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Abstract: A detailed understanding of species distribution is usually a prerequisite for the
rehabilitation and utilization of species in an ecosystem. Paeonia veitchii (Paeoniaceae), which is
an endemic species of China, is an ornamental and medicinal plant that features high economic
and ecological values. With the decrease of its population in recent decades, it has become a locally
endangered species. In present study, we modeled the potential distribution of P. veitchii under
current and future conditions, and evaluated the importance of the factors that shape its distribution.
The results revealed a highly and moderately suitable habitat for P. veitchii that encompassed ca.
605,114 km2. The central area lies in northwest Sichuan Province. Elevation, temperature seasonality,
annual mean precipitation, and precipitation seasonality were identified as the most important factors
shaping the distribution of P. veitchii. Under the scenario with a low concentration of greenhouse
gas emissions (RCP 2.6), we predicted an overall expansion of the potential distribution by 2050,
followed by a slight contraction in 2070. However, with the scenario featuring intense greenhouse
gas emissions (RCP 8.5), the range of suitable habitat should increase with the increasing intensity of
global warming. The information that was obtained in the present study can provide background
information related to the long-term conservation of this species.
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1. Introduction

Climate serves as one of the major factors that influence the geographical distribution of
plant species as well as vegetation pattern and structure [1–3]. The 5th Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) pointed out that the global climate has experienced
a growing warming trend since the very beginning of the 20th century. Specifically, the average
surface temperatures have increased by 0.85 ◦C worldwide from the late 1800 s to 2012; meanwhile,
greenhouse gas emissions have dramatically increased. Levels of CO2, CH4, and N2O in the atmosphere
have reached their highest concentrations in the last 800,000 years [3].

Climate change may lead to an increase in both temperatures and precipitation, which in turn can
lead to increased plant growth rates. In addition, changes in the spatiotemporal climatic patterns have
a major effect on plant recruitment, plant phenology, soil properties, plant diseases, pest management,
and the properties of forest ecosystems [2,4,5]. If the effects of climate change on the future distribution
of habitats for individual species can be predicted across the landscape, then this would help land
managers to mitigate any potential threats to the habitats of those species [6]. This can guide the
development of strategies that are related to resource development and use, and might include the
preparation of germplasm and its storage [7,8].

Forests 2019, 10, 190; doi:10.3390/f10020190 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
http://www.mdpi.com/1999-4907/10/2/190?type=check_update&version=1
http://dx.doi.org/10.3390/f10020190
http://www.mdpi.com/journal/forests


Forests 2019, 10, 190 2 of 14

Species distribution modeling (SDM) can definitely help researchers to determine the ecological
requirements of various species and predict the potential range of species based on ecology and
biogeography; this is especially true when limited data are available [9]. At present, the most frequently
used ecological models in the prediction of the distribution of various species are bioclimatic modeling
(BIOCLIM) [10], domain environmental envelope (DOMAIN) [11], ecological niche factor analysis
(ENFA) [12], Generalized Additive Model (GAM) [13], genetic algorithm for rule-set production
(GARP) [14], and maximum entropy (Maxent) [15]. Among those models, Maxent modeling has been
widely employed, because it performs well with either incomplete data or presence-only data [15].
Maxent modeling has been widely applied to plant and animal conservation [8,15], endangered species
management [16], invasive species control [6,17], and in the regionalization of agriculture [4,6,16].

The Chinese have cultivated Paeonia, a monotypic genus in the Paeoniaceae, since the days of the
Han Dynasty [18]. Known as the “king of flowers” and “flowers of richness and honor”, this genus
represents the most popular garden plant in temperate regions of China [18,19]. Many wild peony
species have been unsustainably harvested. Hong et al. [18] used past investigations and field surveys
to review the conditions that affect wild peony species. Two species, P. ostii and P. cathayana, were found
with populations of single isolated individuals. Several species, P. decomposita, P. qiui, P. rockii,
and P. rotundiloba, have experienced excessive collection pressures. In addition, P. jishanensis and
P. ludlowii are vulnerable due to human disturbance or urbanization. Without the rational delimitation
of peony species and inadequate ecological and biological information, it will be impossible to work
out a scientifically sound conservation strategy and practical conservation measures [18,20].

