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Abstract: Climate change has a profound impact on global biodiversity and species geographical
distribution, especially in alpine regions. The prediction of species’ habitat could help the under-
standing of species’ responses to potential climate threats. Triosteum L. (1753) is a typical moun-
tain plant with medicinal and ecological value. There are three species of this genus in East Asia.
Triosteum Pinnatifidum Maxim. 1888 and Triosteum himalayanum Wall. 1829 are mainly distributed
in the Qinghai–Tibet Plateau and its surroundings, and they are sensitive to climate changes. In
this study, a MaxEnt model was used to predict the potential distribution of T. Pinnatifidum and
T. himalayanum in the present time and at four different time periods in the future under two dif-
ferent Shared Socioeconomic Pathways (SSPs). Topographic factors were taken into account in the
prediction. In the present study, the accuracy of the model’s prediction was verified (the AUC
values are 0.975 and 0.974), and the results indicate that temperature is the key factor that affects the
distribution of these two species. Compared with current distribution, the potential suitable area of
T. Pinnatifidum will increase in the future under two types of SSPs (an average increase is 31%), but
the potential suitable area of T. himalayanum will decrease significantly (the average area is 93% of
what it was before). In addition, the overlap of potential suitable areas of these two species will
also expand, potentially affecting their hybridization and interspecific competition. The centroids of
T. Pinnatifidum will migrate to the east, but the trajectory of centroids of T. himalayanum is com-
plex. This study could provide basic data for the resource utilization and biogeography research of
Triosteum. It will also be helpful for conservation and sustainable use of mountain herbaceous plants
under climate change.

Keywords: potential suitable habitat; Triosteum; overlapping suitable habitat; geographical distribution
center; climate change; MaxEnt

1. Introduction

Climate is considered to be one of the key factors in influencing the geographical
distribution of species [1,2]. Climate change can affect many ecosystems, including the
loss of genetic resources and biodiversity and even leading to the fluctuation of species
distribution [3–6]. During the past 200 years (1800–2012), the global average surface
temperature has increased by 0.85 ◦C due to the combined influence of human activities
and natural factors, and it is predicted to rise by 0.3–4.8 ◦C by the end of the century (IPCC.,
2013). Such climate change trends can force plants to adapt to new conditions or change
their geographical distribution [7,8]. Predicting the potential geographical distribution
of species using bioclimatic factors is one of the hot topics in ecology and biogeography
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research [6,7,9]. The prediction can not only lay a foundation for the theoretical study of
species origin but also provide a reference for the genetic improvement and domestication
of species [3].

Species distribution models (SDMs) are an important research tool in ecology and
biogeography which can be helpful to study the effects of environmental factors on species
distribution and predict the geographical range of species [10,11]. There are many kinds
of SDM models applied in research, such as Resource Selection Function (RSF) [12], Gen-
eralized Linear Models (GLM) [13], Artificial Neural Networks [14], Classification And
Regression Trees (CART) [15] and Maximum Entropy (MaxEnt) [16]. Previous studies have
shown that the Maximum Entropy Model (MaxEnt) has the best accuracy among various
SDMs, especially for those species with incomplete distribution information [17–19]. There-
fore, it became the most widely used SDM [20], such as Qi et al. predicted the potentially
suitable distribution area of Cinnamomum mairei H. Lév using the MaxEnt model [21];
Liu et al. used the MaxEnt model to model the habitat suitability of Houttuynia cordata [6]
and Li et al. applied the MaxEnt model to the delineation of ERLs [22]. Using the MaxEnt
model to predict the distribution of potential impacts of climate change on species provides
scientists with a basis for decision-making that can help reduce the negative impacts of
climate change on global biodiversity.

Triosteum L. is a perennial herb of the family Caprifoliaceae, with seven to eight species
distributed from North America to East Asia. There are three species of Triosteum in East
Asia, which are T. Pinnatifidum, T. himalayanum and T. sinuatum. T. Pinnatifidum can be found
at an altitude of 1800–2900 m on slopes under coniferous forests and sunny sides of gullies
in Hebei, Shanxi, Shaanxi, Ningxia, Gansu, Qinghai, Henan, Hubei, Sichuan and Japan.
T. himalayanum grows on hillsides, coniferous forest edges, furrows and grasslands at an
altitude of 1800–4100 m in Shaanxi, Hubei, Sichuan, Yunnan, Tibet and Nepal [23]. In addition,
Triosteum also has medicinal value. Its roots, leaves and fruits can be used as medicine,
mainly used to cure diseases such as strain injury, rheumatic back and leg pain, fall injury,
indigestion, irregular menstruation, etc. [24]. Moreover, in previous studies on this genus,
the distribution of these two species is consistent with that described in Flora Reipublicae
Popularis Sinicae. This previous research focused on the phylogenetic relationship of Triosteum
and the phylogeography of T. Pinnatifidum and T. himalayanum [25,26]. Some habitats of these
two species have been designated as nature reserves and national parks, which are protected
as part of the region’s ecosystem.

