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Abstract: Shifts in alpine tundra plant species have important consequences for biodiversity and
ecosystem services. However, recent research on upward species shifts have focused mainly on polar
and high-latitude regions and it therefore remains unclear whether such vegetation change trends
also are applicable to the alpine tundra at the southern edges of alpine tundra species distribution.
This study evaluated an alpine tundra region within the Changbai Mountains, China, that is part of the
southernmost alpine tundra in eastern Eurasia. We investigated plant species shifts in alpine tundra
within the Changbai Mountains over the last three decades (1984–2015) by comparing contemporary
survey results with historical ones and evaluated potential changes in the distribution of dwarf shrub
and herbaceous species over the next three decades (2016–2045) using a combination of observations
and simulations. The results of this study revealed that the encroachment of herbaceous plants had
altered tundra vegetation to a significant extent over the last three decades, especially within low
and middle alpine tundra regions in Changbai Mountains, China. The herbaceous species would
continue shifting upward and expanding while their dwarf shrub counterparts would continue
shifting upward and shrinking over the next three decades under the RCP 4.5 and RCP 8.5 scenarios.
The upward shifts of plant species would not keep up with the rate of climate warming under the RCP
8.5 scenarios. The dominant plant tundra species may transform from dwarf shrubs to herbaceous
varieties. The results of this study provide a scientific basis for biodiversity protection under climate
change and a reference data set for additional research on alpine vegetation dynamics.
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1. Introduction

Alpine tundra is an important component of alpine ecosystems; this habitat type covers about
three percent of the Earth’s land surface and harbors about four percent of higher plant species [1].
Plant species that live on alpine tundra are adapted to specific and harsh conditions including low
temperature, high humidity, and large daily temperature range [2]. The ‘alpine tundra’ Köppen climatic
type (the mean temperature of the warmest month is more than 0 ◦C and less than 10 ◦C) is thought
likely to disappear from many mountains as temperatures continue to rise [3]. Indeed, the very
particular kinds of geographic environments that include alpine tundra plant species have tended
to shift upward in elevation as a result of global warming [4]. This phenomenon has been shown
to drive upward shifts in elevation in both the leading and rear edges of mountain plant species [5].
These shifts in plant species undoubtedly alter the functional composition, vegetation albedo, surface
energy exchange, soil temperatures, and carbon cycling [6], as well as biodiversity and ecosystem
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services by influencing abiotic and biotic environments [7,8]. The study of alpine tundra plant species
shifts is therefore of great significance for biodiversity protection and effective management, as well as
for the prediction of local climate changes in the context of global warming.

Research has shown that lower elevation shrubs have encroached onto alpine tundra over recent
decades in Alaska [9], the Canadian arctic [8], the European arctic [10], Arctic Russia [11], the European
Alps [12], and High Tatras [13]. Such encroachments have resulted in alpine tundra area shrinkages
over time [6,8]. However, recent research on upward species shifts focused mainly on polar and
high-latitude regions and it therefore remained unclear whether such vegetation change trends also
were applicable to the alpine tundra at the southern edges. In addition, previous studies have focused
only on plant species range shifts over the recent decades; few researchers have paid attention to likely
future taxonomic changes in alpine tundra plant species. A number of uncertainties therefore remain
with regard to alpine species range shifts in light of future climate change [8], especially variations
in temperature and precipitation. It is therefore unclear how potential distributions of species will
change as a result of climate change in the future, especially which are likely to shift upwards along
the altitudinal gradient.

A range of methods have been proposed to investigate tundra plant species changes, including
resurveying historic vegetation plots, warming experiments, and modeling [4,14,15]. The first of
these approaches, resurveying historic vegetation plots, provides a unique opportunity to evaluate
vegetation changes over recent decades and has therefore become increasing popular as a research
method [14]. Although short-term warming experimental simulations can also be used to interpret
species compositional changes at finer scales, these approaches cannot be used to address plant
taxonomic range changes at larger scales and also underestimate the full magnitude of global change
effects on communities [4]. Ecological niche models (ENMs) have also been widely utilized to predict
potential species distributions and to estimate range expansions or shrinkages under current and
future climatic conditions [15–17]. These models utilize the current spatial distribution of plant species
to infer their climatic requirements and predict their spatial distribution in future climates according
to the requirements of these systems [18]. The use of ENMs to predict the potential distribution of
plant species has nevertheless been subject to some criticism because these approaches do not take
biotic interactions and dispersals into account [19]. In spite of these limitations, however, the main
advantage of ENMs is that these approaches are easy to handle and offer a relatively easy system
by which decision makers and land managers can obtain acceptable models to assess the potential
distributional shifts in species over reasonable time frames [16,20,21].

