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Modeling current and future
distributions of invasive Asteraceae
species in Northeast China
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Zhangiang Yu?

The ecological balance and agricultural productivity of northeastern China are seriously threatened by
the long-term invasion and spread of Asteraceae plants, which have severely disrupted the region’s
biodiversity and ecosystem stability. Ambrosia artemisiifolia L., Ambrosia trifida L., and Erigeron
canadensis L. are Class 1 malignant invasive species widely distributed across northeastern China.

In this context, we selected 36 predictor variables and utilized the MaxEnt model to investigate the
influence of current climate on their distribution patterns. Using future climate data, we projected
shifts in the distribution dynamics of these three Asteraceae species for two time periods (2041-2060
and 2061-2080) under three climate change scenarios (SSP126, SSP245, and SSP585). The MaxEnt
model demonstrated a good predictive impact, with an average area under the curve (AUC) of 0.918.
Currently, the three Asteraceae species are primarily found in the southern part of northeastern China.
However, due to future climatic changes, their distribution centroids are gradually shifting southwest,
leading to an increase in the area of highly suitable zones for these species. Moreover, trend analysis
revealed that the potential distribution changes of highly suitable zones for the three Asteraceae
species in the southwestern northeastern China are likely to experience an increasing invasive trend
under various future climate models. This study provides initial insights into the distribution dynamics
of Asteraceae species in northeastern China under climate change, enabling the formulation of plans
for managing and preventing the risks and impacts of invasive species.
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Biological invasions occur when organisms are introduced into new environments, either naturally or through
human activities, resulting in economic losses or ecological disruptions that affect biodiversity, agriculture,
forestry, livestock, fisheries, and human health2. In addition to their ecological and economic impacts, some
invasive alien plants (IAPs) pose health risks. Studies have shown that their pollen can trigger allergies and
asthma®. Research has predicted that by 2050, most continents will experience an increase in alien species®.
China’s Ministry of Ecology and Environment published four lists of invasive species between 2003 and 2016,
indicating that biological invasions remain a significant global environmental issue in the 21st century.

In China, approximately 75% of invasive plants in the Asteraceae family were intentionally introduced, while
25% spread unintentionally or naturally®. Although exotic Asteraceae species contribute to ornamental plant
diversity and provide economic and cultural benefits, they also cause significant economic losses in agriculture,
forestry, fisheries, and animal husbandry, as well as harming biodiversity and ecosystems. The Chinese
government has implemented proactive measures to address the growing threat posed by invasive alien species.
On December 20, 2022, the Ministry of Agriculture and Rural Affairs, along with other ministries, released the
“List of Key Management Invasive Alien Species” which became effective on January 1, 2023%. Three Asteraceae
species, A. artemisiifolia, A. trifida, and E. canadensis, are widespread in Northeast China and are classified as
Class 1 malignant invasives’. A. artemisiifolia, originally from North America, was first identified in Hangzhou,
China, in 1935. It is highly invasive, affecting agricultural fields and grasslands in over 20 countries, with its
pollen causing allergies and severe respiratory issues®. A. trifida, another native North American species, was
discovered in Liaoning in the 1930s. It can harm various crops and cause fatal allergic reactions’. E. canadensis,
discovered in Shandong in 1860, spreads rapidly, damaging crops, inhibiting the growth of nearby plants, and

serving as an intermediate host for the cotton bollworm®.
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The three Asteraceae species are annual herbaceous plants characterized by high adaptability and invasiveness,
with similar environmental requirements for light, soil, and water, and they frequently colonize disturbed
habitats such as farmlands, roadsides, and wastelands!!~!3. Given the substantial overlap in their distribution
ranges, a joint modeling approach can streamline the analytical process and elucidate their shared environmental
responses. Northeastern China hosts a variety of environments with similar ecological conditions that have
allowed the rapid spread and extensive proliferation of certain invasive Asteraceae species. The diverse habitats of
this region, ranging from agricultural fields to urban edges, provide ideal conditions for these species to establish
and thrive, further highlighting the importance of understanding their ecological dynamics through integrated
modeling approaches. The rapid economic growth in this region has amplified the number and frequency of
invasive species. Among more than 10 significant invasive plants, species such as Ambrosia trifida L., Ambrosia
artemisiifolia L., Solanum americanum Mill., Solanum carolinense L., Erigeron canadensis L., and Sicyos angulatus
Linn. are widely distributed and pose serious socioeconomic threats'*. Thus, analyzing the habitable zones of
these invasive species is necessary for predicting and preventing their potential spread.

