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Ecological Indicator Research Team, Division of Climate Ecology, Ecoclimatology Research Bureau, National Institute of Ecology,
Seocheon, Korea

ABSTRACT

Cities are simultaneously vulnerable ecosystems exposed to risks such as heatwaves, floods, and air pollution, while
also holding potential to drive biodiversity conservation and resilience. As cities play an increasingly critical role in
achieving global biodiversity targets, the International Union for Conservation of Nature developed the Urban Nature
Indexes (UNI) to assess urban ecological performance. This paper introduces the UNI methodology and discusses
strategic directions for its application in Korea. The UNI is grounded in the Driving forces-Pressures-State-Impact-
Response framework and the Urban Bioshed Impact Areas model, enabling assessment of ecological impacts within
and beyond city boundaries. 1t comprises six themes and 30 indicator topics. For Korea, we highlight priorities
including indicator localization, data infrastructure development, and policy integration. Applying the UNI in Korea is
expected to strengthen national biodiversity strategies and position cities as active contributors to global sustainability
agendas.

Keywords: Urban biodiversity, Ecological indicators, Sustainability assessment, Nature-based solutions, Ecosystem

services, Urban resilience

Introduction

Biodiversity is the fundamental foundation that sustains
human survival, health, and quality of life. The Conven-
tion on Biological Diversity (CBD), which institutionalized
this internationally, has established conservation goals
since its entry into force in 1993, but rapid urbaniza-
tion threatens its achievements (Chan, 2024). Over half
of the world’s population now lives in cities, projected
to reach 70% by 2050 (UNDESA, 2019). This population
concentration and land-use transformation are altering

Received November 11, 2025; Revised December 9, 2025;
Accepted December 10, 2025

*Corresponding author: Sung-Ryong Kang
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urban ecosystem structures and intensifying complex
environmental risks stemming from the combination of
physical development and climate change (Bonthoux &t
Chollet, 2024; Miller, 2005). In particular, various climatic
and non-climatic factors such as heatwaves, floods, and
air pollution accelerate habitat fragmentation and spe-
cies loss within cities (Faeth et al., 2011; Oke et al., 2021;
Soga & Gaston, 2016). Despite these vulnerabilities, cit-
ies are dual-natured spaces with the potential to become
crucial sites for biodiversity conservation and ecosystem
restoration. Some endangered species inhabit and depend
on cities for survival (lves et al., 2016; Soanes €& Lentini,
2019), while urban nature—such as parks, gardens, and
green corridors—provides diverse ecosystem services in-
cluding cooling, flood mitigation, air purification, food
supply, and recreation (Dobbs et al., 2014; Elmqvist et al.,
2015). These natural elements maintain human-nature
connections, creating positive effects that enhance well-

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
eamrsm by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © National Institute of Ecology.
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being and conservation, thereby supporting the necessity
of urban ecosystem management.

As the importance of urban ecosystems and biodiversity
is emphasized, research analyzing species richness, habitat
connectivity, and ecosystem service functions is actively
conducted in various cities (Kendal et al., 2020). However,
these studies have primarily focused on large cities in de-
veloped countries and temperate regions, and have been
centered on birds and plants, leaving data on other taxo-
nomic groups and developing countries still limited (Faeth
et al., 2011; Luederitz et al., 2015). To address these limi-
tations and assess biodiversity management at the urban
level, the Secretariat of the CBD and Singapore’s National
Parks Board jointly developed the City Biodiversity Index
(CBI; Singapore Index) (Deslauriers et al., 2018). While the
CBI is a useful indicator for assessing the state of biodi-
versity and management efforts within cities, it struggles
to encompass ecological impacts extending beyond urban
boundaries or social and policy responses. Consequently,
there is a growing need for a more comprehensive indi-
cator that can holistically evaluate not only species and
habitats within cities but also ecosystem services, human
well-being, and governance (Pierce et al., 2024).

The global biodiversity agenda (Post-2020 Global Biodi-
versity Framework, Sustainable Development Goals, Inter-
governmental Science-Policy Platform on Biodiversity and
Ecosystem Services, etc.) is expanding beyond conserva-
tion to include restoration and the realization of Nature’s
Contributions to People (NCP) (Diaz et al., 2015; Xie &
Bulkeley, 2020). The role of cities in achieving these goals
is increasingly vital, suggesting that urban governance
must adopt innovative strategies beyond simple land-use
planning, such as experimental approaches, urban wild-
ing, and nature-based solutions (Cohen-Shacham et al.,
2016; Xie & Bulkeley, 2020). Cities are now required to
act not as passive spaces managing vulnerability, but as

active agents driving global transition.

The International Union for Conservation of Nature
(TUCN) developed the Urban Nature Indexes (UNI1) to
comprehensively assess the ecological performance of
cities within this context (Pierce et al., 2024). The UNI
is designed to assess the ecological footprint extend-
ing beyond the city itself, based on the Driving forces-
Pressures-State-Impact-Response (DPSIR) model and the
concept of urban bioshed impact areas (Bradley & Yee,
2015; Patricio et al., 2016; Pierce, 2022). Furthermore, by
comprehensively considering not only species and habitats
but also ecosystem services, human well-being, and gov-
ernance responses, it functions as a standardized assess-
ment framework linking cities to global biodiversity goals.
Therefore, this paper aims to evaluate the applicability
and limitations of the index by examining UNI's concep-
tual foundation, indicator system, and methodological
structure, and analyzing international application cases.
Furthermore, based on the results of its pilot application
in Korean cities, it aims to propose strategic management
directions for localizing the UNI and enhancing the eco-
logical performance of cities.

Materials and Methods

Conceptual framework and structural design of the UNI

Development rationale and conceptual foundations

The UNI is an international standard assessment system
developed by the TUCN. It serves as a tool for quantita-
tively evaluating and monitoring the state and changes in
natural capital and ecosystem services at the urban level.
The development of the UNI stemmed from the recogni-
tion that while the existing CBI is useful for measuring
the status of biodiversity within cities, its application is
constrained by local conditions such as city size, socio-

Pressures
Environmental
pressures and

human behaviour

Drivers

Social and
economic drivers

Affects State

Impact
Ecosystem
services and
human wellbeing
(including
biodiversity)

: Generates
Environmental
and human states

Responses
Policies and regulations

Fig. 1. Conceptual frameworks of the Urban Nature Indexes. Driving forces-Pressures-State-Impact-Response (DPSIR) model
illustrating the feedback relationships between social drivers, environmental pressures, ecosystem states, impacts, and policy
responses. Fig. 1 adapted from IUCN. The Urban Nature Indexes: Methodological Framework and Key Indicators; 2023, based
on Bradley and Yee (2015).
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economic context, and data availability. Consequently, the
TUCN established an integrated indicator system to as-
sess a city’s ecological performance in a more systematic
and standardized manner. UNI is designed based on two
conceptual frameworks. First, it systematically reflects the
complexity and causal structure of urban ecosystems by
applying the DPSIR framework (Fig. 1) (TUCN, 2023). This
model presents a five-stage causal structure: pressures
originating from socio-economic drivers such as human
health, safety, and welfare affect the state of the urban
environment; the resulting impacts act upon ecosystem
services and human well-being; and this leads to policy
and institutional efforts to address these impacts. UNI’s
six themes (Drivers, Pressures, State, Impacts, Responses,
Governance) were structured to reflect this causal flow.
Second, it introduced the concept of urban bioshed im-
pact areas, acknowledging that a city’s ecological impacts
extend beyond administrative boundaries to broader spa-
tial scales (IUCN, 2023). Accordingly, UNI defines three
spatial levels—(@ within the city (local scale), @ adjacent
areas functionally connected to the city (bioregional
scale), and @ external areas linked to global supply
chains and resource flows (global scale)—to establish the
scope of influence for each indicator. This design enables
UNI to simultaneously assess both a city’s direct impacts
and its linked impacts on distant regions. In summary,
UNI integrates the causal structure of DPSIR with the spa-
tial scale concept of the biosphere’s sphere of influence. 1t
serves as an integrated international standard assessment
system capable of diagnosing a city’s ecological perfor-
mance across both time and space.

Structure and thematic composition

The UNI are composed of six themes and 30 detailed
indicators based on the previously introduced DPSIR
model to reflect the causal structure of urban ecosystems
(Table 1). Each theme is designed to systematically diag-
nose the impacts of urban socio-economic activities on
the natural environment, the resulting ecological respons-
es, and societal countermeasures.

The first theme, ‘Consumption Drivers, assesses the
fundamental drivers of social-economic activities—such as
urban energy use and resource consumption—on ecosys-
tems, specifically considering the indirect impacts these
consumption patterns have on ecosystems outside the
city. The second theme, ‘Human Pressures, evaluates di-
rect pressures within cities, including various forms of en-
vironmental pollution and expansion, to identify the neg-
ative impacts of urbanization on ecosystem structure and
function. The third theme, ‘Habitat Status, and the fourth
theme, ‘Species Status, diagnose the physical habitat con-
ditions and the state of biodiversity, respectively. This aims
to evaluate the health of urban ecosystems through indi-
cators such as habitat restoration, vegetation cover, green

network connectivity, and changes in flora and fauna.
The fifth theme, ‘Nature’s Contributions to People, evalu-
ates the ecosystem services provided by urban ecosystems.
1t measures social benefits such as citizen welfare, health,
and quality of life, encompassing regulatory, provisioning,
and cultural functions. Finally, ‘Governance Responses’
assesses urban governance capacity through policies, in-

Table 1. Structure of the Urban Nature Indexes framework
Theme ID

Indicator topics

1. Consumption Drivers 1.1 Material consumption
1.2 Harmful harvest & trade
1.3 GHG emissions from energy
1.4 Unsustainable diets
1.5 Water withdrawal

2. Human Pressures 2.1 Sprawl
2.2 Water pollution
2.3 Noise pollution
2.4 Light pollution
2.5 Invasive species

3. Habitat Status 3.1 Land use/protection
3.2 Ecosystem restoration
3.3 Shorelines & riverbanks
3.4 Vegetation cover
3.5 Connectivity

4. Species Status 4.1 Animal species
4.2 Plant species
4.3 Functional diversity
4.4 Microbiota
4.5 Endemic species

5. Nature’s Contributions 5.1 Exposure to nature

to People 5.2 Access to nature

5.3 Human health
5.4 Livelihoods
5.5 Sacred nature sites

6. Governance Responses 6.1 Planning
6.2 Laws & policy
6.3 Education
6.4 Management

6.5 Incentives & participation

The Urban Nature Indexes are composed of six overarching
themes—Consumption Drivers, Human Pressures, Habitat
Status, Species Status, Nature’s Contributions to People, and
Governance Responses—each comprising five indicator
topics (30 in total).

GHG, greenhouse gas.
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stitutions, planning, and citizen participation, diagnosing
the level of societal response to ecological issues identi-
fied in earlier stages. Thus, UNI perceives cities not merely
as physical habitats but as socio-ecological systems where
humans, nature, and policies interact. Consequently, each
theme functions not as a list of individual indicators but
as a component for analyzing a city’s ecological perfor-
mance in a causal and multi-layered manner.

Each detailed indicator follows a consistent format,
comprising Aim, Definition, Guidance, Alternative Metrics,
Resources, and Scoring Scheme. This structure enhances
comparability between indicators and is designed for flex-
ible application across cities with varying data availability.
For example, the ‘1.1 Material consumption’ indicator
uses per capita solid waste generation as its primary met-
ric, but may utilize per capita consumption-based eco-
logical footprint as an alternative metric depending on
city conditions. This standardized indicator design enables
inter-city result comparisons and long-term monitoring,
minimizing evaluator subjectivity while ensuring consis-
tency in policy interpretation.

The UNI establishes a baseline for urban ecosystems
through its initial assessment and identifies change trends
using historical data or repeated assessments every three
years. These trends can be categorized as no change,
positive change, negative change, or insufficient data.
The direction of change for each theme can be utilized to
set priorities for urban policy and establish management
strategies. Consequently, UNI's scoring system can track
a city’s ecological transition and scientifically present a
development pathway toward becoming a sustainable and
biodiversity-rich city.

Results

International applications and pilot implementation of
the UNI

International applications: the Berlin case

The UNI is known to have been piloted in several cit-
ies, but the only officially validated assessment results
currently available are those published by the TUCN for
the Berlin case (ITUCN, 2025). As Germany’s capital, Berlin
conducted a comprehensive assessment covering 23 de-
tailed indicators across 6 themes, based on its extensive
urban environment statistics and policy reports (Table 2)
(TUCN, 2025). Data was collected from public databases
such as Berlin’s Senate Department for the Environment,
Mobility, and Consumer Protection (SenUMVK) and the
Federal Environment Agency (Umweltbundesamt). The
evaluation results showed a trend toward sustainable
transition in the ‘Consumption Drivers’ category, includ-
ing efficient resource circulation management and a
reduction in greenhouse gas emissions from energy use

by approximately 17% in 2020 compared to 2019. In the
‘Human Pressures’ category, a baseline was established
for environmental pressures such as urban expansion and
noise/light pollution. The spread of the invasive species,
the tree of heaven (Ailanthus altissima), was specifically
identified as an ecological risk factor. The ‘Habitat & Spe-
cies Status’ category confirmed high biodiversity, with
the city maintaining a high urban green space ratio of
approximately 59% and recording over 3,000 animal spe-
cies and more than 1,200 plant species. However, results
for some specific indicators (two habitat-related and one
species-related) were not disclosed. In the ‘Nature’s Con-
tributions to People’ category, citizens’ access to nature
was favorable (approximately 40% of residents can ac-
cess green space within 300 meters), and park usage rates
were also high. However, indicators related to air quality
remained at an intermediate level. In the ‘Governance Re-
sponses’ category, city-level green infrastructure and bio-
diversity management plans (e.g., GRaBS, Action Program
for Urban Green Space) and citizen participation programs
were well-established. However, evaluation results for the
policy and legal/institutional sectors were absent, mean-
ing the systematic foundation for governance as a whole
was only partially assessed.

Overall, the Berlin case demonstrates that UNI is a prac-
tical tool capable of quantitatively diagnosing the multi-
layered performance of urban ecosystems. In advanced
cities with high data accessibility, the full set of UNI in-
dicators could be effectively applied, enabling integrated
evaluation across policy, planning, and educational pro-
grams. The absence of evaluation results for some indica-
tors (e.g., 3.3, 4.4, 5.5, 6.1, 6.2) may stem from data gaps,
but it is also possible they were excluded from assessment
based on the city’s capacity level.

