  map  of  Hustai  National  Park  (HNP),  and  its  surrounding  areas.  Bogd  Khan  Uul  National  Park  (BKU)  is  included  as  the  control  site  for
Normalized  Difference  Vegetation  Index  (NDVI)  analysis.  Soil  and  plant  samples  were  collected  exclusively  from  HNP.  The  study  includes  a  total  of  10
sampling sites (S1 to S7), with additional sub-sampling locations at sites S2, S3, and S4. These sub-sampling sites are categorized based on their position
relative to the fence (see Supplementary Table S2).

 

Table 1.  Summary of environmental characteristics of the Hustai National Park and Bogd Khan Uul National Park highlighting their climatic similarity and contrasting
grazing regimes.

Characteristic Hustai National Park (HNP) Bogd Khan Uul National Park (BKU)

Distance apart 100 km southwest of Ulaanbaatar, Mongolia 30−40 km south part of Ulanbaatar, Mongolia
Area 506.2 km2 422.7 km2

Elevation 1,400−1,843 m[21] 2,268 m above sea level[22]

Mean annual temperature 0.2 °C −0.5 °C

Annual precipitation 222.5 mm (1996−2010)[23] 268.5 mm (1999−2018)[24]

Dominant ecosystem Area consists primarily of grassland and shrubland (88%), with 5%
forest cover, and includes mountain and forest steppes

Typical mountainous forest-steppe with the 53.2% of the
area covered by forest steppes[22]

Protection status Protected zone to conserve the endangered Przewalski's horse (Equus
ferus przewalskii) since 1993

Strictly protected area since 1778

Historical land use Former agriculture, including crop and livestock production[25] Minimal
Protection zoning Protected area established for conservation of Przewalski's horses Divided into restricted (12,216 ha), protected (13,433 ha),

and pristine (16,000 ha)
*Remaining area is covered by pastureland (20,278 ha)
and 1,754 ha for the citizens and businesses[26]

Dominant vegetation
types

208 species of nonvascular plants and 451 species of vascular plants[27]

Note: The formerly cultivated land was dominated by plant species
such as Artemisia macrocephala, A. scoparia, A. commutata, and A.
pectinata; original mountain steppe vegetation consisted primarily of
Agropyron repens, Agropyron cristatum, Stipa krylovii, Carex duriuscula,
and Kochia prostrata[25]

746 species of vascular plants and predominant of larch
and birch trees, rich pine foests, and spruce forests[24]

Herbivore populations 1,300 red deer, 500 Mongolian gazelles, and 330 Przewalski's horses[20] Musk deer and sable[24]

Grazing pressure High Low
Fenced Installed 2018 (UNU Land Restoration Training Programme) None
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(Goddard Space Flight Center).  The NDVI,  land surface temperature
(LST),  and  net  primary  production  (NPP)  data  was  obtained  from
NASA's  LP  DAAC  at  the  USGS  EROS  Center.  NDVI  data  was  derived
from  the  MODIS  MOD13Q1  V6.1  product,  with  a  temporal  resolu-
tion of  16  d  and a  spatial  resolution of  250  m,  covering the  period
from  2000  to  2023,  with  a  focus  on  vegetation  growth  months
(May–August).  The  daily  LST  data  were  obtained  from  the
MOD11A1.061  product,  with  a  spatial  resolution  of  1  km,  covering
the period from 2000 to 2023. Monthly NPP data, extracted from the
MODIS MOD17A3HGF V6.1 product had a spatial resolution of 500 m
and covered the period from 2001 to 2022.

Due  to  differences  in  satellite  data  availability  and  temporal
coverage,  climate  anomalies  were  calculated  as  the  deviation  of
annual values in 2019 from the long-term mean (2001–2021).  Stan-
dard deviations and Z-scores were subsequently used to determine
whether climatic conditions in 2019 fell  within the range of histori-
cal variability (Supplementary Table S2).

 Field sampling
The  research  followed  the  geobotanical  basic  observation

method, which involves percentage-based evaluation within a 1 m2

frame[30].  Plant cover was visually estimated as a percentage within
each quadrat (1 m × 1 m net). Aboveground biomass was collected
by  clipping  all  plant  material  from  the  ground  surface  at  the  same
level and subsequently separated into new (green) biomass and old
grass/litter components. Samples were air-dried for 2–3 weeks until
constant  weight  and  then  weighed  to  determine  dry  biomass,
expressed as g·m−2. Vegetation height, cover, and biomass measure-
ments  were  repeated  three  to  four  times  per  season  to  capture
seasonal variability.

Artemisia  frigida,  a  C3  perennial  semishrub,  is  one  of  the  most
common  dicotyledonous  species  on  the  Eurasian  steppes[31]. Stipa
krylovii,  a C3 type monocotyledon perennial bunchgrass, is another
dominant  species  on  the  Inner  Mongolian  Plateau  steppes[32].  The
dominant plant species,  i.e., S.  krylovii and A.  frigida,  were collected
from each plot during the winter and spring (Supplementary Table
S1). The identification process began with standard taxonomic clas-
sification in the field,  followed by DNA sequencing of  the rbcL and
matK regions (Macrogen Inc., Seoul, South Korea) to confirm species
identity  (Supplementary  Tables  S3, S4).  Sequencing  results,  includ-
ing  species  identity,  are  provided  in Supplementary  Table  S5.
Notably, the DNA sequencing results were matched to species in the
BLAST database[33].  If  an exact species match was unavailable,  then
the results indicated the closest matching genus instead.

Soil and plant samples were collected according to the season in
2019,  as  listed  in Supplementary  Table  S1.  Topsoil  samples  were
oven-dried at  105 °C for  1 d and sieved using a 200-mesh sieve for
chemical,  physicochemical,  and  elemental  analysis  (Supplementary
Tables S6−S8). Soil pH and electrical conductivity were measured in
a  soil-to-water  suspension  at  a  1:2.5  ratio  using  a  pH  meter  (S47;
Mettler  Toledo),  and  an  electrical  conductivity  meter  (B-173;
HORIBA).  Soil  humus  and  organic  C  concentrations  were  deter-
mined  using  the  I.V.  Turin  method  and  the  loss-on-ignition
method[34], respectively.

 Field sample digestion and analysis
Selective  grazing  can  modify  species  dominance,  potentially

reshaping nutrient pathways within grassland ecosystems. To better
understand  these  soil–plant  nutrient  linkages,  concentrations  of
major  elements  (Na,  Mg,  Al,  P,  K,  Ca,  Mn,  and  Fe)  in  both  soil  and
plant  samples  were  investigated.  Soil  samples  (200  mg)  were

subjected  to aqua  regia digestion  according  to  the  USEPA  3050B
method[35].  Plant  samples  were  freeze-dried  for  3  d  at  70  °C,  then
ground  and  sieved  using  a  0.84-mm  mesh  sieve[36].  All  the  sam-
ples  were  filtered  through  a  0.45-µm  filter  membrane  before
measurements.

Liquid  samples  were  measured  using  an  inductively  coupled
plasma–optical  emission  spectrometer  (iCAP7400DUO;  Thermo
Scientific).  The accuracy  of  the  extraction process  was  validated by
analyzing  standard  reference  materials  (BAM  U110,  SRM  1515,  and
SRM  1570a),  with  recoveries  ranging  from  80.51%  to  103.78%
(Supplementary  Table  S9).  The  accumulation  factor  was  used  to
evaluate the transfer of elements from soil (Supplementary Table S8)
to plant leaves. It was calculated as the ratio of elemental concentra-
tions  in  the  harvested  aboveground  plant  biomass  to  those  in  the
topsoil[37].  Elemental  concentrations  of  C,  N,  and  H  were  measured
using  a  UNICUBE  elemental  analyzer  (Elementar,  Germany)
equipped with a thermal conductivity detector. Approximately ≤ 1 g
of  dried,  homogenized  material  was  combusted  at  1,150  °C,  and
the  resulting  gases  were  separated  chromatographically  prior  to
detection. The analyzer operates over a range of ~50 μg/g to 100%
with a precision better than 0.1%.