P. veitchii, an endemic species of China that occurs naturally in Gansu, Ningxia, Qinghai,
Shaanxi, and Sichuan, in western China [21]. The root has been used in traditional medicines to
treat convulsions [18]. The seeds contain unsaturated fatty acids, especially α-linolenic acid, an edible
oil with promising health benefits [18]. In addition, it has served as the germplasm resource of
cultivating a new variety of P. lactiflora. Previous studies have mainly focused on the extraction
and analysis of chemical components [22], pollen fertility [23], and photosynthetic physiology [24].
However, little is known regarding the distribution of its habitat and the ecological factors that shape
its suitable habitat. Whether the changing climate will affect the suitable habitat of P. veitchii is a crucial
issue given the ecological and economic significance of the species, and enhancing our powers of
prediction would contribute to management planning.

Based on an extensive collection of geo-referenced occurrence records of P. veitchii and
high-resolution environmental data for current and future climate scenarios, Maxent modeling was
utilized to evaluate the distribution and habitat of P. veitchii in China. The aims of this research were
to: (1) determine the key factors influencing its distribution; (2) predicting its potential distribution
under current and future (2050s and 2070s) climate scenarios by incorporating the topographic and
bioclimatic data; and, (3) projecting and quantifying the suitable habitat shift under 2050s and 2070s
climate scenarios. The results will offer a theoretical basis and reference for protecting, introducing,
and cultivating wild P. veitchii resources.

2. Materials and Methods

A flowchart was prepared to summarize the full workflow and it serves as the basis of the
analyses (Figure 1). In brief, first the data were summarized and environmental variables were selected.
Next, Maxent modeling was completed, followed by predicting the current and future conditions.
Lastly, the resulting data comprehensively evaluated.



Forests 2019, 10, 190 3 of 14

Forests 2019, 10, x FOR PEER REVIEW  3 of 13 

 

10 km × 10 km grid cell. A total of 212 known occurrences of P. veitchii were documented while using 95 
ArcGIS 10.2 (Esri, Redlands, CA, USA) (Figure 2).  96 

2.2. Environmental Variables 97 
Thirty environmental variables were chosen that might affect the distribution of P. veitchii. 98 

Those included 19 bioclimatic variables with 30 s spatial resolution (also referred to as 1 km2 spatial 99 
resolution) obtained from the World Climate Database (www.worldclim.org) [25]. In addition, 100 
elevation (ELE) data were obtained from the international scientific data service platform of the 101 
Chinese Academy of Sciences (http://datemirro.csdb.cn), while growing degree days (GDD), soil pH 102 
(SpH), and soil organic carbon (SC) data from the Center for Sustainability and the Global 103 
Environment (http://www.sage.wisc.edu/atlas/ index.php) [26]. Ground-frost frequency (FRS), 104 
wet-day frequency (WET), and vapor pressure (VAP) were obtained from the IPCC database 105 
(http://www.sage.wisc.edu /atlas/index.php) and Global ultraviolet-B radiation (UVB 1–4) from the 106 
gIUV database (http://www.ufz.de/gliv/) [27]. These environmental variables were transferred into 107 
ASCII format by using ArcGIS Conversion Tools and were then used to overlap with a 1: 4,000,000 108 
scale map of China that was obtained from the National Fundamental Geographic Information 109 
System website (http://nfgis.nsdi. gov.cn/) and used to extract environmental data.  110 

