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Introduction: Invasive alien plants (IAPs) are major hazards to biodiversity, human

health, and the agricultural economy. As one of the most aggressive species of

IAPs, the distribution area of Centaurea solstitialis L. has increased exponentially

in the past two years since its invasion into Xinjiang, China, in July 2014. Predicting

the potential geographic distributions (PGDs) of C. solstitialis in China can provide

theoretical support for preventing the continued spread of this weed.

Methods: In this study, based on 5,969 valid occurrence records of C. solstitialis

and 33 environmental variables, we constructed an ensemble model to predict

suitable habitats for C. solstitialis under climate change scenarios.

Results: Our results showed that the mean true skill statistic (TSS) values,

area under the receiver operating characteristic (ROC) curve (AUC), and

Cohen’s Kappa (KAPPA) for the ensemble model were 0.954, 0.996, and

0.943, respectively. The ensemble model yielded more precise predictions

than those of the single model. Temperature seasonality (Bio4), minimum

temperature of the coldest month (Bio6), precipitation of the driest month

(Bio14), and human influence index (HII) have significantly disrupted the

PGDs of C. solstitialis in China. The total (high) suitability habitat area of

C. solstitialis in China was 275.91 × 104 (67.78 × 104) km2, accounting for

71.26 (7.06)% of China. The PGDs of C. solstitialis in China under the current

climate were mainly in East China (Shandong, Jiangsu, Shanghai, Zhejiang, and

Anhui), Central China (Henan, southwestern Shanxi, southern Shaanxi, southern

Gansu, Hubei, Hunan, Jiangxi, Chongqing, and Guizhou), and South China

(southern Tibet, eastern Sichuan, Yunnan, Guangxi, Guangdong, Fujian, and

Taiwan). Under future climate scenarios, the total suitability habitat area for

C. solstitialis will expand, whereas the high suitability habitat area will decrease.
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Discussion: The main manifestation is that the shift of southeast China into a

moderate suitability habitat, and the total suitability habitats will be extended to

northwest China. More focus needs to be placed on preventing further spread of

C. solstitialis in northwest China.

KEYWORDS

Centaurea solstitialis, climate change, ensemble model, invasive alien plants, potential
geographical distribution

1. Introduction

Invasive alien plants (IAPs) profoundly influence productivity,
biomass, and carbon fixation in natural ecosystems (Early et al.,
2016; Sitzia et al., 2018; Skubel et al., 2020). It is subject to the effects
of global environmental changes, particularly climate warming
(Ju et al., 2015; Ferrarini et al., 2016). Climate warming makes
IAPs more prone to encroach on unoccupied ecological niches,
thereby increasing the risk of plant invasion (Moraira et al., 2020;
Turbelin and Catford, 2021). It has been documented that there
are above 13,000 naturalized plant species worldwide at present
(Majewska, 2018; Thapa et al., 2018; Bartz and Kowarik, 2019). In
Europe alone, there are 12,000 species, 15% of which are known
to negatively impact ecosystem biodiversity (Kleunen et al., 2015).
To date, more than 268 IAPs have been discovered in China.
For instance, native to North America, Ambrosia artemisiifolia
L. invaded several coastal provinces of China in the early 1930s,
resulting in the disruption of native ecosystems (Csontos et al.,
2010). Mikania micrantha Kunth, which is native to South America
and was discovered in Hong Kong in 1919, has encroached on
nearly 20% of the native ecological niche as a weed (Banerjee
et al., 2019). Among IAPs, Asteraceae accounts for nearly 26%
(49 species in total) in China, and Asteraceae are not only
a threat to human health but also an ecological hazard as a
result of their toxic pollen, seeds, and spiny hairs (Huang et al.,
2018). Due to its rapid growth and high biomass, the invasive
Solidago canadensis L. in Shanghai and Tithonia diversifolia L.
in Yunnan were able to form new communities promptly in
the second year, thus dissipating local biodiversity (Zhou et al.,
2004). The damage of Eupatorium odoratum L. has resulted in
more than 20% annual crop failure in most of southern Yunnan
(Fang et al., 2021), causing significant economic losses. Moreover,
rapid climate warming and increased anthropogenic activities
exacerbate the current situation of Asteraceae invasion (Teller
et al., 2016; Fitchett et al., 2017). Therefore, it is essential to
elucidate the patterns of Asteraceae under warming conditions
in order to develop early warning, prevention, and control
strategies in China.