Alpine tundra is particularly prone to clouds and rainfall which means it is often difficult to
obtain suitable remote sensing images that are used as the input of current distributions for plant
species in some models. Range shifts in alpine species are therefore most often monitored using a belt
transect method along an elevation gradient as this is the most appropriate approach to obtain current
distributional data [22]. We combined the resurveying historical vegetation plots, field monitoring
(the belt transect method), and model simulation (ENM) to evaluate alpine species range shifts within
the Changbai Mountains, China, that is part of the southernmost alpine tundra in eastern Eurasia.
The herbaceous plants encroachment to alpine tundra was found in the late 1980s [23], nearly 30 years
from that time. We initially compared our contemporary vegetation survey results with historic ones
to investigate alpine species shifts along an elevation gradient over the last three decades (1984–2015)
within the Changbai Mountains, China. We then evaluated potential distributional changes in dwarf
shrub and herbaceous species over the next three decades (2016–2045). After the 30 years of herbaceous
plants encroachment to alpine tundra, we hypothesized (1) the encroachment of herbaceous plants
had altered tundra vegetation significantly over the past three decades—the reason for the different
responses between herbs and dwarf shrubs is not clear. Based on the current climatic niches of these
species, we supposed that (2) the distribution of herbaceous species was likely to continue to shift
upwards and expand over the next three decades, and (3) dominant tundra species were likely to
transition from dwarf shrubs to herbaceous ones into the future.
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2. Materials and Methods

2.1. Study Area

This study was carried out within alpine tundra along the western slope of the Changbai Mountains
(Figure 1a), including the highest peak in northeastern China. Alpine tundra above the tree line in this
region is the most typical of its kind in China as well as the southern border of this vegetation type
within eastern Asia. This habitat type is also subject to a climate that is characterized by long and cold
winters that last for up to eight months as well as a short growing season between June and September;
alpine tundra in this region experiences a mean temperature of 5.8 ◦C and mean precipitation of 958 mm
within the growing season [24]. Annual precipitations of between 600 and 900 mm as well as 1400 mm
were recorded at the foot and summit (Tianchi station) of the Changbai Mountains, respectively [25].
The average snow thickness in this region is about 1 m in winter. The morphology of alpine tundra
comprises the rock debris slope and ravine formed by flowing water. Tundra soil is very thin, usually
not more than 30 cm in thickness, and is covered by dwarf shrubs, mosses, and lichens. The dominant
plant species found in this region include the dwarf shrubs (Rhododendron chrysanthum Pall., Vaccinium
uliginosum L., and Dryas octopetala L.) as well as herbaceous plants (Saussurea tomentosa Kom. and Carex
aterrima Hoppe). The rapid warming over recent decades has resulted in changes to alpine tundra
vegetation including the upward migration of the tree line in this region to tundra [26] as well as the
encroachment of herbaceous plants, including Deyeuxia angustifolia Kom. [27].
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Figure 1. Map to show the location of alpine tundra plots along the western slope of the Changbai
Mountains (a,b). The dominant plant species (R. chrysanthum (c1), D. angustifolia (c2), and Sanguisorba
sitchensis CA Mey. (c3)) on alpine tundra.

2.2. Historical Vegetation Survey

In early work, Huang and Li (1984) divided alpine tundra vegetation within the Changbai
Mountains into four types and 15 communities on the basis of elevation, slope, topography, soil,
and plant community structures by surveying plots [28]. The four variations recognized by Huang
and Li (1984) comprised dwarf shrub-lichen (between 2000 and 2200 m above sea level), dwarf
shrub-moss-lichen (between 2200 and 2400 m a.s.l.), herb (Kobresia bellardii (All.) Degl.)-dwarf shrub
(between 2400 and 2500 m a.s.l.), and meadow (in cleugh under 2100 m a.s.l.) tundra types [28].
Dwarf shrubs were shown to be the clearly dominant plant species within 15 alpine tundra communities,
while the D. angustifolia and S. sitchensis were only recorded in one community as rare species [28].
Information from this study did not include the accurate positions of vegetation plots; we were
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nevertheless able to compare the results of this earlier study with ours along an elevation gradient in
order to identify changes in alpine tundra vegetation [14].