Pilot evaluation in Seoul

To conduct a pilot assessment of the natural and eco-
logical status among cities in the Republic of Korea, cities
with well-established data and high data availability were
reviewed. As a result, the UNI was calculated for Seoul
Special City, the capital, using the methodology at (Table
3; SMG, 2025a, 2025b). Following the UNI's phased ap-
plication principle, ten detailed indicators encompassing
various sectors such as environment, climate, and green
spaces were selected, considering the city’s data avail-
ability and accessibility to administrative statistics. The
data used for the indicators was extracted and compiled
from sources including the Seoul Open Data Plaza (SMG,
2025a) and the Water Cycle Information Disclosure Sys-
tem (SMG, 2025b).

Evaluation results: under ‘Consumption Drivers, per
capita solid waste generation (1.1) showed a decreas-
ing trend from 0.014 kg/person/day in 2020 to 0.011 kg/
person/day in 2023, while greenhouse gas emissions from

S4
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Table 2. Summary of Urban Nature Indexes indicator results for Berlin

Theme ID Indicator topics Score
Consumption Drivers 1.1 Material consumption Baseline measured
1.3 GHG emissions from energy Decreasing trend observed
1.4 Unsustainable diets Baseline measured
1.5 Water withdrawal Decreasing trend observed
Human Pressures 2.1 Sprawl Baseline measured
2.2 Water pollution Baseline measured
2.3 Noise pollution Baseline measured
2.4 Light pollution Baseline measured
2.5 Invasive species Baseline measured
Habitat Status 3.1 Land use/protection Baseline measured
34 Vegetation cover Baseline measured
Species Status 4.1 Animal species Baseline measured
4.2 Plant speceis Baseline measured
43 Functional diversity Baseline measured
45 Endemic species Baseline measured
Nature’s Contributions to People 5.1 Exposure to nature Unchanged trend
5.2 Access to nature Baseline measured
5.3 Human health Baseline measured
5.4 Llivelihoods Baseline measured
5.5 Sacred nature sites Baseline measured
Governance Responses 6.3 Education Baseline measured
6.4 Management Baseline measured
6.5 Incentives & participation Baseline measured

Data were obtained from the International Union for Conservation of Nature (IUCN) Urban Nature Indexes database and official

materials provided by IUCN (IUCN, 2025).
GHG, greenhouse gas.

energy use (1.3) established a baseline of 3.16 t CO, in
2023, establishing a baseline. Under ‘Human Pressures,
urban sprawl showed a mitigating trend, decreasing from
251 people/ha to 241 people/ha, while the noise indica-
tor remained at a relatively high level of 54.4-56.6 db. In
‘Habitat Status, the protected area coefficient within the
urban area decreased slightly from 0.558 in 2020 to 0.548
in 2024, while the green space ratio increased somewhat
from 26.1% to 26.3%. This is judged to reflect the results
of policies focused on qualitative management of exist-
ing green spaces and the creation of small-scale green
spaces within living areas, rather than the expansion of
new green areas. In the ‘Nature’s Contributions to People’
category, citizens’ access to nature (5.1) decreased to ap-
proximately 47 million people in 2022 but increased to
about 6 million people in 2023, indicating that ecological
accessibility within living areas was assessed as favorable.
Overall, the results of Seoul’s pilot application reflect
the characteristics of a large city with stable data accessi-

bility and administrative statistics systems. While most of
UNT’s key indicators could be practically evaluated, some
items could not be assessed due to limitations in data
disclosure scope or format inconsistencies. However, these
items are not deemed to be entirely absent; rather, they
are considered difficult to use directly due to constraints
in administrative procedures or access pathways.

Discussion

The UNI is an indicator system developed to compre-
hensively assess the structure, functions, and services of
urban ecosystems. Its significance lies in its design to
quantitatively evaluate natural assets and the contribu-
tions of nature—elements that have been relatively under-
valued in existing environmental statistics and sustainabil-
ity indicators. However, given the complex intertwining of
urban ecological, social, and economic systems, various
limiting factors are expected to arise during UNI applica-

https://doi.org/10.22920/PNIE.2025.6.Special.S1
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Table 3. Results of the pilot application of the Urban Nature Indexes indicators in Seoul

ID Indicator Method Result Source Score
1.1 Material Total waste volume (industrial, Average daily solid waste Seoul Open +
consumption construction, municipal, generation per capita (kg) Data Plaza Decreasing trend
designated waste)+total urban | 2020 | 2021 | 2022 | 2023 observed
population 0.014 | 0014 | 0012 | 0.011
1.3 GHG emissions Energy consumption by source Seoul Metropolitan .
from energy (electricity, gas, district Per capita emissions (2023; t CO,) City’s energy Baseline
heating)xemission factor+total 3.16 consumption measured
urban population
1.5 Water Water supply volume-total Daily water supply per person (L) Seoul Open +
withdrawal urban population 2020 | 2021 | 2022 | 2023 | 2024 Data Plaza Decreasing trend
observed
300 | 303 | 303 | 302 | 290
2.1 Sprawl Total population+developed Average density (persons/ha) Seoul Open +
land area (Biotop map: roads, 2020 2025 Data Plaza Decreasing trend
urbanized areas, etc.) observed
251 241
2.2 Water pollution Calculate the difference in total Total N (mg/L) Seoul Water Cycle =
nitrogen values measured at Stream 2021 | 2022 | 2023 2024 Information ~ Unchanged trend
the upper and lower reaches Disclosure
. Cheonggye | 0.53| 0.36| 0.57(0.11
of the river System
Jungnang |-0.92 |-1.75|-0.01 | 1.26
2.3 Noise pollution  Arithmetic mean of four daily v it Noise Seoul website +
noise measurements in green ear res (dB) Decreasing trend
areas Olympic Velodrome | 54.9 observed
2023 Pool 57.4
Musical fountain 57.5
Olympic Velodrome | 53.7
2024 Swimming pool 55.2
Musical fountain 54.3
3.1 Land use/ Calculating the Protected Land Protected land factor Seoul Open -
protection Factor by assigning weights 2020 2025 Data Plaza Negative trend
according to protection levels observed
0.558 0.548
3.4 Vegetation Tree and shrub area+total urban Vegetation cover (%) Seoul Open +
cover area (Biotop map: vegetation) 2020 2025 Data Plaza Positive trend
observed
26.1 26.3
5.1 Exposure to Estimate the total annual Total annual number of site visitors | Seoul Hangang Park +
nature number of visitors to (x1,000 persons) Headquarters Positive trend
Hangang Parks 2020 | 2021 | 2022 | 2023 observed
56,328 | 57,629 | 47,424 | 60,488
5.3 Human health  Measure air quality (PM2.5) Average PM2.5 concentration (ug/m°) Seoul Open =
within the region 2020 2021 2022 2023 Data Plaza Unchanged trend
20.67 | 19.78 | 1835 | 19.66

Source: SMG (2025a; 2025b).

GHG, greenhouse gas.

tion, including data availability, mismatches between ad-
ministrative units and ecological spaces, and differences
in social contexts (McPhearson et al., 2016). Particularly,

the level of data infrastructure—a prerequisite for indica-
tor calculation—varies significantly between countries and
cities, potentially negatively impacting the comparability
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and reliability of the indicators.

The pilot evaluation results for Seoul analyzed in this
study clearly demonstrate these structural characteristics.
In large cities where data accessibility and administrative
statistical systems are relatively well-established, UNI's key
indicators could be practically evaluated. However, evalu-
ation was limited for some items due to inconsistencies
in the scope or format of data disclosure. This appears to
stem more from constraints in administrative procedures
or access pathways than from data absence. It is judged
that most indicator calculations would be feasible if
consultation procedures were followed with the agencies
directly managing the data. Conversely, when examin-
ing the availability of the same indicators for small and
medium-sized cities at the city and county levels (e.g.,
Suncheon, Seocheon), the proportion of data directly
obtainable was only about 50%. This indicates that the
presence of environmental measurements and data infra-
structure conditions vary significantly depending on the
size and budget level of the local government. Therefore,
a supplementary process is necessary to flexibly adjust the
indicator calculation method, considering the data gap
between local governments, to enable evaluation even in
environments with insufficient data. This goes beyond
simply developing specialized indicators for each city; it
involves establishing an alternative evaluation system tai-
lored to the administrative and technical capacity levels of
each local government.

Meanwhile, UNI is based on the premise that a city’s
ecological impact extends beyond administrative bound-
aries to adjacent ecological units. This spatial expansive-
ness signifies that cities do not exist as isolated units
but are closely interconnected with water resources, air
quality, land use, and other aspects of neighboring areas
(Seto et al., 2012). Therefore, fundamental environmen-
tal improvement is difficult to achieve through internal
management systems alone. Furthermore, while time-
series measurable indicators such as water intake volume,
energy consumption, noise pollution, and water quality
pollution clearly demonstrate changes in the urban envi-
ronment, structural constraints exist before these results
translate into tangible improvements. While the current
UNI is effective in diagnosing a city’s environmental per-
formance, the system for linking these results to policy
implementation or citizen participation is relatively in-
adequate. To overcome these limitations, it is necessary
to evolve into an action-oriented evaluation system that
promotes policy realization and citizen participation. This
requires concurrent efforts in interconnected manage-
ment beyond city boundaries, changes in citizen behavior,
and the establishment of collaborative governance among
diverse stakeholders.

Based on this discussion, the following strategic ap-
proaches are required to apply UNI more effectively within

the Korean context. First, since UNI is designed to allow
indicator selection based on city size and data capabili-
ties, Korean local governments should establish a differ-
entiated indicator selection strategy reflecting each city’s
size, administrative capacity, and data infrastructure level,
rather than uniformly applying all indicators. Second, to
ensure reliability in inter-city comparisons, management
must be based on a common data template with a con-
sistent format and structure. Third, for UNI to be utilized
in actual policy decision-making, it is essential to directly
link the indicator results to existing policy frameworks
like Korea Nature-based Solutions (K-NbS) and the Na-
tional Biodiversity Strategy, converting them into action-
able implementation and investment strategies. Finally,
since most indicators are difficult to improve through
policy measures alone, the practice foundation must be
strengthened by linking evaluation results to citizen-par-
ticipatory monitoring or community-based environmental
management programs, ensuring they lead to positive
change. These strategic considerations will form a crucial
foundation for UNI to transcend being a mere evaluation
tool and establish itself as a sustainable ecological man-
agement system for Korean cities.

Conclusion

This study systematized the conceptual foundation
and structure of the UNI and examined its applicability
and limitations at the urban level through case studies of
Berlin and Seoul. The UNI, an international standard in-
dicator system integrating the DPSIR model and the con-
cept of the biosphere sphere of influence, was confirmed
to enable spatiotemporal diagnosis of urban ecosystem
structure, function, and services, as well as quantitative
assessment of ecological performance and sustainability.
Case analysis revealed that while large cities could calcu-
late indicators relatively stably, medium and small cities
exhibited limitations in applying some indicators due
to constraints in data infrastructure and administrative
systems. Future research should verify the applicability
of all 30 indicators domestically, beyond the 10 applied
in Seoul, and systematically analyze the standardization
potential for data requirements, substitute indicators, and
calculation units per indicator. Additionally, research is
needed to examine the feasibility of indicator calculation
across 17 metropolitan governments and major basic lo-
cal governments, leading to the creation of a nationwide
data availability map. Furthermore, developing a spatial
analysis framework to address the mismatch between
administrative boundaries and ecological space units is
also proposed as a future task. Furthermore, for UNI to
transcend a one-time diagnosis and be utilized for track-
ing long-term changes and comparative analysis between
cities, a monitoring infrastructure must be established.

https://doi.org/10.22920/PNIE.2025.6.Special.S1
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This infrastructure should include regular data updates
and a system for linking and managing evaluation results.
Ultimately, UNI possesses the potential to evolve beyond
a tool for measuring a city’s ecological performance into
an action-oriented indicator system that connects policy
implementation with citizen participation. It can become
a core foundation for sustainable urban transformation.
From this perspective, when developing K-NbS indicators,
it is necessary to leverage UNTI’s structural strengths while
designing a customized evaluation system that reflects
each city’s data foundation, shifts in citizen behavior, and
local governance characteristics.
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ABSTRACT

The global significance of nature-based solutions (NbS) is increasingly emphasized, yet practical and evidence-based
guidance on defining and implementing effective NbS strategies remains limited. This review synthesizes findings
from twenty key empirical studies that examine the role of urban green and blue spaces (GBS) in addressing two of
the TUCN’s societal challenges: (1) climate change mitigation and adaptation, with a focus on urban heat reduction,
and (2) disaster risk reduction, with a focus on urban flood mitigation. Evidence across the literature shows that
GBS meaningfully reduce both surface temperatures and flood risks. The effectiveness of GBS is determined not
only by expanding their coverage but also by designing interconnected ecological systems with optimized spatial
configuration, vegetation structure, hydrological linkages, and by ensuring that they are positioned in the urban areas
most vulnerable to heat and flooding. To enhance urban climate resilience, cities should adopt scale-appropriate
design and placement strategies and integrate GBS within existing infrastructure networks. Future research should
develop standardized performance metrics, assess long-term outcomes under climate change scenarios, and
strengthen evidence-based urban planning that positions NbS as a central component of sustainable and resilient city

development.

Keywords: Green and blue spaces, Nature-based solutions, Urban flood mitigation, Urban heat mitigation

Introduction

Rapid urbanization and climate change are intensifying
environmental and social pressures on cities worldwide.
Globally, more than half of the world’s population now
resides in urban areas, and this proportion is projected to
reach approximately 68% by 2050 (United Nations, 2019).
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As urban populations continue to increase, expanding
built-up areas accelerate the conversion of permeable
surfaces into impervious ones, reducing infiltration and
increasing runoff (Ongaga et al., 2024; Wu et al., 2020).
The decline in urban green spaces and water bodies exac-
erbates multiple socio-environmental challenges, includ-
ing the urban heat island effect, heightened flood risk,
deteriorating air quality, and the loss of biodiversity (Saiz-
Rodriguez et al., 2021).

