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Abstract: Invasive alien species (IAS) not only displace nearby indigenous plants and lead to habitat
simplification but also cause severe economic damage by invading arable lands. IAS invasion
processes involve external forces such as species characteristics, IAS assemblage traits, environmental
conditions, and inter-species interactions. In this study, we analyzed the invasion processes associated
with the introduction and spread of Ageratina altissima, a representative invasive plant species in
South Korea. We investigated 197 vegetation quadrats (2 x 20 m) in regions bordering 47 forests
in southern Seoul and Gyeonggi-do, South Korea. A total of 23 environmental variables were
considered, which encompassed vegetation, topography, land use, and landscape ecology indices.
The model was divided into an edge and an interior model and analyzed using logistic regression
and a decision tree (DT) model. The occurrence of Ageratina altissima was confirmed in 61 sites out
of a total of 197. According to our analysis, Ageratina altissima easily invaded forest edges with
low density. The likelihood of its occurrence increased with lower elevation and gentler slope. In
contrast, the spread of Ageratina altissima in the forest interior, especially based on seed spread
and permeability, was favored by a lower elevation and gentler slopes. The analysis of Ageratina
altissima settlement processes in forest edges coupled with the DT model demonstrated that land
characteristics, such as the proximity to urbanized areas and the number of shrub and tree species,
play a pivotal role in IAS settlement. In the forest interior, Ageratina altissima did not occur in 68 of the
71 sites where the soil drainage was under 2.5%, and it was confirmed that the tree canopy area had a
significant impact on forest spread. Based on these results, it can be assumed that Ageratina altissima
has spread in South Korean forests in much the same way as other naturalized species. Therefore,
vegetation management strategies for naturalized species should be developed in parallel with land
use management policy in regions surrounding forest edges to successfully manage and control
Ageratina altissima invasion.

Keywords: decision tree model; forest edge; forest interior; invasive alien species; logistic regression
model; vegetation structure

1. Introduction

Biological invasions have increased drastically over the past few decades, thus posing
one of the most serious environmental risks worldwide [1,2]. Invasive species spread leads
to the homogenization of urban flora, which worsens as the level of human interference
increases [3]. Invasive alien species (IAS) not only lead to socioeconomic and ecological
impacts but also pose a threat to human and urban ecosystem health. Therefore, the
emergence of new IAS in a growing number of ecosystems poses a serious threat to
environmental and even human health. IAS spread easily in urban areas with ongoing
land development or forest fragmentation [4]. Additionally, we found that invasive species
such as Ambrosia artemisiifolia and Ageratina altissima not only hinder the photosynthesis of
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surrounding plants or inhibit the occurrence of other plants and weeds in Korean forests,
but also interfere with biodiversity and adversely affect human, livestock, and farmland
wellbeing [5].

The spread of an IAS is known to be influenced by several factors, such as the distance
from the source community, the level of disturbance, and other environmental condi-
tions [6]. Most importantly, the proximity between the source community and the recipient
community enhances the likelihood of its successful distribution [6]. When the spreading
paths are diversified with a high frequency of seed dispersal events or a high species
population density, the likelihood of success increases, even if the source community is
a great distance from the new recipient community. Therefore, a higher propagule pres-
sure improves the likelihood of successful settlement. Large propagule size in the source
community also increases the chances of successful distribution [7], and repeated invasion
could increase these odds even in small release events [8]. Such propagule pressure varies
according to the adjacent landscape types, and propagule pressure is as important as the
physical environment of an alien species [9,10]. Nonetheless, the fundamental mechanisms
by which invasive plants succeed remain largely unknown. However, understanding these
mechanisms may eventually prove useful for predictive and control efforts [11,12].