Representative concentration pathways (RCPs) were defined in the 5th Assessment Report of 111 
the IPCC in 2014. They defined four RCPs as the possible trajectories for greenhouse gas emissions 112 
[28]. Climate modeling often uses these pathways to describe four possible climates, which are 113 
defined as dependent on the volume of the greenhouse gas emissions in the near future worldwide 114 
[29]. The four RCPs, including RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5, are named after the potential 115 
radiative forcing value in 2100 relative to the pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, 116 
respectively) [30]. The present study employed four climate change year/RCP-scenario combinations 117 
from BCC-CSM1.1 climate change modeling data, where 2050 and 2070 use average emissions for 118 
the years 2041 to 2060 and 2061 to 2080, respectively. RCP 2.6–2050, RCP 2.6–2070, RCP 8.5–2050, and 119 
RCP 8.5–2070 are the four combinations. BCC-CSM1.1 serves as one of the most widely used models 120 
for the simulation of the response of global climate to increased greenhouse gas emissions [31]. The 121 
World Climate Database (http://www. worldclim.org/) was used to download the four future 122 
climate datasets [25]. Eleven parameters (four UV-B radiation parameters and ELE, FRS, GDD, SC, 123 
SpH, VAP, WET) were kept unchanged to analyze the SDM projection in future climate conditions. 124 

 125 
Figure 1. Processing methodology showing a summary of the full workflow, which served as the 126 
basis of the analyses. 127 
Figure 1. Processing methodology showing a summary of the full workflow, which served as the basis
of the analyses.

2.1. Distribution Data for P. veitchii

Our previous field survey data, the Global Biodiversity Information Facility (GBIF;
http://www.gbif.org/), and the Chinese Virtual Herbarium (CVH; http://www.cvh.org.cn/) have
provided species point locality data. Google Earth (http://ditu.google.cn) has been applied to assign
longitude and latitude data to any records lacking geo-coordinates. Duplicate points were deleted
and the remaining data points were spatially filtered; hence, only one point would occur within each
10 km × 10 km grid cell. A total of 212 known occurrences of P. veitchii were documented while using
ArcGIS 10.2 (Esri, Redlands, CA, USA) (Figure 2).Forests 2019, 10, x FOR PEER REVIEW  4 of 13 
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Figure 2. Distribution records of Paeonia veitchii in China. Outlines of provinces and other
administrative areas are shown.

2.2. Environmental Variables

Thirty environmental variables were chosen that might affect the distribution of P. veitchii.
Those included 19 bioclimatic variables with 30 s spatial resolution (also referred to as 1 km2

spatial resolution) obtained from the World Climate Database (www.worldclim.org) [25]. In addition,
elevation (ELE) data were obtained from the international scientific data service platform of the Chinese
Academy of Sciences (http://datemirro.csdb.cn), while growing degree days (GDD), soil pH (SpH), and soil

http://www.gbif.org/
http://www.cvh.org.cn/
http://ditu.google.cn
www.worldclim.org
http://datemirro.csdb.cn


Forests 2019, 10, 190 4 of 14

organic carbon (SC) data from the Center for Sustainability and the Global Environment (http://www.
sage.wisc.edu/atlas/index.php) [26]. Ground-frost frequency (FRS), wet-day frequency (WET), and vapor
pressure (VAP) were obtained from the IPCC database (http://www.sage.wisc.edu/atlas/index.php)
and Global ultraviolet-B radiation (UVB 1–4) from the gIUV database (http://www.ufz.de/gliv/) [27].
These environmental variables were transferred into ASCII format by using ArcGIS Conversion Tools and
were then used to overlap with a 1: 4,000,000 scale map of China that was obtained from the National
Fundamental Geographic Information System website (http://nfgis.nsdi.gov.cn/) and used to extract
environmental data.

Representative concentration pathways (RCPs) were defined in the 5th Assessment Report of the
IPCC in 2014. They defined four RCPs as the possible trajectories for greenhouse gas emissions [28].
Climate modeling often uses these pathways to describe four possible climates, which are defined as
dependent on the volume of the greenhouse gas emissions in the near future worldwide [29]. The four
RCPs, including RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5, are named after the potential radiative forcing
value in 2100 relative to the pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively) [30].
The present study employed four climate change year/RCP-scenario combinations from BCC-CSM1.1
climate change modeling data, where 2050 and 2070 use average emissions for the years 2041 to 2060
and 2061 to 2080, respectively. RCP 2.6–2050, RCP 2.6–2070, RCP 8.5–2050, and RCP 8.5–2070 are the
four combinations. BCC-CSM1.1 serves as one of the most widely used models for the simulation
of the response of global climate to increased greenhouse gas emissions [31]. The World Climate
Database (http://www.worldclim.org/) was used to download the four future climate datasets [25].
Eleven parameters (four UV-B radiation parameters and ELE, FRS, GDD, SC, SpH, VAP, WET) were
kept unchanged to analyze the SDM projection in future climate conditions.