Centaurea solstitialis L. (Asteraceae; common name: yellow
starthistle), an aggressive IAP worldwide, is native to southern
Europe and western Eurasia (Mediterranean countries) and is
widely distributed in Europe, Oceania, Africa, and Asia (Tomaso,
2005). It is a winter annual plant that is propagated from
seeds germinating in the Autumn or Spring. The bracts are
numerous and end with hard yellow spines up to 1.2-2.5 cm
long, with one or two pairs of very short spines at the base

(CABI, 2022). Seeds of C. solstitialis can be spread naturally by
media such as wind or water (Pitcairn et al., 2021), accidental
dispersal by pollinators and wood products (Eagle et al., 2007),
or by trade, such as agricultural products intended for export
(Maddox, 1981). Centaurea solstitialis L. first invaded California,
USA (North America) in 1869, and was carried by contaminated
seeds of M. Sativa (Tomaso, 2005; Pitcairn et al., 2006). After
the 21st century, one case of C. solstitialis has been recorded
in China (Xinyuan County, Yili Kazakh Autonomous Prefecture,
Xinjiang), which was attributed to its strong natural dispersal
capacity (Yang et al., 2017), where it dispersed along roadsides,
grasslands, water banks, abandoned fields, and garbage dumps
in Xinyuan County (Fornasari et al., 1991). According to the
previous study, the long spines of C. solstitialis have grown
up to 2 cm, forming closed colonies that make it difficult
for plants to survive and livestock to feed, which hinders the
development of agriculture, forestry, and livestock in Xinjiang
(Yang et al., 2017). As such, it has been classified as a priority
management IAP in China. Moreover, no studies have yet gathered
on the geographical distribution of C. solstitialis in China. Thus,
elucidating the patterns of C. solstitialis under climate change
conditions can provide an accurate measurement of the dynamics
of its potential geographical distribution (PGDs) and guide
prevention strategies in China.

Multi-species distribution models (SDMs), including the
maximum entropy model (Maxent), CLIMEX, generalized linear
model (GLM), genetic algorithm for rule-set prediction (GARP),
multiple adaptive regression spline (MARS) model, surface range
envelope (SRE), flexible discriminant analysis (FDA), categorical
regression tree analysis (CTA), gradient boosting model (GBM),
random forest (RF), and artificial neural network (ANN), have
substantial practical applications in identifying PGDs for IAPs
under both current and future climate change conditions (Merow
et al., 2017; Fusco et al., 2019; McMahon et al., 2021). Previous
studies have usually used a single model, such as Maxent or
GARP, to predict the PGDs of IAPs (Tu et al., 2021). However, in
subsequent studies, the biomod platform was generated in 2003
to bring the SDMs prediction results closer to real-life conditions
(Thuiller et al., 2003). Numerous studies have used single SDMs
or ensemble models (EM) in the biomod2 platform to predict
the PGDs of IAPs, and studies have shown that EM is gaining
increasing attention for predicting the PGDs of IAPs because it
provides more reliable results than single models (Wagner et al.,
2017; Gong et al., 2020; Fang et al., 2021).

In this study, an optimal EM consisting of a combination of
eight single models was used to predict the PGDs of C. solstitialis
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under current and future climate change conditions. We propose
the hypothesis that PGDs of C. solstitialis in China will shift to
higher latitudes (mainly toward the northwest) in the future. Thus,
we (1) selected four optimal SDMs to combine with an EM model
that showed high accuracy after simulation trials; (2) analyzed
key environmental variables influencing PGDs of C. solstitialis;
(3) predicted PGDs of C. solstitialis under current climate and
climate change conditions in the 2030s and 2050s using an optimal
EM model; and (4) analyzed centroid shifts of C. solstitialis under
current climate conditions versus climate change conditions in the
2030s and 2050s. Our findings can help better formulate strategies
related to the prevention of C. solstitialis invasion in China.