Certain properties make IAS distinguishable from other non-indigenous species [7].
Models of the invasive processes involve external forces such as the species characteristics,
the IAS assemblage traits, environmental conditions, and inter-species interactions. McK-
inney (2001) found that the diversity of non-native plants is closely related to population
density [13]. Several plants can be introduced due to high human use, and the settlement
of these invasive species can be facilitated by environmental factors. However, the mecha-
nisms by which these factors affect the propagation and settlement process of non-invasive
species remains unclear. Specifically, there is a lack of understanding regarding how geo-
graphical and spatial dimensions affect the propagation of non-native species, as well as
the role of microclimate conditions in this process [14].

There are 427 invasive species in Korea according to data from the Korea National
Arboretum (2016) [15]. Given the known adverse effects of these alien species on local
ecosystems, many efforts are being made to systematically manage invasive alien species
in Korea. South Korea is striving to preserve its biodiversity by establishing a “Foreign
organism management plan” based on the “Biodiversity Conservation and Utilization
Act” [16]. In particular, the Korean government is currently focused on the management
and control of the 12 IAS that are thought to be the most harmful.

The spread of IAS, including Ageratina altissima, Ambrosia artemisiifolia, and Ambrosia
trifida, in South Korean natural ecosystems has led to an increased focus on invasive
species research. Therefore, more surveys and research have been recently conducted
to characterize the distribution and status of plants that negatively affect the ecosystem.
However, most current policies focus largely on identifying and preventing the distribution
of IAS.

Our research group aims to continuously monitor invasive alien species, develop
strategies for their removal, and strengthen local government support to implement them.
Therefore, our study sought to analyze the introduction and spread dynamics of Ageratina
altissima, one of the most representative invasive alien species in South Korea, to enable the
development of effective strategies to prevent the further spread of this invasive species in
local forests.

2. Materials and Methods
2.1. Study Area

This study was conducted in urbanized areas such as the Gangnam district of Seoul
and representative cities including Suwon, Seongnam, Gwacheon, Yongin, and Hwaseong.
Much of the nation’s urban development is concentrated in the metropolitan area of Korea.
In particular, this region has a high population density (i.e., more than 15 million people)
and the forests are extremely fragmented. The forest ecosystem has been greatly disturbed
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by the recent urban development around Seoul. Large forests such as Gwanak Mountain,
Cheonggye Mountain, and Gwanggyo Mountain are distributed throughout the southern
metropolitan area, and fragmented parks and green areas exist around the city (Figure 1a).
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Figure 1. Study area. The research sites were located in southern Seoul and Gyeonggi-do, which

share similar forest ecosystems. (a) The black dots represent the 47 forest survey points studied
herein, (b) each survey region included survey sites that were 10, 20, 40, and 60 m away from the
forest edge. Vegetation surveys were conducted for 3-5 sites per region.

We evaluated 47 regions, including regions that have relatively larger forest coverage
rates, as well as fragmented forest parks within the cities (Figure 1a). The occurrence of
Ageratina altissima was analyzed and its habitat characteristics were evaluated according
to each vegetation structure. In particular, the size of the forest patches, the distance from
urbanized areas, and the land use status were considered when selecting the study sites
to accurately characterize the habitats and ecological niches of Ageratina altissima. We
examined and analyzed the invasion processes of Ageratina altissima from forest edge to
forest interior (i.e., 0, 10, 20, 40, 60, and >60 m from the forest edge) using the belt transect
method. A 2 x 20 m survey area was established to quantitatively capture the variations in
vegetation as a function of the forest edge distance (Figure 1b) [9,17]. Depending on the size
of the forest in the survey area, vegetation surveys were conducted for 3-5 sites per region.
The field survey was conducted at 197 sites in 47 regions. “Cover” is defined as the area
of the quadrat occupied by the above-ground parts of a species when viewed from above.
The plants inside the quadrat were then identified and their abundance was estimated.