Predicting the potential geographic distribution of harmful species is essential for assessing the risks posed
by them, as it identifies suitable ranges and extents by integrating distributional, biological, and climatic
geographic data!®. The MaxEnt model, which relies on occurrence-only data and has good reliability even with
small sample sizes, is one of the many techniques used to simulate species distributions and ecological niches'®.
When selecting environmental variables for the MaxEnt model, the covariance among environmental factors
can be quantified using the variance inflation factor (VIF), which serves as a selection criterion'’. Alternatively,
a comprehensive selection can be achieved by combining premodeling, cluster analysis, and Pearson correlation
analysis'®. Both approaches provide reliable results for selecting environmental factors. Moreover, numerous
studies have demonstrated the effectiveness of the MaxEnt model in evaluating the potential dispersal of invasive
alien plants (IAPs)!9-2L,

This study aimed to: (1) identify the potential environmental variables influencing the distribution of
Asteraceae in northeastern China; (2) estimate the geographic spread of Asteraceae under various climate
change scenarios; and (3) analyze the dispersal trends of Asteraceae across different cities in Northeast China.
These results will help determine the current and future suitable habitats for these Asteraceae species, providing
a scientific foundation for their management and prevention in northeastern China.

Study area and materials

Study area

Northeastern China, comprising Heilongjiang, Jilin, and Liaoning provinces, along with the eastern part of Inner
Mongolia, is a vital economic region characterized by abundant natural resources, a long history of development,
and significant economic connections. This region spans 38°40'-53°30’ N and 115°05’-135°02" E, covering
approximately 1.24 million km? (Fig. 1). It has a temperate continental monsoon climate with hot summers
and annual precipitation ranging from 400 to 1000 mm, primarily occurring during the summer?’. Densely
populated and economically advanced, northeastern China accounted for 7.81% of the country’s population in
20202324, Since the implementation of the Northeast Revitalization Strategy, the region’s economic and social
development has accelerated, gradually closing the development gap that widened after the reform and opening
up, with Gross Domestic Product (GDP) growth rates surpassing the national average®. The fertile soils in the

Fig. 1. Location map of the study area and occurrence data for Asteraceae species.
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region include black and black-calcium soils in the plains, dark brown forest soils in the mountains, and saline
soils in low-lying areas, all of which support abundant agricultural and vegetative resources.

Data on the presence of species and predictive variables

Distribution data for A. artemisiifolia, A. trifida, and E. canadensis were obtained from the Global Biodiversity
Information Facility (GBIF;http://data.gbif.org/), the China Virtual Herbarium database (http://www.cvh.ac.cn/),
and the China Educational Herbarium Resource Sharing Platform (http://mnh.scu.edu.cn). To prevent model
overfitting, we used ENMtools to spatially filter the data points within the study area, removing duplicates and
samples lacking detailed coordinates to eliminate positional clustering for model calibration and evaluation®.
Ultimately, 127 occurrence records were selected for the subsequent analysis of the three Asteraceae species
(Fig. 1).

This study selected 36 predictor variables to identify the key factors influencing the distribution of the three
Asteraceae species in the northeastern region. Nineteen bioclimatic variables (biol-bio19) and elevation data
(DEM) at 1 km resolution were downloaded from the WorldClim database (https://www.worldclim.org/). Slope
(SLO), Aspect (ASP), and Topographic Wetness Index (TWI) were derived from elevation data using ArcGIS
Pro (version 3.2). Normalized Difference Vegetation Index (NDVI), Soil pH (SpH), and Soil Moisture (SM) data
at 1 km resolution, along with Soil Organic Carbon (SOC) data at 250 m resolution, were obtained from the
National Environmental Data Center for the Tibetan Plateau/Third Pole (https://data.tpdc.ac.cn/). Population
data (POP) at 1 km resolution were sourced from the Center for International Earth Science Information
Network (https://sedac.ciesin.columbia.edu/). Soil type (Soil class), Land Use and Land Cover (LULC), GDP, and
Nighttime Light Data (NPP) at 1 km resolution were retrieved from the Resource and Environmental Science
Data Registration and Publication System (http://www.resdc.cn/DOI). Roads (RD), Railroads (RR), Waterways
(WW), and Built Environments (BE) data were obtained from OpenStreetMap?’ (https://www.openstreetmap
.org/) and processed in ArcGIS Pro to calculate Euclidean distances for subsequent analysis with the MaxEnt
model. The administrative division data of Northeast China were downloaded from the National Geographic
Information Public Service Platform?® (Tianmap) (https://www.tianditu.gov.cn/).