2.3. Contemporary Vegetation Survey

Previous studies in the same study area plotted the species-area curves and suggested the minimum
area of plant communities’ investigation was 0.8–0.9 m2 [29]. For the convenience of investigation,
we used the plot with 1 × 1 m to investigate the current distributions of tundra plant species. Vegetation
plots were set up along a transect on the western slope of Changbai Mountain at a slope distance
interval of 100 m in August 2015 using a systematic sampling method in order to investigate the
current distributions of species (Figure 1b). The elevations of plots ranged between 2050 m (the tree
line and tundra ecotone) to 2550 m (the upper tundra boundary). We chose three sample belts vertical
to elevation; each of these belts comprised 25 plots up to a total of 75 overall. A slope distance of 25 m
between two neighboring sample belts was maintained in this study to ensure a representative number
of plant species was present at each gradient. Plots were fixed using PVC pipes and nylon cords to
enable long-term monitoring and to determine the distribution of species. The nearest straight distance
from the highway to each plot was always greater than 30 m, ensuring minimal disturbance due to
human activities. We also randomly chose other 20 plots as verification to assess the results of ENMs.
We used the independent t-test method to evaluate the significant difference between the two surveys.

A detailed vegetation survey was then carried out within each plot in August 2015. Data including
plant name, coverage, number of plants (cluster), north-south and east-west crown diameter, and plant
height were recorded while the longitude, latitude, and elevation of each plot were also determined
using GPS. We used a compass to measure slope and slope direction and recorded the slope location
for each plot alongside soil depth. Soil from each plot was sampled using a 3 cm diameter soil auger
and physicochemical properties were determined, including particle size (clay, particle, and sand),
organic carbon (C), available nitrogen (N), potassium, phosphorus, humic acid, and fulvic acid, as well
as the C:N ratio.

In addition to investigating topography and soil properties, temperature and precipitation
were also monitored within each plot. We buried a temperature recorder (Tidbit@Tv2) to a depth
of 5 cm; this instrument had a resolution of 0.02 ◦C and collected data every 30 minutes to provide
a long-term data series that can be used for monitoring [30]. The soil temperature data used in
this paper encompassed the three complete growing seasons (June to September) between 2015 and
2017; in addition, we also monitored air temperature at every altitudinal gradient between 2050 and
2550 m at 100 m interval. Two automatic weather stations (WeatherHawk 610, Campbell Scientific,
Logan, UT, USA) were set up at elevations of 2135 m and 2246 m to monitor and record tundra
precipitation. Data show that precipitation gradually increases in concert with altitude within the
Changbai Mountains; automatic weather station values for growing season mean precipitation were
1294 mm and 1372 mm at 2135 m and 2246 m on the western slope of Changbai Mountains between
2015 and 2017, respectively. Precipitation values for each plot were interpolated on the basis of the
relationship between precipitation and elevation [25].

2.4. Historical and Future Climate Data

The historical climate data used in this study encompassed the period between 1984 and 2015 and
were obtained from Tianchi Station (42◦01′ N, 128◦05′ E), approximately 4 km from our study area at
2623 m elevation. The climate data in this station for winter half year were not available from 1989.
Data quality control and homogeneity assessments were performed by the National Meteorological
Information Center before release.

We chose to use future simulation data (encompassing the period between 2016 and 2045,
which is similar with the time frame of the historical data availability) in a series of general circulation
models (GCMs) taken from the Coupled Model Intercomparison Project Phase 5 (CMIP5) (https:
//esgf-node.llnl.gov/search/cmip5/) under three representative concentration pathways (RCP4.5 and
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RCP8.5) in order to analyze likely future changes in temperature and precipitation within the
Changbai Mountains (Supplementary Table S1), which represent mild and severe future climate change,
respectively. Thus, in order to obtain accurate estimates for future climate change and to increase
result comparability between two RCPs, selected GCMs must simultaneously meet two conditions [31]:
(1) They must output daily temperature and precipitation data; and (2) they must simultaneously
output two data series under two RCPs. We therefore employed the bilinear interpolation method
to interpolate data from the different models into 0.5◦ × 0.5◦ grids. In addition, as the GCMs used
here all exhibit different performances with respect to temperature and precipitation in northeastern
China [31], we adopted a total of six GCMs to investigate future changes in both these variables,
including BCC-CSM1.1m, CCSM4, CNRM-CM5, FGOALS-g2, MIROC5, and MRI-CGCM3. Trends in
temperature and precipitation under RCPs in the Changbai Mountains were then used to represent
alpine tundra in order to reduce uncertainty. In this study, the changes of temperature and precipitation
in different altitudes were deemed to no difference because of the small area and small difference in
height. We analyzed trends within temperature and precipitation using the linear tendency method,
with the ordinary least-squares technique [32]. The nonparametric Mann–Kendall statistical test [33] was
used to detect whether the linear trends of temperature and precipitation reach statistical significance.