Given these growing pressures, the International Union
for Conservation of Nature (ITUCN, 2016) identifies seven
key societal challenges: (1) climate change mitigation and
adaptation, (2) disaster risk reduction, (3) economic and
social development, (4) human health, (5) food security,
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(6) water security, and (7) environmental degradation and
biodiversity loss. To address these multifaceted challeng-
es, nature-based solutions (NbS) have gained significant
global attention. According to the TUCN (2016), NbS are
defined as “actions that protect, sustainably manage, or
restore natural or modified ecosystems to address societal
challenges in an effective and adaptive manner, while
simultaneously delivering benefits for human well-being
and biodiversity.” Although formally defined only recently,
the underlying principles—such as wetland restoration,
riparian conservation, and the integration of vegetation
into urban design—have long been embedded in ecologi-
cal management and landscape planning practices.

NbS encompass a broad and inclusive framework con-
sisting of three major categories: (1) existing natural or
protected ecosystems, (2) sustainably managed or restored
ecosystems, and (3) newly created ecosystems. While this
framework covers a wide range of approaches across dif-
ferent landscapes, this review focuses specifically on green
and blue space (GBS)-based NbS within urban environ-
ments. These interventions—including parks, urban forests,
waterways, wetlands, and constructed green infrastructure
systems—represent some of the most widely implemented
NbS strategies in cities.

The international community has also increasingly
highlighted the expansion and restoration of urban GBS
as a core component of sustainable urban development.
The Kunming—Montreal Global Biodiversity Framework,
adopted in 2022, establishes 23 global targets to be
achieved by 2030; among these, Target 12 explicitly calls
for enhanced access to GBS in urban areas (CBD, 2022),
emphasizing the essential role of urban ecosystems in
strengthening climate resilience and improving human
well-being.

Despite the growing global emphasis on the importance
of NbS, clear guidance on what makes an NbS effective

Articles identified keyword-based searches:
1. Temperature reduction (n=67)
2. Flood mitigation (n=90)

Identification

and how such strategies should be designed and imple-
mented in practice remains limited (ITUCN, 2020). Rather
than simply increasing the quantity of GBS, cities need a
deeper understanding of how these measures should be
strategically applied to address specific urban challenges.
Accordingly, this study reviews a wide range of empiri-
cal research to examine evidence-based NbS applications,
with particular emphasis on two of the TUCN'’s societal
challenges: (1) climate change mitigation and adaptation,
focusing on urban heat reduction, and (2) disaster risk re-
duction, focusing on flood mitigation. This research aims
to synthesize quantitative evidence and to identify design
and implementation strategies that maximize the effec-
tiveness of urban GBS measures for climate resilience.

Materials and Methods

This research conducted a systematic literature review
targeting peer-reviewed academic papers and official re-
ports from international organizations published during
the 2010-2025 period. Key databases (Web of Science,
Scopus, PubMed, Google Scholar) were utilized, searching
with the keywords “Urban green spaces”, “Nature-based
Solutions”, “GBS”, “Flood risk reduction”, “Cooling ef-
fect”, “Biodiversity”, and “Climate Adaptation.” The litera-
ture selection criteria were limited to studies presenting
quantitative effects of urban green spaces and NbS. Out
of a total of 157 papers, 20 core documents were ulti-
mately selected for analysis (Fig. 1).

Results

Cooling effects of urban green and blue spaces

Evidence from ten key studies shows that urban GBS
contribute meaningfully to surface temperature reduction
(Table 1). Overall, the reviewed literature indicates that

Potentially eligible full articles
(n=157) "

Screening

Articles excluded after screening
of title/abstract (n=137)

- Out of scope

- Not empirical

- No quantitative results

A

Articles included after full-text review:
1. Temperature reduction (n=10)
2. Flood mitigation (n=10)

Included

Fig. 1. Screening and selection
flow diagram for green and blue
spaces-temperature and flood
mitigation studies.
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. 22E. T 8 - & § cooling performance is inﬂ}lenced by multiple factors jn—
e 2 § b é ;E‘ = % e B 5 cluding patch size, vegetation structure, and surrounding
s SE588Z8 g; ,82323 %%\ o8 land-use characteristics among others.
%n g = i S g o= e ié E g % g E & One of the most consistent determinants of cooling
T T ZE4 ég SER2EYESD B2 2 effect is the size of green spaces, with most empirical
= |8 g;oé 28739 £ § _5 E 2 8 g °© < E § studies indicating that larger patches exhibit both higher
% g '§D§ % g §§5 § '§D Z § 2 gog ‘% = cooling intensity and wider spatial cooling reach. An
) Ee=3837% g oSS aal g analysis of 92 parks in Japan by Cao et al. (2010) showed
- v 2 8 that parks smaller than 2 ha produced little to no cooling,
E o E § S 5 “E’ whereas meaningful cooling emerged only beyond this
® g8 m e E s threshold. In particular, parks larger than 10 ha displayed
‘g E 5 E g 8 3 28 Y Q the strongest cooling effects. Similarly, Monteiro et al.
E g iy § iy E g Ny g S i. (2016), examining eight greenspaces in the United King-
g g S g £ 5 = 5\5}3 S g, g dom, reported that very small parks (<0.5 ha) generated
<5 E < 3 E g N = E i S minimal cooling of about 0.3°C and exhibited virtually
g 2= 28 E § SE=3 L‘g no cooling beyond their boundaries. Small parks (0.8-3.8
® ; ha) cooled surrounding areas by roughly 0.4-0.8°C, while
vel = 2 % Sedec = medium parks (10-12 ha) produced stronger cooling of
g - E’E E g E E § EXE % 0.6-1.0°C and extended their influence over distances of
e § Z £38 < § 8 5§58 _§ s < 180-330 m. However, increases in park size do not yield
SEE €% S = = g < ER=Re & unlimited gains. Du et al. (2017), analyzing 68 parks in
§ g § g é ks _8 g é g é g § Shanghai, identified a diminishing marginal effect around
Z = g 40 ha, beyond which additional area provided limited ex-
e tra cooling.
o |0 = % é Vegetation structure' also strongly inﬂuenc.ed the mag-
E 5 g ) = nitude of urban cooling. Overall, tree-dominated green
S<s% is < ~) spaces exhibited substantially greater temperature-reduc-
2 § s = s 8 tion effects than shrub- or grass-dominated areas (Cao
S=° 2 £ et al. 2010; Chang & Li, 2014; Feyisa et al., 2014). For
g example, Bowler et al. (2010) noted that several included
o é 5 studies reported stronger cooling effects in parks with
zg 2 g 7; substantial tree cover compared with grass-dominated
E:w g '§ g 3 areas. Feyisa et al. (2014) found that land-surface tem-
s 2 § perature decreased by approximately 0.02°C for every
% : 2 g* 1% increase in canopy cover, demonstrating that higher
a . ; canopy density substantially enhances local cooling. Simi-
'.E‘ . 9 larly, Hamada and Ohta (2010) reported a strong negative
o g é § 9‘ correlation between forest-cover ratio (within 200 m) and
é %jcg g = daytime air temperature, suggesting that greater forest
S E § E”E § cover effectively mitigates urban heat. Regarding species
o g g 'E 'z o composition, broadleaf trees were generally more effective
E S3= g A Y than conifers. Feyisa et al. (2014) found that Eucalyptus
S spp. provided the strongest cooling, while Cupressus and
2 | - E g Grevillea (coniferous and semi-evergreen species) were less
,-% s = g effective. Hamada and Ohta (2010) observed that mixed
é E < ﬁ 8 go deciduous—evergreen stands within the study park exhib-
53 é = 5 ited higher specific humidity in summer, which contrib-
- © £ uted to daytime cooling.
g @ The cooling performance of GBS is also influenced
= < gman S s by the characteristics of adjacent land-use types. Yu et
§ _g g é Ei al. (2017) found that green spaces adjacent to or con-
~ UG)E go § nected with water bodies showed a markedly enhanced
o & e 2 cooling effect compared with green-only areas. Green-
E EGD “‘::3 blue combinations reduced land surface temperatures by
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about 6.38°C relative to built-up areas, which is nearly
3°C stronger than the cooling observed in green spaces
without water adjacency, and they also exhibited larger
cooling extents and intensities. Similarly, Chen et al. (2014)
reported that larger green patches and a higher propor-
tion of neighboring green areas were associated with
stronger surface urban cool island effects. Among green
types, rivers and lakes exhibited the most pronounced
cooling, and tree-dominated patches were consistently
cooler than areas dominated by shrubs or grass.

Green and blue spaces contributions to urban flood
mitigation

Urban GBS are widely utilized in urban areas as effec-
tive measures for flood mitigation. Following the micro-,
meso-, and macro-scale classification proposed by Esraz-
Ul-Zannat et al. (2024), this review organizes ten repre-
sentative papers accordingly to examine how different
types of NbS contribute to urban flood mitigation across
spatial scales (Table 2).

Micro-scale GBS, including blue roofs, green roofs,
green walls, permeable pavements, and rainwater harvest-
ing, function primarily at the building or block level to
directly reduce stormwater runoff. Across the reviewed
studies, these measures consistently demonstrated sub-
stantial improvements in drainage performance. For
example, Song et al. (2019) reported that implementing
LID-type GBS across a 37.68 km2 area in Shenzhen in-
creased absorption duration, enhanced recovery capacity
from 76.38-98.19%, and eliminated flooding in 35% of
previously flooded areas. For blue-green roofs, Richter
and Dickhaut (2023) reported that these systems retained
64-74% of rainfall, reduced peak runoff to extremely low
levels (Cp=0.02-0.04), and delayed discharge for several
hours. For green walls, Palermo et al. (2023) found that a
modular living wall system performed robustly under 32
simulated rainfall events, with runoff coefficients span-
ning 0-81.6% and outflow initiation delayed by 4-35
minutes. Such performance indicates that even individual
micro-scale units can exert measurable influence on
stormwater behavior during storm events.

Meso-scale GBS operate at the neighborhood or sub-
catchment scale and include systems such as swales,
green streets, infiltration trenches, rain gardens, deten-
tion ponds, retention ponds, and sand filters. These GBS
elements extend hydrological regulation beyond the im-
mediate installation site by reducing peak flows, enhanc-
ing infiltration, and stabilizing runoff dynamics across
connected urban drainage networks. The reviewed studies
consistently show that meso-scale measures provide sub-
stantial buffering capacity during storm events. For ex-
ample, Giermek (2015) showed that small urban wetlands
in Cape Town reduced peak flows by up to 42% during
flash events and approximately 20% during longer-dura-

tion storms. Laub et al. (2024) further showed that two
small bioretention basins in Texas reduced peak flow by
approximately 77-83% on average and decreased hydro-
graph flashiness by 83-93%. In the case of rain gardens,
Jeon et al. (2021) showed that the system maintained a
consistent 88% reduction in runoff over a five-year moni-
toring period. These results suggest that meso-scale bio-
retention facilities can provide long-term, stable buffering
capacity under repeatedly occurring storm events in real
urban environments.

Macro-scale GBS encompass large-scale ecological and
hydrological interventions—such as riparian buffers, urban
agriculture, urban forests, and constructed wetlands—
that operate at the metropolitan or basin scale. These
measures influence hydrological regimes across expansive
regions, providing structural and long-term flood miti-
gation benefits. Staccione et al. (2024) demonstrated
through city-scale pluvial flood modeling that expanding
green infrastructure by 25% across the Milan metropoli-
tan area could reduce building damages by 50%, lower
population exposure by 40%, and decrease flood dam-
ages by up to 60% under extreme rainfall conditions. At
even larger spatial extents, multiple studies showed that
wetland-based and retention systems are highly effective
in reducing basin-scale flood hazards (Gupta et al., 2024;
Khalafallah et al., 2025; Peng et al., 2025). For example,
Gupta et al. (2024) reported that rejuvenated wetlands
across the 190,000 km2 Brahmaputra River basin reduced
peak streamflow by 5.1-8.3% and lowered the frequency
of flood-threat events by 30-65% in major cities. Col-
lectively, these studies demonstrate that macro-scale GBS
deliver the most substantial and durable reductions in
urban and regional flood risk, particularly when imple-
mented as interconnected ecological networks spanning
catchments, river corridors, and metropolitan systems.

Discussion

NbS are increasingly recognized as having strong poten-
tial to address multiple societal and environmental chal-
lenges, yet further empirical evidence is needed to guide
their optimal design and application across different
scales and contexts (e.g., Chausson et al., 2020; TUCN,
2020; Seddon et al., 2020; United Nations Environment
Programme, 2021). In response to this need, the present
review synthesizes empirical findings on NbS in urban en-
vironments, demonstrating that GBS play a critical role in
addressing two of the TUCN’s major societal challenges—
climate change mitigation and adaptation, and disaster
risk reduction—through measurable reductions in urban
heat and flooding.

A review of ten empirical heat-mitigation studies shows
that cooling benefits are maximized when ecological
systems are designed to be interconnected and to in-
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clude optimized spatial configurations, diverse vegetation
structures, and hydrological connectivity. This suggests
that not only the quantitative expansion of green-blue
spaces but also their qualitative characteristics are critical
for enhancing cooling performance. For example, park’s
internal thermal condition is the strongest determinant
of the surrounding air temperature (Chang & Li, 2014),
indicating that vegetation quality within a park plays a
decisive role in regulating near-park microclimates. In
particular, the shading capacity and evapotranspiration
potential of tree canopies were identified as the primary
drivers of enhanced cooling, indicating the importance of
increasing tree-canopy cover while reducing the amount
of bare soil in green spaces. Moreover, because cooling
effects typically extend about 35-840 m from individual
parks (Hamada €& Ohta, 2010; Lin et al., 2015), distribut-
ing multiple medium-sized green patches throughout the
urban is likely to provide broader city-wide cooling ben-
efits than concentrating vegetation in a single location.
For flood mitigation, GBS implemented at micro-,
meso-, and macro-scales each play complementary and
mutually reinforcing roles. Even individual micro-scale
units can measurably influence stormwater behavior dur-
ing rainfall events. Because they can be deployed cost-ef-
fectively and in a highly distributed manner across dense
urban areas, micro-scale NbS are particularly suitable for
managing localized pluvial flooding. Their performance
is further enhanced when installations are strategically
positioned in low-lying or flood-prone zones, where flood
volumes, inundation depths, and infrastructure vulnera-
bilities are greatest (Song et al., 2019). At the meso scale,
NbS moderate stormwater volumes, delay hydrograph
responses, and strengthen flood resilience at the district
level—especially when they are hydrologically integrated
with existing stormwater networks and natural flow path-
ways. Macro-scale GBS provide the most substantial and
durable reductions in urban and regional flood risk, par-
ticularly when implemented as interconnected ecological
networks spanning catchments, river corridors, and met-
ropolitan systems. These large-scale interventions shape
hydrological regimes, enhance storage capacity, and redis-
tribute runoff across broader landscapes, thereby offering
long-term flood mitigation benefits that smaller-scale
interventions alone cannot achieve (Gupta et al., 2024).
Despite these insights, several limitations should be
acknowledged when interpreting the findings of this re-
view. The cited empirical studies (e.g., London, Milan, and
Shenzhen) encompass diverse climatic contexts, and the
effectiveness of GBS is likely to vary substantially across
climate regimes. In monsoon regions such as Korea, where
rainfall is highly concentrated during the summer months,
the flood-mitigation efficiency of GBS may differ mark-
edly from those observed in arid, temperate, or oceanic
climates. This climatic heterogeneity was not explicitly

addressed in the reviewed studies, representing a limita-
tion. Moreover, the synthesis presented here does not
fully account for the influence of urban morphological
factors—such as building density, street canyon geometry,
and prevailing wind pathways—which are known to medi-
ate both the intensity and spatial reach of GBS-induced
cooling and hydrological effects. Given these limitations,
the application of GBS for heat and flood mitigation
should be guided by empirical evidence tailored to local
climatic conditions, urban structures, and hydrological
settings. Future research would benefit from comparative,
multi-city analyses that explicitly examine how climate,
morphology, and spatial configuration interact to deter-
mine GBS performance across scales.