 Statistical analyses
All  statistical  analyses  were  performed  using  IBM  SPSS  Statistics

v20 for Windows. The Kruskal–Wallis  test was applied to determine
whether  seasonal  fluctuations  in  elemental  concentrations  in  soils
and  plants  were  significant  at  the  95%  confidence  level  (p <  0.05).
To  explore  the  relationship  between  soil  properties,  climate  condi-
tions, and elemental accumulation in plants, Spearman's rank corre-
lation analysis was conducted on both A. frigida (n = 11) and S. krylovii
(n = 12).

 Results

 Vegetation dynamics and climatic trends
Figure 2 illustrates a shift in vegetation types in HNP, with a transi-

tion  from  subshrubs/shrubs  to  grasses/forbs,  accompanied  by  the
northward  expansion  of  the  forest  steppe.  In  contrast,  BKU  exhi-
bited forest expansion toward the east from 2001 to 2023. To quan-
tify  these  changes,  the  raster  calculator  was  used  to  assess  the
extent  of  vegetation  expansion  (positive  raster  values,  shown  in
green in Fig. 2) and decline (negative raster values, shown in red in
Fig. 2) across each park between 2001 and 2023. Spatial distribution
analysis  using  landscape  vegetation  classification  revealed  a
marginal  increase  in  vegetation  in  BKU.  Specifically,  vegetation
growth in HNP was 21.3%, while BKU showed a 41.7% increase, indi-
cating more pronounced growth in  BKU.  However,  both parks  also
experienced a reduction in vegetation area from 2001 to 2023. HNP
experienced  a  40.7%  decrease,  while  BKU  saw  a  relatively  smaller
reduction  of  22.7%.  Notably,  the  subtraction  in  change  detection
highlighted  finer  differences  in  NDVI  values,  with  areas  having
NDVI  >  0.6  shaded in  blue.  These areas,  although significant  in  the
raster analysis, were less visible in the image.

Annual  NDVI  during  the  growing  months  (May  to  August)  exhi-
bited distinct patterns between the two parks. In BKU, average NDVI
values during these months typically ranged from 0.5 to 0.6,  show-
ing a slight growth trend. In contrast, HNP displayed a more mono-
tonous  NDVI,  ranging  from  0.3  to  0.4  (Supplementary  Fig.  S1d).
From 2000 to 2023, precipitation and LST followed opposite trends
(Supplementary Fig. S1a, S1c). Although both parks received similar
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amounts  of  precipitation,  daytime  LST  in  BKU  was  approximately
10 °C lower than in HNP. Over this period, daytime LST in both parks
showed  an  overall  downward  trend,  although  HNP  recorded  peak
temperatures  of  38.1  °C  in  2007  and  38.6  °C  in  2017.  Conversely,
precipitation  increased  from  2000  to  2021,  with  the  lowest  level
recorded in 2015.

To  further  investigate  the  relationship  between  NDVI,  tempera-
ture,  and  precipitation,  changes  in  LST  and  precipitation  between
consecutive  years  were  analyzed  (Fig.  3).  The  results  showed  that
changes in NDVI and NPP were positively correlated with precipita-
tion,  with  a  stronger  correlation  in  HNP  than  in  BKU.  However,  the
correlation  between  precipitation  changes  and  NDVI  was  relatively
weak  (R2 =  0.08)  in  BKU,  suggesting  limited  influence  of  precipita-
tion on vegetation distribution in that  park.  In  contrast,  changes in
temperature exhibited a stronger correlation with NDVI and NPP in
both  parks.  Specifically,  a  positive  change  in  LST  (indicating  rising
temperatures)  was  associated  with  a  decrease  in  NDVI,  suggesting
that  rising  temperatures  contribute  to  vegetation  stress  and  a
decline in vegetation cover.

Overall, both precipitation and temperature influenced NDVI and
NPP,  with  temperature  emerging  as  the  primary  climatic  factor
affecting vegetation cover in both HNP and BKU (Fig. 3, Table 2). The
marginal  increase  in  vegetation  in  BKU  was  supported  by  a  down-
ward  trend  in  LST.  Annually,  HNP  produced  220  g  C  m−2 of  NPP,
while  BKU  produced  320  g  C  m−2 during  the  summer.  From  2001
to 2022, the relationship between LST and NPP indicated that a 1 °C
increase  in  LST  resulted  in  a  reduction  of  14.07  g  C  m−2 in  HNP
and 15.45 g C m−2 in BKU.

 Biomass responses to grazing
Dung cover was generally higher in grazed (site ended with '−2')

plots compared to ungrazed (fenced) plots during spring, indicating
increased herbivore activity in the growing season. This pattern was
consistent  across  most  sites,  with  the  exception  of  site  3-2,  where
dung  cover  did  not  follow  the  overall  trend  (Fig.  4a).  Dried  plant
cover  was  consistently  greater  in  ungrazed plots  relative  to  grazed
plots  across  both  seasons  (Fig.  4b),  suggesting  accumulation  of

 

Fig. 2  Spatial distribution of Normalized Difference Vegetation Index (NDVI) in Hustai National Park (HNP) and Bogd Khan Uul National Park (BKU) for July
2000 (left) and July 2023 (middle). NDVI values are categorized as follows: > 0.6 for forest, 0.4–0.5 for subshrubs/shrubs, 0.3–0.4 for grass/forbs, and > 0.2
for young vegetation.  The corresponding changes in NDVI between 2001 and 2023 are shown on the right,  where negative values indicate vegetation
loss, a value of 0 represents no change, and positive values indicate vegetation expansion.
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standing dead vegetation under  grazing exclusion.  Seasonal  differ-
ences in dried plant cover were less pronounced and did not exhibit
a  consistent  pattern  across  sites.  Net  primary  production  (NPP)  of
new  biomass  was  negligible  during  winter  across  all  sites  but
increased  substantially  in  spring  (Fig.  4c).  In  most  sites,  spring  NPP
values  were  comparable  between  grazed  and  ungrazed  plots;
however, site 2 exhibited higher NPP under grazing, whereas site 3
showed  the  opposite  pattern.  Litter/old  biomass  was  consistently
higher  in  ungrazed  plots  compared  to  grazed  plots  (Fig.  4d).
Seasonal  variation  in  litter  biomass  was  less  systematic,  with  site-
specific differences observed between winter and spring.

 Variation in plant nutrient concentrations
Two  major  plant  species—S.  krylovii (palatable)  and A.  frigida

(unpalatable)—were  selected  based  on  a  previous  plant  species
distribution report[38].  Elemental composition analysis revealed that
total  N and C concentrations  were higher  in  the spring than in  the
winter,  ranging  from  0.40%  to  2.91%  for  N  and  from  41.66%
to 45.29% for  C.  Both plant  species  exhibited similar  total  amounts

of C, N, H, and P. Although there was no variation in total C between
the two species (Table 3), A. frigida showed higher N concentrations
than S.  krylovii in  the  winter,  whereas  the  opposite  trend  was
observed in spring.

Seasonal  variations  influenced  the  uptake  of  major  mineral
elements, but these trends were not consistent across all sites. Over-
all, A.  frigida showed  higher  concentrations  of  most  elements
compared  with S.  krylovii,  except  for  Na,  P,  and  Ca.  Notably,  Ca
content was 1.5 times higher in S.  krylovii than in A.  frigida.  Among
the elements, Fe was four times more concentrated in A. frigida than
in S. krylovii (Fig. 5). There were no significant seasonal differences in
the  major  elements  of S.  krylovii (n =  12)  and A.  frigida (n =  11)
between  winter  and  spring,  as  determined  by  the  Kruskal–Wallis
test.  The  seasonal  distribution  of  elements  and  significant  differ-
ences  between  the  two  species  are  summarized  in Supplementary
Table S10.