2.5. Climate Ecological Niche Modeling

We firstly discriminated the dominant environmental factors controlling the distributions of alpine
tundra plant species prior to model building. We then built the ENM for each species using dominant
environmental factors (temperature and precipitation) based on their contemporary distributions.
Finally, the changes in species were evaluated by the changes of dominant environmental factors under
the RCP4.5 and RCP8.5 emission scenarios and the unchanged realized climate niche for each species.
We estimated whether upward shifts of plant species could track the rates of future climate change
through comparing the rates of upward shifts of species with the rates of climate change in elevation.
We estimated the rates of climate change as the ratio of the magnitudes of climate warming and the
temperature lapse rate (0.6 ◦C/100 m) [34].

Plant species that occurred at frequencies less than 5% across the study area were excluded
from this analysis. We established two data matrices: the importance values for 42 plant species and
environmental (topography, soil, and climate) factors in 75 plots, respectively. We found that the
maximum length value for the first four axes was 5.39 using the detrended correspondence analysis
(DCA). We therefore chose canonical correspondence analysis to analyze the relationships between
plant species and environmental factors [35]. This ordination analysis was performed using the vegan
package [36] within the R software (v 3.0.1.; R Foundation for Statistical Computing, Vienna, Austria).
This analysis showed that water and heat conditions were more important factors than soil nutrients in
controlling the distribution of plant species within alpine tundra (Supplementary Table S2). On the
basis of the vegetation survey records, we selected R. chrysanthum (Figure 1c1) (a native plant species),
D. angustifolia (Figure 1c2) and S. sitchensis (Figure 1c3) (the dominant encroaching herbaceous species)
as exemplars to investigate potential changes in the distribution of dwarf shrub and herbaceous species
across the tundra.

We utilized warmth (WI) and humidity indices (HI) to build plant species ENMs [37,38]. In this
context, WI denotes the sum of monthly average temperatures higher than 5 ◦C, the thermal condition
required for plant growth. Soil temperatures at a depth of 5 cm were therefore monitored for each
plot; these values reflect changes in micro-topography as well as soil moisture. These values were then
used to calculate WI for each plot as opposed to air temperature. The relationship between air and soil
temperatures at a depth of 5 cm (Figure 2), WI, was therefore calculated using monthly average soil
values at a depth of 5 cm higher than 5.75 ◦C as heat index for plant species. The formula used in this
study was as follows:

WI =
n∑

i=1

T5cm − 5.75 (1)
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In this expression, T5cm denotes monthly average soil temperature at a depth of 5 cm, expressed
in ◦C·month units.
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Moisture is also a crucial factor that determines the distribution of plants. Thus, HI was used in
this study as the moisture index for plant species [39], as follows:

HI = P/WI (2)

In this expression, P denotes annual precipitation. Thus, as tundra within the Changbai Mountains
is covered with snow during the non-growing season, annual precipitation was adjusted to growing
season values, expressed in mm/◦C·month units.

In order to calculate the optimal range of plant species indices, we adopted the method of peak
width at half height proposed by Yim (1977) [40]. The formulas used to express the optimal ranges of
heat and moisture distributions were as follows:

(X −
1
2

PWH, X +
1
2

PWH) (3)

and
PWH = 2.354× S (4)

In this expression, X denotes the mean value for WI or HI, while S refers to standard deviation in WI
and HI. According to the contemporary spatial distributions of the three plant species (Supplementary
Figure S1) as well as the WIs and HIs (Supplementary Figure S2) present in each plot, we assessed
climate niches for R. chrysanthum, D. angustifolia, and S. sitchensis, respectively (Supplementary
Figure S3). Based on the climate niche for each species, we evaluated the changes in three species by
the changes of WI and HI under the RCP4.5 and RCP8.5 emission scenarios. We used the receiver
operating characteristic (ROC) method by computing the area under the ROC curve (AUC) to evaluate
the performance of the model [41]. The traditional academic points system [42] was employed to
classify the accuracy of the diagnostic test: poor (0.5–0.6), fair (0.6–0.7), good (0.7–0.8), very good
(0.8–0.9), and excellent (0.9–1); the values more than 0.75 are regarded as potentially useful [43,44].
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3. Results

