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Alpine tundra, covering 3% of the Earth’s land surface, harbors approximately
4% of higher plant species. Changes in this vegetation significantly impact
biodiversity and ecosystem services. Recent studies have primarily focused
on large-scale and long-term vegetation changes in polar and high-latitude
regions. However, the study of short-term vegetation changes and their primary
drivers has received insufficient attention in alpine tundra. This study aimed to
investigate vegetation changes and their dominant drivers in the alpine tundra
of Changbai Mountains-located at the southern edge of the alpine tundra
distribution in Eastern Eurasia-over a short period by re-surveying permanent
plots in 2019 and comparing them with data from 2014. The results showed
that significant changes were observed in alpine tundra vegetation during
the study period. The importance values of typical alpine tundra plants such
as Rhododendron chrysanthum, Vaccinium uliginosum, and Dryas octopetala
decreased noticeably, while those of herbaceous species such as Deyeuxia
angustifolia and Sanguisorba sitchensis increased significantly. Species richness,
diversity, and evenness at different altitudinal gradients showed varying degrees
of increase. A distinct expansion trend of herbaceous species was observed
in the alpine tundra, contributing to a shift in plant community composition
toward herbaceous dominance. This shift might result in the meadowization of
the dwarf shrub tundra. Our findings further revealed that soil nutrients rather
than climate factors, dominated the changes of plant communities over a short
period. These findings provide scientific references for the conservation and
management of biodiversity, as well as for projecting future vegetation dynamics
in alpine tundra.
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Changbai Mountains

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1422529
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1422529&domain=pdf&date_stamp=2024-08-16
https://doi.org/10.3389/fmicb.2024.1422529
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1422529/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Xing et al.

1 Introduction

Alpine tundra, an integral part of alpine ecosystems, covers
3% of the Earth’s land surface and harbors approximately 4%
of higher plant species (Korner, 1999). Alpine ecosystems
are highly sensitive to climate change because the plant
species within these ecosystems are adapted to harsh climate
conditions, such as low temperatures and high humidity (Walker
et al, 2006; Danby et al, 2011; Alatalo et al., 2017; Czortek
et al, 2018; Rantanen et al, 2022). Numerous studies have
documented notable shifts in vegetation composition, biomass,
and diversity in tundra regions for the past decades, driven by
climate change (Lenoir and Svenning, 2014), environmental
change (Chu et al, 2016; Lopez-Angulo et al, 2019), and
human activities such as land use change (Steinbauer et al,
2018), grazing (Dunwiddie and Research, 1977), and tourism
(Walther et al, 2005). These changes could alter biophysical
and Dbiogeochemical processes, affecting the exchanges of
energy, water, carbon, and nutrients between the soil and
the atmosphere (Tarnocai et al, 2009; Myers-Smith et al,
2011). Therefore, understanding the changes in alpine tundra
vegetation and their underlying mechanisms is essential
for accurately forecasting, alleviating, and adapting to the
influences of future environmental shifts on these ecosystems
(Rixen et al., 2022).

Recent studies on vegetation changes in alpine tundra
have predominantly focused on polar and high-latitude regions
(Hallinger et al., 2010; Salminen et al., 2023; Lagergren et al.,
2024). Low-elevation vegetation in polar regions and high
latitudes was encroaching upon alpine tundra (Sturm et al,
2001; Tape et al., 2006; Formica et al., 2014; Shevtsova et al.,
2020), which gradually reduced the area of alpine tundra.
Shevtsova et al. (2020) observed vigorous shrub expansion in
the northeastern Siberian tundra. Meanwhile, studies focusing on
high-mountain vegetation change typically employed large-scale
research methods, facilitating the identification and monitoring
of spatial and temporal patterns in vegetation changes (Ju
and Masek, 2016; Nill et al, 2022). For example, Nill et al.
(2022) analyzed Landsat data from 1984 to 2020 and found
that shrub cover increased on average by 1.4-4.2% per decade
across the entire ecological zone of western Canada. However,
these large-scale methods failed to capture subtle vegetation
changes and processes, as they were unable to detect changes
in the composition, structure, and species diversity within plant
communities (Myers-Smith et al., 2019). Establishing permanent
monitoring plots could help overcome the limitations associated
with large-scale studies by providing a more detailed and accurate
representation of actual ecosystem dynamics (Kapfer et al., 2016).
By consistently and regularly monitoring these plots, researchers
could quantitatively evaluate shifts in the composition and
diversity of plant communities (Pauli et al, 2012; Gazol et al,
2017). This approach was particularly effective when permanent
plots were established along elevation gradients, as it allowed
for a more precise analysis of the dynamics across different
vegetation zones (Metcalfe et al., 2018; Walker et al, 2018).
Given the high spatial heterogeneity and temporal variability of
tundra landscapes (Epstein et al, 2012; Reichle et al., 2018),
employing this method is essential to thoroughly investigate
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changes in the composition, structure, and species diversity of
alpine tundra.