In this study, the potential distribution regions of T. Pinnatifidum and T. himalayanum
today and in the 2050s, 2070s, and 2090s were predicted. The main objectives of this
study were:

(1) To reveal the potential suitable habitat for T. Pinnatifidum and T. himalayanum in
China and its surroundings under current climatic conditions and explore the key factors
that influence its distribution; (2) to predict the suitable habitat of T. Pinnatifidum and
T. himalayanum in different climatic scenarios in the future and discuss the changing trend
of its distribution pattern during five periods (present day, the 2030s, 2050s, 2070s and
2090s); (3) to expatiate the changes in the overlapping potential habitat of these two species;
and (4) to predict the centroid trajectory of T. Pinnatifidum and T. himalayanum under current
and future climate change scenarios. This research can contribute to the understanding
of the response pattern of Triosteum to the environment. It is also important to infer
the potential effects of climate change on the adaptability and genetic differentiation of
herbaceous plants.

2. Materials and Methods
2.1. Species Occurrence Data Acquisition and Screening

The quality and reliability of species location points in SDMs are directly related to
the credibility of the predicted results [27,28]. The distribution data of 167 T. Pinnatifidum
and 177 T. himalayanum were obtained from our field investigation (Table S1) and the
Global Biodiversity Information Facility (GBIF, https://www.gbif.org/, https://doi.org/

https://www.gbif.org/
https://doi.org/10.15468/dl.847xg2
https://doi.org/10.15468/dl.847xg2
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10.15468/dl.847xg2, https://doi.org/10.15468/dl.2e73vx, accessed on 5 March 2022). After
removing the obvious error distribution data and duplicate points, the spatial filtering of
the SDMTools plug-in in ArcGIS was used to delete the distribution data that was too close
to each other (only one distribution point exists within the range of 5 km × 5 km) [29].
Finally, a total of 150 T. Pinnatifidum and 154 T. himalayanum distribution data were obtained
(Figure 1).
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Figure 1. Distribution records of T. Pinnatifidum (red) and T. himalayanum (green) in China. Outlines
of national boundaries are shown.

2.2. Environmental Data Acquisition and Screening

Bioclimatic variables are considered to be major determinants of SDMs [30]. In this
study, a total of 19 current (1950–2000) and future (2021–2040, 2041–2060, 2061–2080,
2081–2100) bioclimatic variables were downloaded from the WorldClim database (https:
//www.worldclim.org/ (accessed on 5 March 2022)) [31], as well as the DEM data of
the relevant area obtained from the General Bathymetric Chart of the Oceans database
(GEBCO, https://download.gebco.net/ (accessed on 5 March 2022)). The slope and aspect
data were extracted from DEM data. All WorldClim data and DEM data were unified at a
spatial resolution of 2.5 arc-minute. Among those bioclimatic variables, the two SSP climate
scenarios’ (SSP2-4.5 and SSP5-8.5) data are based on the BCC-CSM2-MR climate system
model, which is best suited to China and its vicinity [32]. SSP2-4.5 represents the scenario
with medium radiative forcing and moderate greenhouse gas emissions, and SSP5-8.5
represents the scenario with high radiative forcing and large greenhouse gas emissions [33].

To reduce the over-fitting problem of the MaxEnt model caused by the multicollinearity
of environmental variables, 22 environmental variables and the final distribution data were
imported into ArcGIS 10.7 for point interpolation extraction. The results were imported
into SPSS v22 [34] for Spearman correlation analysis. When the correlation between two
environmental factors is greater than or equal to |0.8|, only one of the factors can be
selected [35]. Finally, 11 environmental factors are used in the model (Table 1).

https://doi.org/10.15468/dl.847xg2
https://doi.org/10.15468/dl.847xg2
https://doi.org/10.15468/dl.2e73vx
https://www.worldclim.org/
https://www.worldclim.org/
https://download.gebco.net/
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Table 1. Description of bioclimatic variables used for MaxEnt model prediction.

Variables Description Units

Bio1 Annual mean temperature ◦C
Bio2 Mean diurnal range ◦C
Bio3 Isothermality /
Bio4 Temperature seasonality /
Bio5 Max Temperature of Warmest Month ◦C
Bio6 Min temperature for coldest month ◦C
Bio7 Temperature annual range ◦C
Bio8 Mean temperature of wettest quarter ◦C
Bio9 Mean temperature of driest quarter ◦C
Bio10 Mean temperature of warmest quarter ◦C
Bio11 Mean temperature of coldest quarter ◦C
Bio12 Annual precipitation mm
Bio13 Precipitation of wettest month mm
Bio14 Precipitation of driest month mm
Bio15 Precipitation seasonality /
Bio16 Precipitation of wettest quarter mm
Bio17 Precipitation of driest quarter mm
Bio18 Precipitation of warmest quarter mm
Bio19 Precipitation of coldest quarter mm
dem Elevation m
slope Slope ◦

aspect Aspect ◦

Bold text indicates the bioclimatic variables used for model construction after screening.