2.2. Study Species

Ageratina altissima is a plant commonly found in the midwestern and eastern United
States that causes trembles in livestock and milk sickness in humans that consume contam-
inated milk [18]. Ageratina altissima is a native perennial herb species that belongs to the
Asteraceae family and can grow to a height of 1.5 m with a short rhizome at the bottom.
This species exhibits opposite ovate leaves, which are 2-10 cm long and 1.5-6 cm wide,
with serrated margins and an acute tip. White flowers bloom in August and September [19].
Ageratina altissima is known to invade gap areas; however, limited information is avail-
able on its dispersal mechanisms in different regions [19]. Due to a lack of removal and
management strategies, Ageratina altissima is spreading quickly in urban green areas.
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The successful distribution of an IAS depends on the level of invasion and the suitabil-
ity of the invaded habitat. Until now, research on Ageratina altissima in Korea has focused
on the physiological and geographic aspects of its distribution in specific regions [20,21].
Importantly, these previous studies reported that Ageratina altissima was mainly distributed
in cities. This distribution is presumably attributable to the high volume of freight and
traffic in cities, which may further disseminate invasive plant seeds. However, few attempts
have been made to model invasion processes as a function of the distance from forest edges
by considering both factors separately.

2.3. Variable Description and Statistical Anlaysis

In Korea, the spread of Ageratina altissima is thought to occur in two stages (Table 1).
The first stage entails the propagation and growth of the IAS, which comprises seed
deposition and establishment in forest edges [22]. Several factors may influence this
first stage, including the surrounding lands, landscape, and ecological factors, as well as
the location’s land use characteristics (e.g., urban versus agricultural) and proximity to
roads [9,23-25]. Additionally, for forest edge analyses, we included variables to identify
the relationship between the forest edges and the adjacent urbanized /agricultural areas
but excluded the variables from the forest interior analyses.

Table 1. Environmental variables.

Classification

Forest edges

Land use and landscape

Forest interior

Variables Sub-Variables
Rate of broadleaf trees (RBT), rate of broadleaf subtrees (RBST), rate of broadleaf
Vegetation shrubs (RBS), tree canopy (TC), subtree canopy (STC), shrub canopy (SC), number of
(10) tree species (NTS), number of subtree species (NSTS), number of shrub species
(NSS), herbaceous ground cover (HGC)
Topography Elevation (ELE), slope (SLO), soil drainage (SD), soil hardness (SH), solar
(5) radiation (SR)

Size of forested areas (SFA), shape index (SI), edge density (ED), distance from
urbanized areas (DUA), distance from roads (DR), rate of urbanized areas within a

ecology (7) 500-m radius (RU500), rate of agricultural areas within a 500-m radius (RA500)
Rate of broadleaf trees (RBT), rate of broadleaf subtrees (RBST), rate of broadleaf
Vegetation shrubs (RBS), tree canopy (TC), subtree canopy (STC), shrub canopy (SC), number of
(10) tree species (NTS), number of subtree species (NSTS), number of shrub species
(NSS), herbaceous ground cover (HGC)
Topography Distance from forest edges (DFE), Elevation (ELE), slope (SLO), soil drainage (SD),
(6) soil hardness (SH), solar radiation (SR)

Land use and landscape Size of forested areas (SFA), shape index (SI), edge density (ED), distance from

ecology (5) urbanized areas (DUA), distance from roads (DR)

The second stage entails the spread of Ageratina altissima to the forest interior, which
is affected by vegetation and topographical conditions [22]. The persistence of the IAS
is determined at this stage. Even if its seeds are dispersed at the forest edges, overstory
vegetation and topographical conditions affect the formation of the plant community and
the spread of its population [6,22,26]. Therefore, our study divided forest stratification into
four categories (tree layer (over 6 m), subtree layer (2-6 m), shrub layer (under 2 m), and
herbaceous layer) and measured the canopy coverage rates, the number of species, and
the broadleaf population accordingly. Given that canopy coverage is an important factor
that directly affects the amount of sunlight that reaches the herbaceous layer, the canopy
spectra were divided into three categories (tree canopy, subtree canopy, and shrub canopy)
to measure the sunlight amount, and the herbaceous ground cover was estimated [6,26].
Additionally, the number of species of tree, subtree, and shrub were also measured. Given
that the studied forests were comprised of both deciduous broadleaf and coniferous trees,
the rate at which the broadleaf population would affect the amount of solar radiation
during winter and early spring was also included as a variable. Elevation and slope were
included among the environmental variables due to the undulating topography of South
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Korea, as well as the effect of orientation on the amount of solar radiation. Soil drainage
and soil hardness were included to represent soil quality [27,28]. Additionally, the distance
from the forest edge was considered for the forest interior analyses.