The 19 bioclimatic variables included present conditions and future projections. Future climate data were
derived from the shared socioeconomic pathways (SSPs) outlined in the Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report (AR6). To project the potential distribution of Asteraceae, we used the
mean outputs of three global circulation models (GCMs): MRI-ESM2-0 (Japan), GISS-E2-1-G (USA), and EC-
Earth3-Veg (Sweden). Each GCM was analyzed for two time periods (2041-2060 and 2061-2080) under three
climate change scenarios: optimistic (SSP126), moderate (SSP245), and pessimistic (SSP585).

To align with the species distribution data, all predictor variables were resampled to a spatial resolution of
30 arcsec (approximately 1 km). The Spearman correlation coefficient (p) was employed in R 4.3.3 to assess
correlations among environmental factors. When the correlation between two factors exceeded |r| < 0.8, the
factor with the highest contribution to the model was retained®* (Table S1, Fig. S1, Fig. 52). We selected eight
climatic variables (Table 1), which included two soil, two topographic, and three anthropogenic variables. Table 2
summarizes the forecasting variables prepared in ASCII format for the MaxEnt analysis.

Model configuration and assessment

The potential ranges of the three Asteraceae species were predicted using the MaxEnt model (version 3.4.1). Ten
thousand background points were randomly selected as pseudo-absence data. To train the model, 75% of the
sample data were randomly chosen, and the remaining 25% were used for testing®’. The model was built with
10 repetitions of cross-validation, and the average result was taken as the final output. Proper parameter settings
were essential for optimizing the model and avoiding overfitting®!. Regularization multipliers (RM) and feature

Variables | Percent contribution/% | Permutation importance/%
BIO19 294 5.6
BIO12 229 21.3
LULC 17.3 7.4
RD 7.1 35.1
Soil class | 6.5 9.5
POP 29 1.7
BIOO1 2.7 0.2
BIO11 23 1.6
BIO13 1.9 1.9
ASP 1.6 0.9
BIO14 1.3 34
SpH 1.3 36
BIO09 1.2 2.5
SLO 0.8 2.1
BIO17 0.6 33

Table 1. List of predictor variables used in this study and their contribution percentages.
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Predictor Variables Descriptive Abridge
Annual Mean Temperature BIOO1
Mean Diurnal Range BIO02
Isothermality (bio02/bio07) (*100) BIO03
Temperature Seasonality (standard deviation*100) | BIO04
Max Temperature of Warmest Month BIO05
Min Temperature of Coldest Month BIO06
Temperature Annual Range (bio05-bio06) BIO07
Mean Temperature of Wettest Quarter BIO08
Mean Temperature of Driest Quarter BIO09
Climatic variables Mean Temperature of Warmest Quarter BIO10
Mean Temperature of Coldest Quarter BIO11
Annual Precipitation BIO12
Precipitation of Wettest Month BIO13
Precipitation of Driest Quarter BIO14
Precipitation Seasonality (coefficient of variation) | BIO15
Precipitation of Wettest Quarter BIO16
Precipitation of Driest Quarter BIO17
Precipitation of Warmest Quarter BIO18
Precipitation of Coldest Quarter BIO19
Digital Elevation Model DEM
Slope SLO
Aspect ASP
Topographic Wetness Index TWI
Environmental variables | Normalized Difference Vegetation Index NDVI
Soil type Soil class
Soil pH SpH
Soil organic carbon sOC
Soil Moisture SM
Population POP
Nighttime Light Data (NPP) NPP
Gross Domestic Product GDP
Anthropogenic variables Land use and land cover LULC
Roads RD
Railroads RR
‘Waterways ww
Built Environments BE

Table 2. List of predictor variables used in this study.

combinations (FC) were adjusted, with FC including Linear (L), Quadratic (Q), Product (P), Threshold (T), and
Hinge (H)**%%. The RM ranged from 0.5 to 4 in intervals of 0.5, and six FC configurations—L, LQ, LQP, LQH,
LQHP, and LQHPT—were considered. The R package (version 4.3.3) (ENMevals) was used to select the optimal
FC and RM values***, with RM set to 3.5 and FC to LQH for all three Asteraceae species. This combination
yielded an optimal model performance, effectively capturing the relationships between environmental variables
and species distributions while mitigating the risk of overfitting.