The  fenced  site  indicated  significant  animal  disturbance,  and
site 3 (Figs 4, 5) was selected to specifically investigate the impact of
animal disturbance on nutrient uptake in both plant species during
spring.  Among  the  eight  elements  examined,  the  animal  distur-
bance zone (sites ending in '−2') in the spring promoted the uptake
of  P,  Mn,  and  K  in S.  krylovii, a  palatable  species,  while  higher
concentrations of  Na,  Al,  Fe,  Mg,  and Ca were observed in the area
with  limited  animal  disturbance  (site  3-1).  Similar  trends  were
observed  in  winter  for S.  krylovii,  with  higher  concentrations  of  P,
Mn, and Mg at site 3-2 compared to site 3-1. In contrast, A. frigida, an
unpalatable species, showed higher concentrations of Na, P, Al, Mn,
Fe,  K,  Mg,  and  Ca  at  site  3-1  (area  without  animal  disturbance)

 

a b

c d

Fig.  3  Interannual  variation  in  LST  and  precipitation  and  their  effects  on  net  primary  productivity  (NPP)  and  Normalized  Difference  Vegetation  Index
(NDVI)  in Hustai  National  Park (HNP) and Bogd Khan Uul National  Park (BKU) during the growing season (May to August)  from 2001 to 2021.  (a)  LST in
HNP, (b) precipitation in HNP, (c) LST in BKU, and (d) precipitation in BKU.

 

Table  2.  Correlation  coefficients  of  Normalized  Difference  Vegetation  Index
(NDVI)  and  Net  Primary  Productivity  (NPP)  during  the  growing  season  in
response to daytime Land Surface Temperature (LST) and precipitation in Hustai
National Park (HNP) and Bogd Khan Uul National Park (BKU).

Correlativity HNP NDVI BKU NDVI HNP NPP BKU NPP

Day time LST −0.89 −0.72 −0.89 −0.84
Precipitation 0.61 0.29 0.70 0.60
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compared  to  site  3-2  in  the  spring.  This  trend  was  consistent  with
the  concentrations  of  Al,  Fe,  Mg,  and  Ca  found  in  winter  samples.
Other  elements  showed  opposite  trends  between  sites,  suggest-
ing  random  variability  in  the  results,  which  were  therefore  not
considered.

To  examine  how  elemental  accumulation  in  plants  relates  to
climatic  variables,  biomass,  and  soil  properties,  Spearman's  rank
correlation  analyses  were  conducted  for A.  frigida (Supplementary

Table  S11)  and S.  krylovii (Supplementary  Table  S12),  with  key
relationships  illustrated  in  a  network  diagram  (Fig.  6).  A  complex
soil–plant  interaction,  particularly  interspecific  relationships,  was
observed  in  relation  to  climate  variables,  soil  properties,  and
elemental  concentrations.  For  example, A.  frigida exhibited  a
stronger  correlation  between  P  accumulation  and  N  content
(rs[20] = 0.955, p < 0.001) than S. krylovii (rs[20] = 0.645, p < 0.005). A
positive  correlation  between  soil  N  and  Mg  accumulation  in A.

 

a

c d
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Fig.  4  Seasonal  effects  of  grazing on vegetation structure  and biomass.  Comparisons  between fenced (ungrazed)  and unfenced (grazed)  plots  during
winter and spring for (a) dung cover (%), (b) dried plant cover (%), (c) net primary production (g·m−2), and (d) litter/old biomass (g·m−2). The site ending
with '−2' indicates a grazing site.

 

Table 3.  The average content of elements (%) in plants of Hustai National Park (HNP), Mongolia.

Site
Winter Spring

N (%) C (%) H (%) P (%) C : N ratio N (%) C (%) H (%) P (%) C : N ratio

A. frigida 2-1 0.55 43.57 6.42 0.08 78.79 − − − − −
2-2 0.88 45.69 6.48 0.21 51.74 0.41 45.66 6.41 0.04 110.47
3-1 1.02 42.47 6.28 0.21 41.64 1.11 42.58 6.35 0.20 38.47
3-2 0.76 45.68 6.27 0.14 60.11 0.41 46.34 6.54 0.06 113.95
4-1 − − − − − 0.67 43.07 6.20 0.16 63.97
4-2 0.63 44.16 6.30 0.11 69.76 1.23 43.63 6.43 0.30 35.47
7 − − − − − 1.92 42.25 6.33 0.35 22.04

S. krylovii 2-1 0.47 41.66 6.00 0.03 89.20 − − − − −
2-2 0.40 44.32 6.14 0.04 111.63 0.49 43.81 6.49 0.03 88.81
3-1 0.60 42.36 6.13 0.04 70.95 0.85 43.92 6.39 0.08 51.88
3-2 0.82 42.25 5.97 0.07 51.71 1.27 43.92 6.47 0.13 34.67
4-1 0.54 42.18 5.86 0.05 77.69 − − − − −
4-2 0.46 43.84 5.96 0.03 95.31 2.35 44.79 6.46 0.33 19.09
7 0.42 42.49 6.13 0.10 100.46 2.91 45.29 6.76 0.33 15.55

N, nitrogen; C, carbon; H, hydrogen; P, phosphorus.
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frigida (rs[20]  =  0.630, p <  0.005)  was  observed,  while  a  negative
correlation  between  soil  N  and  Ca  accumulation  in A.  frigida
(rs[20] = −0.700, p < 0.005) was noted. In contrast, a positive correla-
tion between soil N and Fe accumulation in S. krylovii (rs[20] = 0.669,
p < 0.005) was observed. Overall, S. krylovii showed significant posi-
tive correlations between soil loss-on-ignition (LOI) and the accumu-
lation of Mg, K, and Ca. In contrast, A. frigida elemental composition
was  correlated  with  nutrient  accumulation  only.  Soil  elemental
composition was significantly associated with dried plant cover and
old biomass  in  both species.  Notably,  plant  elemental  composition
in S. krylovii was correlated with climatic variables, new biomass, and
soil humus, whereas no comparable relationships were observed for
A.  frigida.  Humus  content  in  the  soil  was  positively  correlated  with
precipitation, temperature, and new biomass.

 Discussion

 NDVI-based analysis of vegetation dynamics and
shifts

Grasslands,  shrublands,  and  forests  represent  some  of  the  most
widespread  terrestrial  vegetation  types,  each  characterized  by

distinct structural dominance. Grasslands are primarily composed of
herbaceous species, whereas shrublands and forests are dominated
by  woody  vegetation  such  as  shrubs  and  trees.  Long-standing
ecological theory suggests that climate is a primary determinant of
their  spatial  distribution,  often  resulting  in  predictable  transitions
along environmental gradients[39]. The NDVI-based analysis of vege-
tation dynamics and shifts in this study aligns with similar findings in
Inner Mongolia[40] and Tibet[28], where comparable vegetation distri-
butions  have  been  observed.  A  study  from  Northern  Mongolia
reported a trend of forest sites being replaced by steppe vegetation,
suggesting potential land degradation[20]. Additionally, our observa-
tion of a shift from subshrubs and shrubs to grasses (e.g., S. krylovii)
and  forbs  (e.g., A.  frigida)  in  HNP  further  underscores  ongoing
ecological  change.  A  nationwide  study  of  vegetation  cover  in
Mongolia, from 1982 to 2015, noted a decrease in forested areas in
the Gobi Desert, alongside an increase in meadows, alpine steppes,
and  typical  steppes[41].  In  HNP,  the  loss  of  forested  areas  has  been
particularly  notable,  with  birch  forests  covering  only  0.8%  of  the
park. A significant 12% reduction in the forest area of HNP between
1994  and  2000  was  reported[25].  Key  drivers  of  these  vegetation
shifts  include  climate  change,  land-use  alterations,  increased  fire
frequency,  and  pest  outbreaks,  particularly Lymantria  dispar.  Addi-
tionally, recruitment of birch has been severely constrained as most
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Fig. 5  Concentration of major elements (in mg·kg−1)  in Artemisia frigida (red) and Stipa krylovii (green) in Hustai  National Park (HNP),  Mongolia,  during
winter and spring for (a) sodium Na, (b) magnesium Mg, (c) aluminium Al, (d) phosphorus P, (e) potassium, K (f) calcium Ca, (g) manganese Mn, and (h)
iron Fe.
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young  individuals  have  either  died  or  are  growing  under  signifi-
cant  stress  due  to  red  deer  browsing.  Furthermore,  comparative
analysis  with  vegetation mapping confirms a  transition from forest
to  shrubland[38].  The  contrasting  vegetation  responses  between
HNP  and  BKU  likely  reflects  differences  in  ecosystem  structure
and  disturbance  regimes.  HNP  is  primarily  characterized  by  a
grassland–shrub  steppe  subjected  to  substantial  grazing  pressure;
conditions that  can heighten vegetation sensitivity  to climatic  vari-
ability.  Herbaceous  systems  typically  respond  more  rapidly  to
temperature  fluctuations  due  to  their  shallow  rooting  depth  and
shorter growth cycles. In contrast, BKU supports forest–steppe vege-
tation  dominated  by  woody  species  such  as  larch  and  birch[22]

which possess deeper root systems and greater physiological capa-
city  to  buffer  short-term  climatic  stress.  This  structural  complexity
may  dampen  NDVI  responses  to  temperature,  resulting  in  weaker
climate–vegetation  correlations.  Together,  these  findings  suggest
that ecosystem composition plays a critical role in mediating climate
sensitivity across semi-arid landscapes.