2.3. Model Establishment, Optimization and Evaluation

Feature combination (FC) and regularization multiplier (RM) are two vital parameters
in the MaxEnt model. The optimization of these two parameters can significantly improve
the prediction accuracy of the model [36,37]. An R package “KUENM” was used to optimize
the FC and RM of the MaxEnt model in this study [38]. The optimization process is as
follows: First, the RM was set from 0.1 to 4 at an interval of 0.1, and a total of 40 RM values
were set. There are five options for FC, including linear (L), quadratic (Q), product (P),
threshold (T) and hinge (H), which can produce 31 different combinations. Subsequently,
the KUENM package was used to calculate the prediction of 1240 different models obtained
from the combination of 31 FC settings and 40 RM values. The model (OR_AICc) with a
statistically significant omission rate that was lower than the threshold value (0.05) and a
delta AICc value of less than 2 was selected to determine the optimal model [39].

The optimization model, the distribution data of these two species of Triosteum and the
selected environmental factors were imported into MaxEnt3.4.4 to simulate and predict the
potentially suitable distribution areas in different periods and different scenarios. 75% of
the distribution data were used for model training, and the remaining 25% of distribution
data were used as a test set, and this process was repeated ten times [40].

The accuracy of model prediction results was evaluated by the area under the curve
(AUC) of the receiver operating characteristic (ROC) [37]. The larger the AUC value is, the
better the prediction accuracy of the model will be [41]. If the AUC < 0.7, the prediction
result will be poor and the reliability will be low, and the predicted result generally cannot
be used. The prediction results of 0.7–0.8 are moderate, 0.8~0.9 indicates good prediction
results while 0.9 to 1.0 indicates excellent prediction results [7,42].

2.4. Suitable Area Classification

The suitability of species distribution area is typically evaluated by the value range
from 0 to 1, and a higher value means an area is more suitable for the species to grow. The
predicted results generated by MaxEnt were imported into ArcGIS 10.7, and the reclassi-
fication function was used to divide the suitability grade of two species of Triosteum, and
four levels of potential suitability habitat were divided: high suitable area (0.6 < p ≤ 1.0),
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medium suitable area (0.4 < p ≤ 0.6), low suitable area (0.2 < p ≤ 0.4) and non-suitable area
(p < 0.2), and the area of each potential suitability habitat was calculated [43].

2.5. Spatial Pattern Change of Suitable Areas

To study the change of the potentially suitable area of these two species, the predicted
results generated by MaxEnt were imported into ArcGIS 10.7 and divided into non-suitable
and suitable areas according to p < 0.2 and p≥ 0.2 by referring to the method in the previous
step. The spatial unit of the suitable areas was assigned to 1 and the spatial unit of the
non-suitable areas was assigned to 0, and the (0, 1) matrix of the existence/non-existence of
the suitable areas of T. Pinnatifidum and T. himalayanum was established. Finally, we used
the SDMtoolbox to analyze and map the distribution changes in the suitable habitat area of
these two species of Triosteum.

2.6. Geographic Distribution Centroid Calculation

To further study the variation trend of the potential distribution areas in the future,
SDMTools was used to calculate the central points of suitable areas of these two species
of Triosteum. The suitable regions of T. Pinnatifidum and T. himalayanum were simplified to
a vector particle, respectively. The change of the centroid position was used to reflect the
size and direction of the suitable region of these two species of Triosteum. The geographical
distribution centroid was calculated in accordance with the following formulas [44]:

N =
∑m

j=1 Ni × Pi,j

∑n
i=1 ∑m

j=1 Pi,j

E =
∑n

i=1 Pi,j × Ej

∑n
i=1 ∑m

j=1 Pi,j

2.7. Niche Overlap, Niche Breadth and Range Overlap Calculation

Niche overlap refers to the similarity and competition between different species in the
utilization of environmental resources, and niche breadth refers to the sum of environmental
resources used by species [45]. Based on the prediction results of MaxEnt model, the niche
overlap, range overlap and niche breadth of T. Pinnatifidum and T. himalayanum were
analyzed using ENMTools software. The Schoener’s (D) and Hellinger’s -Based (I) of niche
overlap were calculated as the following formulas:

D
(

Px, Py
)
= 1− 1

2 ∑
i

∣∣Px,i − Py,i
∣∣

I
(

Px, Py
)
= 1− 1

2

√
∑

i

(√
Px,i −

√
Py,i

)2

The Niche breadth was calculated in accordance with the following formula:

Lx = −
A

∑
i=1

Px,ilogPx,i

3. Results
3.1. Model Optimization and Accuracy Evaluation

Based on 150 locality records of T. Pinnatifidum, 154 locality records of T. himalayanum
and 11 environment variables, the suitable areas of two species were predicted. According
to the optimization results, 348 and 32 of all models are statistically significant, meet-
ing the omission rate criteria for T. Pinnatifidum and T. himalayanum, respectively. One
of each models is statistically significant, meeting AICc criteria for T. Pinnatifidum and
T. himalayanum; one and two of each models are statistically significant, meeting the omis-
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sion rate and AICc criteria for T. Pinnatifidum and T. himalayanum, respectively. Finally,
the parameters of the model were adjusted as RM = 0.7, FC = LQ for T. Pinnatifidum and
RM = 3.1, FC = QTH for T. himalayanum.