Conclusion

This review demonstrates that urban GBS play a critical
role in addressing two of the TUCN’s major societal chal-
lenges—climate change mitigation and adaptation, and
disaster risk reduction—through measurable reductions in
urban heat and flooding. Across the reviewed studies, the
effectiveness of GBS depends strongly on spatial scale,
ecological configuration, and the biophysical character-
istics of both the intervention site and the surrounding
landscape. These findings highlight that the value of NbS
lies not only in increasing the quantity of urban GBS but
also in designing interventions that function effectively
as interconnected ecological systems. To maximize cli-
mate resilience, cities must consider scale-appropriate
placement, vegetation structure, connectivity, and the
integration of GBS into existing urban infrastructure. Fu-
ture research should build on these insights by develop-
ing standardized metrics for assessing NbS performance,
monitoring long-term outcomes under climate change
scenarios, and supporting evidence-based urban planning
that integrates NbS as a central strategy for sustainable
and resilient city development.
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ABSTRACT

The Protected Connected land indicator (ProtConn) and the Species Protection Index (SP1) are adopted under
Target 3 of the Kunming-Montreal Global Biodiversity Framework to represent structural connectivity and species-
level conservation outcomes, respectively. However, empirical evidence linking ProtConn to observed biodiversity
outcomes remains limited. This study synthesizes ecological theory, international policy frameworks, and existing
literature to clarify the conceptual relationship between ProtConn and SPI and to assess the feasibility of future
empirical linkage analyses. The results indicate that ProtConn primarily functions as a structural condition indicator
describing protected area network configuration, whereas SP1 captures biological conservation outcomes, highlighting
a clear distinction between structural conditions and ecological responses. Furthermore, this study demonstrates that
nationally standardized biodiversity datasets in the Republic of Korea are spatially and taxonomically compatible with
ProtConn-based analyses. These findings identify critical empirical gaps and provide a methodological foundation
for future quantitative research examining the relationship between protected area connectivity and biodiversity
conservation outcomes.

Keywords: Biodiversity monitoring, Ecological connectivity, Global Biodiversity Framework, Protected area networks,
Protected Connected land indicator, Species Protection Index

Introduction

Kunming-Montreal Global Biodiversity Framework (GBF)
Target 3 calls for conserving at least 30% of terrestrial,
inland water, and marine areas by 2030 through effec-
tively and adequately connected protected areas and oth-
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er effective area-based conservation measures (Convention
on Biological Diversity [CBD], 2022). Compared with the
former Aichi Target 11, GBF Target 3 places greater em-
phasis not only on the extent of protected areas but also
on their quality and connectivity, increasing the demand
for indicators capable of quantitatively assessing protect-
ed area connectivity.

In response to this demand, Protected Connected land
indicator (ProtConn) has emerged as the most widely ap-
plied global indicator for evaluating the structural con-
nectivity of protected area networks (Saura et al., 2018).
ProtConn is grounded in landscape ecology and metapop-
ulation theory and represents the structural characteristics

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
eamrsm by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © National Institute of Ecology.


https://orcid.org/0000-0002-8323-0746
https://orcid.org/0000-0002-8728-0732
https://orcid.org/0000-0002-8728-0732
https://data.doi.or.kr/history/10.22920/PNIE.2025.6.Special.S21

PNIE

Yeounsu Chu, Sung-Ryong Kang

of protected area networks. Its four components—Within,
Contig, Unprot, and Trans—capture internal connectivity
within protected areas, physical connectivity among adja-
cent protected areas, functional connectivity across non-
adjacent protected areas through the surrounding matrix,
and transboundary connectivity, respectively (Saura et al.,
2017). These components are theoretically linked to key
ecological mechanisms that support biodiversity persis-
tence, including species movement, population rescue ef-
fects, and the maintenance of gene flow (Hanski, 1998).

Within the GBF Target 3 monitoring framework,
ProtConn is defined as a structural condition indicator,
whereas the Species Protection Index (SP1) is defined as
an outcome indicator reflecting conservation success in
terms of species range coverage (United Nations Environ-
ment Programme World Conservation Monitoring Center
[UNEP-WCMC] & International Union for Conservation
of Nature [TUCN], 2024). Although these indicators are
reported in parallel to represent the “condition-outcome”
logic of conservation policy, no empirical studies have ex-
amined their statistical relationship at national scales. The
Protected Planet Report 2024 likewise presents ProtConn
and SPI side by side but does not specify how structural
connectivity relates to observed biodiversity outcomes
(UNEP-WCMC &t TUCN, 2024).

Existing research has primarily focused on estimating
ProtConn values and describing their spatial or tempo-
ral variation. Saura et al. (2017; 2018; 2019) presented
global assessments and time-series analyses of ProtConn
but did not investigate whether increases in ProtConn are
associated with improved species distributions, increased
species richness, or reduced extinction risk. While some
studies suggest that connectivity may indirectly influence
ecosystem stability or habitat quality (Castillo et al., 2020;
Zhao et al., 2022), direct species-based empirical analyses
remain scarce.

Despite the availability of nationally standardized, high-
resolution biodiversity datasets in Korea, empirical studies
linking ProtConn with biodiversity indicators have not yet
been conducted domestically or internationally. This study
addresses this gap by clarifying the conceptual scope and
limitations of ProtConn within the GBF Target 3 frame-
work and by assessing whether existing national biodi-
versity datasets in Korea provide a feasible foundation for
future empirical ProtConn-SP1 or ProtConn-biodiversity
linkage analyses.

Materials and Methods

This study adopts a theoretical and methodological
review approach to examine the conceptual relationship
between ProtConn and biodiversity indicators. First, inter-
nationally validated literature and official policy reports
were systematically reviewed to clarify the definition of

ProtConn, the ecological significance of its components,
and the characteristics of country-level estimates, with a
particular focus on Saura et al. (2017; 2018; 2019). To
establish the theoretical foundations of ProtConn as a
structural connectivity indicator, key ecological theories
related to connectivity—including metapopulation theory
(Hanski, 1998), island biogeography, and dispersal and
gene flow theory—were reviewed. In addition, policy-ori-
ented documents, including the Protected Planet Report
2024 (UNEP-WCMC & TUCN, 2024), were analyzed to
examine the respective roles of ProtConn and the SPI as
component indicators under the GBF Target 3 monitoring
framework, and to identify current international limita-
tions in empirical linkage analyses between these indica-
tors.

Furthermore, rather than conducting empirical compari-
sons, this study performed a data feasibility assessment
to evaluate the potential for future ProtConn-SPI1 or
ProtConn-species indicator analyses in Korea. This assess-
ment examined the spatial resolution, temporal coverage,
taxonomic scope, and spatial unit compatibility of data-
sets from the National Ecosystem Survey (National Insti-
tute of Ecology; NIE), species occurrence records from the
National Institute of Biological Resources (NIBR), and spe-
cies inventory and ecological survey data produced by the
Korea National Park Service (KNPS). The analysis focused
on whether these datasets can be spatially aligned with
ProtConn values at common grid units, thereby enabling
future quantitative analyses of relationships between pro-
tected area connectivity and biodiversity indicators.

Results

ProtConn is widely applied as a global indicator for
quantifying the structural connectivity of protected area
networks (Saura et al., 2017; 2018). 1t consists of four
components—Within, Contig, Unprot, and Trans—each
capturing a distinct aspect of network structure, including
internal connectivity within protected areas, connectivity
among adjacent protected areas, functional connectivity
across non-adjacent protected areas through the sur-
rounding matrix, and transboundary connectivity (Table
1). These components describe the spatial configuration
and potential coherence of protected area systems but do
not directly measure biodiversity outcomes.

International assessments report substantial variation
in ProtConn values among countries. According to CBD
synthesis reports (CBD, 2021a; 2021b; 2021c), Germany
exhibits relatively high ProtConn values (35.1%), while the
Republic of Korea shows lower connectivity (approximately
9.0%), and Japan displays intermediate values (14.8%).
These differences reflect variation in national topography,
land-use patterns, and the spatial configuration of pro-
tected area systems.
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Table 1. Ecological significance of ProtConn components

ProtConn General

component Definition contribution (%) Most relevant target Key limitations
Within Connectivity within 40-60 Large protected areas; Does not reflect connectivity
individual protected areas wide-ranging species between areas
Contig Connectivity through 20-35 All species; particularly Limited to directly adjacent
physically adjacent important for species with areas
protected areas low mobility
Unprot  Connectivity through non- 15-30 Species with medium-high Species-specific diffusion
adjacent protected areas dispersal ability parameters required
within dispersal distance
Trans Transboundary 5-15 Migratory species; species Data availability issues;
connectivity whose range crosses borders international cooperation
required
ProtConn, Protected Connected land indicator.
To assess the feasibility of empirical linkage analyses Discussion

between ProtConn and biodiversity indicators, this study
examined three nationally standardized biodiversity data
sources in Korea: the National Ecosystem Survey con-
ducted by the NIE (2024), national biodiversity statistics
compiled by the NIBR (2025), and species inventory data
produced by the KNPS (2023).

The National Ecosystem Survey provides nationwide,
grid-based biodiversity data derived from systematic
field surveys, covering major taxonomic groups includ-
ing plants, mammals, birds, amphibians, reptiles, fish, and
invertebrates. 1ts spatial structure allows direct alignment
with ProtConn values calculated at comparable spatial
units, enabling potential overlay analyses of species rich-
ness and taxon-specific occurrence patterns. National
biodiversity statistics published by NIBR synthesize veri-
fied species occurrence records and official inventories,
documenting 61,230 species in Korea as of 2024. These
statistics provide standardized indicators on total species
richness, threatened species occurrence, and taxonomic
composition at national and subnational scales. Spe-
cies inventory data compiled by KNPS integrate system-
atic natural resource surveys across 23 national parks
and document 23,777 species across diverse taxonomic
groups. Although these data do not represent continuous
population-level time series, they provide spatially explicit
species richness information at the protected area scale.

Together, these datasets demonstrate that nationally
standardized biodiversity data in Korea are spatially and
taxonomically compatible with ProtConn-based analy-
ses. While this study does not perform statistical linkage
analyses, the results demonstrate that Korea possesses a
sufficiently robust and structured biodiversity data infra-
structure to support future quantitative evaluations of the
relationship between ProtConn and biodiversity indicators.

ProtConn is an internationally recognized connectiv-
ity indicator for protected area networks and is theoreti-
cally expected to contribute to biodiversity conservation.
Ecological theories, including metapopulation dynamics
and gene flow, consistently demonstrate that connectiv-
ity plays a critical role in sustaining species persistence
(Hanski, 1998). However, despite this strong theoretical
foundation, empirical evidence demonstrating that higher
ProtConn values lead to measurable improvements in bio-
diversity indicators remains limited. Accordingly, ProtConn
should be interpreted primarily as a structural indicator
that characterizes enabling conditions for conservation
rather than as a direct measure of conservation perfor-
mance.

This structural role is reflected in the way ProtConn
characterizes protected area networks through multiple
dimensions of connectivity. Rather than representing
biological responses directly, ProtConn components de-
scribe how protected areas are spatially configured and
potentially connected within landscapes. As summa-
rized in Table 1, national-scale applications commonly
show that internal connectivity within protected areas
contributes most strongly to overall ProtConn values,
whereas connectivity mediated through non-adjacent or
transboundary protected areas generally accounts for a
smaller proportion (Saura et al., 2017; Hilty et al., 2020;
UNEP-WCMC & TUCN, 2024). These contribution ranges
represent general structural tendencies observed across
countries and should not be interpreted as causal effects
on biodiversity outcomes.

Each ProtConn component is also associated with in-
herent limitations. Internal connectivity does not capture
interactions among separate protected areas, adjacency-
based connectivity is restricted to directly neighboring
sites, connectivity through unprotected matrices relies
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indicators.