2. Materials and methods

2.1. Occurrence records of Centaurea
solstitialis

The 5,712 occurrence records of C. solstitialis were obtained
from the Global Biodiversity Information Facility (GBIF),1 one
occurrence record of C. solstitialis was obtained from the
Chinese Virtual Herbarium (CVH),2 and 925 occurrence records
of C. solstitialis were obtained from the National Specimen
Information Infrastructure (NSII)3. Finally, 6,638 occurrence
records of C. solstitialis worldwide were obtained from databases.
Thereafter, we removed occurrence data that did not contain
detailed geographic information. ENMTools (Warren et al., 2010)
was used to screen the occurrence data such that only one
distribution point was retained within each 5 km × 5 km raster.
Finally, we obtained 5,969 occurrence records of C. solstitialis for
modeling PGDs in China using SDMs (Figure 1).

2.2. Environmental variables related to
Centaurea solstitialis

We obtained the current climate data (19 bioclimatic variables)
from the PaleoClim database4 with a resolution of 2.5 for
1979–2013 (Brown et al., 2018). Future climate data, as well as
altitude, originated from the WorldClim database version 1.45 (Fick
and Hijmans, 2017). Two representative concentration pathways,
RCP2.6, and RCP8.5, from future climate data with the Community
Climate System Model (CCSM) 4.0, for the 2030s and 2050s, were
used. In addition, several soil variables were downloaded from
the Harmonized World Soil Database6, and the Human Influence
Index (HII) was obtained from the Global Human Influence Index
(Geographic)7. When the correlation coefficient (Pearson’s) of any

1 http://www.gbif.org/

2 http://www.cvh.ac.cn

3 http://www.nsii.org.cn

4 http://www.paleoclim.org

5 http://www.worldclim.org

6 https://iiasa.ac.at/models-and-data/harmonized-world-soil-database

7 https://sedac.ciesin.columbia.edu/data/set/wildareas-v2-human-
influence-index-geographic

two environmental variables is greater than 0.8 (|r| > 0.8), the more
meaningful one retains. Ultimately, 11 environmental variables
were effectively modeled: mean diurnal range (bio2), temperature
seasonality (bio4), minimum temperature of the coldest month
(bio6), precipitation of the driest month (bio14), precipitation
seasonality (bio15), precipitation of the warmest quarter (bio18),
precipitation of the coldest quarter (bio19), Altitude, T_CaCO3,
T_ph (H2O), and HII.

2.3. Construction of species distribution
models

In our work, to construct an optimal EM, we modeled PGDs of
C. solstitialis using eight different algorithms (GLM, GBM, CTA,
ANN, SRE, FDA, RF, and MaxEnt) with the biomod2 package
(Thuiller et al., 2016) in R Studio version 4.2.2 based on occurrence
records and environmental variables. In each process, 75% of the
occurrence records were randomly selected as the training dataset,
and the opposite 25% were selected as the testing dataset. The
random processing for the two types of data was repeated five times.
In addition, 1,000 pseudoabsence points were randomly selected
and repeated three times. Ultimately, 120 models were available.
To evaluate the performance of the eight models, four individual
models with high accuracy were selected to construct an EM.
Moreover, the EM was used to predict the PGDs of C. solstitialis
under different climate conditions.

2.4. Evaluation of the accuracy of SDMs

The true skill statistic (TSS) (Allouche et al., 2006), area under
the receiver operating characteristic (ROC) curve (AUC), and
Cohen’s kappa (KAPPA) values were used to assess the accuracy
of the models (Fielding and Bell, 1997; Bolliger et al., 2000). The
ROC curve is a sensitivity curve in which the horizontal and vertical
coordinates indicate the false-positive rate (1-specificity) and true-
positive rate (1-omission rate), respectively (Peterson et al., 2008).
KAPPA indicates random prediction accuracy, which is influenced
by incidence data and thresholds (Monserud and Leemans, 1992).
As a rule, the accuracy of the SDMs improves with an increase in
these three values.