3.1. Historical and Future Changes in Climate

Growing season temperature increased with 0.4 ◦C/decade over the study period (p > 0.01;
Figure 3a). There was a slight, although insignificant, tendency for precipitation to decrease over
the same period (−42.6 mm/decade; Figure 3b). Growing season temperatures predicted significant
increasing trends between 2016 and 2045 with averages of 0.1 ◦C/decade (p < 0.05) and 0.4 ◦C/decade
(p < 0.01) under mild climate change and severe climate change, respectively (Figure 3c). Precipitation
showed different trends under the two RCPs over the same period (Figure 3d). Precipitation tended
to significantly increase under mild climate change at a magnitude of 22.8 mm/decade (p < 0.01),
but decreased under severe climate change. Climate conformed to a warming-wetting trend under
a low emission scenario as well as a warming-drying trend under a high emission scenario between
2016 and 2045. Significant changes also occurred in WI and HI for each plot under both scenarios by
2045 (Supplementary Figure S4).
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Figure 3. Trends in temperature (a) and precipitation (b) throughout the growing season (June, July,
August, and September) on alpine tundra within the Changbai Mountains between 1984 and 2015.
Dashed lines, the 5%–95% uncertainty range of the linear regression slope; the p value is the
trend significance according to a Mann–Kendall test. Trends in temperature (c) and precipitation
(d) throughout the growing season within multi-model ensembles for the same region under two RCP
scenarios between 2016 and 2045. The shadow zones represented SDs for each index, respectively.

3.2. Changes in Alpine Tundra Vegetation over the Last 30 Years

A total of 62 plant species within 24 families were recorded in 75 tundra plots. The result of this
study showed that tundra vegetation changed significantly by 2015, comprising herb (D. angustifolia
and S. sitchensis)-shrub (less than 2100 m a.s.l), shrub-herb (between 2100 and 2300 m a.s.l), dwarf
shrub (between 2300 and 2400 m a.s.l), and sparse shrub (over 2400 m a.s.l) tundra types by this time
(Table 1). Records showed that dwarf shrubs were the absolutely dominant plant species in alpine
tundra by 1984, irrespective of elevation, while the D. angustifolia and S. sitchensis were only recorded
in one community as rare species. However, the D. angustifolia and S. sitchensis were the dominant
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alpine tundra plant species at low elevations by 2015 and had encroached into the middle section of
alpine tundra. The importance value of S. sitchensis was only lower than that of R. chrysanthum among
tundra species by this time, while the frequency and importance values for D. angustifolia were higher
than those for V. uliginosum and D. octopetala, typical tundra dwarf shrubs (Table 2). The elevation
ranges of D. angustifolia and S. sitchensis showed significant differences (p < 0.05) between both surveys,
which were obvious rising in 2015 (Figure 4).

Table 1. The comparisons of vegetation types and plant species along the altitude gradient in the
western slope of the Changbai Mountains between historic vegetation survey in 1984 and current
vegetation survey in 2015.

Historic Vegetation Survey (1984) Current Vegetation Survey (2015)

Elevation (m) Vegetation Type Dominant
Plant Species Elevation (m) Vegetation Type Dominant

Plant Species

2000–2200 Dwarf shrub-lichen I II III 2000–2100 Herb-dwarf shrub VII VIII I
2200–2400 Dwarf shrub-moss III IV I 2100–2300 Dwarf shrub-herb I VII VIII IX

>2400 Sparse shrub V III VI 2300–2400 Dwarf shrub-lichen I II III
>2400 Sparse shrub V III VI

I. R. chrysanthum, II. V. uliginosum, III. D. octopetala, IV. Phyllodoce caerulea (L.) Bab., V. K. bellardii, VI. Papaver
pseudo-radicatum Kitag., VII. D. angustifolia, VIII. S. sitchensis, IX. Ligularia jamesii(Hemsl) Kom.

Table 2. The frequencies and important values for dominant species recorded within the Changbai
Mountains (2015).