Building on this need, Fig. 1 presents a conceptual
framework proposed in this study that integrates pro-
tected area network structure, ecological theory, and
biodiversity outcome indicators. By characterizing pro-
tected area configuration through ProtConn and linking
it to established ecological mechanisms—such as species

on assumptions regarding species dispersal ability, and
transboundary connectivity is constrained by data avail-
ability and international coordination. These limitations
highlight that ProtConn alone cannot explain species-
level conservation outcomes, underscoring the need for
a conceptual framework that explicitly links structural
connectivity to ecological mechanisms and biodiversity

Protected area network structure
- Protected area coverage, size distribution
- Spatial configuration and inter-patch distances

l

ProtConn (process indicator)
Structural connectivity of protected area networks

Within Contig Unprot Trans
Internal Adjacent Non-adjacent Transboundary
connectivity connectivity connectivity connectivity

}

Ecological mechanisms (theoretical)
Based on metapopulation theory and landscape ecology

+ Gene flow maintenance

}

Species Protection Index (SPI) - outcome indicator

- Measure the extent to which species range are covered by protected and conserved areas
- Direct assessment of species-level conservation performance

l

Conservation outcomes

- Biodiversity maintenance
- Population stability

- Species dispersal & movement + Metapopulation stability

- Species richness
+ Extinction risk reduction

Critical research need: empirical validation
+ Quantitative analysis of correlation between ProtConn and biodiversity indicators
- Statistical testing of ProtConn-SPI relationship at national/regional scales
- Longitudinal studies tracking biodiversity changes following connectivity improvements

| Both indicators are adopted as components indicators for monitoring GBF target 3 (30% 30 goal)

Fig. 1. Conceptual framework illustrating the theoretical relationship between Protected Connected land indicator
(ProtConn) and Species Protection Index (SPI) in biodiversity conservation assessment. ProtConn acts as a process indicator
measuring the structural connectivity of protected area networks through four components (Within, Contig, Unprot, Trans).
SPI functions as an outcome indicator directly assessing species-level conservation performance. Pathways linking these
indicators through ecological mechanisms (species dispersal, gene flow, metapopulation stability) are grounded in theoreti-
cal frameworks from landscape ecology and metapopulation theory. However, direct empirical evidence that ProtConn in-
creases lead to measurable biodiversity improvements remains limited. Dotted lines indicate relationships requiring further
empirical validation. Both indicators are recognized as component metrics for monitoring progress toward Global Biodiver-
sity Framework (GBF) Target 3. This framework highlights key research gaps, particularly the need for quantitative studies
integrating spatial connectivity data with biodiversity monitoring datasets at the national scale where comprehensive eco-
logical survey data are available (e.g., Korea's National Institute of Ecology National Natural Environment Survey, National
Institute of Biological Resources species occurrence records, and Korea National Park Service long-term monitoring data).

S24 PNIE 2025;6(Special):S21-S26



ProtConn and Biodiversity Management

PNIE

dispersal, gene flow, and metapopulation stability—the
framework illustrates how structural connectivity may
create conditions under which species-level conservation
outcomes can be evaluated using outcome indicators
such as the SPI. Importantly, this framework is conceptual
in nature and is intended to clarify logical linkages rather
than to depict empirically validated causal relationships.

The theoretical basis for these linkages is further
synthesized in Table 2, which situates the proposed
ProtConn-SP1 framework within established ecological
theory. While major theoretical perspectives—includ-
ing metapopulation dynamics, island biogeography, and
landscape ecology—strongly support the importance of
connectivity for population persistence and species dis-
tributions, Table 2 also highlights important conceptual
gaps. In particular, several connectivity-related processes,
such as gene flow and source-sink dynamics, are not
directly captured by outcome indicators focused on spe-
cies range coverage. This reinforces the interpretation that
ProtConn and SPI represent complementary, rather than
interchangeable, dimensions of conservation assessment.

In this context, SPI provides a complementary outcome
indicator that directly measures the extent to which spe-
cies’ geographic ranges are covered by protected areas.
When considered alongside ProtConn, SP1 enables exami-
nation of structure-outcome relationships in conservation
planning, consistent with the GBF Target 3 monitoring
framework (UNEP-WCMC €& TUCN, 2024). Nevertheless,
empirical analyses directly linking ProtConn and SPI re-
main scarce, highlighting a critical research gap.

Korea is particularly well positioned to address this gap,
given the availability of nationally standardized biodiver-
sity datasets, including the National Ecosystem Survey
conducted by the NIE, biodiversity statistics compiled by
the NIBR, and species inventory data produced by the
KNPS Together, these datasets provide a robust founda-
tion for future empirical analyses examining whether
areas characterized by higher structural connectivity also
exhibit higher species richness or greater representation of
threatened species.

In conclusion, ProtConn serves as a robust indicator for
characterizing the structural foundation of protected area
networks and plays a central role in monitoring progress
toward GBF Target 3. However, its contribution to bio-
diversity conservation outcomes cannot be fully assessed
without empirical validation against outcome-based in-
dicators. By integrating ProtConn, ecological theory, and
outcome indicators within a coherent conceptual frame-
work, this study clarifies the interpretive scope of con-
nectivity indicators and outlines a structured pathway for
future evidence-based conservation research.
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Table 2. ProtConn-SPI connectivity assessment based on ecological theory

Theoretical framework Key predictions

Empirical support level ProtConn-SPI relevance

Metapopulation theory =~ Connected habitat patches
support more viable
populations through
settlement-extinction

dynamics and structural effects

Island biogeography
theory

Connected protected areas
support higher species richness
through enhanced colonization
and reduced extinction

Source-sink dynamics Connectivity allows source
populations to shape the
demographic structure of sink

populations

Gene flow theory Connectivity maintains genetic
diversity and adaptive potential

through gene flow

Principles of
landscape ecology

Landscape composition
influences ecological processes
at multiple spatial scales

Strong - Extensive evidence

Strong - Well supported in

Moderate - Documented in

Strong - Genetic studies

Strong - Extensive theoretical

High - Predict that connectivity
should enhance species
persistence and range
occupancy

across multiple taxa and
systems

Moderate - Primarily predicts
species richness rather than
range extent

actual islands and habitat
fragments

Moderate - Related to
population maintenance but
indirectly linked to range
extent

multiple systems but difficult
to measure

Low - Genetic diversity is not
consistently show directly measured by SPI

connectivity effects

High - ProtConn explicitly
applies landscape ecology
principles

and empirical foundation

ProtConn, Protected Connected land indicator; SPI, Species Protection Index.
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ABSTRACT

This study presents an integrated decision-making matrix linking the International Union for Conservation of Nature
(TUCN) Red List of Ecosystems (RLE) assessment framework with Nature-based Solutions (NbS) societal challenges for
36 ecosystem types defined in South Korea. We developed systematic mapping rules between RLE threat categories
(land use change, hydrological modification, climate change, pollution, overexploitation, and invasive species) and
seven NbS contribution areas (climate mitigation, climate adaptation, disaster risk reduction, water security, food
security, biodiversity, and socioeconomic development). Our analysis revealed that wetland, estuarine, and coastal
ecosystems under hydrological modification and reclamation pressure prioritize water security and disaster risk
reduction-centered NbS; forest, grassland, and agricultural ecosystems experiencing fragmentation and conversion
pressure prioritize biodiversity and socioeconomic/food security-centered NbS; and climate-vulnerable montane and
cryogenic ecosystems prioritize climate adaptation and disaster risk reduction-centered NbS. The matrix proposes
2-3 core operational indicators for each ecosystem type to enhance implementation and monitoring practicality, and
when combined with RLE risk assessments, can serve as a tool to strengthen objectivity in policy priority decisions. By
presenting a national-level standardized framework linking ecosystem threat diagnosis with solution application, this
study is expected to contribute to evidence-based ecosystem management policy development.

Keywords: Decision matrix, Ecosystem types, Nature-based Solutions, Priority setting, Red List of Ecosystems, Threat
factors

Introduction

In the face of accelerating global climate crisis and
biodiversity loss, systematic ecosystem assessment and
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effective conservation and restoration strategy devel-
opment have emerged as core national environmental
policy priorities (Diaz et al., 2019; 1PBES, 2019). The In-
ternational Union for Conservation of Nature (IUCN) has
been operating the Red List of Ecosystems (RLE) system
since 2013 for quantitative assessment of ecosystem col-
lapse risk (Bland et al., 2017; Keith et al., 2013), while
simultaneously establishing and disseminating the con-
cept of Nature-based Solutions (NbS) as an international
standard since 2016 to address societal challenges using
ecosystem services (Cohen-Shacham et al., 2016; TUCN,
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2020). The RLE assesses ecosystem distribution decline,
environmental degradation, and disruption of biotic in-
teractions through five criteria (A-E), classifying risk into
eight categories from Collapsed (CO) to Least Concern (LC)
(Rodriguez et al., 2015). The 2024 revised Guidelines Ver-
sion 2.0 provides detailed assessment guidance for major
collapse drivers including climate change, fragmentation,
hydrological modification, pollution, overexploitation, and
invasive species (Keith et al., 2024). NbS represents an
integrated approach to address major societal challenges
through ecosystem-based solutions, with the TUCN Global
Standard presenting a design and verification framework
through eight criteria and 28 indicators (IUCN, 2020;
Seddon et al., 2021).

South Korea exhibits complex ecological characteristics
with diverse ecosystem types including forests (64%),
agricultural lands (20%), urban areas (7%), and wetlands
(5%) (National Institute of Ecology, 2024), facing mul-
tiple threats from habitat loss due to rapid urbanization
and industrialization, ecosystem disruption from climate
change, and hydrological system alterations. Over the past
50 years, 35% of coastal wetlands have been lost, sub-
alpine coniferous forests are experiencing mass mortality
from climate change (Kim et al., 2019; Park et al., 2024;
Yoo et al., 2020), and riverine ecosystems have reached
critical levels of fragmentation due to estuarine barrages
and weir construction (National Institute of Environmen-
tal Research, 2024). The Ministry of Environment and Na-
tional Institute of Ecology published a national ecosystem
typology in 2024, defining 36 representative ecosystem
types based on the TUCN Global Ecosystem Typology (GET)
system (Keith et al., 2020; 2022; National Institute of
Ecology, 2024). This typology encompasses terrestrial (8
forests, 3 agricultural lands, 2 grasslands, 1 settlement),
freshwater (5 wetlands, 6 rivers, 5 lakes), and marine (6)
ecosystems, providing detailed descriptions of endemic
biota, environmental characteristics, biotic interactions,
and major threats for each type. However, the linkage
with NbS approaches that can effectively address these
threats has not yet been concretized.

While systematic linkage between ecosystem threat as-
sessment (RLE) and solution application (NbS) is essential
for effective ecosystem management, standardized meth-
odologies integrating these two frameworks remain ab-
sent (Nicholson et al., 2019). RLE provides a powerful tool
for diagnosing ecosystem risk levels and major threat fac-
tors but does not prescribe specific management actions
or solutions, whereas NbS offers solutions to various so-
cietal challenges but lacks systematic guidance on which
NbS to prioritize for which ecosystems (Chausson et al.,
2020). The theoretical basis for RLE-NbS linkage can be
found in adaptive ecosystem management and ecosystem
services concepts (Folke et al., 2016). Ecosystem health
and functionality form the foundation for ecosystem ser-

vice provision, which in turn determines NbS effectiveness
(Kumar et al., 2021). Therefore, ecosystem status diagno-
sis through RLE should be the starting point for NbS de-
sign, with particular importance placed on threat factor-
specific tailored solution application.

International interest in linking ecosystem assessment
and management is growing, with the EU Green Deal
and Biodiversity Strategy 2030 presenting ecosystem res-
toration and NbS expansion as core policies (European
Commission, 2020). China is linking its ecological red-
line system with ecological restoration projects under its
ecological civilization construction policy, while Japan
has integrated Ecosystem-based Disaster Risk Reduction
into its national disaster prevention strategy (Renaud et
al., 2016). The Post-2020 Global Biodiversity Framework
sets a target of restoring 30% of degraded ecosystems by
2030, emphasizing the importance of scientific priority
setting (Convention on Biological Diversity, 2022). While
Korea has established ecosystem restoration and NbS
expansion as major tasks in its 5th National Biodiversity
Strategy (2024-2028), specific priority setting and imple-
mentation strategies remain insufficient (Ministry of Envi-
ronment, 2023).

This study aims to standardize major threat factors for
36 ecosystem types in Korea according to RLE guidelines,
derive priority NbS contribution areas corresponding to
each threat factor, and develop an integrated matrix pre-
senting core decision levers and operational indicators for
each ecosystem type. Through this framework, we seek
to support policy makers and practitioners in perform-
ing decision-making under a consistent framework from
ecosystem threat diagnosis through solution application
to monitoring. By presenting the first national-level stan-
dardized tool linking ecosystem threats with solutions,
this study is expected to contribute to the advancement
of Korea’s ecosystem management policy. The devel-
oped matrix can provide a methodological framework
applicable to other countries or regions. Ultimately, this
study aims to contribute to biodiversity conservation
and sustainable development goal achievement through
evidence-based ecosystem management.

Materials and Methods

Study scope and data sources

The analysis targets 36 ecosystem types documented
in the “National Ecosystem Typology of Korea” published
by the Ministry of Environment and National Institute of
Ecology in 2024 (National Institute of Ecology, 2024).
This typology applies the TUCN GET system (Keith et al.,
2020; 2022) adapted to Korea’s ecological characteristics,
comprising 14 terrestrial ecosystem types (8 forests, 3
agricultural lands, 2 grasslands, 1 settlement), 16 fresh-
water ecosystem types (5 wetlands, 6 rivers, 5 lakes), and
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6 marine ecosystem types. Each ecosystem type is linked
with TUCN GET codes to enable international comparison.
For RLE assessment framework and threat category stan-
dardization, we referenced the Keith et al. (2024) “Guide-
lines for the application of TUCN Red List of Ecosystems
Categories and Criteria: version 2.0,” which systematizes
major ecosystem collapse drivers into six categories. NbS
contribution area classification was based on seven soci-
etal challenge areas presented in the TUCN Global Stan-
dard for Nature-based Solutions (International Union for
Conservation of Nature, 2020).

Threat factor standardization and classification

We employed a 3-step process to classify threat factors
for each of the 36 ecosystem types into RLE guideline
standard threat categories. First, we extracted keywords
from the threat factor sections of each ecosystem type
definition and matched them with the six major RLE
threat categories. Second, we consolidated similar threat
factors into standardized terminology. Third, we incorpo-
rated Korea’s specific ecological context in the threat fac-
tor standardization process. For example, while oak wilt
disease internationally falls under the invasive species cat-
egory, in Korea it acts as a complex factor associated with
climate change, thus we classified it as a “climate change
+ invasive species” composite threat.

To ensure objectivity in the threat factor extraction
process, ecology experts independently performed key-
word coding. Discrepancies were reviewed based on the
definitions in the TUCN RLE Guidelines (v2.0) to reach a
consensus, and inter-coder agreement was established
through cross-validation.

Development of NbS contribution area mapping rules

Mapping rules linking RLE threat factors and NbS con-
tribution areas were systematically established through
a literature review (2015-2024) using keywords such as
“Ecosystem threat” and “Nature-based Solutions,” pri-
oritizing studies aligned with the TUCN Global Standard
criteria to reflect direct threat impacts and ecosystem
functions. Mapping rules were established according to
the following principles: (1) direct response principle: pri-
oritizing societal and environmental challenges directly
affected by each threat factor; (2) ecosystem function-
based principle: mapping NbS areas considering major
services and functions provided by ecosystems; and (3)
multiple benefit consideration: selecting 1-3 priority con-
tribution areas reflecting that one NbS approach can si-
multaneously address multiple societal challenges (Seddon
et al., 2020).