2.5. Division of the PGDs and calculation
of centroids

We used the Cutoff value of the EM as the threshold between
PGDs and non-PGDs in this study (Supplementary Table 2). The
ASCII raster layer, which ranged from 0 to 1,000 of the EM,
indicated the occurrence probability (p) of C. solstitialis. Finally, we
divided the PGDs of C. solstitialis into four segments using ArcGIS:
high-suitability habitat (500 ≤ P ≤ 1000), moderate-suitability
habitat (400 ≤ P < 600), low-suitability habitat (200 ≤ P < 400),
and unsuitable habitat (0 ≤ P< 200). The centroids shift of PGDs in
IAPs can be captured scientifically and visually using the statistical
tools of ArcGIS software (Bates et al., 2020).
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FIGURE 1

Recorded occurrences of Centaurea solstitialis worldwide.

3. Results

3.1. Accuracy evaluation of SDMs

In the current climate conditions, the evaluation accuracies
were calculated for several SDMs, including GLM, GBM, CTA,
ANN, SRE, FDA, RF, and MaxEnt. In our results, GLM, GBM, FDA,
and RF were more accurate than CTA, ANN, SRE, and MaxEnt
(Figure 2). The mean TSS values for GLM, GBM, FDA, and RF
were 0.872, 0.886, 0.833, and 0.877, respectively. The mean AUC
values for GLM, GBM, FDA, and RF were 0.968, 0.981, 0.943,
and 0.973, respectively. The mean KAPPA values for GLM, GBM,
FDA, and RF were 0.833, 0.833, 0.795, and 0.849, respectively.
Therefore, the EM was constructed using these four models. The
mean TSS, AUC, and KAPPA values for the EM were 0.954, 0.996,
and 0.943, respectively. The results revealed that the EM improved
the fitting accuracy and reduced the fitting uncertainty. These
results demonstrate that the PGDs of C. solstitialis predicted using
the EM were more reliable than those obtained using any of the
single models.

3.2. Significance of environmental
variables

We estimated and analyzed the contribution values among
environmental variables based on GBM, GLM, RF, and FDA.
Our results indicated that the top three environmental variables,
which significantly influenced the PGDs of C. solstitialis with the
highest mean contribution values, were temperature seasonality
(Bio4, 0.049), precipitation of the coldest quarter (Bio19, 0.200),
and human influence index (HII, 0.136) in the GBM, Figure 3A;
temperature seasonality (Bio4, 0.217), precipitation of the driest
month (Bio14, 0.582), and precipitation of the warmest quarter

(Bio18, 0.203) in the GLM, Figure 3B; temperature seasonality
(Bio4, 0.124), minimum temperature of the coldest month (Bio6,
0.281), and precipitation of the coldest quarter (Bio19, 0.089) in the
RF, Figure 3C; and minimum temperature of the coldest month
(Bio6, 0.561), precipitation of the driest month (Bio14, 0.250),
and human influence index (HII, 0.200) in the FDA, Figure 3D.
Overall, the prominent environmental variables influencing the
PGDs of C. solstitialis were one temperature, two precipitation,
and one human influence variable: temperature seasonality (Bio4),
minimum temperature of the coldest month (Bio6), precipitation
of the driest month (Bio14), and human influence index (HII).