Climate warming has long been regarded as the primary
driver of vegetation changes (Pickering et al, 2008; Grabherr
et al, 2010; Danby et al., 2011; Lenoir and Svenning, 2014).
For example, Pickering et al. (2008) demonstrated that climate
warming led to shifts in the distribution of thermophilic shrubs,
herbs, and invasive weeds towards higher elevations. However,
these studies typically analyzed the drivers of long-term vegetation
changes (Holzinger et al, 2007), and the impacts of long-term
climate change may interact with other environmental changes
(Hamid et al, 2020), such as disturbances from typhoons,
land use changes, and soil nutrient variations. To avoid biased
conclusions that might arise from confounding factors, we focused
on investigating the driving factors of plant community changes
at short time scales. Short-term studies of changes in plant
communities often relied on controlled experiments, such as
warming experiments (Klein et al., 2004) and nitrogen fertilization
(Britton and Fisher, 2008). However, this approach could only
evaluate the impact of controlled environmental factors on plant
communities and fails to identify the dominant factors that actually
drive changes in these communities (Clark et al., 2007). There
is a knowledge gap regarding actual vegetation changes and
their dominant drivers over a short period in alpine dwarf-shrub
tundra.

The alpine tundra of Changbai Mountains (ATCBM), located
at the southern edge of the alpine tundra distribution in Eastern
Eurasia, represents one of the most archetypal mountain tundra
vegetation ecosystems in China (Huang and Li, 1984). The mean
growing season temperature showed a significant increasing trend
for the past six decades, with a rate of 0.23°C/decade in the
ATCBM, which was higher than the average global surface warming
rate over the past 50 years (Wang et al., 2019). Vegetation changes
in the ATCBM have increasingly attracted attention in recent
years, such as the upward migration of tree line (Du et al,
2017) and the herb encroachment (Jin et al., 2019a). Wang et al.
(2019) evaluated changes in the vegetation of the ATCBM for
the past three decades by comparing the historical and current
vegetation survey results. However, this comparison using non-
permanent plot surveys introduced considerable uncertainty into
the observed vegetation changes and hindered the attribution
analysis of these changes (Kapfer et al, 2016). Therefore,
conducting regular field permanent plot surveys is crucial for
monitoring changes in alpine tundra vegetation and associated
environmental factors, thereby identifying the dominant drivers of
vegetation change.

In this study, we established permanent plots in the ATCBM
and conducted detailed monitoring in 2014 and 2019. By
comparing the results from these two surveys, we systematically
analyzed changes in the tundra vegetation over five years and
evaluated the underlying mechanisms driving these changes within
a short period. We proposed the following hypotheses: (1) the
vegetation underwent significant changes over a short period in
the ATCBM, characterized by the rising importance of herbaceous
plants and increased species diversity; (2) the encroachment
of herbaceous species significantly altered the composition and
structure of the native plant communities; (3) changes in soil
nutrient content, rather than climate factors, were the more
significant drivers of alpine vegetation changes over a short period.
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2 Materials and methods

2.1 Study area

The alpine tundra is situated on the main peak of
Changbai Mountains, at an altitude exceeding 2000 meters
(m), spanning from 41° 56’N to 42°04’N and 127°58’E to 128°11’E
(Figure 1A). This region experiences a harsh alpine tundra
climate, characterized by low temperatures (5.8°C) and abundant
precipitation (958 mm) during the growing season (June to
September), coupled with a winter that extends over eight months
(Hao et al, 2001). The average snow depth reaches about 1 m
during winter. The soil in the tundra is notably shallow, typically
not exceeding 30 c¢cm in depth, and characterized as coarsely
bony, thinly layered, and poorly stratified (Huang and Li, 1984).
Vegetation in the area is sparse, primarily composed of a few
dwarf shrubs, mosses, and lichens. Prominent plant species include
dwarf shrubs such as Rhododendron chrysanthum, Vaccinium
uliginosum, and Dryas octopetala, along with herbaceous plants
like Carex pachyneura, Sanguisorba sitchensis, and Saussurea
tomentosa (Huang and Li, 1984). Recent decades of rapid warming
have prompted shifts in alpine tundra vegetation, particularly the
upward shift of the tree line (Du et al., 2017) and the increasing
prevalence of herbaceous plant encroachment (Wang et al., 2019).