Vegetation-related variables were characterized via field surveys, whereas elevation,
slope, and the amount of solar radiation were calculated using a 30-m resolution DEM
(digital elevation model) provided by the Ministry of Environment of South Korea. The
average soil hardness was measured by conducting on-site assessments on five locations
using a SHM-1 soil hardness tester. Moreover, the size of the forested areas, shape index,
edge density, distance data, and proportion of land cover type (%) were extracted from a
land cover map and analyzed using ArcGIS 10.5 (see Appendix A).

Statistical models were constructed to analyze the likelihood of Ageratina altissima
habitation based on the above-described environmental variables. Student’s ¢-tests were
conducted to identify differences in the environmental variables depending on whether
Ageratina altissima was present or absent at a given site. Logistic regression analysis was
performed with the environmental variables, and both forward and backward selection
were used to achieve an optimal model. Logistic regression is a regression analysis method
employed when the dependent variable is binary [29]. This procedure is used to describe
data and explain the relationship between one dependent binary variable and one or more
nominal, ordinal, interval, or ratio-level independent variables.

Decision tree (DT) analysis was conducted using the same environmental variables
implemented for the statistical analyses. DT analysis is a commonly used data mining
approach to establish classification systems based on multiple covariates or for the develop-
ment of prediction algorithms for a target variable [30]. One of the strengths of DT models
is that they produce results that are easily interpretable in the context of predictor and target
variables. The DT model was therefore used to identify the variables and conditions with
the strongest effects on IAS dissemination. All of the statistical analyses were performed
using the R language for statistical computing version 4.0.2 [31], and the DT analyses were
conducted using the “rpart” package.

3. Results
3.1. Distribution of Ageratina Altissima

Ageratina altissima was found at 61 sites out of a total of 197. Although Ageratina
altissima appeared in multiple sites in areas up to 20 m from the forest edges, population
analyses showed that its numbers gradually decreased from the forest edge to the forest
interior (Figure 2). Regarding the distribution of Ageratina altissima in the study sites, this
species tended to occur in groups, with areas of the forest interior adjacent to hiking trails
exhibiting considerably higher numbers of Ageratina altissima.

3.2. Distribution Model in Forest Edges

Among the land use and landscape ecology variables, the distance from roads, the
distance from urbanized areas, the edge density, and the rates of urbanized /agricultural
areas were significantly different in areas with Ageratina altissima compared to areas where
this species was not present, as demonstrated by our ¢-test analyses. Among the vegetation-
related variables, the proportion of broadleaf populations in tree and subtree layers, the
number of shrub species, and herbaceous ground cover were found to be significantly
different in regions with and without Ageratina altissima. Moreover, among the topographic
variables, elevation, slope, soil hardness, and soil drainage also exhibited significant
differences (Figure 3).
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Figure 2. Ageratina altissima populations as a function of the distance from forest edges. The black
dots represent each point of appearance. Distances of more than 60 m were also considered and were
grouped with the 60 m classification.

According to our logistic regression analyses, SC was among the vegetation-associated
variables that was substantially affecting the occurrence of Ageratina altissima, whereas ELE
and SH were among the topographic variables, and SI and RA500 were among the land
use and landscape ecology variables (Table 2). This model had a McFadden'’s pseudo R? of
0.593. Ageratina altissima tends to occur less when the proportion of agricultural area around
the forest is high. Therefore, croplands may lower the likelihood of Ageratina altissima
propagation, as this plant species favors semi-shaded forests [32]. Linear forests have
more invasive species due to the increased likelihood of contact at the forest boundaries.
Moreover, lower altitudes and softer soils also increase the probability of Ageratina altissima
occurrence [20]. These characteristics are similar to those that promote grass settlement
in the forest edge. Shrub cover is a factor that affects the canopy at the edge of the forest
during the open season and determines whether Ageratina altissima can settle at the edge or
not [33].