3.3. Occurrence records and PGDs in
China under the current climate
conditions

In the Mediterranean regions, C. solstitialis was first discovered
in 2014 in Xinjiang (83.25◦E, 43.42◦N), with a unique recorded
occurrence in China at present, and it has not been successfully
colonized elsewhere. We predicted the PGDs of C. solstitialis
in China under the current climate conditions using the EM
in biomod2. As shown in Figure 4, the PGDs of C. solstitialis
under the current climate conditions were mainly in East China
(Shandong, Jiangsu, Shanghai, Zhejiang, and Anhui), Central
China (Henan, southwestern Shanxi, southern Shaanxi, southern
Gansu, Hubei, Hunan, Jiangxi, Chongqing, and Guizhou), and
South China (southern Tibet, eastern Sichuan, Yunnan, Guangxi,
Guangdong, Fujian, and Taiwan). Specifically, the high-suitability
habitat area was 67.78 × 104 km2, accounting for 7.06% of China,
including Jiangsu, Zhejiang, southern Hubei, southern Hunan,
Jiangxi, and Fujian, mainly distributed in East and Central China
south of the Yangtze River basin. The moderate suitability habitat
area was 101.76 × 104 km2, accounting for 10.6% of China,
including Anhui, southern Henan, northern Hubei, northern
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FIGURE 2

True skill statistics (TSS), area under the receiver operating characteristic curve (AUC), and Cohen’s Kappa (KAPPA) values of eight species distribution
models.

Hunan, northern Yunnan, Guizhou, and Chongqing. The low
suitability habitat area was 106.37 × 104 km2, accounting for
11.08% of China, including Shandong, southern Hebei, northern
Henan, southwestern Shanxi, Shaanxi, a small part of southeastern
Gansu, southeastern Sichuan, central Yunnan, central Guangxi,
central Guangdong, central Taiwan, and a small part of Xinjiang
and Tibet. The moderate suitability and low suitability habitat zones
were distributed in the northwest direction in turn, where the
dividing line between them was nearly consistent with the 800 mm
isoprecipitation line.

3.4. PGDs and changes under future
climate conditions

The PGDs of C. solstitialis under RCP2.6 and RCP8.5, in the
2030s and the 2050s, are shown in Figure 5. The changes in PGDs
under climate change are shown in Figure 6. Under future climate
change scenarios, PGDs of C. solstitialis were also distributed in
East, Central, and South China. The significant change was that
the range of high suitability habitats for C. solstitialis decreased
and became sparse compared to the current climate. Under future
climate change, parts of the high suitability habitats in Central
China have changed to moderate suitability habitats.

The low suitability habitat areas of C. solstitialis for the 2030s
and 2050s were 123.07 × 104 and 125.67 × 104 km2, respectively,
under RCP2.6 (accounting for 12.82 and 13.09% of the Chinese
total area, respectively), and 145.88 × 104 and 169.58 × 104 km2,
respectively, under RCP8.5 (accounting for 15.2 and 17.66% of the
Chinese total area, respectively). The low-suitability habitat areas

showed an increasing trend from the current to the 2030s and
the 2050s, and increased significantly under RCP8.5, in the 2050s
(Figure 7).

The moderate suitability habitat areas of C. solstitialis for the
2030s and 2050s were 112.61 × 104 and 104.34 × 104 km2,
respectively, under RCP2.6 (accounting for 11.73 and 10.87%
of the Chinese total area, respectively), and 116.64 × 104 and
107.67 × 104 km2, respectively, under RCP8.5 (accounting for
12.15 and 11.22% of the Chinese total area, respectively). Moderate
suitability habitat areas showed an increasing trend, followed by a
decrease from the current to the 2030s and the 2050s, and increased
significantly under RCP8.5, in the 2030s (Figure 7).

The high suitability habitats of C. solstitialis for the 2030s
and 2050s were 49.82 × 104 and 51.59 × 104 km2, respectively,
under RCP2.6 (accounting for 5.19 and 5.37% of the Chinese
total area, respectively), and 35.67 × 104 and 25.22 × 104 km2,
respectively, under RCP8.5 (accounting for 3.71 and 2.63% of
the Chinese total area, respectively). The high suitability habitats
showed a decreasing trend from the present to the 2030s and
2050s and decreased significantly under RCP8.5 in the 2030s
(Figure 7).