2.2 Vegetation and soil sampling

The field survey utilized a systematic sampling method,
establishing permanent quadrats along a transect. At each altitude
range within this transect, three replicate Im x 1m plots were set
up, spaced 25 m apart (Figure 1C). These plots were positioned at
100-meter intervals along the slope, extending from the tree line
at 2050 m to the upper edge of the tundra at 2560 m. Each set
contains 25 quadrats, resulting in a total of 75 quadrats (Figure 1B).
To minimize human disturbance and accurately capture changes
in plant communities, each set was located at least 50 m away
from the nearest highway. The establishment of this transect
and permanent quadrats, as well as the initial detailed vegetation
survey, occurred in 2014 and 2015 (Wang et al., 2019). We
conducted a re-survey of these permanent quadrats in 2019. To
accurately capture changes in plant species, we used the same
indicators as the previous survey of the quadrats, such as plant
name, coverage, number of plants, and plant height. We also
used soil auger (3 cm diameter) to collect soil samples from each
quadrat to analyze the physicochemical properties of soil, such
as particle size (clay, silt, and sand), organic matter (Org), total
nitrogen (TN), available nitrogen (AN), available phosphorus (AP),
available potassium (AK), and carbon-to-nitrogen ratio (C/N).
Specifically, particle size (clay, silt, and sand) was analyzed using
the Bouyoucos hydrometer method (Pauwels et al,, 1992); Org
was determined by using titrimetric methods, and its contents was
estimated from the organic carbon content by multiplying by a
factor of 1.724 (Walkley and Black, 1934); TN was evaluated using
the Kjeldahl distillation method, while AN was assessed through
titration (Bremner and Mulvaney, 1982); AP was determined using
the Olsen method (Lajtha and Jarrell, 1999); AK was measured
using a flame photometer (Olorunfemi et al., 2016). Moreover, the
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soil microbial community was characterized using Phospholipid
Fatty Acid analysis (Bligh and Dyer, 1959; Frostegard et al., 1991).

2.3 Climate data

Since the mid-1980s, herbaceous plants such as D. angustifolia
have begun encroaching upon the alpine dwarf-shrub tundra from
lower altitudes (Zong et al, 2016). Consequently, we utilized
historical climate data spanning from 1985 to 2020, acquired from
Tianchi Station (42°01’N, 128°05’E), located about 4 kilometers
from our research site at an elevation of 2623 m. It should
be noted that winter climate data from this station have been
unavailable since 1989. These data were subjected to quality control
and homogeneity assessments by the National Meteorological
Information Center prior to their release.

To accurately monitor soil temperature, we buried a
temperature recorder (Tidbit@Iv2) at a depth of 5 cm within
each quadrat starting in 2015 (Figure 1E). The soil temperature
data used in this study cover five complete growing seasons from
June to September, spanning from 2015 to 2020. Additionally, we
positioned two automatic weather stations (WeatherHawk 610,
Campbell Scientific, Logan, UT, USA) at altitudes of 2135 m and
2246 m to monitor precipitation in the tundra (Figure 1D). Our
observations indicated that precipitation increases with altitude
in the Changbai Mountains. During the growing seasons from
2014 to 2019, mean precipitation at both elevations were 1270 mm
and 1348 mm, respectively. We used the established relationship
between precipitation and elevation to interpolate the precipitation
value for each plot (Hao et al., 2001; Wang et al., 2019).

2.4 Data analysis

In this study, we applied importance value index (IVI) to assess
the structural composition and community dynamics within the
tundra vegetation of the Changbai Mountains (Lu et al, 2011;
Niu et al., 2017). We calculated the IVI for each species using the
following formula (Equation 1):

IVI = Rd + Rh + Rc (1)

Relative density (Rd) is calculated by dividing the number of
individuals of a particular plant species by the total number of
individuals across all species and multiplying the result by 100.
Relative height (Rh) is determined by dividing the height of a
particular plant species by the cumulative height of all species and
then multiplying by 100. Similarly, Relative cover (Rc) is calculated
by dividing the cover of a single species by the total cover of all
species and then multiplying by 100. By calculating these metrics,
we systematically analyze the species’ IVI in descending order to
identify their dominance within the vegetation.