Table 2. Ageratina altissima distribution model using the logistic regression results in the forest edges
(see Table 1 for the definitions of environmental variables SC, ELE, SH, SI, and RA500).

Estimate Std. Error t Value Pr(>ltl)
(Intercept) 18.544 7.414 2.501 0.012 **
SC —0.056 0.047 —1.196 0.232
ELE —0.106 0.048 —2.211 0.027 *
SH —1.066 0.470 —2.269 0.023 *
SI 0.587 0.241 2.439 0.015*
RA500 —18.741 12.664 —1.480 0.139

Significance codes: **" 0.01, “* 0.05.
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The DT model can more briefly explain the process of settling at the edge of the forest
(Figure 4). The emergence of Ageratina altissima was found to be largely associated with the
distance from urbanized areas, number of shrub species, and number of tree species. This
species appeared in 12 of the 13 areas located within 3.5 m of an urbanized area. Therefore,
Ageratina altissima settlement is highly likely in forests that surround cities. When the
urbanized areas were distant and the number of shrub species exceeded 10, the target
species appeared in only one of the 17 survey sites. When the number of shrub species was
less than 10 and the number of tree species was 1.5 or more, the target species appeared in
8 out of 11 areas.
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Figure 3. Environmental variables that were significantly related to the establishment of Ageratina altissima at the forest edge.

“Presence” and “Absence” refer to the presence or absence of the target species at the study site. These twelve variables

were significantly different in regions with and without Ageratina altissima (p-value < 0.05).

3.3. Distribution Model in Forest Interior

According to the results of the environmental variable t-tests, which were conducted in
21 sites that exhibited Ageratina altissima, the distance from roads and distance from urban-
ized areas were among the land use and landscape ecology variables that were significantly
different in the areas with and without Ageratina altissima. Among the vegetation-related
variables, the rate of broadleaf population in the tree and subtree layers, the number of trees
and subtrees, and the herbaceous ground cover were found to be significantly different.
Among the topographic variables, elevation and distance from forest edges were also found
to be significantly different (Figure 5).

According to our logistic regression analyses, the environmental variables affecting
the occurrence of Ageratina altissima were RBT, TC, and STC among the vegetation variables;
ELE, SD, and SR among the topographic variables; and SI and ED among the land use and
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landscape ecology variables (Table 3). This model has a McFadden'’s pseudo R? of 0.724.
Interestingly, Ageratina altissima easily invaded areas where the forest boundary shape was
simple (e.g., square-shaped). Moreover, low tree canopy and subtree canopy coverage were
identified as the minimum conditions for herbaceous vegetation settlement in the forest.
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Figure 4. DT model for the forest edge. Ageratina altissima appeared within a 3.5 m radius of
urbanized areas (DUA). Even if the site is off the road, the probability of this invasive species
occurring increased at the edge of the forest where the number of shrub species (NSS) was less than
10 and the number of tree species (NTS) exceeded 1.5.
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Figure 5. Environmental variables that were significantly related to the establishment of Ageratina altissima in the forest
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variables were significantly different in the regions with and without Ageratina altissima (p-value < 0.05).
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Table 3. Ageratina altissima distribution model using the logistic regression results in the forest interior
(see Table 1 for the definitions of environmental variables RBT, TC, STC, ELE, SD, SR, SI, and ED).