Under these parameter settings, the average AUC value of 10 repetitions was 0.975
(T. Pinnatifidum) and 0.974 (T. himalayanum) (Figure 2). Both the AUC values are above 0.9,
which are similar to those of other studies, indicating that the prediction accuracy of the
model is excellent [46,47].
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3.2. Importance of Environmental Variables

In the prediction of the current potential suitable area for two species of Triosteum, the
importance of 11 climatic variables is shown in Figures 3 and 4.
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For T. Pinnatifidum, the top three variables having the highest contribution rate are the
mean temperature of the coldest quarter (bio11, 32.8%), mean temperature of the driest
quarter (bio9, 31.6%) and dem (16.4%), and the cumulative contribution rate reached 80.8%.
The variables with a higher permutation importance value are temperature seasonality
(bio4, 37.7%), mean temperature of the coldest quarter (bio11, 22.4%), temperature annual
range (bio7, 17.6%) and mean temperature of the driest quarter (bio9, 13.3%), with a
cumulative value of 91% (Figure 3). The variables with a higher contribution rate value
of T. himalayanum are temperature annual range (bio7, 26.9%), mean temperature of the
driest quarter (bio9, 19.6%), mean temperature of the coldest quarter (bio11, 17.1%), dem
(13.2%) and temperature seasonality (bio4, 12.5%), and the cumulative contribution rate is
89.3%. Moreover, the variables with a higher permutation importance value are the mean
temperature of the coldest quarter (bio11, 74.5%) and temperature seasonality (bio4, 13.1%),
with a cumulative value of 87.6% (Figure 4).

In order to examine the climatic preference of these two species of Triosteum, the
response curves for five of the most vital variables in MaxEnt were analyzed (Figure 5). The
results indicated that when the value of temperature seasonality was under 800 (Figure 5A),
the temperature annual range was above about 34 ◦C (Figure 5B), the mean temperature of
the driest quarter was less than −0.5 ◦C (Figure 5C), the mean temperature of the coldest
quarter was between −8 ◦C and 8 ◦C (Figure 5D) and the altitude was under about 3200 m
(Figure 5E), the probability of the existence of T. Pinnatifidum could exceed 50%. Meanwhile,
T. himalayanum prefers habitats with a value of temperature seasonality under about 750, a
temperature annual range under 32 ◦C, a mean temperature of the driest quarter and mean
temperature of the coldest quarter at 0 ◦C and an altitude at 1200 m (Figure 6).
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(C) Mean temperature of driest quarter, bio9; (D) Mean temperature of coldest quarter, bio11; and
(E) altitude.
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3.3. Potential Suitable Habitat for Two Species of Triosteum under Current Climate

The habitat suitability distributions of T. Pinnatifidum and T. himalayanum in China and
its surroundings were predicted by MaxEnt software (Figure 7). Almost all the distribution
points of T. Pinnatifidum and T. himalayanum were included in the predicted suitable areas.
This result indicates that the model could excellently simulate the potential distribution
of those two species. The total suitable habitat of T. Pinnatifidum is 111.03 × 104 km2. The
highly suitable area is 24.44 × 104 km2 (22.01%), mainly distributed in the northwest of the
Sichuan basin, the eastern edge of the Qinghai-Tibet Plateau (QTP), valleys of the southeast
of the QTP and Qinling mountains. The medium suitable area is 30.48 × 104 km2 (27.45%)
and the low suitable area is 56.11 × 104 km2 (50.54%). Moreover, there are a few highly
suitable areas and other grades of suitable areas in the mountains of the central Honshu
Island of Japan. Those suitable areas are exactly consistent with the actual distribution
at present. In addition, there are some suitable areas in the Aksu region of Xin-jiang, the
border of Kyrgyzstan and Uzbekistan and the mountains of the east Korean Peninsula, but
there is no sampling record of T. Pinnatifidum in these places. The highly suitable habitats
of T. himalayanum are predominantly concentrated south and southeast of QTP, which was
consistent with the existing distribution of T. himalayanum. Similar to T. Pinnatifidum, there
are also a few suitable areas on the eastern part of Honshu Island, south of the Korean
Peninsula and in Kyrgyzstan, where no distribution records are available. In general, the
suitable area of T. himalayanum is 145.68 × 104 km2, of which the highly suitable area was
about 41.53 × 104 km2 (28.51%), the medium suitable area was about 45.74 × 104 km2

(31.40%) and the low suitable area was about 58.41 × 104 km2 (40.09%).
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Figure 7. Predicted habitat distribution of (A) T. Pinnatifidum and (B) T. himalayanum based
on MaxEnt.