The final 15 variables were used in the MaxEnt model, with the results imported into ArcGIS Pro and
converted to raster format. In ArcGIS Pro, the results were reclassified using the natural discontinuity grading
method into four habitat suitability categories: Unsuitable, Low suitable, Moderately suitable, and Highly
suitable*®. Model accuracy was assessed using the Receiver Operating Characteristic (ROC) Curve and the area
under the curve (AUC) metric. AUC values range from 0.5 to 1.0, where values closer to 1.0 indicate better
performance, while a value of 0.5 suggests poor predictive ability*’. The True Skill Statistic (TSS) is a widely used
evaluation method that combines model sensitivity and specificity, effectively addressing biases due to sample
imbalance and offering an additional analytical perspective for model assessment™.

In this research, all analyses were conducted using ArcGIS Pro and R software.

Methods

The shifting centers of distribution of potentially suitable areas for Asteraceae

Habitat migration is a key mechanism and a natural response of invasive alien species to future climate change.
By using ArcGIS Pro to add fields for area calculations and conducting spatial analysis to determine the center
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of mass, we integrated the MaxEnt simulation results to compare the areas of suitable habitats and the migration
of suitability zone centers for Asteraceae species across different time periods and climate change scenarios.

The reference calculation method**° was used to quantify the changes in the zones of High-, Medium-, and
Low-suitability, as well as the displacement of their centroids in different periods in the future. These calculations
were performed using the following formulas:

_ I si(t) Xi(t)
z(t) = i:lw (1)

(1) Vit

y(t) = LléTt)()

Where t denotes different time periods, I is the number of unit rasters in the suitable zone, si(t) is the area of
the unit raster at time t, s(t) is the total area of the suitable zone at time t, X,(t) and Y,(t) are the center-of-mass
coordinates of the unit raster of the suitable zone at time t, and X(t) and Y(t) are the center-of-mass coordinates
of the suitable zone at time t.

D = \/(x(t+ 1) = x(6)” + (¥t + 1)~y (1) 2)

y(t+1) —Y(t)>

x(t+1) —x(t) 3)

0 = arctg <

where D is the displacement distance from the center of mass of the suitable zone at time slot t to time slot t+ 1,
0 is the direction of center-of-mass displacement in the habitable zone from time period t to t+1, 0°< 6<90°
indicates that the displacement direction is northeast, 90°< 6 < 180° indicates that the displacement direction is
northwest, 180°< 0 <270° indicates that the displacement direction is southwest, and 270°< 8<360° indicates
that the displacement direction is southeast.

Sen slope estimate test and Mann-Kendall

The Sen slope estimate, also known as the Theil-Sen median technique!, is a reliable nonparametric method
for determining trends. It is particularly effective with long time-series data and is computationally efficient.
Additionally, it is insensitive to measurement errors and outliers*2. The formula is as follows:

B = Median (‘/”j‘_‘?i>,j>i (4)

J—1

Where Median ( ) represents the median value. If B is greater than zero, it indicates an increasing trend in the
Asteraceae suitable area; conversely, if P is less than zero, it signifies a decreasing trend.

A nonparametric technique called the Mann-Kendall (MK) test was used to identify patterns in the time-
series data®®. This method works well with long time-series, is unaffected by missing values and outliers, and
does not require a normal distribution of measurements. Trend significance was assessed using the test statistic

Z, calculated as follows:
S= Z iy Z j=iv1sign(z; — ;) ©)

Where sign () is the sign function, calculated as

+1 T — Ty > 0
sign (z; —x;:) = 0 z;j—x; =0 (6)
—1 T —x < 0

S (S >0)
Var(S)
Z=20 (S =0) ?)
S+1 ( )

\/Var(S)

Where S is the test statistic, Z is the standardized test statistic, n is the length of the dataset, x and x; are the
sample time-series data, and n is the number of sequence samples. When #n>8, S is approximately normally
distributed, with variance calculated as:

n(n —1)(2n+5)

18 ®)