The 30 selected variables that are discussed above were preprocessed to 30” × 30” spatial
resolution; however, many environmental variables were spatially correlated. The strong correlation
between some of these environmental variables may cause over-fitting and the incorrect precision of
the model [32]. Therefore, the Spearman’s correlation coefficient was used for the examination of the
correlation and removed the highly correlated environmental factors (Spearman’s correlation coefficient
>0.75). As a result, only 17 out of the original 30 environmental variables were evaluated (Table 1).

Table 1. Percentage contributions and permutation importance of the variables included in the Maxent
models for Paeonia veitchii.

Environmental Variables Resolution Unit Contribution (%)

Elevation (ELE) 30” × 30” m 23.9
Air temperature seasonality (BIO4) 30” × 30” ×100 18.7

Annual precipitation (BIO12) 30” × 30” mm 18.0
Precipitation seasonality (BIO15) 30” × 30” mm 15.6
Annual mean temperature (BIO1) 30” × 30” ◦C × 10 7.5

Mean ultraviolet-B of lightest month (UVB3) 30” × 30” J m−2·day−1 3.2
Growing degree days (GDD) 0.5◦ × 0.5◦ day 3.1

Mean UV-B of lowest month (UVB4) 30” × 30” J m−2·day−1 3.0
Wet-day frequency (WET) 0.5◦ × 0.5◦ 2.9
Soil organic carbon (SC) 0.5◦ × 0.5◦ 1.1

Annual mean UV-B (UVB1) 30” × 30” J m−2·day−1 0.9
UV-B seasonality (UVB2) 30” × 30” J m−2·day−1 0.9

Vapor pressure (VAP) 0.5◦ × 0.5◦ hPa 0.5
Soil pH (SpH) 0.5◦ × 0.5◦ 0.2

Isothermality (BIO3) 30” × 30” ×100 0.2
Ground-frost frequency (FRS) 30” × 30” 0.2

Mean diurnal air temperature range (BIO2) 30” × 30” ◦C × 10 0.2

2.3. Model Simulation

Based on the occurrence data of P. veitchii and the environmental parameters that were utilized, the
maximum entrophy method was adopted for the analysis of SDM for the current climate conditions [33].
To estimate the capacity of the model, 25% of the data was used for testing, while 75% of the location
point data was used for training. Species distribution modeling was performed utilizing the 17 factors

http://www.sage.wisc.edu/atlas/index.php
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that are discussed above along with data about the occurrence of P. veitchii; the algorithm ran
1000 iterations of the processes or continued until convergence was reached (threshold 0.00001).
A threshold-independent receiver-operating characteristic (ROC) analysis was carried out to evaluate
the performance of Maxent and then calculate the area under receiver-operating characteristic curve
(AUC) values. The Jackknife test was used to assess the significance of these variables. There is a range
of the value of the final potential species distribution map, which was reclassified into four branches
of potential habitat: ‘high’ (>0.6), ‘moderate’ (0.4–0.6), and ‘low’ potential habitat (0.2–0.4), as well as
‘not potential habitat’ (<0.2).

Maxent was used to the four future climate scenarios, as outlined above, so that the future habitat
area suitable for the species could be predicted after modeling the current habitat suitable for P. veitchii,
based on the existing climate data. Maxent software was used to calculate the SDM projections.
The regions that were predicted to become unsuitable, suitable, or predicted to experience very limited
changes in terms of suitability were identified by cross-checking the suitable habitat areas in the future
against the current distribution area of P. veitchii. Moreover, the areas of each type of habitat were
identified and illustrated.