Decision lever and operational indicator setting
We established applicable decision levers (conservation,
restoration, management) for each ecosystem type and

developed corresponding operational indicators. Decision
levers were differentiated according to current ecosystem
status and threat levels, while operational indicators were
developed following SMART principles but designed to
link with Korea’s existing ecosystem monitoring systems
(Aldridge and Colvin, 2024; Doran, 1981). Operational
indicators were finally selected based on data availability
from national monitoring systems (Ministry of Environ-
ment, National Institute of Ecology) and policy respon-
siveness. For riverine ecosystems, for example, we linked
with existing aquatic ecosystem health assessment indica-
tors such as river continuity index, water quality grades,
and riparian vegetation width (National Institute of Envi-
ronmental Research, 2024).

Integrated matrix construction

We integrated threat factor standardization, NbS map-
ping rules, decision levers, and operational indicators to
construct a decision-making matrix for 36 ecosystem
types. The matrix was designed to include ecosystem type
codes and names, RLE standard threat categories (1-3
major threats), priority NbS contribution areas (1-3 areas),
core decision levers (conservation/restoration/manage-
ment), and operational indicators (2-3 quantitative indi-
cators). The constructed matrix incorporated composite
threat categories considering interactions between climate
change and other threat factors, specifying threat combi-
nations with strong interactions.

Results

Distribution of major threat factors by ecosystem type
Analysis of threat factors for 36 ecosystem types re-
vealed six RLE threat categories appearing in various
combinations. The most frequent threat was land use
change and fragmentation, identified in 29 ecosystems
(80.6%), followed by climate change in 22 (61.1%), pol-
lution in 21 (58.3%), hydrological modification in 18
(50.0%), invasive species in 14 (38.9%), and overexploita-
tion in 10 (27.8%) ecosystems (Table 1). In 14 terrestrial
ecosystem types, land use change (85.7%) and climate
change (71.4%) were identified as major threats, with 6
of 8 forest ecosystem types including climate change as a
major threat. For subalpine and boreal coniferous forests,
climate change appeared as the sole major threat, reflect-
ing these ecosystems’ high vulnerability to temperature
rise and precipitation pattern changes (Kim et al., 2019;
Park et al., 2024; Yoo et al., 2020). In 16 freshwater eco-
system types, hydrological modification (87.5%) emerged
as the primary threat, followed by pollution (75.0%) and
land use change (68.8%). Land use change appeared as
a major threat in all 6 marine ecosystem types (100%),
with mudflats, salt marshes, and estuaries particularly ex-
periencing direct habitat loss from reclamation and land
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conversion (Davidson, 2014).

Threat-NbS mapping patterns

Mapping analysis between RLE threat factors and NbS
contribution areas derived systematic response patterns
(Table 2). Land use change and fragmentation threats
showed strong linkages with biodiversity loss and socio-
economic development areas, as habitat loss and frag-
mentation directly cause biodiversity decline and reduced
ecosystem service provision capacity affects local econo-
mies and livelihoods (Diaz et al., 2019). Hydrological
modification threats were primarily mapped to water se-
curity and disaster risk reduction areas, reflecting how hy-
drological system changes from dams, weirs, and estuarine
barrages directly affect water supply stability and flood/
drought regulation capacity (Vor6smarty et al., 2010).
Climate change threats were linked to climate adapta-
tion and disaster risk reduction areas, pollution to human
health and water security, invasive species to biodiversity
loss and food security, and overexploitation to food se-
curity and socioeconomic development areas respectively.

Table 1. Distribution of major threat factors by ecosystem
realm

Bcosystem  Torrestrial Freshwater  Coastal
Land use change 12 (85.7) 11 (68.8) 6(100.0)
Hydrological 2(14.3) 14 (87.5) 2(33.3)

modification
Climate change 10 (71.4) 8(50.0) 4(66.7)
Pollution 6(42.9) 12 (75.0) 3(50.0)
Invasive species 8(57.1) 4(25.0) 2(33.3)
Overexploitation 3(21.4) 5(31.3) 2(33.3)

Values are presented as number (%).

These mapping patterns reflect the intrinsic characteristics
of threat factors and their impact mechanisms on ecosys-
tem services, clearly presenting societal challenges that
should be prioritized in NbS design. Ecosystems exposed
to multiple threats particularly showed the need for inte-
grated application of multiple NbS areas.

Decision matrix by ecosystem groups

We classified 36 ecosystem types into five groups based
on threat characteristics and priority NbS areas, deriving
differentiated management strategies (Table 3). The first
group comprises climate-vulnerable montane ecosystems
including subalpine coniferous forests, boreal coniferous
forests, and alpine shrublands, prioritizing climate adap-
tation and biodiversity conservation as NbS areas with
conservation and adaptive management as core levers.
The second group consists of hydrologically dependent
freshwater ecosystems including permanent freshwater
wetlands, large rivers, small streams, and lakes, prioritiz-
ing water security and disaster risk reduction as NbS areas
with restoration and management as main levers. The
third group encompasses coastal transitional ecosystems
including mudflats, salt marshes, estuaries, and sand
dunes, centering on disaster risk reduction and biodiver-
sity with parallel conservation and restoration strategies.
The fourth group comprises productive landscape eco-
systems including rice paddies, crop fields, orchards, and
pastures, prioritizing food security and socioeconomic de-
velopment with sustainable management as the core lever.
The fifth group includes urban and settlement ecosystems
such as urban parks, street trees, and urban streams, fo-
cusing on human health and climate adaptation through
green infrastructure expansion and ecological manage-
ment.

Table 2. Mapping matrix between RLE threat factors and NbS contribution areas

RLE threat factor 1st NbS 2nd NbS 3rd NbS Core mechanism
Land use change  Biodiversity Socioeconomic Food security Habitat loss — Biodeversity decline —
development area Deterioration of ecosystem services
Hydrological Water security Disaster risk Biodiversity Hydrological system change — Instability of
modification reduction areas water supply — Flood/drought
Climate change Climate Disaster risk Biodiversity Temperature/precipitation change —
adaptation reduction areas Ecosystem function change — Extreme events
Pollution Human health Water security Biodiversity Pollution accumulation — Health scathe —
Water resource pollution
Invasive species Biodiversity Food security Socioeconomic Competition from native species — Changes in
development area  ecosystem structure — Declining productivity
Overexploitation  Food security =~ Socioeconomic Biodiversity Resource depletion — Decreased production

development area

capacity — Economic losses

RLE, Red List of Ecosystems; NbS, Nature-based Solutions.
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climate adaptation

NbS, Nature-based Solutions.

Discussion

The RLE-NbS integrated matrix developed in this study
represents the first national-level standardized tool sys-
tematically linking ecosystem threat diagnosis with so-
lution application. Unlike previous studies focusing on
individual ecosystems or specific threats (Chausson et al.,
2020; Kumar et al., 2021), this matrix presents an inte-
grated approach encompassing 36 ecosystem types, en-
abling systematic ecosystem management at the national
level. The standardization of threat factors particularly
enables inter-ecosystem comparison and priority set-
ting, with hydrological modification appearing as a major
threat in 87.5% of freshwater ecosystems providing sci-
entific evidence for establishing river continuity restora-
tion as a national priority. This approach aligns with river
restoration target setting under the EU Water Framework
Directive (European Commission, 2000), consistent with
international policy trends. Furthermore, systematic map-
ping with NbS contribution areas enables ecosystem-
specific tailored solution application, supporting efficient
allocation of limited resources and generation of multiple
benefits. These research outcomes can be directly utilized
in developing national strategies for achieving Post-2020
Global Biodiversity Framework targets.

The major characteristics of Korean ecosystems derived
from our analysis clearly demonstrate the complex im-
pacts of rapid development and climate change. Land use
change emerging as the most widespread threat (80.6%)
reflects Korea’s high development pressure and limited
land area, with 100% of coastal ecosystems exposed to
land use change threats particularly showing the cumula-
tive historical impacts of reclamation and land conversion
(Choi, 2014). This suggests habitat conservation and eco-
logical network establishment as top policy priorities, em-
phasizing the need for integrated approaches to national
land and environmental planning. The high hydrological
modification threat (87.5%) in freshwater ecosystems
reflects the results of large-scale river management in-
cluding the Four Major Rivers Project and construction of
over 16,000 weirs and dams (Grill et al., 2019), indicating
river continuity restoration and environmental flow provi-
sion as urgent tasks. Climate change affecting 61.1% of
ecosystems with particularly high vulnerability in montane
and boreal ecosystems suggests the need for climate refu-
gia conservation and connectivity enhancement to secure
species migration corridors (Morelli et al., 2016). These
complex threat patterns demonstrate the limitations of
single-sector approaches and highlight the need for inte-
grated management strategies.

Systematic implementation strategies are required for
effective policy application of this matrix. First, a two-
dimensional priority-setting system combining RLE risk
grades with the matrix should be established to select
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ecosystems with high risk grades (endangered [EN], criti-
cally endangered [CR]) and exposure to multiple threats
as top priorities. Second, inter-sectoral collaborative
governance considering NbS multiple benefits should be
established, requiring policy coordination and budget
integration among relevant ministries including Environ-
ment, Oceans and Fisheries, Forest Service, and Land and
Transport. Integrated governance is particularly essential
for wetland and river management linking water security,
disaster risk reduction, and biodiversity. Third, clarifying
priority NbS areas for each ecosystem can strengthen link-
ages with various international funding sources including
climate funds, biodiversity funds, and disaster risk reduc-
tion funds. Fourth, adaptive management systems adjust-
ing management strategies through regular monitoring
and feedback using operational indicators should be es-
tablished, with scenario-based management considering
climate change uncertainty being particularly important.

This study has several limitations suggesting future
research directions. First, incomplete RLE risk grade as-
sessments for ecosystem types constrains actual priority
setting, requiring integrated application with the matrix
following completion of national-level RLE assessments.
Second, quantification of interactions and cumulative
impacts between threat factors was not achieved, requir-
ing additional research to evaluate synergistic effects of
composite threats such as climate change-invasive spe-
cies and pollution-eutrophication (Brook et al., 2008).
Third, quantitative assessment of NbS effectiveness is
lacking, requiring future cost-effectiveness analysis of
NbS interventions according to ecosystem types and
threat characteristics. Fourth, dynamic changes in social-
ecological systems were not sufficiently reflected, necessi-
tating model development integrating feedback between
socioeconomic drivers such as urbanization, population
change, and land use conversion with ecosystem changes
(Folke et al., 2016). Fifth, regional characteristics and
stakeholder participation were not adequately considered,
requiring development of regional-level detailed matri-
ces and establishment of participatory decision-making
mechanisms. Despite the spatial scale mismatch between
the macro-scale RLE and micro-scale NbS, the proposed
matrix serves as a “meso-scale framework” that bridges
the gap between national priority setting and local-level
implementation.

By developing an integrated decision-making matrix for
36 Korean ecosystem types linking the TUCN RLE threat
assessment system with NbS solutions, this study provides
a consistent decision-making framework from ecosystem
threat diagnosis to solution application. The developed
matrix supports evidence-based ecosystem management
policy development and can serve as a tool facilitating
priority setting and inter-sectoral collaboration under
limited resources. 1t is particularly expected to contribute

directly to developing national strategies for achieving the
Post-2020 Global Biodiversity Framework and Sustainable
Development Goals. Future continuous improvement of
the matrix through completion of RLE risk assessments,
quantification of threat interactions, and NbS effective-
ness evaluation, along with integration into national bio-
diversity strategies and carbon neutrality policies, is need-
ed. Ultimately, we hope the RLE-NbS linkage framework
presented in this study can provide a methodological
model not only for Korea but also for other countries fac-
ing similar ecological challenges, contributing to global
biodiversity conservation and sustainable development.

Conclusion

This study developed an integrated decision-making
matrix linking RLE-based threat diagnosis with NbS
solutions for 36 ecosystem types in South Korea. This
framework will contribute to transitioning fragmented
ecosystem management policies toward evidence-based
integrated management. In particular, we identified the
need for priority policy intervention in freshwater ecosys-
tems suffering from severe hydrological modification and
forest ecosystems vulnerable to climate change. Despite
limitations such as the lack of quantification of threat
interactions and scale mismatches, this study is significant
in providing a practical roadmap for implementing na-
tional biodiversity strategies. Future research should focus
on refining the matrix based on accumulated RLE assess-
ment data and developing detailed guidelines reflecting
regional characteristics.

Author Contributions

Conceptualization: SRK. Data curation: SH. Formal
analysis: SH, SRK. Supervision: SRK. Visualization: SH,
SRK. Writing - original draft: SH. Writing — review & ed-
iting: SH, SRK.

Conflict of Interest

The authors declare that they have no competing interests.

Funding

This work was supported by a grant from the National
Institute of Ecology (NIE) funded by the Ministry of Envi-
ronment (MOE) of the Republic of Korea (NIE-B-2025-43).

References

Aldridge, C.A., and Colvin, M.E. (2024). Writing SMART objec-
tives for natural resource and environmental management.
Ecological Solutions and Evidence, 5, e12313. https://doi.

S32

PNIE 2025;6(Special):S27-S34


https://doi.org/10.1002/2688-8319.12313

Development of a RLE-NbS Integrated Decision Matrix for Priority Setting

PNIE

org/10.1002/2688-8319.12313

Bland, L.M., Keith, D.A., Miller, R.M., Murray, N.J., and Rodri-
guez, J.P. (2017). Guidelines for the application of IUCN Red
List of Ecosystems categories and criteria, version 1.1. TUCN.

Brook, B.W., Sodhi, N.S., and Bradshaw, C.J. (2008). Synergies
among extinction drivers under global change. Trends in
Ecology & Evolution, 23, 453-460. https://doi.org/10.1016/
j-tree.2008.03.011

Chausson, A., Turner, B., Seddon, D., Chabaneix, N., Girardin,
C.AJ., Kapos, V., et al. (2020). Mapping the effectiveness of
nature-based solutions for climate change adaptation. Global
Change Biology, 26, 6134-6155. https://doi.org/10.1111/gcb.
15310

Choi, Y.R. (2014). Modernization, development and underde-
velopment: reclamation of Korean tidal flats, 1950s-2000s.
Ocean & Coastal Management, 102(Part B), 426-436. https://
doi.org/10.1016/j.0cecoaman.2014.09.023

Cohen-Shacham, E., Walters, G., Janzen, C., and Maginnis, S. (2016).
Nature-based solutions to address global societal challenges.
TUCN.