3.4. Distribution and Change of Future Potential Suitable Habitat
3.4.1. Changes in the Suitable Habitat of T. Pinnatifidum

The potential suitable habitat of T. Pinnatifidum under SSP2-4.5 and SSP5-8.5 climate
change scenarios in the future is shown in Figure 8 and Table 2. The current potential
distribution of T. Pinnatifidum is superposed with the potential distribution of future cli-
mate scenarios to obtain the spatial conversion characteristics of a potential suitable habitat
(Figure 9). Compared with the current potential suitable areas, the future suitable habitat
increases mainly in the south of the Sichuan basin, north and northeast of QTP, the Tianshan
mountains, the Shandong peninsula, the northeast of the Korean peninsula and Hokkaido,
etc. After the 2070s, a suitable habitat of T. Pinnatifidum will gradually appear near Sakhalin
Island and Vladivostok. The decreased area mainly distributed in the southeast of QTP
and the south and central Korean Peninsula. In 2030, 2050, 2070 and 2090, under the
climate scenario of SSP2-4.5, the suitable habitats of T. Pinnatifidum will be increased by
25.68 × 104 km2, 30.05 × 104 km2, 34.63 × 104 km2 and 38.07 × 104 km2, respectively,
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compared with that of the present time. While in 2030, 2050, 2070 and 2090, under
the SSP5-8.5 climate scenario, the suitable habitats will increase by 34.92 × 104 km2,
40.42 × 104 km2, 31.96 × 104 km2 and 35.13 × 104 km2, respectively. Overall, the suitable
area of T. Pinnatifidum shows a significant increase trend. However, under different scenar-
ios and in different periods, the changes of suitable habitat of T. Pinnatifidum were looking
slightly different: the suitable area showed a steady upward trend under the SSP2-4.5
scenario, while at the late stage, the net increase area under the SSP5-8.5 scenario was less
than that under the SSP2-4.5 scenario.
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Figure 8. Potential suitable habitat of T. Pinnatifidum under future climate scenarios. (A) 2030s
SSP2-4.5, (B) 2030s SSP5-8.5, (C) 2050s SSP2-4.5, (D) 2050s SSP5-8.5, (E) 2070s SSP2-4.5, (F) 2070s
SSP5-8.5, (G) 2090s SSP2-4.5, (H) 2090s SSP5-8.5.



Sustainability 2023, 15, 5604 11 of 23

Table 2. Predicted suitable area in km2 for T. Pinnatifidum and T. himalayanum habitats under current and future climate.

Species Period
Predicted Area (×104 km2) and % of the Corresponding Current Area

Low Suitable Habitat Medium Suitable Habitat Highly Suitable Habitat Total Suitable Habitat

T. Pinnatifidum

Present 56.11 30.48 24.44 111.03
2030S(SSP2-4.5) 69.03 (123.02%) 38.34 (125.79%) 29.34 (120.05%) 136.71 (123.13%)
2030S(SSP5-8.5) 74.36 (132.53%) 38.79 (127.26%) 32.80 (134.21%) 145.95 (131.45%)
2050S(SSP2-4.5) 77.79 (138.64%) 36.77 (120.64%) 26.97 (110.35%) 141.53 (127.47%)
2050S(SSP5-8.5) 79.59 (141.85%) 40.68 (133.46%) 31.18 (127.58%) 151.45 (136.40%)
2070S(SSP2-4.5) 76.66 (136.62%) 38.75 (127.13%) 30.25 (123.77%) 145.66 (131.19%)
2070S(SSP5-8.5) 74.39 (132.58%) 38.52 (126.38%) 30.08 (123.08%) 142.99 (128.79%)
2090S(SSP2-4.5) 77.11 (137.43%) 40.59 (133.17%) 31.40 (128.48%) 149.10 (134.29%)
2090S(SSP5-8.5) 70.19 (125.09%) 39.96 (131.10%) 36.01 (147.34%) 146.16 (131.64%)

T. himalayanum

Present 58.41 45.74 41.53 145.68
2030S(SSP2-4.5) 48.98 (83.86%) 31.96 (69.87%) 50.24 (120.97%) 131.18 (90.05%)
2030S(SSP5-8.5) 48.05 (82.26%) 37.39 (81.74%) 53.77 (129.47%) 139.21 (95.56%)
2050S(SSP2-4.5) 51.07 (87.43%) 34.24 (74.86%) 50.00 (120.39%) 135.31 (92.88%)
2050S(SSP5-8.5) 50.04 (85.67%) 33.31 (72.82%) 53.80 (129.54%) 137.15 (94.14%)
2070S(SSP2-4.5) 48.43 (82.91%) 31.78 (69.48%) 53.04 (127.71%) 133.25 (91.47%)
2070S(SSP5-8.5) 50.76 (86.90%) 34.96 (76.43%) 48.56 (116.93%) 134.28 (92.17%)
2090S(SSP2-4.5) 51.29 (87.81%) 36.39 (79.56%) 49.98 (120.35%) 137.66 (94.49%)
2090S(SSP5-8.5) 56.27 (96.34%) 35.69 (78.03%) 54.37 (130.92%) 146.33 (100.45%)
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Figure 9. Change in the suitable habitat of T. Pinnatifidum in future climate. (A) 2030s SSP2-4.5,
(B) 2030s SSP5-8.5, (C) 2050s SSP2-4.5, (D) 2050s SSP5-8.5, (E) 2070s SSP2-4.5, (F) 2070s SSP5-8.5,
(G) 2090s SSP2-4.5, (H) 2090s SSP5-8.5.