Estimate Std. Error t Value Pr(>1tl)

(Intercept) 47.370 14.110 3.356 0.001 **
RBT 4.612 1.939 2.379 0.017 *
TC —0.154 0.059 —2.608 0.009 **
STC —0.080 0.035 —2.293 0.022 *
ELE —0.170 0.040 —4.214 0.000 **
SD 1.483 0.371 4.002 0.000 **

SR —0.000 —0.000 —2.475 0.013 *

SI —0.623 —0.181 —3.438 0.001 **

ED —462.300 —167.500 —2.759 0.006 **

Significance codes: **” 0.01, *** 0.05.

Through the DT model, it was possible to understand the process by which Ageratina
altissima spreads into the forest (Figure 6). This species did not occur in 68 of the 71 sites
with poor soil drainage (SD < 2.5). When the soil drainage was good and the altitude was
below 58 m, the target species was found in 17 out of 18 areas. Even if the soil drainage
was good, the target species did not inhabit 23 out of 25 areas when the altitude was
88.5 m or more. When the soil drainage was good and the altitude was less than 88.5 m,
Ageratina altissima was identified in 10 out of 13 areas when the tree canopy coverage was
less than 62.5%.

[ SD<25 ]

VN

Yes No
> ™

‘3 [ ELE <58 J

AN

68 Yes No

¥ AN

Absence = Presence 1 [ ELE < 88.5 J
PN
Yes No
yd N

[ TC <625 ] q

AN

Yes No 23
3
15
Figure 6. DT model for the forest interior. Ageratina altissima was identified in several regions
with good soil drainage (SD < 2.5), low elevation (ELE < 58 m), and less than 62.5% of tree canopy

coverage among the regions with an elevation of less than 88.5 m (see Table 1 for definitions of the
environmental variables SD, ELE, and TC).
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4. Discussion

Our analyses suggest that Ageratina altissima tends to be easily introduced to forest
edges with low density [9]. Lower elevation and gentler slope were also associated with a
higher probability of this plant’s occurrence [23]. Moreover, its introduction was associated
with disturbance, ease of invasion, and propagule pressure, in addition to the ecological
characteristics of the IAS. We also found that soft soils with low levels of hardness favored
the introduction of Ageratina altissima. Vegetation variables also played a very important
role in the invasion. When the number of shrubs was low, the Ageratina altissima occurrence
was also low. Ageratina altissima also settled down easily in a tree layer with a high rate of
deciduous trees. In contrast, the probability of Ageratina altissima occurrence diminished in
a subtree layer with a higher rate of deciduous trees. The subtree layer forms the middle
layer of forests, and a high deciduous tree rate indicates that the forest is undergoing
vegetation succession. As the tree layer on the top and the following sub-tree layer are
replaced, the forest stability is weakened during vegetation succession. Therefore, these
transitional characteristics presumably facilitate the invasion of alien species. Previous
studies have also found that the distribution of invasive alien species correlates with the
habitat types [22].

Even in the forest interior, the distance from urbanized areas is a notable factor
affecting invasiveness and thus serves as an important environmental variable. Given
that forests in urban areas are constantly visited by urban residents, forests close to cities
are more easily invaded by Ageratina altissima. Additionally, our results demonstrate
that Ageratina altissima easily invaded the forest interior regions in the forests with fewer
tree species. Moreover, the spread and permeability of the seeds were facilitated by low
elevations, gentle terrains, and soft soil. Lower solar radiation, lower elevation, and
better soil drainage also promoted Ageratina altissima occurrence [20]. Vegetation is an
important factor for IAS infiltration from the forest border to the interior. Moreover, the
rate of broadleaf trees is a factor that influences the open-leaf forest canopy and determines
whether the target species can settle within [33].

Ageratina altissima is an invasive species classified as a level two dangerous species
in South Korea. Although no cases of direct damage have been reported in South Korea,
this plant has been classified as a hazardous species due to the adverse effects of its toxins
on livestock and human health in other parts of the world [34]. In South Korea, the
adverse effects of this species have been largely limited to native species” habitat invasion
or ecosystem disturbances [35].