To facilitate the analysis of tundra vegetation changes with
altitude, we divided the 75 quadrats into five altitudinal gradients:
2050-2150 m, 2150-2250 m, 2250-2350 m, 2350-2450 m, and
2450-2550 m. This division was established to facilitate a
comparative analysis of species diversity across each altitudinal
gradient. Specifically, we aimed to compare the species richness,
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Location of the study area in the ATCBM (A) and the setup of plots (B,C), automatic weather stations (D), and temperature recorder (Tidbit@Tv2) (E).

diversity and evenness between 2014 and 2019 across each elevation
gradient. The calculation formulas for the Patrick index (R),
Shannon-Wiener index (H') and Pielou index (E) of species
richness, diversity and evenness were as follows (Equations 2-4; Ma
etal., 1995):

Patrick index:

R=S 2)
Shannon-Wiener index:
N
H = — ZPilnPi (3)
i=1
Pielou index:
E = H /InS (4)

Where: S is the number of species in the sample plots, and P; is
the relative IVI of species i. The Shannon-Wiener index and Pielou
index represent o -diversity.

In our study, we used ordination analysis methods to
examine the connections between vegetation dynamics and
environmental factors in the ATCBM. We first employed detrended
correspondence analysis (DCA) to determine the gradient length
of the ordination axes and found that the maximum value
exceeded 4 for the first four axes. Therefore, we utilized canonical
correspondence analysis (CCA). This ordination technique, a key
statistical method, was conducted using R software (version 3.0.1,
R Foundation for Statistical Computing, Vienna, Austria), which
was widely recognized for its robust capabilities in ecological data
analysis (Greig-Smith, 1983; Smilauer and Leps, 2014). The CCA
allowed us to directly correlate changes in plant species with
variations in environmental parameters, such as Org, TN, AN,
AP, AK, C/N, precipitation (PRE), growing season temperature
(TEMP), diurnal temperature range (DTR), growing season length
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(GSL), and winter snow protection (WSP). A paired t-test
was conducted to assess the statistical differences in vegetation
and environmental changes between the two surveys, using a
significance threshold of p < 0.05.

3 Results

3.1 Changes in tundra vegetation

3.1.1 Changes in the importance value of plant
species

The IVI of plant species exhibited significant changes (p < 0.05)
from 2014 to 2019 (Table 1). Native plants, such as R. chrysanthum,
V. uliginosum, and D. octopetala, experienced varying degrees
of declines in Rd, Rh, and Rc over the 5-year period in the
alpine tundra. These declines resulted in a reduction in their
IVI, with rates of decrease at 21.36%, 17.71%, and 13.68%,
respectively. Despite experiencing the highest rate of decline in IVI,
R. chrysanthum still ranked first in species importance, significantly
surpassing the other species. While encroaching herbaceous plants
such as Deyeuxia angustifolia and S. sitchensis showed different
degrees of increase in their Rd, Rh, and Rc over the 5-year period,
these changes resulted in a corresponding rise in their IVI, with
rates of increase of 22.14% and 7.46%, respectively. In the past 5
years, among the dominant species (with IVI greater than 2), only
30.8% (R. chrysanthum, S. sitchensis, D. angustifolia, and Geranium
dahuricum) maintained the same ranking of IVI, which indicated
that the species composition and structure of the tundra vegetation
was not stable but rather undergoing continual change.

3.1.2 Changes in species diversity along elevation
gradients

The species richness of tundra vegetation exhibited a declining
trend with rising altitude on Changbai Mountains (Figure 2). In
both 2014 and 2019, species richness in the tundra vegetation
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TABLE 1 Changes in Rd, Rh, Rc, IVI, and ranking of different plant species from 2014 to 2019 in the ATCBM.

Plant species

Rhododendron 31.76 2237 6.24 6.12 25.84 21.71 21.28 16.73 0
chrysanthum

Sanguisorba sitchensis 7.97 8.02 9.65 9.76 10.32 12.25 9.31 10.01 0
Deyeuxia angustifolia 7.66 6.54 11.09 10.10 5.28 4.47 7.42 9.06 0
Sanguisorba teriuifolia 4.96 7.96 7.49 6.07 6.20 9.12 6.81 5.69 -1
Ligularia jamesii 4.37 4.27 6.23 6.36 3.99 3.67 5.14 5.84 1
Vaccinium uliginosum 4.43 4.82 1.51 1.11 4.75 6.34 3.62 2.98 -3
Trollius japonicus 3.65 2.90 6.50 4.53 5.70 4.93 3.58 2.59 —4
Saussurea tomentosa 4.37 3.81 2.31 2.89 1.94 2.10 3.56 3.61 1
Polygonum viviparum 2.79 1.90 3.25 3.15 4.57 4.41 3.19 3.02 1
Dryas octopetala 2.54 4.13 0.46 0.44 1.69 1.98 2.61 2.25 -2
Rhodiola cretinii 1.90 1.34 3.35 2.56 2.35 1.90 2.53 2.89 1
Carex pachyneura 1.94 2.37 2.99 4.49 1.78 1.46 2.26 3.85 6
Geranium dahuricum 2.65 2.85 2.44 2.29 1.88 1.70 2.05 2.04 0