 Vegetation and climate interactions
The NDVI values obtained in this study are consistent with those

reported  for  HNP[42].  Higher  NDVI  values  observed  in  BKU  indicate

distinct plant community differences between HNP and BKU[24], with
forest  areas  exhibiting  higher  NDVI  values.  Although  both  regions
share  similar  climatic  conditions,  the  distinct  plant  species  in  each
area  exhibit  varying recovery  and growth patterns,  resulting in  the
varied NDVI  observed.  In  particular,  BKU's  forest  steppe ecosystem,
characterized  by  litter  accumulation,  facilitates  soil  moisture  reten-
tion,  contrasting  with  the  more  temperature- and  precipitation-
sensitive grasslands of  HNP[43].  As  a  result,  the correlation between
NDVI changes and precipitation/temperature in BKU is weaker than
in HNP. These ecosystem-driven differences in vegetation structure
and  soil  moisture  dynamics  are  further  supported  by  the  ~10  °C
daytime  LST  contrast.  Based  on  the  normal  lapse  rate  (~6.5  °C
per 1,000 m), the elevation difference between the two parks would
explain  only  ~2.7–5.6  °C  of  the  LST  variation.  The  forest  steppe  in
BKU, with higher litter inputs and improved soil moisture retention,
may buffer  surface  heating,  whereas  the  more  open and precipita-
tion-sensitive  grasslands  in  HNP  are  more  prone  to  rapid  warming
under  dry  conditions[44].  Additionally,  differences  in  grazing  inten-
sity  and  vegetation  density  between  the  two  parks  may  further
influence  surface  energy  balance  and  heat  retention,  contributing
to  the  observed  LST  contrast.  Water  availability  is  a  crucial  factor
influencing  the  growth  of  white  birch  in  Northern  Mongolia[45],

 

Fig. 6  Simplified soil-plant-climate network diagram derived from significant Spearman's rank correlation coefficients for Artemisia frigida (AF) and Stipa
krylovii (SK). Each node represents a variable group whose components are detailed in Supplementary Tables S11, S12. Precipitation was excluded due to
its  perfect  inverse  correlation with  temperature  (ρ = −1.00).  Only  correlations  with  |ρ|  ≥ 0.5  and p <  0.05  are  shown.  Edge width is  proportional  to  the
number of significant variable pairs (n)  between node groups, with solid and dashed lines indicating predominantly positive and negative correlations,
respectively.
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consistent with our finding that interannual differences in NDVI and
precipitation in  HNP show a stronger  correlation compared to BKU
(Fig.  3).  Precipitation  is  critical  not  only  for  plants,  but  also  for
animals,  and  this  study  found  a  slight  reduction  in  horse  numbers,
underscoring  their  heightened  sensitivity  to  precipitation  (Supple-
mentary Fig. S2).

A  study  reported  that  vegetation  loss  in  forests  contributes  to
significant  surface temperature  warming[46].  In  line  with  this  obser-
vation,  the negative correlation between interannual  differences in
LST and NDVI in HNP was more pronounced than the positive corre-
lation  between  interannual  differences  in  precipitation  and  NDVI,
despite  a  general  decreasing  trend  in  LST.  The  impact  of  tempera-
ture  on  annual  NPP  is  significantly  stronger  in  grazed  grasslands
than  in  ungrazed  grasslands[47].  The  negative  impact  of  tempera-
ture on NPP was spatially variable, with the northern and southwest-
ern areas of the Loess Plateau experiencing sporadic effects.  Mean-
while,  precipitation  positively  contributed  to  NPP,  ranging  from  0
to  4  g  C  m−2·a−1[48].  The  negative  correlation  of  NPP  with  tempera-
ture  suggests  a  midsummer  drought  effect  on  gross  primary
production  and  increasing  summer  temperatures  accelerate  the
respiration  of  alpine  vegetation,  resulting  in  lower  overall
productivity[49].  The  combination  of  these  factors,  along  with
increased  ecosystem  respiration,  likely  explains  the  observed  NPP
reductions in  our  study area,  which is  situated in  an arid  zone.  The
reduction in NPP with rising temperatures can be attributed to the
loss of soil moisture, reduced microbial activity, and limited nutrient
uptake by alpine vegetation[50].

Primary  production,  the  process  by  which  autotrophs  generate
new  organic  matter,  is  strongly  regulated  by  nutrient  availability,
particularly N and P[51]. Species-specific biomass responses observed
in  this  study  provides  additional  insight  into  vegetation  dynamics
under climatic variability. Notably, new biomass, C, H, and N content
of S. krylovii was positively correlated with temperature, suggesting
that this palatable grass may respond favorably to warmer growing
conditions  (Fig.  6).  In  contrast,  new  biomass  of  both  species  was
negatively  correlated  with  precipitation,  indicating  that  factors
beyond moisture alone may constrain productivity in this semi-arid
ecosystem.  Although  direct  statistical  linkage  between  plot-scale
biomass responses and NDVI patterns was beyond the scope of this
study, these trends are broadly consistent with the vegetation shifts
observed in Fig. 2, and may reflect increasing temperature sensitiv-
ity  in  grass-dominated  communities.  Climate  responses  can  vary
substantially  even  within  similar  vegetation  types,  depending  on
local  environmental  conditions[52].  For  instance,  short  grasses  in
alpine  ecosystems  are  vulnerable  to  warming  and  changes  in
precipitation,  potentially  altering  grassland  extent[53].  Similarly,
productivity  in  Inner  Mongolian  grasslands  is  highly  responsive  to
temperature,  while  precipitation  and  nutrient  availability—particu-
larly  N  and  P—remain  important  regulators[54].  Because  forage
production  is  closely  tied  to  climatic  conditions,  shifts  in  tempera-
ture  and  precipitation  may  ultimately  influence  grazing  dynamics
through their effects on plant productivity[55].

 Biogeochemical interactions and adaptive
strategies in fenced and unfenced plots

The  higher  accumulation  of  metals  in A.  frigida compared  to S.
krylovii indicates  that A.  frigida is  more  efficient  in  nutrient  uptake,
driven by its specialized biochemical pathways. Although both foliar
species, S. krylovii (grass) and A. frigida (forb), utilize the C3 photosyn-
thetic pathway[56], they have evolved distinct mechanisms for adapt-
ing to local edaphic conditions. These differences can be attributed

to  variations  in  biochemical  pathways  related  to  nutrient  acquisi-
tion between dicots  (forbs)  and monocots (grasses).  It  was demon-
strated  that  dicots  uptake  Fe2+ through  ferric  chelate  reductase,
while  monocots  exude phytosiderophores to form Fe3+–phytoside-
rophore  complexes[57].  In  a  short-term  N  enrichment  study,  varia-
tions in the P,  Ca,  and Mn contents of the leaves of forbs (A. frigida
and Phacelia  tanacetifolia)  and  grasses  (S.  krylovii and L.  chinensis)
was  observed.  They  also  found  that,  although  both  forbs  and
grasses exuded carboxylates (such as malate and oxalate), forb roots
released  significantly  more  total  carboxylates  than  grass  roots[58].
The stronger correlation between P accumulation and N content in
A. frigida compared to S. krylovii in this study may be linked to differ-
ences  in  carboxylate  exudation  (Supplementary  Tables  S11, S12).
Future research could explore how grazing influences the release of
total  carboxylates  in  greater  detail.  Notably, S. krylovii exhibited
lower total metal concentration than A. frigida, except for Ca. Spear-
man's  rank  correlation  analysis  further  revealed  that  soil  N  content
was  positively  and  significantly  correlated  with  nutrient  accumula-
tion in both species,  though in a species-specific  manner—Mg and
Ca  accumulation  in A.  frigida, and  Fe  accumulation  in S.  krylovii—
suggesting  that  differences  in  metabolic  pathways  may  mediate
how  each  species  responds  to  soil  N  availability[59].  These  varying
responses highlight the diversity  in soil–plant nutrient interactions,
which may depend on vegetation types, soil heterogeneity, climate
conditions, and altitude[60].