2.4. Shift of the Distribution Center of Suitable Habitat

The centroids of both the current and future suitable areas were calculated and then compared
using the SDM toolbox, a GIS toolkit that is based on Python software [34]. The SDM toolbox
(e.g., current and future SDMs) was applied to calculate the distributional changes of these two binary
SDMs [34], and the primary shifts in the distribution of P. veitchii were analyzed. In the analysis,
the distribution of the species was reduced to a single centroid point. The direction and magnitude of
the predicted change through time were created. To examine the distributional shifts, the movements
of the centroid of various SDMs were tracked.

3. Results

3.1. Prediction of Suitable Habitat Areas for P. veitchii and Model Accuracy

By applying the maximum entropy principle of Maxent, the maximum possible AUC training
value was 0.958, indicating that the Maxent model can accurately predict the locations of potential
suitable habitat of P. veitchii. The resulting potential suitable habitat that was identified included eastern
Tibet, eastern Qinghai, southern Ningxia, northern Yunnan, southern to central Gansu, western Shaanxi,
southwestern Shanxi, and western Sichuan (Figure 3A). Among them, the most suitable habitat
areas are mainly scattered in the Gannan Tibetan Autonomous Prefecture (AP) in Southern Gansu,
Aba Tibetan and Qiang APs in Northern Sichuan, Liangshan Yi AP in Southern Sichuan, and in Ganzi
Tibetan and Bai APs in Central Yunnan. The current habitats with moderate and high suitability cover
ca. 605,114 km2 and the current habitats with low suitability encompass ca. 432,666 km2.
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3.2. Key Environmental Factors Influencing the Habitat Distribution

Figure 4 shows the Jackknife test results that are related to the contribution of each variable to the
model. Among the 17 variables in the model, ELE (23.9% of variation), air temperature seasonality
(BIO4, 18.7% of variation), annual precipitation (BIO12, 18.0% of variation), and precipitation
seasonality (BIO15, 15.6% of variation) contributed the greatest weight when used separately.
The cumulative contributions of these four environmental variables increased up to 76.2%
(Table 1). The other variables, including annual mean temperature (BIO1), UVB, GDD, WET, SC,
isothermality (BIO3), FRS, and Mean diurnal range (BIO2) demonstrated low contributions in weight,
which implies their limited impact on the distribution of suitable habitat for P. veitchii (Table 1).
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Based on the response curves (Figure 5), the thresholds (existence probability >0.2) of the major
variables were obtained: elevation (ELE) ranged from 1500 to 4700 m, temperature seasonality
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(BIO4) ranged from 3800 to 9600, average annual precipitation (BIO12) ranged from 350 to 1200 mm,
and seasonality of precipitation (BIO15) ranged from 70 to 105 mm.Forests 2019, 10, x FOR PEER REVIEW  7 of 13 
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Figure 5. Response curves for important environmental predictors in the species distribution model
for Paeonia veitchii.