on Changbai Mountains peaked at a maximum of 47 and 48,
respectively, at an altitude range of 2050-2150 m, while the
minimum values recorded were 26 in 2014 and 29 in 2019 at an
altitude range of 2350-2450 m. Between 2014 and 2019, species
richness increased at each elevation gradient. Specifically, the
minimal increase was observed in the 2050-2150 m elevation range,
with an addition of just one species, whereas the most substantial
increase occurred in the 2150-2250 m range, where species richness
expanded by six species. In both 2014 and 2019, the Shannon-
Wiener index exhibited a consistent decreasing trend with rising
altitude, peaking at 2050-2150 m and reaching its lowest value
at 2350-2450 m. From 2014 to 2019, the Shannon-Wiener index
increased at varying degrees across different altitudinal gradients,
with the most significant increase observed at 2150-2250 m. In
both 2014 and 2019, the Pielou index displayed consistent trends
with increasing altitude, peaking at 2250-2350 m and reaching
a minimum at 2350-2450 m. During this period, the Pielou
index exhibited varying degrees of increase across the elevation
gradients, with the most significant change observed in the
2350-2450 m range.

3.1.3 Changes in species composition and
coverage of typical plant communities

Five representative plant communities including three native
dwarf shrub communities (S. sitchensis, R. chrysanthum, and
V. uliginosum) and two herbaceous communities (D. angustifolia
and D. octopetala) were chosen to examine changes in species
composition and cover at the community scale over the
period from 2014 to 2019. Species richness decreased in the
D. angustifolia community and remained essentially unchanged
in the S. sitchensis community. In contrast, it increased in the
R. chrysanthum, V. uliginosum, and D. octopetala communities,
with significant increases (p < 0.05) observed in the R. chrysanthum
and V. uliginosum communities (Figure 3A). The coverage
of dominant species significantly increased (p < 0.05) in

Frontiers in Microbiology

the D. angustifolia community, while these exhibited declining
trends in the S. sitchensis, R. chrysanthum, V. uliginosum,
and D. octopetala communities. Notably, the coverage of
dominant species showed a significant decline (p < 0.05) in
the R. chrysanthum community (Figure 3B). Simultaneously,
we investigated changes in species cover of D. angustifolia in
the S. sitchensis and R. chrysanthum communities, as well as
changes in species cover of S. sitchensis in the D. angustifolia
and R. chrysanthum communities. We found a significant increase
(p < 0.05) in the coverage of D. angustifolia in both the S. sitchensis
and R. chrysanthum communities (Figure 4A), as well as a
significant increase (p < 0.05) in the coverage of S. sitchensis
in both the D. angustifolia and R. chrysanthum communities
(Figure 4B).

3.2 Changes in environmental factors

3.2.1 Changes in climate factors

From 2014 to 2019, various climate factors including TEMP,
PRE, DTR, GSL, and WSP showed different variations across
five plant communities (Figure 5). TEMP increased across
all communities, with significant increases in the S. sitchensis
and R. chrysanthum communities. PRE decreased significantly
in all plant communities (p < 0.05). DTR increased in the
D. angustifolia, R. chrysanthum, and V. uliginosum communities,
with a significant increase in the R. chrysanthum community
(p < 0.05); however, it decreased in the S. sitchensis and
D. octopetala communities. In line with the TEMP trend,
GSL also increased in all communities, particularly with
significant increases in the S. sitchensis and R. chrysanthum
communities. WSP decreased in four of plant communities,
except for an increase in the V. uliginosum community; a
significant decrease was noted in the R. chrysanthum community
(p <0.05).
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3.2.2 Changes in soil nutrient content

Between 2014 and 2019, the distributions of Org, TN, AN,
AP and AK exhibited a pattern of initially increasing and then
decreasing with increasing elevation (Figure 6). From 2014 to
2019, Org, TN, AN, and AP generally increased across elevation
gradients, with the exception of Org in the 2250-2350 m range.
Notably, significant increases (p < 0.05) were observed in the
following elevation ranges: Org within 2350-2450 m; TN within
2050-2150 m and 2450-2550 m; AN within 2050-2150 m and
2450-2550 m; and AP within 2050-2150 m, 2150-2250 m, and
2450-2550 m. AK and C/N decreased across most elevation
gradients. However, C/N increased within the 2350-2450 m range.
Notably, AK experienced a significant decrease (p < 0.05) in the
2150-2250 m range.