Grazing is known to modify spatial heterogeneity in soil nutrients
by  altering  plant  diversity  and  community  structure[14],  which  can
subsequently influence litter quality and soil chemical properties[61].
The ungrazed site consistently exhibited greater litter accumulation
and dried biomass, suggesting enhanced organic matter inputs that
may support higher retention of key elements such as C, H, N, and P
in both plant species. Other than that, grazing seems to increase the
uptake of certain minerals (such as K, P, and Mn) by S. krylovii. Inter-
estingly,  total  N and P storage was higher at  grazed sites  (site  3-2),
potentially  due  to  higher  primary  production  in  grazed  areas[47,62].
Previous  studies  have  identified  strong  associations  between  the
unpalatable A.  frigida and grazing activities,  whereas grazing aban-
donment and wetter conditions favor palatable perennials such as S.
krylovii, A.  cristatum,  and C.  squarrosa[43].  This  indicates  that  animal
activity may indirectly influence nutrient uptake, consistent with the
findings  that  fencing  increases  competition  for  soil  nutrients[63].  In
contrast,  sites  without  animal  disturbance  (site  3-1)  consistently
show  higher  retention  of  Fe,  Ca,  and  Mg  in  both  plant  species,
accompanied by higher C : N ratios in S. krylovii, and greater propor-
tions  of  both  old  and  new  biomass  in  ungrazed  areas.  These
patterns may reflect enhanced biomass persistence and litter accu-
mulation,  potentially  promoting  nutrient  retention  within  the
soil–plant  system[64].  This  accumulation-driven  pathway  may  inc-
rease  soil  nutrient  availability  over  time;  however,  it  may  also  alter
ecosystem  responsiveness  to  environmental  variability.  Systems
with tighter nutrient cycling may exhibit greater resistance to short-
term  disturbances,  but  could  become  less  adaptable  to  rapid
climatic  fluctuations  if  nutrient  turnover  is  constrained[65].  While
these  interpretations  are  consistent  with  the  observed  patterns,
they  should  be  considered  cautiously,  given  the  absence  of  direct
measurements  of  nutrient  fluxes  and  turnover  rates.  Although A.
frigida is considered unpalatable, its higher concentrations of major
mineral elements and lower C : N ratio in undisturbed areas (site 3-1)
suggests  comparatively  faster  nutrient  turnover  compared  to S.
krylovii. These differences in mineral retention and nutrient turnover
between S. krylovii and A. frigida likely reflect distinct biogeochemi-
cal  strategies. S.  krylovii appears  to  favor  nutrient  immobilization
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under  grazing  exclusion,  as  indicated  by  its  higher  C  :  N  ratio,
whereas A.  frigida exhibits  comparatively  faster  nutrient  turnover,
suggesting  a  species-specific  and  context-dependent  response
to  the  absence  of  grazing  pressure.  These  patterns  highlight  the
importance  of  biomass-mediated  pathways  in  regulating  soil–
plant  nutrient  dynamics  and  point  to  the  need  for  controlled,
multi-year  fencing  experiments  to  better  constrain  the  underlying
mechanisms.

 Limitations and future research projections
Several  limitations  should  be  acknowledged  when  interpreting

the findings of this study. First, although NDVI responses suggested
potential  temperature-related  stress  on  vegetation,  short-term
extreme weather events may exert  stronger ecological  effects  than
long-term averages of land surface temperature (LST) and precipita-
tion.  Because  such  episodic  events  were  not  explicitly  quantified,
their influence on vegetation dynamics cannot be fully excluded.

In addition,  biotic  disturbances may have contributed to vegeta-
tion change. For example, a gypsy moth outbreak reported in 1999
resulted in severe defoliation (31%) across the affected forest areas
(550  ha)  in  HNP[25].  Although  this  event  occurred  outside  the
primary  study  period,  the  potential  legacy  effects  of  pest  distur-
bances  were  not  evaluated  and  therefore  remain  a  source  of
uncertainty.

The assessment of grazing impacts on soil nutrients was based on
comparisons between palatable species (S. krylovii) and unpalatable
species  (A.  frigida).  While  this  approach  reflects  natural  field  condi-
tions,  species-specific  influences on soil  nutrient  availability  cannot
be  fully  disentangled  from  grazing  effects.  Consequently,  the
observed  soil–plant  nutrient  patterns  should  be  interpreted
cautiously  as  indicative  rather  than  mechanistic.  Future  multi-year
studies integrating field measurements with high-resolution remote
sensing would help further refine these findings.

Additionally,  vegetation  change  analysis  was  restricted  to  the
years 2001 to 2023 due to the availability of MODIS data, excluding
earlier periods, such as 1994, when horses were introduced into the
national park. This constraint may have led to an underestimation of
the impact of the increasing horse and livestock populations. Future
research  should  prioritize  controlled  grazing  experiments  to  better
quantify  grazing  effects  by  exploring  potential  changes  in  plant
molecular compounds.

Finally,  the  study relies  partly  on remote sensing indices  such as
NDVI  and  NPP,  which  are  subject  to  inherent  limitations,  including
saturation  in  densely  vegetated  areas,  and  sensitivity  to  back-
ground soil conditions. Consequently, these indices should be inter-
preted  as  proxies  for  vegetation  conditions  rather  than  direct
measures of ecosystem processes.  These constraints may affect the
precision  of  vegetation  estimates,  although  the  integration  of  field
observations helps reduce this uncertainty.

 Conclusions
Our  study  highlights  a  potential  risk  of  grassland  degradation  in

HNP,  reflected  in  shifts  in  vegetation  associated  with  marginal
decrease in total NDVI vegetation compared to BKU, suggesting an
increasing grazing pressure. Both HNP and BKU exhibited sensitivity
to  climate  conditions,  particularly  temperature,  with  NDVI  values
showing a consistent inverse relationship with LST.

Grazing-related  indicators,  including  higher  dung  cover  and
reduced dried plant cover and old biomass in grazed site compared
to  ungrazed  site,  suggest  a  potential  influence  of  herbivore

pressure  on  vegetation change  in  HNP,  though  direct  evidence  of
grazing-induced vegetation change remains  to  be established.  The
trends  in  soil  EC  and  new  biomass  of  these  species  were  predomi-
nantly linked to climate variables, namely precipitation and temper-
ature  in  both  species.  The  interaction  of  biomass,  soil  humus,  and
plant  nutrient  acquisition  with  temperature  is  more  evident  in  the
S.  krylovii.  Species-specific  responses  highlight  the  importance  of
plant  functional  differences  in  mediating  nutrient  dynamics  under
combined climatic and grazing influences.

Our findings indicate that  semi-arid grasslands such as HNP may
be  increasingly  vulnerable  to  the  combined  pressures  of  climate
warming and grazing. Together, these findings underscore the need
to consider the interactive effects of  climate variability and grazing
when developing sustainable grassland management strategies. As
this study represents an initial assessment, future multi-year investi-
gations integrating field observations with high-resolution environ-
mental  data  are  recommended  to  better  resolve  the  mechanisms
linking climate stress, herbivory, and ecosystem resilience.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
study conception and design: Seah KY, Son R, Yoon J. Oyunsetseg B;
data collection: Oyunsetseg B, Tsogbadrakh O, Sukhbaatar G; analy-
sis  and  interpretation  of  results:  Seah  KY,  Yoon  J,  Son  R,  Tsog-
badrakh  O,  Sukhbaatar  G;  draft  manuscript  preparation:  Seah  KY,
Yoon J,  Son R,  Oyunsetseg B;  manuscript  revision and review:  Seah
KY,  Yoon  J,  Sukhbaatar  G,  Oyunsetseg  B;  funding  acquisition:  Seah
KY,  Son  R,  Yoon  J.  Oyunsetseg  B.  All  authors  reviewed  the  results
and approved the final version of the manuscript.

 Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article and its supplementary information files.

 Acknowledgments

This work was supported by Post-doc Value up Research Scientist
Project  (IERI,  GKH  0450)  and  the  Global  Joint  Research  Program
funded  by  the  Pukyong  National  University  (Grant  No.
202412170001).  We  dedicate  this  work  to  the  memory  of  Prof.
Kyoung-Woong Kim,  whose invaluable  contributions  and guidance
greatly enriched this study.

 Conflict of interests

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/grares-0026-0011.

Dates

Received  10  November  2025; Revised  3  April  2026; Accepted  9
April 2026; Published online 2 June 2026

References 

 Gottfried M, Pauli  H, Futschik A, Akhalkatsi  M, Barančok P, et al. 2012.
Continent-wide  response  of  mountain  vegetation  to  climate  change.
Nature Climate Change 2(2):111−115

[1]

Grasslands at the crossroad of climate and hooves  

Seah et al. Grass Research 2026, 6: e016   Page 11 of 13

https://doi.org/10.48130/grares-0026-0011
https://doi.org/10.48130/grares-0026-0011
https://doi.org/10.48130/grares-0026-0011
https://doi.org/10.48130/grares-0026-0011
https://doi.org/10.48130/grares-0026-0011
https://doi.org/10.1038/nclimate1329


 Boval  M,  Dixon  RM. 2012. The  importance  of  grasslands  for  animal
production  and  other  functions:  a  review  on  management  and
methodological progress in the tropics. Animal 6(5):748−762

[2]

 Bengtsson  J,  Bullock  JM,  Egoh  B,  Everson  C,  Everson  T,  et  al. 2019.
Grasslands—more  important  for  ecosystem  services  than  you  might
think. Ecosphere 10(2):e02582

[3]

 Filei  AA,  Slesarenko LA,  Boroditskaya AV,  Mishigdorj  O. 2018. Analysis
of  desertification  in  Mongolia. Russian  Meteorology  and  Hydrology
43(9):599−606

[4]

 Du  Z,  Zhang  X,  Xu  X,  Zhang  H,  Wu  Z,  et  al. 2017. Quantifying  influ-
ences  of  physiographic  factors  on  temperate  dryland  vegetation,
Northwest China. Scientific Reports 7(1):40092

[5]

 Shinoda  M. 2015. High-impact  weathers  in  a  changing  climate  over
arid  Eurasia  and  proactive  disaster  management. Procedia  IUTAM
17:47−52

[6]

 Feeley KJ, Bravo-Avila C, Fadrique B, Perez TM, Zuleta D. 2020. Climate-
driven changes in the composition of  New World plant communities.
Nature Climate Change 10(10):965−970

[7]

 Fei S,  Desprez JM, Potter KM, Jo I,  Knott JA, et al. 2017. Divergence of
species responses to climate change. Science Advances 3(5):e1603055

[8]

 Liu  S,  Yan  D,  Shi  X,  Wang  G,  Yuan  Z,  et  al. 2013. Grassland  NDVI
response to climate factors  in  different  vegetation regionalizations in
China.  Geo-Informatics  in  Resource  Management  and  Sustainable
Ecosystem. Berlin, Heidelberg: Springer 370−380

[9]

 Liu H, Mi Z,  Lin L,  Wang Y, Zhang Z, et al. 2018. Shifting plant species
composition  in  response  to  climate  change  stabilizes  grassland
primary production. Proceedings of the National Academy of Sciences of
the United States of America 115(16):4051−4056

[10]

 Hoover DL,  Knapp AK,  Smith MD. 2014. Resistance and resilience of  a
grassland ecosystem to climate extremes. Ecology 95(9):2646−2556

[11]

 Sanjmyatav  T.  2012.  Mongolian  nomads  and  climate  change – a
herder's  view.  In Eurasian  Steppes.  Ecological  Problems  and  Livelihoods
in  a  Changing  World eds.  Werger  M,  van  Staalduinen  M.  Vol.  6.
Dordrecht,  Netherlands:  Springer.  pp.  547−559  doi: 10.1007/978-94-
007-3886-7_21

[12]

 Tallowin  JRB,  Rook  AJ,  Rutter  SM. 2005. Impact  of  grazing  manage-
ment on biodiversity of grasslands. Animal Science 81(2):193−198

[13]

 Su  R,  Cheng  J,  Chen  D,  Bai  Y,  Jin  H,  et  al. 2017. Effects  of  grazing  on
spatiotemporal  variations  in  community  structure  and  ecosystem
function on the grasslands of Inner Mongolia, China. Scientific Reports
7(1):40

[14]

 Kawada  K,  Yamashita  A,  Tsendeekhuu  T,  Nakamura  T. 2014. Commu-
nity  structure  and  productivity  in  western  Mongolian  steppe.
Mongolian Journal of Biological Sciences 12(1-2):19−26

[15]

 Wang Y,  Pei  W, Cao G,  Guo X,  Du Y. 2022. Response characteristics of
grassland ecosystem biomass to grazing intensity  in China. Grassland
Science 68(2):193−201

[16]

 Giese M, Brueck H, Gao YZ, Lin S, Steffens M, et al. 2013. N balance and
cycling of Inner Mongolia typical steppe: a comprehensive case study
of grazing effects. Ecological Monographs 83(2):195−219

[17]

 Chen  Q,  Hooper  DU,  Li  H,  Gong  XY,  Peng  F,  et  al. 2017. Effects  of
resource  addition  on  recovery  of  production  and  plant  functional
composition in degraded semiarid grasslands. Oecologia 184:13−24

[18]

 Maskall  J,  Thornton  I. 1991. Trace  element  geochemistry  of  soils  and
plants in Kenyan conservation areas and implications for wildlife nutri-
tion. Environmental Geochemistry and Health 13(2):93−107

[19]

 Sukhbaatar  G,  Kim  KW,  Purevragchaa  B,  Oyunsetseg  B,  Ganbaatar  B,
Tseveen B, et al. 2021. Deforestation and degradation of forests in the
Khustai  Mountains  of  Northern  Mongolia. Siberian  Journal  of  Forest
Science 8:53−63

[20]

 Wallis de Vries MF, Manibazar N, Dügerlham S. 1996. The vegetation of
the  forest-steppe  region  of  Hustain  Nuruu,  Mongolia. Vegetatio
122:111−127

[21]

 Shirendev T, Munkhtuya A. 2015. Bogdkhan Mountain strictly protected
area. Ulaanbaatar: Soyol Print Ulaanbaatar pp. 237

[22]

 Yoshihara  Y,  Okuro  T,  Buuveibaatar  B,  Undarmaa  J,  Takeuchi  K. 2010.
Complementary  effects  of  disturbance  by  livestock  and  marmots  on
the spatial heterogeneity of vegetation and soil in a Mongolian steppe
ecosystem. Agriculture, Ecosystems & Environment 135(1−2):155−159

[23]

 Bazarragchaa B,  Kim HS,  Batdelger  G,  Batkhuu M,  Lee SM,  et  al. 2022.
Forest  vegetation  structure  of  the  Bogd  Khan  Mountain:  a  strictly
protected  area  in  Mongolia. Journal  of  Asia-Pacific  Biodiversity
15(2):267−279

[24]

 Bayarsaikhan  U,  Boldgiv  B,  Kim  KR,  Park  KA,  Lee  D. 2009. Change
detection  and  classification  of  land  cover  at  Hustai  National  Park  in
Mongolia. International Journal of Applied Earth Observation and Geoin-
formation 11(4):273−280

[25]

 Erdenechimeg N. 2013. Current state and prospects of protected area
management  (on  the  example  of  Bogdkhan  Uul  Strictly  Protected
Area). Proceedings  of  the  Mongolian  Academy  of  Sciences 1:20−28  (in
Mongolian)