3.3. Future Changes in Suitable Habitat Area

Based on the scenario with low levels of greenhouse gas emissions (RCP 2.6), Maxent estimated
that the range of suitable habitat would increase in south Shanxi, south Shaanxi, south Ningxia,
east Tibet, and north Yunnan in 2050, amounting to ca. 513,449 km2. The area of suitable habitat that
was lost was ca. 94,425 km2 and it was predicted for central Gansu and southeast Qinghai (Figure 6A,B;
Table 2). When compared with the current conditions, the percentage of the total range-wide area
will increase from 1.94% to 2.25%, while the unsuitable habitat will decrease from 89.23% to 85.05%
(Table 3). However, by 2070, the area that had increased by 2050 decreased to 321,434 km2 and the
amount of lost range increased to 159,157 km2 (Figure 6C,D; Table 2). Overall, we saw a decreased
pattern in unsuitable habitat and an increased pattern in moderate and high suitable habitat (Table 3).
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Figure 6. Future species distribution models (SDMs) of Paeonia veitchii under climate change scenarios
representative concentration pathway 2.6 (RCP 2.6) and RCP 8.5. (A) SDM for P. veitchii under RCP 2.6
in 2050; (B) comparison between the current SDM and the SDM under RCP 2.6 in 2050; (C) SDM for
P. veitchii under RCP 2.6 in 2070; (D) comparison between the current SDM and the SDM under RCP 2.6
in 2070; (E) SDM for P. veitchii under RCP 8.5 in 2050; (F) comparison between the current SDM and the
SDM under RCP 8.5 in 2050; (G) SDM for P. veitchii under RCP 8.5 in 2050; and, (H) comparison between
the current SDM and the SDM under RCP 8.5 in 2070. 1© Tibet; 2© Qinghai; 3© Gansu; 4© Ningxia; 5©
Shaanxi; 6© Shanxi; 7© Sichuan; 8© Yunnan.
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Table 2. Dynamic changes in the distribution area for Paeonia veitchii under four future climate
scenarios/years.

Area (km2) Increased Decreased Unchanged

RCP2.6-2050 513,449.3 94,425.1 984,215.1
RCP2.6-2070 321,434.4 159,157.0 919,481.3
RCP8.5-2050 355,565.9 147,916.1 930,724.1
RCP8.5-2070 364,607.0 144,645.6 933,993.6

Table 3. Portions of the four suitability classes of areas of potential distribution of Paeonia veitchii under
current and four future climate scenarios/years.

Portion of Area (%) Not Suitable Low Suitability Moderate Suitability High Suitability

Current 89.23 4.49 4.34 1.94
RCP2.6-2050 85.05 7.99 4.70 2.25
RCP2.6-2070 87.66 5.03 5.09 2.22
RCP8.5-2050 87.19 5.68 4.91 2.22
RCP8.5-2070 87.05 5.70 4.93 2.32

Under RCP8.5, Maxent predicted gains in the habitat area in eastern Tibet, eastern Yunnan,
southern Shanxi, central Shaanxi, and central Ningxia (Figure 6E,F) by 355,565 km2 (Table 2). The area
of lost suitable habitat of ca 147,916 km2 will mainly be scattered in central Yunnan, western Qinghai,
and western Henan (Figure 6G,H; Table 2). Generally, there was a restricted range expansion observed
in the suitable habitat area. In 2070, the changed area remained generally stable as in 2050, with an
increase in highly suitable habitat from the current 2.22% to 2.317% and the unsuitable area was
predicted to decrease from 87.19% to 87.05% (Table 3).

3.4. Shift of the Distribution Center of Suitable Habitat

The centroid of the current distribution of P. veitchii was located in Heishui County, Sichuan
Province (32◦2′ N, 102◦60′ E; Figure 3B). The centroid of the suitable area is predicted to shift to 32◦5′

N and 102◦58′ E in 2050 and to 31◦55′ N and 102◦29′ E in 2070 under RCP2.6. Meanwhile, the centroid
of the suitable area is predicted to shift southwest (31◦59′ N, 102◦45′ E) in 2050 under RCP8.5, but then
move southeast (32◦1′ N, 102◦59′ E).

4. Discussion

A pre-requisite for proper rehabilitation and the utilization of a species in an ecosystem is to
understand the species distribution in detail [9]. Although discrepancies exist between various climate
modeling systems [35], the approach nevertheless functions as an important research tool that is used
to estimate and predict the changes occurring in terms of species distribution. Paeonia veitchii, as an
endemic species of China, had been unsustainably harvested in 1950s and 1960s, because the roots can
be used as a traditional Chinese medicine [36]. Humans are disturbing many populations of P. veitchii
and the effects of climate change are also changing the distribution of suitable habitat; these factors
may exacerbate conditions that affect the survival of P. veitchii in the long term. The present study
included a detailed study of the suitable habitat for P. veitchii under current and future climate scenarios,
which will provide an important step in developing feasible measures for their conservation.