Soil nutrient content showed different changes across various
plant communities from 2014 to 2019 (Table 2). Specifically,
the D. angustifolia community exhibited significant increases
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(p < 0.05) in TN, AN, and AP. In contrast, the S. sitchensis
community experienced a significant decline (p < 0.05) in AK.
The R. chrysanthum community displayed significant increases
(p < 0.05) in TN, AN, and AP, along with a significant decrease
(p < 0.05) in AK. Significant increases (p < 0.05) were observed
in Org, TN, AN, and AP within the V. uliginosum community.
Finally, in the D. octopetala community, Org, TN, AN, and AP all
showed significant increases (p < 0.05), whereas C/N significantly
decreased (p < 0.05).

3.3 Driving forces of tundra vegetation
changes

Through canonical correspondence analysis, we observed
that the explanatory power of environmental factors on plant
community distribution remained consistent across both surveys,
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with the dominant factors largely unchanged. In 2014, axes 1 and
2 together explained 49.8% of the variation in plant community
distribution (Figure 7A), while in 2019, they explained 48.28%
of the variation (Figure 7B). The environmental factors most
influential on plant community distribution in 2014 were DTR,
PRE, GSL, and C/N. By 2019, the dominant factors shifted slightly
to include DTR, TEMP, Org, and PRE. We could find that climate
factors, rather than soil nutrients, dominated the distribution of
plant communities.

Compared to their explanatory power for plant community
distribution, demonstrated a lower
explanatory power for changes in plant community from 2014 to
2019. Axes 1 and 2 together explained 31.72% of these changes
in plant communities (Figure 8). The AN factor, indicated by the

longest arrow in the analysis, had the greatest impact on these

environmental factors

changes. Among the 11 environmental factors assessed, the impact
on changes in the five plant communities, ranked from largest to
smallest, were as follows: AK, AN, TEMP, GSL, TN, C/N, PRE, AP,
WSP, DTR, and Org. Soil nutrients exhibited a greater impact than
climate factors on the short-term changes in plant community.

4 Discussion

4.1 Changes in the importance value of
plant species

Permanent plot surveys offer a nuanced examination of shifts
in the composition and structure of tundra vegetation, providing
a detailed contrast to remote sensing methods, which generally
capture only large-scale greening or browning trends in ecosystems
with lower precision (Myers-Smith et al., 2019). We observed a
significant decrease in the IVI of typical dwarf shrub species in
the alpine tundra, including R. chrysanthum, V. uliginosum, and
D. octopetala. Conversely, the IVI of herbaceous plants such as
D. angustifolia and S. sitchensis exhibited noticeable increases. This
change was primarily attributed to the gradual encroachment of
herbaceous plants, such as D. angustifolia and S. sitchensis, into
the traditional growth areas of tundra vegetation (Jin et al., 2019a).
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This indicated intense competition between the native dwarf shrub
species of the tundra and encroaching herbaceous species. It
confirmed that the composition and structure of tundra vegetation
had undergone significant changes in a short period under
the pressure of environmental changes, with a trend towards
meadowization (Wang et al., 2019). Moreover, this change further
led to the fragmentation of the alpine tundra landscape, contrasting
with the trend of tundra shrubification observed in polar and high-
latitude regions in the past (Sturm et al., 2001; Cannone et al., 2007;
Formica et al., 2014; Schore et al., 2023).

4.2 Changes in plant species diversity
along elevation gradients

This study observed a decrease in plant species richness
with increasing altitude, consistent with findings from other
research (Kazakis et al., 2006; Vanneste et al., 2017; Hamid et al.,
2020). This was attributed to temperature directly influencing
the ecological niches of plants, affecting their distribution and
diversity (Waldock et al, 2018). Additionally, as the terrain’s
slope increased with altitude, the steeper areas became more
susceptible to erosion, thereby reducing the potential growth
areas for vegetation (Theurillat et al.,, 2007). Species diversity and
evenness peaked at elevations between 2250 and 2350 m, coinciding
with the upper boundary expansion of the encroaching herbaceous
species. Although there were signs of encroachment from lower-
altitude plant species within this range, the native tundra plat
species still dominated. In this region, although the number of
species was not the highest, each species had relatively high
abundance, and species distribution was relatively even (Han et al.,
2023). Consistent with our hypothesis, species diversity increased
over time (Steinbauer et al., 2018; Salminen et al., 2023; Zemlianskii
etal,, 2024), but the degree of change varied across different altitude
gradients. Over a five-year period, the greatest changes in species
richness and diversity were observed between 2150 m and 2250
m, where six plant species were added and the diversity index
increased by 0.36. This was due to the area serving as a mixing zone,
where encroaching plant species and native tundra plant species
intermingled. Many plants migrated upwards from lower altitudes,
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**represents a difference that is significant at the 0.05 level.

intensifying resource competition between encroaching and native
species, which ultimately resulted in significant changes in species

composition (Dolezal et al., 2016).