The total suitability habitats of C. solstitialis for the 2030s and
2050s were 285.51 × 104 and 281.64 × 104 km2, respectively,
under RCP2.6 (accounting for 29.74 and 29.33% of the Chinese
total area, respectively), and 298.28 × 104 and 302.55 × 104 km2,
respectively, under RCP8.5 (accounting for 31.06 and 31.51% of
the Chinese total area, respectively). Compared to the current
climate conditions, the total suitability habitats in the 2030s
under RCP2.6 and RCP8.5, and the 2050s under RCP2.6, showed
a generally increasing trend and increased significantly in the
2030s under RCP8.5.
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FIGURE 3

Contribution values of the environmental variables in (A) (GBM), (B) (GLM), (C) (RF), and (D) (FDA).

3.5. Centroids shifts of Centaurea
solstitialis under future climate change
conditions

The centroids of C. solstitialis suitable habitats are shown in
Figure 8. In the current climate conditions, the centroid was located
at the point (110.34◦E, 29.23◦N). Under RCP2.6, the centroid of the
suitable habitats shifted from the present to the point (110.05◦E,
29.7◦N) in the 2030s and then to the point (109.56◦E, 29.68◦N) in
the 2050s; it shifted 0.29◦E and 0.47◦N from the current state to
the 2030s and 0.49◦E and 0.02◦N from the 2030s to 2050s. Under
RCP8.5, from the present to the 2030s, the centroid of suitable
habitats shifted to the point (109.4◦E, 30.01◦N) and then to the next
point (108.94◦E, 30.46◦N) in the 2050s. It shifted 0.94◦E and 0.78◦N
from the current state to the 2030s and shifted 0.46◦E and 0.45◦N
from the 2030s to 2050s (Figure 8).

In summary, under both climate conditions, the centroid of
C. solstitialis suitable habitats showed a northwestward shift in the
2030s and 2050s. The centroid of suitable habitats under RCP8.5
moved the furthest distance, approximately 1.68 km. Therefore,
the centroid of C. solstitialis suitable habitats tended to shift to

the northwest, lower longitudes, and higher latitudes with future
climate change conditions (Figure 8).

4. Discussion

Centaurea solstitialis L. is considered an important invasive
plant worldwide, and its invasion in China has disturbed local
biodiversity and led to livestock mortality as well as crop yield
reduction; however, the current concerns are not obvious. Existing
studies have mainly focused on the description of its morphological
characteristics and speculation of its hazard and transmission
sources (Yang et al., 2017). Only a few studies have focused on the
PGDs in China. Therefore, this study is the first attempt to predict
the PGDs of C. solstitialis in China using an EM and provides some
theoretical guidance for early warning signs and further control of
C. solstitialis in China.

4.1. Significant environmental variables

Our study reveals that the PGDs of C. solstitialis in China
are mainly in East, Central, and South China, which are
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FIGURE 4

PGDs of Centaurea solstitialis in China under current climate conditions based on EM.

FIGURE 5

PGDs of Centaurea solstitialis in China under future climate conditions based on EM.
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FIGURE 6

Changes in PGDs of Centaurea solstitialis in China under future climate conditions based on the EM.

FIGURE 7

Area of Suitable habitats of Centaurea solstitialis for current and future climate conditions.
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FIGURE 8

Changes in the centroid shifts of Centaurea solstitialis under climate change conditions.