Convention on Biological Diversity (CBD) (2022). Kunming-
Montreal global biodiversity framework. CBD/COP/DEC/15/4.
Montreal.

Davidson, N.C. (2014). How much wetland has the world lost?
Long-term and recent trends in global wetland area. Marine
and Freshwater Research, 65, 934-941. https://doi.org/10.
1071/MF14173

Diaz, S., Settele, J., Brondizio, E.S., Ngo, H.T., Agard, J., Arneth,
A., et al. (2019). Pervasive human-driven decline of life on
Earth points to the need for transformative change. Science
(New York, N.Y.), 366, eaax3100. https://doi.org/10.1126/sci-
ence.aax3100

Doran, G.T. (1981). There’s a S.M.A.R.T. way to write manage-
ment’s goals and objectives. Journal of Management Review,
70, 35-36.

European Commission. (2000). Directive 2000/60/EC of the Eu-
ropean Parliament and of the Council of 23 October 2000
establishing a framework for Community action in the field
of water policy. Official Journal of the European Communi-
ties, L327, 1-72.

European Commission. (2020). EU Biodiversity Strategy for
2030. Bringing nature back into our lives. European Commis-
sion.

Folke, C., Biggs, R., Norstrom, A.V., Reyers, B., and Rockstrom, J.
(2016). Social-ecological resilience and biosphere-based sus-
tainability science. Ecology and Society, 21, 41. https://doi.
org/10.5751/ES-08748-210341

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., An-
tonelli, F., et al. (2019). Mapping the world’s free-flowing
rivers. Nature, 569, 215-221. https://doi.org/10.1038/s41586-
019-1111-9

Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) (2019). Global assessment report
on biodiversity and ecosystem services. IPBES.

International Union for Conservation of Nature (IUCN) (2020).
IUCN Global Standard for Nature-based Solutions: first edi-
tion. TUCN.

Keith, D.A., Ferrer-Paris, J.R., Ghoraba, S.M.M., Henriksen, S.,
Monyeki, M., Murray, N.J., et al. (2024). Guidelines for the

application of TUCN Red List of Ecosystems Categories and
Criteria: version 2.0. TUCN.

Keith, D.A., Ferrer-Paris, J.R., Nicholson, E., Bishop, M.J., Poli-
doro, B.A., Ramirez-Llodra, E., et al. (2022). A function-
based typology for Earth’s ecosystems. Nature, 610, 513-518.
https://doi.org/10.1038/s41586-022-05318-4

Keith, D.A., Ferrer-Paris, J.R., Nicholson, E., and Kingsford, R.
(2020). TUCN Global Ecosystem Typology 2.0: descriptive
profiles for biomes and ecosystem functional groups. TUCN.

Keith, D.A., Rodriguez, J.P., Rodriguez-Clark, K.M., Nicholson, E.,
Aapala, K., Alonso, A., et al. (2013). Scientific foundations for
an TUCN Red List of ecosystems. PloS One, 8, e62111. https://
doi.org/10.1371/journal.pone.0062111

Kim, E.S., Lee, J.S., Park, G.E., and Lim, J.H. (2019). Change of
subalpine coniferous forest area over the last 20 years. Jour-
nal of Korean Society of Forest Science, 108, 10-20. https://
doi.org/10.14578/JKFS.2019.108.1.10

Kumar, P., Debele, S.E., Sahani, J., Rawat, N., Marti-Cardona, B.,
Alfieri, S.M., et al. (2021). Nature-based solutions efficiency
evaluation against natural hazards: modelling methods,
advantages and limitations. The Science of the Total Envi-
ronment, 784, 147058. https://doi.org/10.1016/j.scitotenv.
2021.147058

Ministry of Environment. (2023). The 5th national biodiversity
strategy and action plan of the Republic of Korea (2024-
2028). Ministry of Environment.

Morelli, T.L., Daly, C., Dobrowski, S.Z., Dulen, D.M., Ebersole, J.L.,
Jackson, S.T., et al. (2016). Managing climate change refugia
for climate adaptation. PloS One, 11, €0159909. https://doi.
org/10.1371/journal.pone.0159909

National Institute of Ecology. (2024). Development of carbon-
biodiversity linkage assessment indicator by ecosystem types.
National Institute of Ecology.

National Institute of Environmental Research. (2024). Stream/
river ecosystem survey and health assessment. 2022-2024.
National Institute of Environmental Research.

Nicholson, E., Fulton, E.A., Brooks, T.M., Blanchard, R., Leadley,
P., Metzger, J.P., et al. (2019). Scenarios and models to sup-
port global conservation targets. Trends in Ecology & Evolu-
tion, 34, 57-68. https://doi.org/10.1016/j.tree.2018.10.006

Park, D.E., Lee, J.E., Park, G.E., Yang, H.M., Kim, H.J., and Yun,
C.W. (2024). Vegetation change of abies koreana habitats in
the subalpine zone of Mt. Jirisan over eight years. Journal of
Korean Society of Forest Science, 113, 222-238. https://doi.
org/10.14578/JKFS.2024.113.2.222

Renaud, E.G., Sudmeier-Rieux, K., Estrella, M., and Nehren, U.
(2016). Ecosystem-based disaster risk reduction and adapta-
tion in practice. Springer International Publishing.

Rodriguez, J.P., Keith, D.A., Rodriguez-Clark, K.M., Murray, N.J.,
Nicholson, E., Regan, T.J., et al. (2015). A practical guide to
the application of the TUCN Red List of Ecosystems crite-
ria. Philosophical Transactions of the Royal Society of Lon-
don. Series B, Biological Sciences, 370, 20140003. https://
doi.org/10.1098/rsth.2014.0003

Seddon, N., Chausson, A., Berry, P., Girardin, C.A.J., Smith, A.,
and Turner, B. (2020). Understanding the value and limits of
nature-based solutions to climate change and other global
challenges. Philosophical Transactions of the Royal Society
of London. Series B, Biological Sciences, 375, 20190120.

https://doi.org/10.22920/PNIE.2025.6.Special.S27

S33


https://doi.org/10.1002/2688-8319.12313
https://portals.iucn.org/library/node/45794
https://portals.iucn.org/library/node/45794
https://portals.iucn.org/library/node/45794
https://doi.org/10.1016/j.tree.2008.03.011
https://doi.org/10.1016/j.tree.2008.03.011
https://doi.org/10.1111/gcb.15310
https://doi.org/10.1111/gcb.15310
https://doi.org/10.1016/j.ocecoaman.2014.09.023
https://doi.org/10.1016/j.ocecoaman.2014.09.023
https://iucn.org/resources/publication/nature-based-solutions-address-global-societal-challenges
https://iucn.org/resources/publication/nature-based-solutions-address-global-societal-challenges
https://iucn.org/resources/publication/nature-based-solutions-address-global-societal-challenges
https://digitallibrary.un.org/record/4080812?v=pdf
https://digitallibrary.un.org/record/4080812?v=pdf
https://digitallibrary.un.org/record/4080812?v=pdf
https://doi.org/10.1071/MF14173
https://doi.org/10.1071/MF14173
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1126/science.aax3100
https://www.decisionskills.com/smart-method.html
https://www.decisionskills.com/smart-method.html
https://www.decisionskills.com/smart-method.html
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32000L0060
https://sdgs.un.org/partnerships/eu-biodiversity-strategy-2030-bringing-nature-back-our-lives
https://sdgs.un.org/partnerships/eu-biodiversity-strategy-2030-bringing-nature-back-our-lives
https://sdgs.un.org/partnerships/eu-biodiversity-strategy-2030-bringing-nature-back-our-lives
https://doi.org/10.5751/ES-08748-210341
https://doi.org/10.5751/ES-08748-210341
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1038/s41586-019-1111-9
https://www.ipbes.net/global-assessment
https://www.ipbes.net/global-assessment
https://www.ipbes.net/global-assessment
https://portals.iucn.org/library/node/49070
https://portals.iucn.org/library/node/49070
https://portals.iucn.org/library/node/49070
https://doi.org/10.2305/CJDF9122
https://doi.org/10.2305/CJDF9122
https://doi.org/10.2305/CJDF9122
https://doi.org/10.2305/CJDF9122
https://doi.org/10.1038/s41586-022-05318-4
https://seea.un.org/content/iucn-global-ecosystem-typology-20-descriptive-profiles-biomes-and-ecosystem-functional
https://seea.un.org/content/iucn-global-ecosystem-typology-20-descriptive-profiles-biomes-and-ecosystem-functional
https://seea.un.org/content/iucn-global-ecosystem-typology-20-descriptive-profiles-biomes-and-ecosystem-functional
https://doi.org/10.1371/journal.pone.0062111
https://doi.org/10.1371/journal.pone.0062111
https://doi.org/10.14578/JKFS.2019.108.1.10
https://doi.org/10.14578/JKFS.2019.108.1.10
https://doi.org/10.1016/j.scitotenv.2021.147058
https://doi.org/10.1016/j.scitotenv.2021.147058
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC231340
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC231340
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC231340
https://doi.org/10.1371/journal.pone.0159909
https://doi.org/10.1371/journal.pone.0159909
https://www.nie.re.kr/nie/bbs/BMSR00032/view.do?boardId=695964432&menuNo=200095
https://www.nie.re.kr/nie/bbs/BMSR00032/view.do?boardId=695964432&menuNo=200095
https://www.nie.re.kr/nie/bbs/BMSR00032/view.do?boardId=695964432&menuNo=200095
https://dl.nanet.go.kr/SearchDetailView.do?cn=MONO12025000056955
https://dl.nanet.go.kr/SearchDetailView.do?cn=MONO12025000056955
https://dl.nanet.go.kr/SearchDetailView.do?cn=MONO12025000056955
https://doi.org/10.1016/j.tree.2018.10.006
https://doi.org/10.14578/JKFS.2024.113.2.222
https://doi.org/10.14578/JKFS.2024.113.2.222
https://link.springer.com/book/10.1007/978-3-319-43633-3
https://link.springer.com/book/10.1007/978-3-319-43633-3
https://link.springer.com/book/10.1007/978-3-319-43633-3
https://doi.org/10.1098/rstb.2014.0003
https://doi.org/10.1098/rstb.2014.0003

PNIE

Sanghak Han, Sung-Ryong Kang

https://doi.org/10.1098/rstb.2019.0120

Seddon, N., Smith, A., Smith, P., Key, 1., Chausson, A., Girardin, C.,
et al. (2021). Getting the message right on nature-based so-
lutions to climate change. Global Change Biology, 27, 1518-
1546. https://doi.org/10.1111/gcb.15513

Vorosmarty, C.J., Mcintyre, P.B., Gessner, M.0O., Dudgeon, D.,
Prusevich, A., Green, P., et al. (2010). Global threats to hu-

man water security and river biodiversity. Nature, 467, 555-
561. https://doi.org/10.1038/nature09440

Yoo, S., Lim, C.H., Kim, M., Song, C., Kim, S.J., and Lee, W.K.
(2020). Potential distribution of endangered coniferous tree
species under climate change. Journal of Climate Change Re-
search, 11, 215-226. https://doi.org/10.15531/KSCCR.2020.
11.4.215

S34

PNIE 2025;6(Special):S27-S34


https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1111/gcb.15513
https://doi.org/10.1038/nature09440
https://doi.org/10.15531/KSCCR.2020.11.4.215
https://doi.org/10.15531/KSCCR.2020.11.4.215

PROCEEDINGS OF
THE NATIONAL INSTITUTE OF ECOLOGY OF
THE REPUBLIC OF KOREA

PNI

Original Article

PNIE 2025;6(Special):S35-552
https://doi.org/10.22920/PNIE.2025.6.Special.S35
PISSN 2765-2203, eISSN 2765-2211

Assessing a Reptile Species Protection Index for the
Republic of Korea under Climate Change

Man-Seok Shin®, Bo-Ra Kim“, Sung-Ryong Kang*

Ecological Indicator Research Team, National Institute of Ecology, Seocheon, Korea

ABSTRACT

This study assessed changes in the Species Protection Index (SP1) for reptiles in the Republic of Korea under climate
change. We integrated nationwide survey data to build species distribution models (SDM) for 18 reptile species
and assessed their potential habitats under current and future climate scenarios (Shared Socioeconomic Pathway
[SSP]: SSP2-4.5 and SSP5-8.5). The SDM performed well, with a mean area under the curve of 0.965 (range 0.869-
0.999). By overlaying the predicted potential habitats with protected areas, we calculated Species Protection Scores
for individual species and a taxon-level SP1 for reptiles. The current SP1 was 26.74 when all species were included,
and 28.16 when ecosystem-disturbing (invasive) species were excluded. When the Species Conservation Target was
adjusted to reflect the Republic of Korea context, these increased to 36.62 and 38.53, respectively. Under both
future scenarios, SP1 values declined through the mid-century (~2050) and then increased again in the late century
(2060-2090). Ecosystem-disturbing (invasive) species initially exhibited lower SP1 values but tended to overtake non-
invasive species in the long term, underscoring the need to manage their incursions within protected areas. Overall,
the findings support designating additional climate-informed protected areas alongside national and global 30%
expansion targets.

Keywords: Biodiversity, Climate change scenarios, Conservation policy, Protected areas, Species distribution model

Introduction

The World Economic Forum identified climate change
and biodiversity loss as risks threatening humanity over
the next decade in its “Global Risks 2023” report, which
outlines threats facing the world (World Economic Fo-
rum, 2023). Habitat changes for Earth’s species due to
climate change are progressing very rapidly (Chen et al.,
2011). Due to differing response speeds among individual
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species, interactions between species may cease, and new
interactions may emerge (Pecl et al., 2017). Within this
climate-changing environment, effective conservation,
restoration, and enhanced habitat connectivity are essen-
tial to boost species adaptability (Intergovernmental Panel
on Climate Change [IPCC], 2022). In particular, there is a
need to redefine priority areas for protected regions con-
sidering future climate conditions (Jones et al., 2016).
Approximately 20% of the world’s reptiles are currently
estimated to be threatened with extinction (Bohm et al.,
2016), with habitat loss due to excessive development be-
ing the primary cause (Béhm et al., 2016). Furthermore,
future climate scenarios predict declines in reptile species
diversity across many regions, making climate change
an emerging threat (Biber et al., 2023). Most terrestrial
ectotherms lack sufficient tolerance for environments ex-
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ceeding their survival temperatures. Therefore, to adapt
to climate warming, they need increased access to diverse
habitats that allow escape from extreme high tempera-
tures (Sunday et al., 2014).