[26]

 Dorj U, Namkhai B. 2013. Reproduction and mortality of re-introduced
Przewalski's Horse Equus przewalskii in Hustai National Park, Mongolia.
Journal of Life Sciences 7(6):623−629

[27]

 Zhang X, Lu X, Wang X. 2015. Spatial-temporal NDVI variation of differ-
ent Alpine grassland classes and groups in northern Tibet from 2000 to
2013. Mountain Research and Development 35(3):254−263

[28]

 Wang  C,  Guo  H,  Zhang  L,  Qiu  Y,  Sun  Z,  et  al. 2015. Improved  Alpine
grassland  mapping  in  the  Tibetan  Plateau  with  MODIS  time  series:  a
phenology  perspective. International  Journal  of  Digital  Earth
8(2):133−152

[29]

 Acar  R,  Osman  IM. 2022. Some  classical  methods  of  vegetation
attributes  measurements  in  rangelands. Journal  of  Agricultural  and
Food Sciences 36(4):86−94

[30]

 Gao  YZ,  Wang  SP,  Han  XG,  Patton  BD,  Nyren  PE. 2005. Competition
between Artemisia frigida and Cleistogenes squarrosa under different
clipping  intensities  in  replacement  series  mixtures  at  different  nitro-
gen levels. Grass and Forage Science 60(2):119−127

[31]

 Yuan ZY, Li LH, Han XG, Huang JH, Jiang GM, et al. 2005. Soil character-
istics  and  nitrogen  resorption  in  Stipa  krylovii  native  to  northern
China. Plant and Soil 273(1):257−268

[32]

 Zhang Z, Schwartz S, Wagner L, Miller W. 2000. A greedy algorithm for
aligning  DNA  sequences. Journal  of  Computational  Biology
7(1−2):203−214

[33]

 Hoogsteen  MJJ,  Lantinga  EA,  Bakker  EJ,  Groot  JCJ,  Tittonell  PA. 2015.
Estimating soil organic carbon through loss on ignition: effects of igni-
tion  conditions  and  structural  water  loss. European  Journal  of  Soil
Science 66(2):320−328

[34]

 Peña-Icart  M,  Villanueva  Tagle  ME,  Alonso-Hernández  C,  Rodríguez
Hernández  J,  Behar  M,  et  al. 2011. Comparative  study  of  digestion
methods  EPA  3050B  (HNO3–H2O2–HCl)  and  ISO  11466.3  (aqua  regia)
for  Cu,  Ni  and  Pb  contamination  assessment  in  marine  sediments.
Marine Environmental Research 72(1):60−66

[35]

 Hansel CM, La Force MJ, Fendorf S, Sutton S. 2002. Spatial and tempo-
ral  association  of  As  and  Fe  species  on  aquatic  plant  roots. Environ-
mental Science & Technology 36(9):1988−1994

[36]

 Marrugo-Negrete  J,  Pinedo-Hernández  J,  Díez  S. 2017. Assessment  of
heavy  metal  pollution,  spatial  distribution  and  origin  in  agricultural
soils  along  the  Sinú  River  Basin,  Colombia. Environmental  Research
154:380−388

[37]

 Tserendulam TO, Bayarsaikhan U, Oyuntsetseg B, Wesche K. 2018. The
vascular  plant  flora  of  Hustai  National  Park,  Mongolia:  Composition,
life forms, ecological groups and geographical elements. Feddes Reper-
torium 129(2):137−160

[38]

 Woodward FI, Lomas MR, Kelly CK. 2004. Global climate and the distri-
bution of  plant biomes. Philosophical  Transactions  of  the  Royal  Society
B: Biological Sciences 359(1450):1465−1476

[39]

 Xin  X,  Jin  D,  Ge  Y,  Wang J,  Chen J,  et  al. 2020. Climate  change domi-
nated  long-term  soil  carbon  losses  of  Inner  Mongolian  grasslands.
Global Biogeochemical Cycles 34(10):e2020GB006559

[40]

 Meng X, Gao X, Li S, Lei J. 2020. Spatial and temporal characteristics of
vegetation  NDVI  changes  and  the  driving  forces  in  Mongolia  during
1982–2015. Remote Sensing 12(4):603

[41]

 Purevsuren T, Hoshino B, Ganzorig S, Sawamukai M. 2012. Spatial and
temporal patterns of NDVI response to precipitation and temperature
in Mongolian Steppe. Journal of Desert Research 22(1):247−250

[42]

  Grasslands at the crossroad of climate and hooves

Page 12 of 13   Seah et al. Grass Research 2026, 6: e016

https://doi.org/10.1017/S1751731112000304
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.3103/S1068373918090066
https://doi.org/10.1038/srep40092
https://doi.org/10.1016/j.piutam.2015.06.008
https://doi.org/10.1038/s41558-020-0873-2
https://doi.org/10.1126/sciadv.1603055
https://doi.org/10.1007/978-3-642-41908-9_38
https://doi.org/10.1073/pnas.1700299114
https://doi.org/10.1073/pnas.1700299114
https://doi.org/10.1890/13-2186.1
doi: https://doi.org/10.1007/978-94-007-3886-7_21
doi: https://doi.org/10.1007/978-94-007-3886-7_21
doi: https://doi.org/10.1007/978-94-007-3886-7_21
doi: https://doi.org/10.1007/978-94-007-3886-7_21
doi: https://doi.org/10.1007/978-94-007-3886-7_21
https://doi.org/10.1079/ASC50780193
https://doi.org/10.1038/s41598-017-00105-y
https://doi.org/10.22353/mjbs.2014.12.02
https://doi.org/10.1111/grs.12346
https://doi.org/10.1111/grs.12346
https://doi.org/10.1890/12-0114.1
https://doi.org/10.1007/s00442-017-3834-3
https://doi.org/10.1007/bf01734300
https://doi.org/10.15372/SJFS20210205
https://doi.org/10.15372/SJFS20210205
https://doi.org/10.1007/bf00044694
https://doi.org/10.1016/j.agee.2009.09.009
https://doi.org/10.1016/j.japb.2022.04.001
https://doi.org/10.1016/j.japb.2022.04.001
https://doi.org/10.1016/j.japb.2022.04.001
https://doi.org/10.1016/j.jag.2009.03.004
https://doi.org/10.1016/j.jag.2009.03.004
https://doi.org/10.1016/j.jag.2009.03.004
https://doi.org/10.17265/1934-7391/2013.06.009
https://doi.org/10.1659/MRD-JOURNAL-D-14-00110.1
https://doi.org/10.1080/17538947.2013.860198
https://doi.org/10.15316/sjafs.2022.084
https://doi.org/10.15316/sjafs.2022.084
https://doi.org/10.1111/j.1365-2494.2005.00458.x
https://doi.org/10.1007/s11104-004-7941-7
https://doi.org/10.1089/10665270050081478
https://doi.org/10.1111/ejss.12224
https://doi.org/10.1111/ejss.12224
https://doi.org/10.1016/j.marenvres.2011.05.005
https://doi.org/10.1021/es015647d
https://doi.org/10.1021/es015647d
https://doi.org/10.1016/j.envres.2017.01.021
https://doi.org/10.1002/fedr.201700006
https://doi.org/10.1002/fedr.201700006
https://doi.org/10.1002/fedr.201700006
https://doi.org/10.1098/rstb.2004.1525
https://doi.org/10.1098/rstb.2004.1525
https://doi.org/10.1029/2020gb006559
https://doi.org/10.3390/rs12040603


 Bat-Oyun T, Shinoda M, Cheng Y, Purevdorj Y. 2016. Effects of grazing
and  precipitation  variability  on  vegetation  dynamics  in  a  Mongolian
dry steppe. Journal of Plant Ecology 9(5):508−519

[43]

 Li G, Yu L, Liu T, Bao Y, Yu J, et al. 2023. Spatial and temporal variations
of grassland vegetation on the Mongolian Plateau and its response to
climate change. Frontiers in Ecology and Evolution 11:1067209

[44]