Var(S) =

Combining the  and |Z| values, the trends were categorized into five classes. Trend significance was evaluated
at the 0.05 confidence level (|Z|> 1.96). Five levels of trend shift were identified by combining the results of the
trend analysis: Significant increase (f>0, |Z|> 1.96), slight increase (B >0, |Z|< 1.96), relatively stable (p=0, |Z|<
1.96), slight decrease (B <0, |Z|< 1.96), and significant decrease (p<0, |Z|> 1.96).
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Results

Current spatial distribution of Asteraceae

In this study, model performance was evaluated using the AUC of the ROC curve. With a default RM of 3.5
and an LQH feature combination, the model achieved an AUC of 0.918 (Fig. 2). The percentage contribution of
each predictor variable was calculated using the MaxEnt model. Based on these percentages, the main factors
affecting the potential ranges of the three Asteraceae species in northeastern China were bioclimatic factors. Key
contributors included Precipitation of Coldest Quarter (BIO19), Annual Precipitation (BIO12), Annual Mean
Temperature (BIOO1), Precipitation of Driest Quarter (BIO17), Precipitation of Wettest Month (BIO13), Mean
Temperature of Coldest Quarter (BIO11), Precipitation of Driest Quarter (BIO14), and Mean Temperature of
Driest Quarter (BIO09). Additionally, higher contributions from LULC, RD, POP, Soil class, SpH, ASP, and SLO
indicated that anthropogenic and topographic factors also influenced Asteraceae distribution. Climatic variables
accounted for 62.3% of the variation in distribution, followed by human variables at 27.3%, and environmental
variables contributing the least at 10.2% (Table 1).

Figure 3 illustrates the potential distributions of the three Asteraceae species in northeastern China based
on the current climatic conditions. The highest-risk areas for potential invasion are located in the southern
part of northeastern China, including Dalian, Dandong, northwestern Yingkou, Anshan, Liaoyang, southeastern
Shenyang, western Fushun, Tieling, Liaoyuan, northern Tonghua, southeastern Changchun, and northwestern
Jilin, among others. The highly suitable area covers 7.37 x 10*km?, the moderately suitable area covers 17.67 x 10*
km?, and the low suitability area covers 35.58 x 10* km?.

Future spatial distribution of Asteraceae

As illustrated in Fig. 4, the potentially suitable areas for the three Asteraceae species under the three climate
change scenarios over the two time periods showed changes. The southern region of northeastern China remains
the most critical potential invasion zone. Under various future climate scenarios, the primary distribution zone
expands and becomes more continuous. Overall, as climate change intensifies, the potentially suitable areas
(including high, medium, and low) for the three Asteraceae species in northeastern China are projected to
increase compared with the current climate. Specifically, low-suitability areas are likely to expand under future
climate scenarios. Moderately suitable areas are projected to increase in the 2050s and the 2070s under the
single-scenario model of SSP585 but are trending downward overall. High-suitability areas tended to expand
under the anticipated climate scenarios. During the 2050s, high-suitability areas continued to grow to 11.84 x 10*
km? — 12.83 x 10* km?, respectively (Fig. 4a, b, c). During the 2070s, highly suitable areas continued to grow to
11.9% 10* km? — 12.80 x 10* km?, respectively (Fig. 4d, e, f). This growth was mainly due to the shift and spread
of medium-to-high-suitability zones.

| Mean (AUC=0.918) =
Mean +/- one stddey ®
Random Prediction ®

1 1 1 1 1 1 1 1 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1 - Specificity (Fractional Predicted Area)

Fig. 2. Predicted ROC curve in the MaxEnt model.
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Fig. 3. Potential distribution patterns of the three Asteraceae species based on current climatic conditions.
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Fig. 4. Potential distribution of three Asteraceae species under different future climate conditions: (a), (b), and
(c) are SSP126, SSP245, and SSP585 for the 2050s, respectively. (d), (e) and (f) are SSP126, SSP245, and SSP585
of the 2070s, respectively.
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Area (x10* km?)
Time | Scenarios | Expansion | Contraction | Stable | Change
SSP126 18.32 5.96 5429 |12.36
2050s | SSP245 18.75 5.81 5444 | 1294
SSP585 19.88 5.83 54.42 | 14.05
SSP126 18.32 5.98 54.27 | 12.34
2070s | SSP245 19.74 5.58 54.67 |14.16
SSP126 19.83 5.89 5435 |13.94

Table 3. Changes in potential habitat area relative to current area for the three Asteraceae species under

different climate scenarios.
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Fig. 5. Centers of mass and their migration in three potentially suitable areas of Asteraceae under different
climate change scenarios.