P. veitchii could potentially be widely distributed in southeastern and central Gansu, southern
Ningxia, eastern Qinghai, Shaanxi, Shanxi, western Sichuan, and the eastern Tibet of China [21].
Our model indicates the moderate and highly suitable habitats for P. veitchii encompass ca. 605,114 km2;
the centroid of potential habitat that is listed in northwest Sichuan. The models of prior studies were
consistent with those of the present study [21]. However, the potential range that we identified was
broader. Northern Yunnan was also assessed to be suitable and this would provide an expanded area
for the cultivation of P. veitchii.
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The relative contributions of each variable for P. veitchii prediction are shown by the Jackknife
tests from Maxent show (Figure 4). Of the 17 elements that were employed in the model,
temperature seasonality, elevation, average annual precipitation, and precipitation seasonality were
the predominant variables driving the potential distribution of P. veitchii, implying that those elements
are of great importance in terms of its distribution. Based on the response curves (Figure 5),
the suitable elevation for P. veitchii growth is between 1500 and 4700 m. The most suitable habitat is
mainly scattered in Gannan Tibetan AP in southern Gansu, Aba Tibetan and Qiang APs in northern
Sichuan, Liangshan Yi AP in southern Sichuan, and in Ganzi Tibetan and Bai APs in central Yunnan.
Those regions are characterized by high elevation, specifically including the east–west Qinling
Mountains across Shaanxi and Gansu, the south–north Hengduan Mountains through Sichuan, Yunnan,
and Tibet, as well as in the east–west ranging Tibetan Himalayas.

The southwest monsoon and westerly circulation control and influence the climate of these regions,
which have warm to hot summers and cold to very cold winters. Continual environmental stress may
stimulate the evolution of this species and cause the plant to adapt [5]. The spindle-fleshy root and
relatively large seed size might provide enough energy to help the plants to resist harsh environmental
conditions. The high daytime temperature is beneficial in plant photosynthesis, while the low
temperature at night can reduce the respiratory losses of plants and favor the accumulation of plant
nutrients, which ensures the growth of the vegetative organs of P. veitchii. All of these climatic
characteristics conform to the growth habit of P. veitchii, drought resistant, and cold tolerant species.

The response curve for temperature seasonality indicates that greater temperature seasonality
will result in an increase in the chance that P. veitchii will occur at some particular locations.
Temperature seasonality has been reported to affect flower bud differentiation [37] and seed
dormancy/germination [38] of P. veitchii. The seeds of P. veitchii are reported to have deep
simple epicotyl morphophysiological dormancy [38]. The embryos of the P. veitchii are linearly
underdeveloped. In light of this, they need to grow inside the seed before the radicle emerges.
The germination of P. veitchii seeds requires two months of warm stratification (15–20 ◦C) for
embryo development, followed by three months of cold stratification (0–10 ◦C) for epicotyl growth.
Moreover, the underground buds of herbaceous peony species require a critical chilling period to
break their dormancy and to re-start sprouting, growth, and later flowering [39]. This indicates
a physiological constraint on the distribution of P. veitchii. A similar pattern of distribution has been
reported for P. delavayi [8].

The optimal annual precipitation for the growth of P. veitchii is from 350 to 1200 mm, as indicated
by response curve of BIO12. Water availability is an important factor that affects plant growth and
it is the most important factor that affects the growth of seedlings [23,40]. The roots of P. veitchii are
fleshy and not resistant to waterlogging. Previous studies have shown that the optimum relative soil
moisture content is 75% [39]. Excessive water will cause root rot and increase the risk of pests and
diseases [39]. Du [41] also found that, under the stress of waterlogging, most root of P. ostii turns black
and the number of respiratory roots decreased. Meanwhile, the activity of alcohol dehydrogenase,
catalase, peroxidase, pyruvate decarboxylase, and superoxide dismutase decreased, indicating that
waterlogging suppressed the activities of antioxidants. In addition, water availability can directly
influence the emergence and growth of seedling [38]. All of these hydrothermal factors may influence
the formation of the ecological adaptation of P. veitchii and the species distribution.