primarily located in subtropical monsoon climate regions and
part of temperate monsoon climate regions. For C. solstitialis,
the optimum annual average temperature is 4.3–18◦C and the
average annual precipitation is between 250–1,500 mm (Widmer
and Guermache, 2006). In our study, temperature variables,
including temperature seasonality and minimum temperature of
the coldest month, were the most significant variables influencing
the PGDs of C. solstitialis in China; this is followed by precipitation
(precipitation of the driest month) and the human influence index.
The successful invasion of C. solstitialis was primarily attributed
to the synergistic effects of the temperature, precipitation, and
human influence index variables. In successfully invaded regions,
suitable temperature and precipitation conditions have enhanced
the existence and expansion of C. solstitialis, allowing individuals
of invasive C. solstitialis populations to have greater body
size, stem diameter, and foliage width than those of other
native populations (Dukes et al., 2011). In addition, epigenetic
modifications can contribute to the spread of C. solstitialis to
cooler regions of China (Barker et al., 2017). For example,
invasive populations of C. solstitialis prefer lower temperatures
in their new environments than in their native environments.
Previous studies have illustrated that winter temperatures and
the minimum temperature of the coldest month slow down
the flowering time of C. solstitialis in western USA rangelands
(Roché et al., 1997). In general, C. solstitialis prefers to grow in
a warm atmosphere, such as between 10 and 25◦C (Gutierrez
et al., 2005). Several studies have confirmed that experimental
warming improves biomass and canopy productivity, thereby
reducing mortality of the Asteraceae (Wan et al., 2002; Cao
et al., 2018). Compared to native environments, epigenetic
modifications facilitate the spread of C. solstitialis to cooler regions
after its invasion into new environments (Montesinos et al.,
2019). Therefore, climate warming increases the environmental
tolerance of C. solstitialis, thereby increasing its invasive range.
The results of these studies support and validate our findings.
Our results also show that precipitation during the driest month
influence the PGDs of C. solstitialis. Variations in climate have
altered precipitation distribution patterns worldwide (Pendergrass
et al., 2017), while disrupting the invasion of IAPs by making
the population more invasive and robust (Guan et al., 2019).

Some studies have confirmed that the invasion of IAPs is
advanced by genetic changes and rapid evolution due to
changes in precipitation patterns caused by climate change; an
example, two annual grass species, Avena barbata and Bromus
madritensis in reduced precipitation habitats in the United States
(Puritty et al., 2018).

Anthropogenic influences have also partially determined the
invasion of C. solstitialis. plants, which spread diffusely in
woodlands away from rivers, have been found to have weaker
growth (Yang et al., 2017). In contrast, the distribution was
preferred in areas disturbed by anthropogenic activities, including
cultivated land, plantations, grazing grasslands, and roadsides.
Meanwhile, anthropogenic influences have made it possible for
C. solstitialis to spread in more ways than before; for example,
it can follow the multi-directional dispersal of vehicles such as
mobile people and goods in trade (Montesinos et al., 2019).
Anthropogenic influences have accelerated spreading. In this study,
the important environmental variables that influence the PGDs
of C. solstitialis in China do not include any soil variables,
because C. solstitialis is highly adaptable to soil and has low soil
condition requirements (Morghan and Rice, 2005). Therefore, with
the appropriate temperature, precipitation, and a certain level of
anthropogenic activity, they will flourish.

4.2. Centaurea solstitialis PGD changes

Predicting PGDs is an essential part of IAP risk assessments.
Our results show that, under current climatic conditions, the
C. solstitialis PGDs were mainly in East, Central, and South China.
However, it will spread to northwest China under climate change
conditions. Currently, the mild climate and abundant moisture
in East, Central, and South China provide suitable conditions
for the invasion and colonization of C. solstitialis (Widmer and
Guermache, 2006). Already, various studies agree that changes in
climate have enlarged or narrowed the PGDs of the IAPs. For
instance, the PGDs of six IAPs may expand in Nepal under climate
change conditions (Shrestha et al., 2018), whereas in Brazil, the
PGDs are predicted to decrease in 67.5% of IAPs (Fulgêncio-
Lima et al., 2021). In our study, the suitability and invasion risk
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in southeastern China declined under climate change conditions,
which appears to be due to climate warming, thus making
temperatures in southeastern China unsuitable C. solstitialis (Shi
et al., 2010; Dlugosch et al., 2015). We found that under future
climate change conditions (in the 2030s and 2050s), the total
suitable habitats for C. solstitialis in China are projected to increase.
In contrast, the high suitability habitats for C. solstitialis decreased
under climate change conditions. A previous study indicated that
the distribution of C. solstitialis is currently in 209 counties and 23
states and that PGDs may expand in western America in the future
(Maddox et al., 2019). Our results were generally consistent with
these findings.