Compared to the current conditions, the suitable areas for the three Asteraceae species in Northeast China
are projected to increase (Table 3). In 2050s, the expansion areas under the SSP126, SSP245, and SSP585 climate
scenarios were projected to be 18.32x 10% km?, 18.75x 10* km?, and 19.88 x 10* km?, respectively. In 2070s, the
expansion areas of the habitats of the three Asteraceae species continued to increase, indicating that the species
spread more extensively as emission intensity increases. In 2050s, the contraction areas under the three scenarios
were 5.96 x 10* km?, 5.81 x 10* km?, and 5.83 x 10* km?, respectively, suggesting that the habitat areas of the three
species actually increased by 12.36 x 10* km? to 14.05 x 10* km? In 2070s, the contraction areas were 5.98 x 10*
km?, 5.58x 10* km?, and 5.89x 10* km? respectively, indicating that the habitat areas of the three species
increased by 12.34 x 10* km?, 14.16 x 10* km?, and 13.94 x 10* km?, respectively. These findings demonstrate that
as emission intensity rises, environmental conditions become increasingly favorable for the invasion of these
three Asteraceae species. Among these scenarios, SSP245 in 2070s represents the most favorable conducive for
their expansion.

Trends in shifting centers of distribution of potentially suitable areas for Asteraceae

With climate change, the distribution center shifted southwestward (Fig. 5). The current distribution center is
located in Nong’an County, Changchun City, Jilin Province (44°36'47"N, 125°18'13"E). Under the SSP126 shared
socioeconomic pathway, the distribution center moves 136.596 km southwestward from the current site to Lishu
County, Siping City, Jilin Province (43°38'53"N, 124°14’46"E), and then shifts 31.022 km northwestward to
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Sen’s slope z Trends SSP126 | SSP245 | SSP585
>0.0005 >1.96 Significant increase | 7.9% 43% | 7%
>0.0005 -1.96-1.96 | Slight increase 5.9% 11.5% 8.3%
—0.0005-0.0005 | —~1.96-1.96 | Relatively stable 31.9% 31.9% 31.9%
<0.0005 -1.96-1.96 | Slight decrease 41.9% 46.7% 49%
<0.0005 <-1.96 Significant decrease | 12.4% 3.7% |3.8%

Table 4. Percentage trends for SSP126, SSP245 and SSP585.

Trends Relatively stable

0 250 500 1,000 1,500 2,000 Signifciant decrease - Slight increase

km

- Signifciant increase

Fig. 6. Trends in the potential distribution of the three Asteraceae species high-suitability zones under
different climate models: (a) SSP126, (b) SSP245, and (c) SSP585.

Slight decrease

Gongzhuling, Changchun City, Jilin Province (43°54'51"N, 124°7'48"E). Under the SSP245 shared socioeconomic
pathway, the distribution center moves 85.047 km southwest from the current site to Gongzhuling, Changchun
City, Jilin Province (43°53'46"N, 124°55’51"E), and then moves 34.163 km northwest to Gongzhuling,
Changchun City, Jilin Province (43°59'14"N, 124°31'28”E). Under the SSP585 shared socioeconomic pathway,
the distribution center moved 64.993 km southwest from the current location to Changchun City, Jilin Province
(44°2'13"N, 125°9'44"E), and then moved 38.913 km southeast to Changchun City, Jilin Province (43°41'59"N,
125°17’32”E). Overall, a clear trend of southwestward movement of the distribution centers for these three
Asteraceae species was observed, accompanied by an expansion of the primary distribution areas in response to
climate change.

Trends in Asteraceae dispersal in different cities under different climate patterns

Sen slope estimation and MK test findings were combined to provide a useful representation of the geographical
distribution of future trends in Asteraceae growth across northeastern Chinese cities. The findings were classified
into five categories, as shown in Table 4.