Managing the indigenous vegetation of forest ecosystems is critical to prevent frag-
mentation due to ecological disturbances such as those observed in South Korea. An
invasive plant management strategy is a collection of activities or projects aimed at prevent-
ing, eradicating, containing, and/or suppressing targeted invasive plant species [32]. South
Korea is striving to develop a national strategy to manage its ecosystems by establishing a
“Foreign Organism Management Plan (2019-2023)”. Importantly, policies to prevent the
spread of alien organisms are being addressed within this framework. However, there are
important challenges associated with the preparation of specific management strategies
due to the lack of research on the propagation of specific IAS. Therefore, the results of this
study are of great significance, as they quantitatively characterize the forest settlement
process of Ageratina altissima. Based on these results, it is possible to propose a manage-
ment strategy that can minimize the spread of this species (Figure 7). Additionally, we
need to strengthen monitoring efforts in forests near urbanized areas, and shrub species
diversity should be maintained to prevent the introduction of invasive species. Moreover,
to minimize the spread of target species in the forest, forest transition should also be con-
sidered when managing invasive species. Monitoring and vegetation management should
also be strengthened in low altitude forests, whereas these measures can be minimized in
high-altitude forests. Similarly, monitoring and vegetation management should also be
strengthened in areas with high soil drainage levels and low tree canopy coverage.
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ategy that could minimize the spread of Ageratina altissima. Step-by-step management strategies

are important, as invasive plants spread into forests through the forest edges. As a preventive measure, areas with a high

likelihood of alien species invasion should be aggressively monitored. After introduction, management priority should shift

to areas with a higher risk of spreading.

Both the analysis of Ageratina altissima occurrence in the forest edges and the DT model
rendered very interesting results. The analysis of herbaceous species provided a very good
explanation for the occurrence of Ageratina altissima. This species was identified in 40 out
of 42 sites where naturalized species accounted for >6.5% of the total herbaceous species.
In contrast, no Ageratina altissima was found in the forest interior where naturalized species
accounted for less than 6.5% of the total herbaceous species. These results suggest that
Ageratina altissima has established itself in South Korea as a naturalized species, despite
being currently classified as an invasive alien species. Generally, the forest interior has more
unfavorable conditions for the penetration of invasive alien species than the forest edges.
However, it appears that Ageratina altissima has established itself in South Korean forests in
much the same way as naturalized species have (Figure 8). Invasive plant species possess
efficient reproductive strategies that enable them to sustain self-replacing populations and
produce capable offspring, even in remote areas [36,37].

As such, the characteristics of the species, the environmental conditions, and human-
related factors affect the path of invasion, thereby affecting propagule pressure and invasion
success/failure rates. The invasion dynamics occurring after the settlement of invasive
species are also affected by propagule pressure. Among other factors, propagule pressure
was found to be a key contributor to invasiveness and invasibility [2]. In the same vein,
studies on invasive alien species should consider propagule pressure to allow for the
development of more effective invasive species management strategies [38].
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Figure 8. DT model for the forest interior. In forests, the occurrence of Ageratina altissima can be
clearly explained by the ratio of naturalized plants. Ageratina altissima was found in 40 of the 42 sites
in which the ratio of naturalized plants exceeded 6.5%.

5. Conclusions

The spread of Ageratina altissima across South Korean forests can be explained by
dividing the processes into the following two categories: settlement in forest edges and
invasion in the forest interior. Ageratina altissima shows a low level of occurrence in
forest edges with low density and complex shapes, as well as areas with high elevations,
pronounced slopes, and hard soils. Additionally, the settlement processes of Ageratina
altissima are also affected by vegetation. The distance from urbanized areas, the elevation,
and the number of tree species were important environmental variables that affected
the penetration of Ageratina altissima into the forest interior. Moreover, these factors
are thought to also be closely related to persisting invasion intensity, permeability, and
vegetation stability. Our analyses of the settlement process of Ageratina altissima in forest
edges coupled with our decision model suggested that Ageratina altissima is more likely
to occur in forests adjacent to urban areas or in forests that have approximately 30% of
their surrounding area within a 500-m radius of an urbanized area. The surrounding land
use also has a great impact on the settlement and invasiveness of invasive species such
as Ageratina altissima. It was also found that Ageratina altissima spreads into the forest
interior in much the same way as naturalized herbaceous plants. Therefore, an effective
management strategy for invasive plant species such as Ageratina altissima should consider
the characteristics of naturalized species and land use management policy on forest edges.