Currently, the effects of climatic changes have received unprecedented attention [3]. The frequency
and severity of extreme climate events has increased [42]. These changes drastically affect the
distribution and life cycles of plants [43]. Some species may migrate to higher elevations or latitudes
as global temperatures increase [44,45]. However, some species may physiologically or phenologically
adapt to such changes [32]. The present study predicts that, as the distribution of suitable habitat
moves to higher elevations, a significant shift would occur.

The centroid of suitable habitat shifted was higher than the current habitat [46,47], which indicates
that P. veitchii can adapt to climate change. When considering the RCP2.6 scenario, we predicted
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an expansion in 2050 followed by a slight contraction in 2070. In the RCP8.5 scenario, an increase
in terms of the suitable habitat range is predicted to occur with the increased intensity of global
warming. Global warming promotes vegetation growth [5], and a simulation of the warming climate
demonstrated that there was a positive effect of temperature over P. veitchii through the acceleration of
the prolonging and phenology of the growing season.

Generally, our results predict that the distribution of suitable habitat will move to higher elevations
and latitudes and this change would gradually become more significant. Simultaneously, a dramatic
decrease in suitable habitat would occur at low latitudes. As the intensity of climate change increases,
Aba Tibetan, Qiang, and Ganzi Tibetan APs in Sichuan Province, which are at relatively high elevations,
will become highly suitable for growing P. veitchii. This is predicted to occur, because the mountains
block water vapor from the southwest monsoon and local areas can form a relatively independent
microclimate. Therefore, these areas provide more suitable living conditions for P. veitchii.

Aside from the environmental factors that are listed above, other factors may influence the
habitat suitability of P. veitchii, such as interspecific competition and low seed quality. Jing and
Zheng [36] found that available pollination is insufficient for wild peony plants under natural
conditions, particularly between various populations, which results in the decrease of seed production.
In addition, unsustainable land use has resulted in the fragmentation of peony species habitat [21].
Habitat fragmentation has been reported to result in decreases in the local population size and gene
flow from other populations [31]. As a result, adaptation, genetic variation, and the outcrossing rates
will decrease [48]. To quantify the effects of habitat fragmentation in terms of the capacity of P. veitchii
and to adjust to the climatic conditions in the future, more studies will be required.

The modeling of the present study predicted that the suitable habit of P. veitchii might be
located in higher elevations in the future. In terms of this, it is recommended that land management
agencies should set aside populations at higher elevations for conservation. In addition, we would
like to propose a management strategy that can be used to respond to predicted climate change.
First, immediately protecting habitats in the core area of distribution should implement in situ
conservation; this could be done by strictly forbidding the removal of wild plants of P. veitchii plants.
Second, ex situ conservation is known to be critical when protecting endangered species [49]. As a result,
we recommend that a germplasm resource nursery/bank should be established and that seeds of this
species be collected from various sites. Third, additional funding should be provided for conducting
intensive surveys to examine the present conditions of wild P. veitchii populations, for strengthening
research in the genetic diversity and reproductive biology of this species, especially as related to the
mechanisms of low seed quality and seed germination.

5. Conclusions

Evaluating the effects of climate change on species distribution is of considerable significance to
species conservation. According to the Maxent modeling, a broad habitat for P. veitchii under current
and future climate scenarios has been identified. Elevation, temperature seasonality, annual mean
precipitation, and precipitation seasonality were defined as the key elements shaping the distribution
of P. veitchii. In the low greenhouse gas emissions scenario (RCP2.6), we predicted an expansion in
2050, followed by the slight contraction in 2070 in the range of this species; however, in the higher
intensity emissions scenario (RCP8.5), we predict that the suitable habitat range will increase as global
warming becomes more intense. Overall, our study predicted that there would be significant changes
in terms of the distribution of suitable habitat as it moves to higher elevations. The predicted spatial
and temporal shift patterns of P. veitchii will provide a useful reference for the development of forest
management and conservation strategies.
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