Plant Species Frequency (%) Important Value

R. chrysanthum 65.3 21.57
S. sitchensis 41.3 7.61

Sanguisorba teriuifolia Var. 52.0 6.23
D. angustifolia 29.3 4.86
S. tomentosa 52.0 4.79

Ligularia jamesii (Hemsl) Kom. 32.0 4.24
V. uliginosum 26.7 4.10

Polygonum viviparum L. 46.7 3.82
D. octopetala 22.7 3.29
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3.3. Potential Shifts in Tundra Plant Species under Different Emission Scenarios

The results on prediction performance in R. chrysanthum, D. angustifolia, and S. sitchensis showed
AUC values of 0.84 ± 0.03, 0.76 ± 0.08, and 0.80 ± 0.05, respectively, which all were potentially useful
(Supplementary Figure S5). The potential plot occupancies for R. chrysanthum shrank by 2% and 27%
under RCP 4.5 and 8.5 scenarios, respectively (Table 3, Figure 5). Similar, potential plot occupancies for
D. angustifolia and S. sitchensis expanded by 2% and 7%, respectively, under mild climate change and by
38% and 52%, respectively, under severe climate change. The upper elevation limits for R. chrysanthum
rose to 2550 m by 2045 under mild climate change but did not change under severe climate change.
Both upper elevation limits for D. angustifolia and S. sitchensis in 2045 rose to 2375 m under mild climate
change and to 2475 m under severe climate change. The upper elevation limits for D. angustifolia and
S. sitchensis increased to a greater extent under the high emission scenario than these under a low
emission one.

Table 3. Potential changes in dominant Changbai Mountains tundra plant species by 2045 under two
RCP scenarios.

Name R. chrysanthum S. sitchensis D. angustifolia

RCP4.5

Percentage of plots occupied (%) 2 ± 12 ↓ 7 ± 17 ↑ 2 ± 12 ↑

Lower limit of elevation (m) 0 – –

Upper limit of elevation (m) 50 ± 37 ↑ 25 ± 37 ↑ 125 ± 40 ↑

RCP8.5

Percentage of plots occupied (%) 27 ± 16 ↓ 52 ± 17 ↑ 38 ± 10 ↑

Lower limit of elevation (m) 75 ± 43 ↑ – –

Upper limit of elevation (m) 50 ± 0 ↑ 125 ± 52 ↑ 225 ± 35 ↑
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4. Discussion

4.1. Historical Plant Species Distribution Shifts within Alpine Tundra

Alpine tundra climate has become both warmer and drier over the last three decades within
Changbai Mountains, China. The results of this analysis suggest that the upper limits for the herbaceous
species shift upwards and the distributions for them expanded across alpine tundra within the Changbai
Mountains for recent decades, which are different from previous studies (upward shifts in erect shrubs
across alpine tundra) in polar and high-latitude regions [6,8,45]. Although the tree line shows an upward
migration in this region to tundra [26], the upper limits of the herbaceous species are higher than that
of the tree line. The exact upper limit of tree line was at 2030 m in 1994 [26]. We could not obtain the
exact upper limits for the herbaceous species in 1984. However, we conservatively estimated that the
upper limit of the herbaceous species was at 2030 m in 1984. Thus, the magnitude of species range shift
revealed here was 73.3 m/decade which was far higher than that estimated for species within central
European mountains (e.g., 23.9 m/decade [46]; 29.4 m/decade [47]) and lower than the observed plant
species shift with 150 m/decade in Himalaya [48]. The difference among the magnitudes of species
range shift may be relative to the rates of warming [49]. Because growing season temperature increased
significantly with 0.4 ◦C/decade in our study region, which was lower than the rate of warming
with 0.59 ◦C/decade in Himalaya [48] and higher than that in the Rhaetian Alps with a magnitude of
0.32 ◦C/decade [47]. According to our conservative hypothesis, the upper limit of herbaceous species
kept up with the rate of climate warming for the past three decades.

At the same time, there was no significant change in the lower limit of R. chrysanthum over the
past three decades, which did not track climate change along the elevation gradient likely due to
topography. The temperature is dominated by solar radiation and aerodynamics and co-controlled
by micro-topography and plant morphology, which results in a mosaic of micro-climates [50].
Micro-topography also changes the distribution of soil moisture by influencing water flow [51].
The micro-climatic conditions are therefore associated with plant species distribution in alpine areas
and might buffer impacts on plant species rather than forcing them upslope [50]. Although there
was no significant change in the lower limit of R. chrysanthum, the distribution area of R. chrysanthum
shrank. Herbaceous plants in our field area crossed the tree line and invaded into alpine tundra from
the birch forest zone; thus, once herbaceous plants encroached to dwarf shrub species, they influenced
solar radiation, soil moisture and nutrition and resulted in the death of these taxa [27].