3.4.2. Changes in the Suitable Habitat of T. himalayanum

Compared to those in the current climate conditions, all potential distributions of
T. himalayanum under the two different climate scenarios will decrease (Figure 10; Table 2).
The changes in suitable habitat for T. himalayanum are shown in Figure 11. The suitable
habitats of T. himalayanum are considerably decreased under all climate scenarios, mainly
in the low altitude areas such as the north of the Himalayas, the north of the Hengduan
mountains and the inner edge of the Sichuan basin. New suitable habitats will appear on
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the northeast edge of QTP, the Shandong peninsula and the southern part of the Korean
peninsula. Under SSP2-4.5, the loss of potential suitable habitat areas in four different
periods is 14.5× 104 km2, 10.37× 104 km2, 12.43× 104 km2 and 8.02× 104 km2, respectively.
Moreover, under the climate scenario of SSP5-8.5, the loss of suitable habitat area is smaller
than that of SSP2-4.5; the loss of areas is 6.47 × 104 km2, 8.53 × 104 km2 and 11.4 × 104 km2

in 2030, 2050 and 2070, while in 2090, the potential suitable area of T. himalayanum will
slightly increase. Moreover, the highly suitable areas will increase, and the increased area
under SSP5-8.5 is greater than the increased area under SS2-4.5.
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Figure 10. Potential suitable habitat of T. himalayanum under future climate scenarios. (A) 2030s
SSP2-4.5, (B) 2030s SSP5-8.5, (C) 2050s SSP2-4.5, (D) 2050s SSP5-8.5, (E) 2070s SSP2-4.5, (F) 2070s
SSP5-8.5, (G) 2090s SSP2-4.5, (H) 2090s SSP5-8.5.
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Figure 11. Change in the suitable habitat of T. himalayanum in future climate. (A) 2030s SSP2-4.5,
(B) 2030s SSP5-8.5, (C) 2050s SSP2-4.5, (D) 2050s SSP5-8.5, (E) 2070s SSP2-4.5, (F) 2070s SSP5-8.5,
(G) 2090s SSP2-4.5, (H) 2090s SSP5-8.5.

3.4.3. Changes in Overlapping Suitable Habitat of Two Species of Triosteum

The distribution of overlapping suitable areas of T. Pinnatifidum and T. himalayanum
was obtained by superposing their distribution maps of potential suitable areas (Figure 12).
The result indicates that under the current scenario, the overlapping suitable habitat areas
of two species of Triosteum are mainly distributed in the southeast and east of the QTP
and Qinba mountains, which is consistent with the previous field investigation results.
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Under future climate scenarios, the common suitable habitat will gradually shrink from the
southeast of the QTP and spread eastward.
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Figure 12. Changes in overlapping suitable habitat of two species of Triosteum. (A) Current, (B) 2030s
SSP2-4.5, (C) 2030s SSP5-8.5, (D) 2050s SSP2-4.5, (E) 2050s SSP5-8.5, (F) 2070s SSP2-4.5, (G) 2070s
SSP5-8.5, (H) 2090s SSP2-4.5, (I) 2090s SSP5-8.5.
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3.5. Changes in Suitable Habitat Centroid under Different Climatic Scenarios

In order to explain the future distribution center and its changes, the SDMToolbox
package of ArcGIS was used to track the centroid trajectory of the distribution area of
T. Pinnatifidum and T. himalayanum under different SSPs.

The centroid of the potential suitable area of T. Pinnatifidum under current climatic
scenario is located at 34◦1′29.03′′ N, 105◦6′16.84′′ E (Longnan, Gansu). Under the cli-
mate scenario of SSP2-4.5, the centers of the potential suitable areas in the 2030s, 2050s,
2070s and 2090s will be 34◦1′30.99′′ N, 105◦13′35.09′′ E (Longnan, Gansu); 34◦11′34.85′′ N,
105◦34′36.461′′ E (Tianshui, Gansu); 34◦6′37.02′′ N, 104◦58′25.12′′ E (Longnan, Gansu) and
34◦19′7.65′′ N, 104◦18′37.87′′ E (Longnan, Gansu), respectively. Compared to the current
centroid, the future centroid will shift to the east by 11.24 km, to the northeast by 47.39 km,
to the northwest by 15.37 km and by 80.16 km, respectively. Under the climate scenario of
SSP5-8.5, the distribution center of the suitable area in the above four time periods will be
located at 34◦11′55.19′′ N, 104◦47′42.88′′ E (Longnan, Gansu); 34◦8′23.92′′ N, 105◦41′31.82′′

E (Tianshui, Gansu); 34◦15′7.02”′′ N, 104◦59′22.81′′ E (Longnan, Gansu) and 34◦7′29.78′′ N,
104◦53′48.06′′ E (Longnan, Gansu). Compared to the current direction, the centroid will
shift by 34.46 km to the northwest, 55.71 km to the northeast and shift to the northwest
again by 27.35 km and 22.18 km (Figure 13).
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Figure 13. The change trends in the gravity points of the suitable areas of T. Pinnatifidum under
SSP2-4.5 (red circles) and SSP5-8.5 (green circles) climatic conditions.