 Gradel A, Haensch C, Ganbaatar B, Dovdondemberel B, Nadaldorj O, et
al. 2017. Response  of  white  birch  (Betula  platyphylla  Sukaczev)  to
temperature and precipitation in the mountain forest steppe and taiga
of northern Mongolia. Dendrochronologia 41:24−33

[45]

 Abdulmana  S,  Lim  A,  Wongsai  S,  Wongsai  N. 2021. Land  surface
temperature  and vegetation cover  changes and their  relationships  in
Taiwan, China from 2000 to 2020. Remote Sensing Applications: Society
and Environment 24:100636

[46]

 Li W, Li X, Zhao Y, Zheng S, Bai Y. 2018. Ecosystem structure, function-
ing  and  stability  under  climate  change  and  grazing  in  grasslands:
current  status  and  future  prospects. Current  Opinion  in  Environmental
Sustainability 33:124−135

[47]

 Li W, Zhou J, Xu Z, Liang Y, Shi J, et al. 2023. Climate impact greater on
vegetation NPP but human enhance benefits after the Grain for Green
Program in Loess Plateau. Ecological Indicators 157:111201

[48]

 He Y, Yan W, Cai Y, Deng F, Qu X, et al. 2022. How does the Net primary
productivity  respond  to  the  extreme  climate  under  elevation
constraints in mountainous areas of Yunnan, China? Ecological Indica-
tors 138:108817

[49]

 Goebel MO, Bachmann J,  Reichstein M, Janssens IA,  Guggenberger G.
2011. Soil  water  repellency  and  its  implications  for  organic  matter
decomposition - is  there  a  link  to  extreme  climatic  events? Global
Change Biology 17(8):2640−2656

[50]

 Cleveland CC, Houlton BZ, Smith WK, Marklein AR, Reed SC, et al. 2013.
Patterns  of  new  versus  recycled  primary  production  in  the  terrestrial
biosphere. Proceedings  of  the  National  Academy  of  Sciences  of  the
United States of America 110(31):12733−12737

[51]

 Li  Y,  Liu  Y,  Wang  Y,  Niu  L,  Xu  X,  et  al. 2014. Interactive  effects  of  soil
temperature  and  moisture  on  soil  N  mineralization  in  a  Stipa  krylovii
grassland in Inner Mongolia, China. Journal of Arid Land 6(5):571−580

[52]

 Duan H, Xue X, Wang T, Kang W, Liao J, et al. 2021. Spatial and tempo-
ral differences in Alpine meadow, Alpine steppe and all  vegetation of
the  Qinghai-Tibetan  Plateau  and  their  responses  to  climate  change.
Remote Sensing 13(4):669

[53]

 Gong XY, Chen Q, Dittert K, Taube F, Lin S. 2011. Nitrogen, phosphorus
and potassium nutritional status of semiarid steppe grassland in Inner
Mongolia. Plant and Soil 340(1-2):265−278

[54]

 Retzer  V,  Reudenbach  C. 2005. Modelling  the  carrying  capacity  and
coexistence of pika and livestock in the mountain steppe of the South
Gobi, Mongolia. Ecological Modelling 189(1−2):89−104

[55]

 Wang  RZ. 2003. Photosynthetic  pathway  and  morphological
functional types in the steppe vegetation from Inner Mongolia, North
China. Photosynthetica 41(1):143−150

[56]

 Liu N, Tian Q, Zhang WH. 2016. Artemisia frigida and Stipa krylovii, two
dominant species in Inner Mongolia steppe, differed in their responses
to  elevated  atmospheric  CO2 concentration. Plant  and  Soil
409:117−129

[57]

 Tian  Q,  Lu  P,  Ma  P,  Zhou  H,  Yang  M,  et  al. 2021. Processes  at  the
soil–root interface determine the different  responses of  nutrient  limi-
tation and metal toxicity in forbs and grasses to nitrogen enrichment.
Journal of Ecology 109(2):927−938

[58]

 Bowman WD, Cleveland CC, Halada Ĺ,  Hreško J, Baron JS. 2008. Nega-
tive  impact  of  nitrogen  deposition  on  soil  buffering  capacity. Nature
Geoscience 1:767−770

[59]

 Zhao  J,  Sun  F,  Tian  L. 2019. Altitudinal  pattern  of  grazing  exclusion
effects  on  vegetation  characteristics  and  soil  properties  in  Alpine
grasslands  on  the  central  Tibetan  Plateau. Journal  of  Soils  and  Sedi-
ments 19(2):750−761

[60]

 Xiang M, Wu J, Duo L, Niu B, Zhang X. 2023. The effects of grazing and
fencing  on  grassland  productivity  and  diversity  in  Alpine  grassland
ecosystem  in  the  Tibetan  highland. Global  Ecology  and  Conservation
44:e02495

[61]

 Gao  H,  Gao  Y,  He  X. 2014. Impacts  of  grazing  and  mowing  on  repro-
ductive  behaviors  of  Stipa  grandis  and  Stipa  krylovii  in  a  semi-arid
area. Journal of Arid Land 6(1):97−104

[62]

 Wu GL, Du GZ, Liu ZH, Thirgood S. 2009. Effect of fencing and grazing
on  a  Kobresia-dominated  meadow  in  the  Qinghai-Tibetan  Plateau.
Plant and Soil 319(1):115−126

[63]

 Qiu L, Wei X, Zhang X, Cheng J. 2013. Ecosystem carbon and nitrogen
accumulation  after  grazing  exclusion  in  semiarid  grassland. PLoS  One
8(1):e55433

[64]

 Luo G,  Xue C,  Jiang Q,  Xiao Y,  Zhang F,  et  al. 2020. Soil  carbon,  nitro-
gen,  and  phosphorus  cycling  microbial  populations  and  their  resis-
tance to global change depend on soil C:N:P stoichiometry. mSystems
5(3):10

[65]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

Grasslands at the crossroad of climate and hooves  

Seah et al. Grass Research 2026, 6: e016   Page 13 of 13

https://doi.org/10.1093/jpe/rtv083
https://doi.org/10.3389/fevo.2023.1067209
https://doi.org/10.1016/J.DENDRO.2016.03.005
https://doi.org/10.1016/j.rsase.2021.100636
https://doi.org/10.1016/j.rsase.2021.100636
https://doi.org/10.1016/J.COSUST.2018.05.008
https://doi.org/10.1016/J.COSUST.2018.05.008
https://doi.org/10.1016/j.ecolind.2023.111201
https://doi.org/10.1016/j.ecolind.2022.108817
https://doi.org/10.1016/j.ecolind.2022.108817
https://doi.org/10.1016/j.ecolind.2022.108817
https://doi.org/10.1111/j.1365-2486.2011.02414.x
https://doi.org/10.1111/j.1365-2486.2011.02414.x
https://doi.org/10.1073/pnas.1302768110
https://doi.org/10.1073/pnas.1302768110
https://doi.org/10.1007/s40333-014-0025-5
https://doi.org/10.3390/rs13040669
https://doi.org/10.1007/s11104-010-0577-x
https://doi.org/10.1016/j.ecolmodel.2005.03.003
https://doi.org/10.1023/a:1025837202277
https://doi.org/10.1007/s11104-016-2952-8
https://doi.org/10.1111/1365-2745.13519
https://doi.org/10.1038/ngeo339
https://doi.org/10.1038/ngeo339
https://doi.org/10.1007/s11368-018-2056-6
https://doi.org/10.1007/s11368-018-2056-6
https://doi.org/10.1007/s11368-018-2056-6
https://doi.org/10.1016/j.gecco.2023.e02495
https://doi.org/10.1007/s40333-013-0196-5
https://doi.org/10.1007/s11104-008-9854-3
https://doi.org/10.1371/journal.pone.0055433
https://doi.org/10.1128/msystems.00162-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Study area
	Climate data
	Field sampling
	Field sample digestion and analysis
	Statistical analyses

	Results
	Vegetation dynamics and climatic trends
	Biomass responses to grazing
	Variation in plant nutrient concentrations

	Discussion
	NDVI-based analysis of vegetation dynamics and shifts
	Vegetation and climate interactions
	Biogeochemical interactions and adaptive strategies in fenced and unfenced plots
	Limitations and future research projections

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interests
	Supplementary information
	References