4.2. Possible Factors Controlling Plant Species Shifts

Previous researchers have demonstrated that numerous factors were responsible for observed range
shifts in alpine plant species, including climate change [46] and land use changes (i.e., the cessation
of sheep grazing) [13], tourism [45], and the increased deposition of atmospheric nitrogen [1,52].
The control experiments carried out on alpine tundra within the Changbai Mountains showed that
increased deposition of atmospheric N was conducive to the growth of herbaceous species and was
therefore not the direct factor underlying encroachment [53]. At the same time, tourism influences tundra
vegetation dynamics via trampling and can therefore influence soil compaction, erosion, and humidity,
as well as the dispersal of plant species seeds [45]. Although the number of tourists visiting the
Changbai Mountains had rapidly increased in recent years [54], strict scenic area management had
limited their activities to wooden walkways, stairs, and observation decks (Supplementary Figure S6).
Thus, if tourism had actually promoted the encroachment of herbaceous plants, then more of these
species should occur along wooden walkways. This was not corroborated by our field survey as few
herbaceous plants were actually recorded adjacent to these walkways.

Land-use changes are known to have influenced tundra plant species range shifts, such as the
abandonment of agriculture and grazing in alpine areas [13]. This situation is different in the Changbai
Mountains, however, since this region has been a national nature reserve since 1986; alpine tundra
within these mountains comprise the core nature reserve area and has never been utilized as either
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farmland or pasture. Indeed, some recent research has shown that the Sus scrofa population has been
increasing within the Changbai Mountains [55]; we identified S. scrofa activities during our alpine
tundra survey adjacent to the tree line (Supplementary Figure S7), utilizing R. chrysanthum communities
to find food. Areas hogged by S. scrofa tends to be encroached into by herbaceous plants. In other
words, if the activities of S. scrofa have induced the upward migration of herbaceous plants, the altitude
gradients of encroached species would be lower than those within which S. scrofa was active. Our field
survey showed, however, that the upper elevation limit (about 2250 m) for encroaching herbaceous
plants was far higher than that (about 2150 m) characterized the upper extent of S. scrofa activities.
The configuration change observed in temperature and precipitation along our alpine tundra transect
had influenced vegetation dynamics, which was consistent with previous results [13,45,46]. However,
the dominant factor driving plant species shifts on the Changbai Mountains alpine tundra needs to be
further investigated by controlled experiments, which will be done in our subsequent study.

4.3. Potential Plant Species Distribution Shifts within Alpine Tundra

The results of this analysis suggest that the potential upper limit for the dwarf shrub is likely to
shift upwards across alpine tundra within the Changbai Mountains in the future. This is consistent with
previous research; upward shifts in erect shrubs across alpine tundra have been reported in many other
mountains, including the Rocky Mountains [6], the Alps [8], and the High Tatras [56]. The potential
upper limit of R. chrysanthum is likely to shift upwards by 50 m under two scenarios over the next three
decades. The magnitude of species range shift is 16.7 m/decade, lower than that estimated for species
within central European mountains (e.g., 23.9 m/decade [46]; and 29.4 m/decade [47]. The upper
limit of R. chrysanthum is likely to keep up with the rate of climate warming under mild climate
change (16.7 m/decade) but will not be able to catch up under severe climate change (66.7 m/decade).
One possible reason for a lower upward shift in the upper limit under severe climate change is the
elevation limit of the Changbai Mountains; the distribution of R. chrysanthum remains close to the
mountain summit, consistent with the result of Felde et al. (2012) [57]. At the same time, we show
no change in the potential lower limit of R. chrysanthum under mild climate change likely due to
the micro-climatic conditions controlled by topography. This impact can only offset low magnitude
warming, however, the potential lower limit of R. chrysanthum shifted upward by 50m while potential
plot occupancies shrank significantly under severe climate change.