In the SSP126 shared socioeconomic pathway, areas of high suitability for the three Asteraceae species in
northeastern China significantly increased, primarily in the southwestern cities of Tongliao, Tieling, Shenyang,
Jinzhou, and Huludao (Fig. 6a). Regions with both slight and significant increases accounted for 13.8% of the
entire region. Under the SSP245 shared socioeconomic pathway, significant increases were observed in Jinzhou
City, Shenyang City, Fushun City, Benxi City, and Tonghua City (Fig. 6b), with areas of significant and slight
increases accounting for 15.8% of the total area. Under the SSP585 shared socioeconomic pathway, significant
increases were mainly observed in Tongliao City, Shenyang City, Jinzhou City, and Huludao City (Fig. 6¢), with
areas showing both significant and slight increases accounting for 15.3% of the entire region. In summary,
Asteraceae species showed an increasing trend in cities in the southern region of northeastern China.

Discussion

Determining the contributions of various factors is crucial for predictive accuracy. Climatic variables best
explained the distribution of the three Asteraceae species in northeastern China, followed by anthropogenic
factors (Table 1). Originating in North America, these species can easily adapt to similar climatic zones in China
near 40°N latitude, enabling rapid population establishment**. Among the 15 predictors, the Precipitation of
Coldest Quarter (BIO19) was the major factor affecting the distribution of Asteraceae. BIO19 plays a critical
role in regulating seed germination and belowground root growth in Asteraceae. While moderate precipitation
provides essential moisture for germination, extreme precipitation can result in waterlogged soils, inhibiting
germination and promoting root rot*>*. Extreme winter precipitation events have dual effects, potentially
providing vital moisture while also causing soil erosion and flooding. With global climate change, shifts in
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BIO19 trends may alter the distribution range of Asteraceae and threaten the survival of localized populations.
Therefore, investigating the dynamics and ecological impacts of BIO19 is essential for understanding the response
mechanisms of Asteraceae to climate change. Annual Precipitation (BIO12) and Annual Mean Temperature
(BIOO1) also significantly affected the distribution, as temperature and precipitation are the primary biological
determinants of plant expansion and growth capability?’. Insufficient precipitation affects the leaves of Asteraceae
and limits photosynthesis, with annual precipitation determining whether plants can develop properly during
the dry season. Liaoning’s average annual temperature from 2020 to 2023 ranged from 9.2 to 10.2 °C, which,
along with suitable humidity, supports Asteraceae growth within the 5-15 °C range after dormancy*®->. Thus,
both mean annual temperature and precipitation significantly affected the distribution of Asteraceae.

Dispersal pathways and reproductive capacity directly affect the spread of Asteraceae. According to previous
studies, human activity is closely related to the reproductive ability of Asteraceae’!. The eight human variables
used in this research for prediction include POP, NPP, GDP, LULC, BE, RD, RD, and navigable WW. The findings
also demonstrated that LULC, RD, and POP, in addition to climatic factors, affected species distribution (Table 1).
With the intensification of human impact, particularly in areas with high population density and increased
human activity, the spread and expansion of Asteraceae can be accelerated**2. The findings showed that Soil
class and SpH may affect the distribution of Asteraceae, as excessive soil moisture and nutrients enhance their
germination and expansion, given that these plants thrive with rapid access to energy. In addition, Asteraceae
can grow on various terrains, such as plains, hills, and mountains, owing to their low topographic and soil
requirements. Specifically, ASP and SLO are important factors that affect microenvironmental conditions such
as light, temperature, and moisture, which, in turn, influence photosynthetic efficiency and growth rate, thereby
limiting the dispersal and distribution of Asteraceae®*. Therefore, we can further our understanding of the
factors influencing invasive species by measuring the relative significance of environmental and anthropogenic
influences.

The southern part of northeastern China, especially Liaoning Province, is a hotspot for Asteraceae
invasion (Fig. 3). The three Asteraceae species studied, native to subtropical regions, thrive under favorable
hydrothermal conditions due to their light-loving, humidity-loving, heat-tolerant, cold-resistant nature, and
high seed production®®. The climate in southern northeastern China supports their survival, and trade through
coastal ports likely contributes to their spread®. Many Asteraceae species, such as Flaveria bidentis (L.) Kuntze
and Ageratina adenophora, may have entered China through grain, seed, or horticultural trade>”-. The high
population density and well-developed transportation in northeastern China facilitated reproduction and
spread. As China is the world’s largest trading country, more Asteraceae species are continuously introduced
through port trade®-%. Regulators need to enhance port supervision to mitigate the spread of invasive species,
such as chrysanthemums.