Author Contributions: Conceptualization, E.K. and W.S.; methodology, E.K. and W.S.; investigation,
E.K. and W.S,; writing—original draft preparation, E.K.; writing—review and editing, W.S. and J.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was conducted with the support of the Korea Environment Industry & Technol-
ogy Institute (KEITT) through its “Development of ecological restoration management technology and
demonstration (test-bed) of technology” Project and funded by the Korea Ministry of Environment
(MOE) (2018000210008).

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.
Informed Consent Statement: Not applicable for studies not involving humans.
Data Availability Statement: The data presented in this study are available in article.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2021, 13, 6152 13 of 15

Appendix A
Table Al. Environmental variables and analysis methods.
Classification Variables Analysis Method (Unit) Reference
Rate of b(ligg%leaf trees Percentage of broad-leaved trees among trees exceeding 6 m (%) Field survey
Rate of broadleaf Percentage of broad-leaved trees among trees of 2—6 m in Field surve
subtrees (RBST) height (%) y
Rate of broadleaf shrubs  Percentage of broad-leaved trees among trees with a height of Field surve
(RBS) 2 m or less (%) y
Tree canopy (TC) Percentage of canopy cover of trees exceeding 6 m in height (%) Field survey
Vegetation Subtree canopy (STC) Percentage of canopy cover for trees 2-6 m in height (%) Field survey
Shrub canopy (SC) Percentage of canopy cover for trees under 2 m in height (%) Field survey
Number (?\fr;rse)e species Number of tree species exceeding 6 m in height (N) Field survey
Number of subtree . . . .
species (NSTS) Number of species of trees 2—6 m in height (N) Field survey
Number czi}sgsr;lb species Number of tree species up to 2 m in height (N) Field survey
Herbaceous ground . o .
cover (HGC) Percentage of herbaceous covering the ground (%) Field survey
Distance from forest . .
edges (DFE) Calculate Euclidean distance from forest boundary (m) Land cover map
Elevation (ELE) Elevation extracted from a Dlglta.I Elevation Model at 30 m DEM.(Dlgltal
spatial resolution (m) Elevation Map)
Degree inclination analyzed by spatial analysis using Arcmap DEM (Digital
Topography Slope (SLO) 10.5 (degree) Elevation Map)
. . Extraction of soil drainage divided into five grades included as .
Soil drainage (SD) attributes in the soil map (grade) Soil map
Soil hardness (SH) Field measurement using a soil hardness tester SHM-1 (mm) Field survey
. Analysis incoming solar radiation from a raster surface using DEM (Digital
Solar radiation (SR) Arcmap 10.5 (WH/ m?) Elevation Map)

Land use and

Size of forested areas

Calculation of forest area extracted from land cover map (m?)

Land cover map

(SFA)
Calculation of area-weighted mean shape index of forest
Shape index (SI) extracted from land cover map using landscape ecology Land cover map
index (m/m?)
Edge density (ED) Edge ratio per forest area (m/km?) Land cover map

Distance from urbanized

Distance from urbanized area extracted from land cover

landscape Land cover ma
ecol Ogg . areas (DUA) map (m) p
Dlstanct(eérRo)m roads Distance from roads extracted from land cover map (m) Land cover map

Rate of urbanized areas Proportion of urbanized areas within a 500-m radius of the Land cover ma
(RU500) survey sites (%) p

Rate of agricultural areas ~ Proportion of agricultural areas within a 500-m radius of the Land cover ma
(RA500) survey sites (%) p
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