Our results also demonstrate that herbaceous species are likely to shift upwards and expand
under RCPs in the future. The mean magnitude of potential upper limit upward shift for herbaceous
species is 25.8 m/decade and 58.5 m/decade under the RCP4.5 and RCP8.5 scenarios, respectively.
These results mean that the upper limit of herbaceous species will keep pace with the rate of climate
warming under mild climate change, but will not catch up under severe climate change. These rates
approach, or exceed, those recorded for mountains in central Europe [46,47]. The upward shift rate
for herbaceous species (non-native species) was higher in our study area than that for dwarf shrub
plants (native species), a similar result to that reported on the island of Hawaii [58]. The potential plot
occupancies of these species are likely to significantly increase under two scenarios in the future due to
upward shift in upper limits as well as the filling process [57]. Although the potential upper elevation
limits for dwarf shrubs increased in our survey, these taxa had reached the upper tundra boundary
(the lower the alpine desert boundary or the mountain top) and then could not increase with climate
warming. Changes in alpine tundra vegetation are therefore likely to be from dwarf shrub-dominated
to herbaceous-dominated in the future.

4.4. Uncertainties in Potential Distribution Shifts

There are a number of uncertainties in predicting plant species distribution using interpolated
air temperatures from weather stations as these are different from actual dwarf alpine species
temperatures [49,59]. Although we monitored soil temperature for each plot in this study to reduce this
issue, projected data nevertheless included some uncertainties derived from GCMs. We also reduced
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the level of uncertainties by selecting high resolution GCMs that performed better across northeastern
China. At the same time, however, it is clear that some variables might result in uncertainties in future
climate change projections, including model resolutions and the rationality of physical processes [60].
Recent studies have suggested that models with higher resolutions and more physical process rationality
might mitigate these issues [31]. It will be possible to carry out a more comprehensive evaluation of
potential tundra vegetation shifts in the future using output data from advanced GCMs.

Research has shown that the distribution of plant species is influenced by climate, geology, edaphic
factors, and inter- and intra-species competition [6,21,61]. ENMs have some limitations to predict
species distribution under future climate. For example, ENMs are likely to use the realized niche rather
than the fundamental niche, which can generate mistakes [62]. In addition, species dispersal and biotic
interactions are not taken into consideration [19]. We only used warmth and humidity indices to build
ENMs instead of other factors. Dubuis et al. (2013) found that pH was an important predictor variable
for explaining species distribution in the western Alps, Switzerland [61]. Our canonical correspondence
analysis results also highlighted the fact that soil nutrients played a role in determining the distribution
of species. The results of this study could also be improved by using more accurate topo-climatic data
as well as a model that include additional environment factors and processes [61]. A more accurate
evaluation of potential shifts will also necessitate the integration of ENM and mechanistic models
that simulate the distribution of plant species based on functions that are founded on physiological
knowledge [18].

5. Conclusions

The encroachment of herbaceous plants altered tundra vegetation significantly within the
Changbai Mountains for the last decades (1984–2015), especially in low and middle elevation areas.
The distribution of dwarf shrub species is likely to shift upwards and shrink over the next three
decades, while herbaceous species are likely to also continue shifting upwards and expanding under
mild climate change and severe climate change. Dominant tundra vegetation plant species are likely
to transform from dwarf shrubs to herbaceous taxa over time. R. chrysanthum was unable to track
climate change along the elevation gradient; this is likely to lead to the extinction of this species as well
as a decrease in biodiversity and changes in alpine tundra ecosystem services within the Changbai
Mountains. The alpine tundra in the Changbai Mountains has a tendency to turn into meadow.
This study provides a scientific basis for biodiversity protection under climate change and a reference
data set for additional research on alpine vegetation dynamics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/6/498/s1;
Figure S1: Current spatial distributions of dominant alpine tundra plant species (R. chrysanthum, D. angustifolia,
and S. sitchensis) along western slope transect within the Changbai Mountains; Figure S2: Contemporary
distributions of WI and HI values for each plot across alpine tundra along a western slope transect within the
Changbai Mountains; Figure S3: Ecological climate niches for the dominant species R. chrysanthum, D. angustifolia,
and S. sitchensis were assessed using warmth index and humidity index, respectively; Figure S4: Spatial changes
in WI and HI differences during the growing season between 2015 and 2045 under two RCP scenarios; Figure S5:
The AUC values of R. chrysanthum, D. angustifolia, and S. sitchensis; Figure S6: The tourist activities were limited to
the wooden walkways, stairs, and observation decks in the Changbai mountains; Figure S7: The damages of Sus
scrofa foraging to alpine tundra vegetation within the Changbai Mountains. The areas hogged by Sus scrofa are
easy to be encroached by the herbaceous plants; Table S1: Information on six general circulation models from
CMIP5 used in this study; Table S2: The correlations between the environmental variables and plant species are
evaluated by canonical correspondence analysis.
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