Climate change is widely acknowledged to accelerate Asteraceae invasion and expand their global
distribution*>1:62, In northeastern China, rising temperatures are a result of both climate change and an increase
in extreme weather conditions. This study indicated that the major distribution zones of the three Asteraceae
species in northeastern China will expand under future climate change (Fig. 4; Table 3). This expansion can be
attributed to small seed mass, large seed quantity, rapid maturation, long-lasting seeds, wide climatic tolerance,
and high fecundity of the species, which together contribute to a broad geographic range®*¢%, The distribution
centroid of Asteraceae was projected to shift southwest (Fig. 5), likely due to increased precipitation in the
southwestern part of northeastern China. Since all three species of Asteraceae prefer moist environments and
typically thrive in areas with sufficient water availability, their expansion toward the southwest may be attributed
to the recent increase in precipitation in this region®%’. Consequently, Asteraceae are expected to adjust to
climatic alterations and extend their range, supporting the hypothesis that climate change will drive their
migration and expansion.

Based on the results of this study, the potential risk of Asteraceae invasion increased in most regions (Fig. 6).
Therefore, attention should focus on these areas to enhance control measures and mitigate the impacts of climate
change. Current climate conditions and future projections suggest that the distribution center of mass for
Asteraceae will mainly reside in Changchun City, Jilin Province. However, the findings suggest that significant
movement is unlikely under climate change scenarios. Conversely, under the SSP126 shared socioeconomic
pathway, the distribution center of mass for Asteraceae shifts southwestward from Changchun, Jilin Province, to
Siping, Jilin Province, indicating greater adaptability to climatic alterations (Fig. 5). Therefore, it is essential to
closely monitor the potential expansion of Asteraceae distribution in northeastern China.

While this analysis enhances the understanding of Asteraceae invasive plant distribution and dynamics
in northeastern China, there are some limitations. First, the study’s limited and unevenly distributed sample
points may have overlooked spatial diffusion in areas without samples, implying that the absence of samples
does not necessarily indicate no diffusion in those regions. Second, although this study incorporates climatic,
environmental, anthropogenic, and socioeconomic factors, it relies on 19 bioclimatic variables for future
projections, assuming other factors remain constant. Human contributions are significant, and excluding
them may introduce uncertainty; thus, future studies should integrate land-use prediction models to improve
accuracy. Additionally, several studies on how climatic changes affect forest species and invasive allergenic plants
in Europe have shown that the dispersal capacity of Asteraceae was not sufficiently demonstrated during the
relatively short period of introduction®®7!. This may have contributed to inaccurate findings. Despite these
limitations, this study offers predictions of Asteraceae invasion dynamics under climate change scenarios in
northeastern China and provides a theoretical foundation for managing these species in the region.

Conclusion
In northeastern China, the MaxEnt algorithm was employed to forecast the potential distribution and dynamic
changes of three Asteraceae species, considering the effects of climate, environmental factors, and human
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activities. The model showed good performance, as indicated by the AUC values, with the key environmental
variables being Precipitation of Coldest Quarter, Annual Precipitation, and Annual Mean Temperature. Under
the current climatic conditions, southern northeastern China is a key potential invasion area for Asteraceae,
as its climatic conditions are highly suitable for their growth. When combined with ecosystem vulnerability,
human activities (such as land use and transportation), and climate change impacts, this region offers ideal
conditions for Asteraceae invasion. Future projections estimate that the habitat area of the three Asteraceae
species will grow by 12.36 x 10* km? to 14.05 x 10* km? in the 2050s and by 12.34 x 10* km? to 14.16 x 10 km? in
the 2070s, with distribution centers shifting southwestward. These shifts reflect the species’ adaptation to climate
change and their range expansion. A. artemisiifolia and A. trifida are major allergens that cause autumn pollen
allergies and pose threats to wheat, barley, and horticultural crops. Meanwhile, E. canadensis suppresses the
growth of neighboring plants through allelopathy, severely affecting autumn crops, orchards, and tea gardens.
These findings aid in understanding the distribution patterns and dynamic changes of the three Asteraceae
species under climate change and provide insights for biodiversity protection and oversight in northeastern
China. However, owing to the exclusion of human and socioeconomic factors, coupled with the limited and
uneven spatial distribution of the data samples, the prediction accuracy may be affected. Future research
should incorporate human and economic prediction models to enhance reliability and provide more effective
management strategies for ecological managers.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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