In the current climate scenario, the centroid of the potential suitable area of
T. himalayanum is located at 29◦9′22.23′′ N, 101◦39′12.37′′ E (Ganzi, Sichuan). Under the
climate scenario of SSP2-4.5, the centers of potential suitable areas in the 2030s, 2050s, 2070s
and 2090s are located at 29◦17′2.61′′ N, 102◦57′53.03′′ E (Liangshan, Sichuan); 29◦5′6.45′′ N,
102◦51′5.27′′ E (Liangshan, Sichuan); 29◦12′7.06′′ N, 102◦19′38.03′′ E (Ya’an, Sichuan) and
29◦12′52.94′′ N, 102◦39′53.31′′ E (Ya’an, Sichuan), respectively. Compared to the current
distribution center, it moves by 128.28 km, 116.86 km, 65.74 km and 98.58 km to the east.
Under the climate conditions of SSP585, the centroid of the suitability areas in the 2030s,
2050s, 2070s and 2090s is 29◦9′22.23′′ N, 102◦17′49.27′′ E (Ya’an, Sichuan); 29◦17′36.19′′

N, 102◦27′54.90′′ E (Ya’an, Sichuan); 29◦17′2.61′′ N, 102◦46′40.25′′ E (Ya’an, Sichuan) and
29◦14′8.31′′ N, 102◦49′29.59′′ E (Liangshan, Sichuan), respectively. The centroid will shift
eastward 62.62 km, 80.38 km, 110.24 km and 114.27 km from the current (Figure 14).
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3.6. Niche Analysis of T. Pinnatifidum and T. himalayanum

Based on the results of MaxEnt, ENMTools was used to estimate the niche overlap,
range overlap and niche breadth of these two species of Triosteum. The range overlap
threshold was set at 0.2. The niche overlap degree of T. Pinnatifidum and T. himalayanum
was recorded high, with D and I values of 0.439597 and 0.714068, respectively. The niche
breadth of T. himalayanum is slightly higher than that of T. Pinnatifidum but both are very
close to the value of 0.85. The range overlap between the two species is about 0.46 (Table 3).

Table 3. Niche overlap, niche breadth and range overlap between T. Pinnatifidum and T. himalayanum.

Niche Overlap
Range Overlap Niche Breadth

D I

0.439597 0.714068 0.455649 0.851083/0.858738

4. Discussion

T. Pinnatifidum and T. himalayanum are typical alpine species that are distributed in
the QTP and its surroundings. In this study, the suitable areas of T. Pinnatifidum and
T. himalayanum in current and future climate scenarios were simulated. The research
on its distribution pattern can help to explain the speciation of this genus, so as to in-
fer the response mechanism of herbaceous plants to climate changes. Moreover, this
research would provide a foundation for the ecological restoration of the QTP and its
adjacent mountains.

4.1. Accuracy of Model Prediction

SDMs simulate and predict the potential suitable areas of species based on species
geospatial information, while the actual distribution of species is part of the potential
distribution area of predicted results [48]. Among the SDMs, the MaxEnt model is widely
used in the research field of ecology, biogeography, evolution and conservation biology [49].
Using optimized default settings before running MaxEnt can improve the accuracy of
model prediction, which is of great benefit to our research [9,50–52]. Here, an R package
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“KUENM” was used to adjust the default parameters of MaxEnt to maximize model
prediction accuracy. The AUC values of the final results of these two species are 0.974 and
0.975, respectively. As in other studies, the AUC values were greater than 0.9, indicating
that the prediction accuracy is excellent and could be used for further analysis [53,54].

4.2. Effects of Environmental Variables on Species Distribution

Climate is considered to be the most important driving factor controlling the geo-
graphical distribution of plants [55]. Moreover, precipitation and temperature conditions
are considered to play key roles in their distribution patterns [56]. The present study
revealed that the main bioclimatic variables affecting the potential suitable distribution of
two species of Triosteum are the major four temperature variables, viz., mean temperature
of the coldest quarter, mean temperature of the driest quarter, temperature seasonality and
temperature annual range, respectively (Figures 5 and 6). It is indicated that the tempera-
ture factors have a great impact on the distribution of these two species of Triosteum. It is
considered to be suitable for areas where with a high annual range of temperature. The
results of the present study are consistent with the habitats of the two species recorded
in the Flora Reipublicae Popularis Sinicae. In previous research by others, it has been
suggested that cold temperatures are needed for seed germination [57,58]. In addition,
in our previous germination experiments, the seed germination of Triosteum was difficult
under room temperature due to dormancy. However, when the seeds were kept at 0 °C
for about 20 days, the seeds germinated easily. This indicates that the seed germination of
Triosteum is similar to other temperate plants; hence, it is confirmed that seeds of Triosteum
require a chilling temperature for the breaking of dormancy [59]. The low temperature
in the driest quarter and coldest quarter could provide cold temperature conditions for
germination. Therefore, the low temperature environment could limit its distribution by
affecting its germination. Moreover, as mentioned in introduction, Triosteum grows in a
humid environment (mainly in understory), so precipitation has little direct effect on it.

4.3. Potential Suitability Analysis, Distribution Pattern and Centroid Changes of T. Pinnatifidum
and T. himalayanum

Global warming has forced herbaceous plants to higher elevations [60,61], but the
warming trend may also reduce the distribution of species that originally live in high
mountain areas [62,63].