4.3 Changes in species composition and
coverage of typical plant communities

Plant encroachments significantly influenced the composition
and dynamics of communities (Fahey et al, 2020; Livingstone
etal., 2020). After encroaching on the alpine tundra, D. angustifolia
competed with the native dwarf shrub communities, leading to
significant changes in the composition and structure of the native

Frontiers in Microbiology

tundra plant communities. Species richness increased in these
communities of R. chrysanthum, V. uliginosum, and D. octopetala,
while it decreased in the communities of D. angustifolia and
S. sitchensis. This may confirm that environment change led to
the homogenization of previously heterogeneous tundra plant
communities (Stewart et al., 2018). The coverages of dominant
species were decreasing to different degrees in the other four
plant communities, except for an increase the D. angustifolia
community. Moreover, the coverage of D. angustifolia increased
within the S. sitchensis and R. chrysanthum communities, while
S. sitchensis coverage also expanded within the D. angustifolia and
R. chrysanthum communities. This indicated that both low-altitude
herbaceous plants, such as D. angustifolia, and native tundra
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TABLE 2 Changes in soil nutrient content (Org, TN, AN, AP, AK, and C/N) in typical plant communities in the ATCBM.

Plant communities Org TN AN AP AK C/N ‘
D. angustifolia 4224212 2554.76 £ 933.92 | 223.68 + 93.92% 14.37 4 5.16% 538 + 14.47 —1.28 + 1.08

S. sitchensis 0.55 + 1.77 870.55 + 602.67 57.33+29.73 8.02 + 4.18 —70.12 + 12.74%¢ —1.28+0.78

R. chrysanthum 4.88 4+ 1.76* 2033.64 =+ 500.86** 167.11 + 9.65* 24.51 + 2.86* —26.08 + 11.99%* —0.52+ 1.03

V. uliginosum 10.14 4 3.92% 4263.87 £723.02 | 205.33 + 55.41% 17.17 + 4.71% —8.84+ 1455 —1.57 £ 1.76

D. octopetala 7.33 42,96 4203.83 + 970.87+ 171.17 + 58.66* 12.18 4 4.98% —24.15+ 25.35 —2.34 4 0.67

**Represents a difference that is significant at the 0.05 level.
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herbaceous species like S. sitchensis, were expanding in the alpine
tundra. This expansion contributed to a shift in plant community
composition toward herbaceous dominance, ultimately leading to
the meadowization of the tundra. In this competitive process, low
the dwarf shrubs like R. chrysanthum and V. uliginosum in lower
altitude were at risk of disappearing (Jin et al., 2015; Zong et al.,
2016; Wang et al., 2019).

4.4 Analysis of drivers of tundra
vegetation change

Vegetation changes were closely related to environmental
changes (Dolezal et al, 2016). With climate-induced changes
in abiotic mountain environmental factors, the structure and
distribution of mountain plants also changed accordingly (Lopez-
Angulo et al,, 2019; Zu and Wang, 2022). Numerous studies have
attributed the distribution of alpine tundra plant communities
primarily to global warming (Lenoir and Svenning, 2014), which
was confirmed in this study. Both surveys confirmed that climate
factors such as PRE, DTR, and TEMP were primary drivers of plant
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community distribution, surpassing the influence of soil nutrients.
However, our findings indicated although climate factors showed
some influence on vegetation dynamics, the principal drivers of
changes in plant communities during the study period were not
climate factors but rather shifts in soil nutrients, particularly AN
and AK. Increasing nitrogen levels in alpine tundra areas has
been observed to promote the growth of herbaceous plants, while
simultaneously leading to a reduction in the population of local
dwarf shrubs (Nilsson et al., 2002). Zong et al. (2016) also found
that nutrient perturbation had a greater impact than temperature
on the expansion of D. angustifolia in the ATCBM, which was
consistent with our results.