Previous studies have suggested that 11 IAPs of the Compositae,
Basellaceae, Verbenaceae, Chenopodiaceae, and Convolvulaceae
families will shift to higher latitudes (northward) in China under
warming conditions (Guan et al., 2019). Recently, Galinsoga
quadriradiata (Asteraceae) has also been recognized to shift its
ecological niche to northern China (Zhang et al., 2022). The results
of our study suggest that under climate change conditions, the
PGDs of C. solstitialis are at risk of shifting to northwestern
China. Our findings for C. solstitialis were consistent with this
pattern. Hence, PGDs of C. solstitialis in China should be
injected given attention to prevent its further spread in northwest
China.

4.3. Early warning and management
measures

Currently C. solstitialis is still spreading in China, and there
is still a large potential hazard to agriculture, forestry, and animal
husbandry. Therefore, we propose the following management
recommendations based on our findings: (1) From the perspective
of introduction, the main routes of long-distance spread of
C. solstitialis are natural (dispersal by water and wind), global
trade, and accidental (Caughlin et al., 2014). Available evidence
suggests that snowmelt-type flooding has occurred in Xinyuan
County in the Ili River Valley since March 2014 (Huang et al.,
2020). We speculate that the floods facilitated the introduction
of C. solstitialis into China. The routes of short-distance spread
mainly refer to pollinators, plants, crops, and soil carriages
(CABI, 2022). For instance, previous studies have shown that
C. solstitialis can spread via native pollinators, including bees
and flies (Swope and Parker, 2013). Given that, to prevent
the introduction of C. solstitialis in PGDs, the customs offices
of Jinan, Zhengzhou, Xi’an, Chengdu, Nanjing, Hefei, Wuhan,
Chongqing, Guiyang, Changsha, Nanchang, Hangzhou, Fuzhou,
Guangzhou, Nanning, Kunming, and Taiwan should strengthen
the quarantine of imported containers and wood products,
especially for the Mediterranean countries, Oceania and Africa.
(2) From the perspective of colonization, the above customs
should be better managed, as there are no records of C. solstitialis
invasion in these areas. Other municipalities should refer to their
suitable habitats and modes of short-distance spread, conduct
distribution surveys, and periodically determine their distribution
in China. (3) From the perspective of prevention and control,
if a wild population of C. solstitialis is found in China, cultural,
mechanical, chemical, and biological control measures should be

implemented immediately to eradicate it (CABI, 2022). Cultural
control mainly refers to replanting the optimum combination
of species to prevent soil invasion by C. solstitialis; one way is
to deploy dense stands of perennial wheat, oats, and legumes
(Adams et al., 2020). Mechanical control measures consisted of
uprooting or mechanical tillage before C. solstitialis plants produce
seeds (Huang et al., 2018). Chemical control measures included
repeated application of herbicides, such as picloram, clopyralid,
and 2,4-D (Widmer and Guermache, 2006) after the emergence of
C. solstitialis. In addition, three weevils (Bangasternus orientalis,
Eustenopus villosus, and Larinus curtus) and three flies (Urophora
sirunaseva, Chaetorellia australis, and Chaetorellia succinea) can
be used as natural enemies as biological control measures for
C. solstitialis to increase seedling mortality (Swope, 2014). Finally,
comprehensive management measures for the early introduction,
colonization, and control of C. solstitialis invasion were established.
bitat (0 ≤ P < 200).

5. Conclusion

The EM, constructed using the best single-species distribution
models, has relatively high accuracy in predicting the PGDs of
C. solstitialis. Our results suggest that under current climatic
conditions, C. solstitialis PGDs were mainly in East, Central, and
South China. However, it will spread to northwest China under
climate change conditions. Those are the results of synergistic
effects on natural and anthropogenic factors. Specifically, the
temperature and precipitation variables play a key role in invasion
and expansion in China. Consequently, more focus needs to
be placed on preventing the further spread of C. solstitialis in
the northwest China. In future studies, we plan to combine
species distribution models with information on genetic variation
and local adaptation to make the results more desirable
and scientific.
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