In this study, the prediction results of the MaxEnt model showed that the potential
suitable habitat of T. Pinnatifidum under the four climate scenarios in the future will increase
compared with the current suitable habitat. The results also reveals that the suitable area
of T. Pinnatifidum will expand to different degrees in SSP2-4.5 and SSP5-8.5 scenarios. In
the SSP2-4.5 scenario, the overall suitable area of T. Pinnatifidum will increase, while in
the SSP5-8.5 scenario, the suitable area initially will increase (before 2070s) and then will
fluctuate (after 2070s). In addition, the suitable areas of T. Pinnatifidum have an expansion
trend to high altitude areas, which is consistent with the above scene. However, for
T. himalayanum, there is a decreasing trend in its potential suitable habitat. The suitable
habitat will be lost in high-altitude areas near the north Hengduan Mountains and south of
the QTP. Additionally, an upward trend is also revealed in the areas west of Kunming city.
In addition, the suitable habitat also tend to expand to the north. This trend may be due to
the warming of the climate. It leads to the changes of some original low-latitude suitable
areas into low-suitable areas or non-suitable areas. The results indicate that global warming
has a strong impact on the potential distribution area of Triosteum. Global warming will
benefit the survival of T. Pinnatifidum; however, it would be detrimental to the survival of
T. himalayanum.

The center of the potential suitable area of T. Pinnatifidum at the current climate scenario
is in Longnan city, south of Gansu Province. In the future, the center of the distribution area
of T. Pinnatifidum will migrate to higher latitudes under the two SSPs. This is consistent
with previous studies which have shown that climate warming will lead to the migration of
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plants to high-altitude and high-latitude areas [64,65]. The center of the potential suitable
area of T. himalayanum is in the west of Sichuan Province, China. It will move to the east in
the future. It is related to the decrease of suitable distribution areas in QTP. It also showed
that the centroid would not always move in the same direction. The results are consistent
with previous studies that the small time span would result in a complex trajectory [66,67].

4.4. Change of Potential Overlapping Distribution Area and Ecological Niche Analysis of Two
Species of Triosteum

According to the prediction results of MaxEnt, there is a large potential overlapping
suitable area between T. Pinnatifidum and T. himalayanum. It is also found that the two
species are distributed several meters apart in the wild. Usually, this distribution pattern
will result in hybridization between species. Furthermore, in the field investigation, an
intermediate type of two species was found (also illustrated by Gould and Donoghue [68]),
which could be speculated that there is hybridization between these two species. The large
overlapping suitable area between T. Pinnatifidum and T. himalayanum will promote the
possibility of interbreeding. However, in the future, the overlapping distribution area will
decrease in the southeast of QTP but will increase in the northeast edge of the QTP, in the
Qinba mountains and south of the Sichuan Basin, and the increasing area is greater than
the decreasing area. Therefore, the change of overlapping distribution would be beneficial
to the hybridization of T. Pinnatifidum and T. himalayanum. Moreover, in our sampling and
specimen records, there is no distribution record of T. Pinnatifidum in the south of the QTP.
So, a reduced range of suitable regions in this area would not harm its hybridization.

Niche overlap and niche breadth usually reflect the adaptability of species to the
environment. A larger niche breadth means a species is more adaptable to its environ-
ment [69]. Similarly, a wider overlap range indicates a higher degree of niche overlap
between the two species [45,69,70]. Due to limited habitat resources, niche overlap may
exist between sympatric species, leading to intensified competition among species [71]. In
this study, it was found that there is a high niche overlap degree and similar niche breadth
in the current climate, which proves that there will be strong interspecific competition in
the overlapping distribution area of the two species. In the future, with the increase of
overlapping distribution area of these two species, this competition will be intensified.

4.5. The Benefits and Limitations of the Modeling

Ecological niche modeling has been recognized as an efficient and extensive approach
to provide relevant guidelines for managing species in the presence of global climate
change [72]. Previous studies have shown that the Maximum Entropy Model (MaxEnt)
has the best accuracy among various SDMs, especially for those species with incomplete
distribution information. However, there are still limitations. For example, only climate and
topography variables were considered in this study, and other factors such as vegetation,
landscape, soil, light and air were not considered in the modeling. In future studies, we
should incorporate them for analysis.

5. Conclusions

Assessing the impact of climate change on plant distribution is important for plant
conservation. In this study, the KUENM package and MaxEnt model were used to predict
the potential suitable habitat of T. Pinnatifidum and T. himalayanum in China and its sur-
roundings in the context of climate change. Because of the advantages of the model and
the large number of distributed data, this result is considered to be accurate. The main
variables affecting their distribution were determined. The temperature factors have a
greater effect on the distribution of these two species. Under climate change, the suitable
area of T. Pinnatifidum will expand, while that of T. himalayanum will decrease. However, the
overlapping habitat between these two species will increase, possibly promoting interspe-
cific competition. Predicting the distribution pattern of T. Pinnatifidum and T. himalayanum
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can provide a reference for resource conservation and sustainable utilization of Triosteum
and other alpine species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15065604/s1, Table S1: Distribution data from field investigation.
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