4.5 Potential mechanisms of soil nutrient
changes mediated by microbial
communities

Changes in soil nutrients were influenced by shifts in the soil

microbial communities (Eskelinen et al., 2009; Philippot et al,
2024). Although the temperature change was not significant during
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the study period, the relatively higher temperatures resulting from
decades of warming were stimulating microbial decomposition
activity in the ATCBM (Jin et al., 2019b). This heightened
microbial activity could accelerate the breakdown of organic
matter, thereby affecting soil nutrient levels (Maes et al., 2024).
Additionally, the trend towards meadowization of the alpine tundra
intensified with the encroachment of D. angustifolia, resulting in
an increase in herbaceous vegetation. Herbaceous plants contained
higher proportions of easily degradable compounds such as
monosaccharides and proteins, making their litter more prone
to decomposition (Hobbie, 1996; Dorrepaal et al, 2005). At
different elevations in our study area, the ratio of Gram-positive
to Gram-negative bacteria in the soil microbial communities was
significantly lower in areas with D. angustifolia encroachment
compared to areas without such encroachment (Figure 9). The
proportion of Gram-positive bacteria specialized in decomposing
recalcitrant substrates, such as the litter of R. chrysanthum rich
in lignin, cellulose, and other recalcitrant organic compounds,
decreased in the microbial community, while the proportion
of Gram-negative bacteria specialized in decomposing -easily
degradable substrates increased (Li et al.,, 2023). Such microbial
changes accelerated the decomposition of herbaceous plant
substrates, leading to an increase in nutrient cycling rates, a
decrease in soil C/N, and an increase in available nutrients (Li
et al, 2017). These changes in soil nutrients further affected
vegetation changes (Zhang et al., 2018), promoting the further
expansion of herbaceous plants in the alpine tundra. However, due
to experimental limitations, this study was unable to separately
investigate how changes in soil microorganisms affected changes in
soil physicochemical properties.

4.6 Study implications and limitations

In this study, detailed monitoring of permanent plots in the
ATCBM revealed significant short-term changes in tundra plant
communities. Soil nutrient changes, rather than climate change,

Frontiers in Microbiology

11

0.6 2050m 2200m
ok
0.5 1
L
S
[=]
@)
£ | B
0.4 1
0.3 - : : -
DO D1 DO D1
FIGURE 9
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(DO = no D. angustifolia encroachment, D1 = D. angustifolia
encroachment). **represents a difference that is significant at the
0.05 level.

were identified as the main drivers of these vegetation changes.
This is particularly notable given that the ATCBM is located
in the core area of a national nature reserve, unaffected by
agricultural or grazing activities, highlighting the importance of
natural factors in influencing alpine tundra vegetation dynamics.
Our regular plot surveys effectively pinpointed the actual drivers
of vegetation changes, addressing the limitations inherent in
controlled experiments (Clark et al., 2007). However, our study
faced certain limitations and uncertainties. Although the three plot
replicates at each altitude range were spaced only 25 m apart, the
variations in elevation, slope, and vegetation types across different
sites ensured the independence of the data. Future studies would
benefit from expanding the study area and increasing the number
of sample plots to enhance data representativeness and reliability.
Additionally, due to the complexity of the alpine environment,
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we resorted to using interpolation methods to acquire precipitation
data. Although these interpolation results were highly correlated
with observed data, they still had some uncertainties, necessitating
more precise climate data for future analyses (Tapiador et al,
2017). Continuous monitoring of tundra vegetation changes
will enable managers to more effectively identify and address
ecological challenges, devising robust strategies to respond to
future environmental shifts (Reid et al., 2022). This proactive
approach is crucial for maintaining the health and stability of the
tundra ecosystem, thereby ensuring its long-term sustainability
(Rani et al., 2020).

5 Conclusion

This study investigated vegetation changes and their dominant
drivers in the ATCBM over a short period by re-surveying
permanent plots in 2019 and comparing them with data from
2014. The results revealed significant changes in alpine tundra
vegetation during the study period. The importance values of
typical alpine tundra plants such as R. chrysanthum, V. uliginosum,
and D. octopetala decreased noticeably, while those of herbaceous
species such as D. angustifolia and S. sitchensis increased
significantly. Species richness, diversity, and evenness at different
altitudinal gradients showed varying degrees of increase. A distinct
expansion trend of herbaceous species was observed in the alpine
tundra, contributing to a shift in plant community composition
toward herbaceous dominance. This shift might result in the
meadowization of the dwarf shrub tundra. Soil nutrients rather
than climate factors, dominated the changes of plant communities
over a short period. These findings provide scientific references
for the conservation and management of biodiversity, as well
as for projecting future vegetation dynamics in alpine tundra.
Furthermore, to accurately simulate vegetation changes and reduce
uncertainties in alpine tundra, our findings suggest that vegetation
dynamic models should take into account the effect of soil nutrient
variation on short-term changes in plant communities.
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