The Species Protection Index (SP1) is an indicator that
can assess the conservation status of species, not just the
area of protected areas, and can play a crucial role in as-
sessing species conservation status at the national and
global levels (Jetz et al., 2022; Kim et al., 2024). SP1 was
adopted as a component indicator for Target 3 of the
2022 Kunming-Montreal Global Biodiversity Framework
(GBF; UNEP-WCMC, 2022). The SP1 is assessed annually
at the national level worldwide through the Map of Life
(Map of Life, 2024). The SP1 calculation can be performed
independently at the national level, and the species or
protected area information currently used in Map of Life
may be updated or replaced. The SPI information current-
ly provided by Map of Life is not based on data held by
domestic public institutions and has limitations in that it
does not reflect the latest data. Therefore, the interpreta-
tion of SP1 values and results can vary due to differences
in species habitat area assessment methods, weighting for
endemic species, and the incorporation of the latest spe-
cies survey data (Kim et al., 2024).

In the Republic of Korea, research on current and cli-
mate change-induced reptile habitats is underway (Do et
al., 2022; Shin et al., 2024), but studies assessing reptile
SP1 results linked to climate scenarios are not being con-
ducted. Therefore, this study predicted current and future
potential habitats for the Republic of Korea reptiles, ana-
lyzed overlapping areas with protected sites, and calculat-
ed the SPI. Furthermore, we compared SPI1 values between
ecologically disruptive species and general species. We
also adapted the selection of Species Conservation Targets
(SCT) for SPI value determination to the Republic of Ko-
rea context and compared these with existing assessment
values. The results of this study suggest the necessity not
only for additional quantitative expansion of protected
areas but also for selecting new protected areas consider-
ing climate change. Furthermore, it enables a quantitative
examination of the risk of invasive species penetrating
protected areas due to climate change.

Materials and Methods

Research target species

The number of biological species (native species) in
the Republic of Korea is estimated to be approximately
100,000 (Ministry of Environment, 2012), and as of 2023,
60,010 species are recorded and managed in the National
Species List (National Biodiversity Center, 2023). Among
these, 36 reptile species are recorded (National Institute
of Biological Resources, 2024). Out of these 36 species,
32 species were selected as research subjects, excluding

four endangered wild species. The excluded endangered
species are one Class 1 species (black headed snake [Sib-
ynophis chinensis]) and three Class 11 species (Korean rat
snake [Elaphe schrenckii], Korean tiger lizard [Eremias
argus], and Reeves’s pond turtle [Mauremys reevesii]). As
ectotherms, reptiles are highly susceptible to the impacts
of global warming, and habitats exceeding the physi-
ological optimal temperatures for some reptile species
have already been observed (Biber et al., 2023). This sug-
gests reptiles may be more vulnerable to global warming
than other taxonomic groups adapted to colder environ-
ments (Diele-Viegas € Rocha, 2018). Therefore, research
to develop reptile conservation strategies under climate
change impacts is urgently needed. The target species for
this study were selected as reptile species for which loca-
tion survey points from at least 50 points were available
for applying species distribution models (SDM) (Coudun
& Gégout, 2007; Franklin, 2009). Furthermore, all marine
reptile species were excluded.

Predicting potential habitats under climate change

The most critical element in species conservation index
assessment is identifying the species’ habitat. To predict
the potential habitat of reptiles under climate change,
SDM were utilized. SDM is a tool that analyzes the rela-
tionship between species survey location data and envi-
ronmental variables such as climate, topography, and soil
to predict the potential habitat of the species (Schimper,
1903; Grinnell, 1904; Franklin, 2009). SDM is applied in
diverse fields including biodiversity assessment, species
resource and habitat management/restoration, protected
area selection, and impact assessments of invasive alien
species and climate change (Miller et al., 2004; Peters &t
Herrick, 2004; Franklin, 2009; Thorn et al., 2009; Shin et
al., 2015).

Environmental variables for predicting future potential
habitats of reptiles were constructed by categorizing them
into climatic and geographic factors (Shin et al., 2024).
Climatic variables utilized current (2000-2019) and future
(2021-2100) data from the Korea Meteorological Admin-
istration (Korea Meteorological Administration, 2023). 19
bioclimate variables (Bioclim) were generated using cur-
rent and future maximum temperature, minimum tem-
perature, and precipitation data. Bioclim is known to be
a key variable determining the distribution and habitat
of animals, plants, and ecosystems (Araujo et al., 2005;
Attorre et al., 2007). The Korea Meteorological Admin-
istration selected four types of Shared Socioeconomic
Pathways (SSP) (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5)
as the national climate change standard scenarios (Korea
Meteorological Administration, 2023). This study selected
the intermediate pathway (SSP2-4.5) and the most severe
pathway (SSP5-8.5). Geographic variables included eleva-
tion (Digital Elevation Model), slope, Topographic Wet-
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ness Index, and distance from inland water bodies (Shin
et al., 2024). Variables for the final SDM were selected by
excluding highly correlated variables through Pearson’s r
correlation analysis and referencing prior studies (Koo et
al., 2015; Park et al., 2017; Shin et al., 2018).

Reptile locations for SDM were identified through 8
survey projects conducted by the National Institute of
Ecology from 2013 to 2021: (“The National Ecosystem
Survey,” “Basic Survey on Inland Wetlands,” “Ecosystem
survey of Baekdudaegan Protected Area,” “Natural Envi-
ronment Survey of Specific Areas,” “Ecological and Land-
scape Conservation Area Detailed Survey,” “Specific Island
Discovery Survey,” “Specific Island Detailed Survey,” “Na-
tional Coastal Sand Dune Natural Environment Survey”),
and data from the Korea National Park Service’s “National
Park Biological Resources Status Survey” conducted from
2002 to 2022 (Shin et al., 2024).

To reduce the uncertainty of SDM, an ensemble model
was applied in this study. Recently, ensemble models,
which combine multiple model algorithms, have been
utilized to mitigate the uncertainty arising from a single
SDM approach (Thuiller et al., 2009; Kwon, 2014; Shin et
al. 2018). 10 SDM algorithms (Generalized Linear Model
[GLM], Generalized Boosted Model [GBM], Generalized
Additive Model [GAM], Classification Tree Model [CTA],
Artificial Neural Network [ANN], Surface Range Envelope
[SRE], Flexible Discriminant Analysis [FDA], Random For-
est [RF], Multivariable Adaptive Regression Splines [MARS],
Maximum Entropy [MaxEnt]) were used to predict the
distribution of individual reptile species using an ensem-
ble model approach, where the model validation values
were weighted and combined (Allouche et al., 2006; Koo
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Fig. 1. Current status of protected areas in the Republic of
Korea. Adapted from Korea Database on Protected Areas;
2024.

et al., 2017; Shin et al. 2018).

SDM accuracy was measured using the area under the
curve (AUC) value of the receiver operating characteristic
curve via 10-fold cross-validation (Shin et al., 2018). The
AUC value ranges from 0.5 to 1.0, and prediction accu-
racy is classified as follows: AUC 0.9-1.0, excellent; 0.8-
0.9, good; 0.7-0.8, fair; 0.6-0.7, poor; 0.5-0.6, fail (Swets,
1988; Parker-Allie et al., 2009). The potential habitat for
individual reptile species predicted via SDM is estimated
as a probability value. The predicted probability values
for individual reptile species were classified into occupied
areas (presence) and unoccupied areas (absence) (Shin
et al., 2018). The cutoff value for habitat/non-habitat
classification was set at the point where the sum of the
model’s sensitivity and specificity was maximized (Liu et
al., 2005).

Assessment of the Species Protection Index

The SP1 is an indicator developed by Group on Earth
Observations Biodiversity Observation Network (GEO BON)
in 2016, focusing on assessing how protected areas con-
tribute to biodiversity conservation (Kim et al., 2024). SPI
is a tool that can promote the designation of protected
areas for species’ actual habitats and measure the result-
ing conservation outcomes (Jetz et al., 2022). SP1 can
be assessed in six steps as follows (Jetz et al., 2022; Kim
et al., 2024). (Step 1) Calculate the habitat area for each
species within the target taxon or group, (Step 2) Calcu-
late the overlap area between individual species habitats
and protected areas, (Step 3) Calculate the SCT, (Step 4)
Calculate the Species Protection Score (SPS) for each spe-
cies, (Step 5) Assign weights to each species, (Step 6) Sum
the weighted SPS to evaluate the final SPI.

This study conducted the following six steps to evalu-
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Fig. 2. The relationship between range of species and area-
based conservation targets. Data from the article of Kim et
al. (Korean Journal of Ecology and Environment, 57, 189-
197).
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ate the SP1. (Step 1) The habitat area for each reptile
species (both current and future) was predicted using
SDM. (Step 2) The overlapping area between the pre-
dicted individual reptile habitats and protected areas was
calculated. Protected area data were obtained from the
Korea Database on Protected Areas (Fig. 1; Korea Data-
base on Protected Areas, 2024). (Step 3) The SCT value
is determined based on the calculated individual habitat
area of the reptile species. SCT represents the proportion
of a species’ habitat area within a country that should be
protected. SCT is set at 100% for species with a habitat
area under 10,000 km? and at 15% for species with a
habitat area of 250,000 km’® or more. Values in between
are determined using a log-linear function (Fig. 2; Kim
et al., 2024). To maintain international comparability, we
report SPI using the global SCT rule (100% at <10,000
km® to 15% at 2250,000 km?). In addition, we provide
a country-specific sensitivity analysis (SCT-KR) that sets
the 100% lower bound at 1,000 km* to reflect the Re-

public of Korea’s small national extent and the prevalence
of small-range species at national scales. (Step 4) SPS is
calculated as the ratio of the species’ habitat protection
rate (the overlap between protected areas and the species’
habitat) to the SCT value (Eq. 1). (Step 5) This study did
not assign weights. However, weights could be assigned
to species requiring urgent protection, such as endemic
or endangered species within the country (Environmental
Performance Index, 2024). (Step 6) This study averaged
the SPS values of individual reptile species to derive the
final SPI value.

Intersection area between

. protected areas and habitats.
Area of habitat protected (7&)%(“ habitat range )

X 100

Species Protection Score (SPS) = - -
Species consevation target (SCT)

(Eq.1)

To aid interpretation of SP1 changes under climate
scenarios, we additionally computed, for each species
and time slice, (1) the total habitat area predicted by the

Table 1. Results of reptile Species Protection Index (SPI) assessment using species distribution models (current)

Habitat Intersection Specute:r(g::tls(%r;ratlon ]| Species Protection Score
area area
Scientfc name () ) Drighosl Bemeed T ot e
(a) (B) © o ® (e @0
Amphiesma vibakari 10,768.48 3,369.69 97.92 63.37 31.29 31.96 49.38
Dinodon rufozonatum 19,383.96 3,237.17 82.40 54.33 16.70 20.27 30.74
Elaphe dione 25,172.08 4,831.65 75.49 50.31 19.19 25.43 38.16
Hierophis spinalis 4,013.51 1,018.21 100.00 78.56 25.37 25.37 32.29
Oocatochus rufodorsatus 21,008.52 2,755.05 80.27 53.09 13.11 16.34 24.70
Rhabdophis tigrinus 37,487.76 5,416.87 64.98 44.18 14.45 22.24 32.71
Takydromus amurensis 26,281.18 6,723.26 74.36 49.64 25.58 34.40 51.53
Takydromus wolteri 22,687.81 3,022.77 78.24 51.90 13.32 17.03 25.67
Scincella huanrenensis 1,000.02 445.56 100.00 99.95 44.56 44.56 44.58
Scincella vandenburghi 23,387.13 4,381.49 77.44 51.44 18.73 24.19 36.42
Gloydius brevicaudus 16,578.15 3,170.20 86.52 56.73 19.12 22.10 33.71
Gloydius saxatilis 6,093.94 2,446.69 100.00 72.14 40.15 40.15 55.66
Gloydius ussuriensis 30,336.19 6,674.83 70.57 47.43 22.00 31.18 46.39
Pseudemys concinna 11,434.76 1,401.02 96.33 62.45 12.25 12.72 19.62
Pseudemys nelsoni 6,441.49 719.28 100.00 71.28 11.17 11.17 15.67
Trachemys scripta 15,920.42 1,513.49 87.59 57.36 9.51 10.85 16.57
Pelodiscus maackii 11,607.66 1,725.47 95.94 62.22 14.86 15.49 23.89
Pelodiscus sinensis 5,745.09 626.28 100.00 73.04 10.90 10.90 14.92
SPI (Overall mean across all species) 26.74 36.62
SPI (Overall mean across all species excluding ecosystem-disturbing [invasive] species) 28.16 38.53

*Ecosystem-disturbing (invasive) species.
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SDMs and (2) the fraction of that area overlapping pro-
tected areas. These summaries are provided in Tables 1-4
to show how habitat-area trajectories and protected-area
(PA)-overlap trajectories jointly determine SPS and, in
turn, aggregate to the national SPI under each scenario.

Results

Selection of study species

Location data were collected for 32 reptile species in-
habiting the Republic of Korea, excluding endangered
species (four species). Among these 32 species, 18 species
suitable for application to SDM were finally selected as
study subjects (Table 5). The selected 18 species include
three species designated as ecosystem-disturbing (inva-
sive) species in the Republic of Korea. The three included
species are the river cooter (Pseudemys concinna), Florida
red-bellied cooter (Pseudemys nelsoni), and red-eared
slider turtle (Trachemys scripta). The final SP1 calculation
was performed separately: one considering all 18 species
including the ecosystem-disturbing species, and another
excluding the three ecosystem-disturbing species (Table 5).

Predicted potential habitats under climate change
For the environmental variables in SDM to predict
reptile potential habitats, nine variables (Bio03, Bio04,

Bio05, Bio13, Bio17, digital elevation model [DEM],
Slope, Topographic Wetness Index [TWI], D_water) were
selected from 19 Bioclim variables and four topography-
related variables, considering their correlations (Table 6;
Shin et al., 2024). The final ensemble model accuracy
ranged from a minimum of 0.869 to a maximum of 0.999,

Table 2. Environmental variables used in the species distri-
ution models

Category Variable Variables description (unit)

Climate Bio03 Isothermality (mean diurnal range/
temperature annual range)x100 (%)
Bio04 Temperature seasonality (standard
deviationx100)
Bio05 Max temperature of warmest month
Q)
Biol3 Precipitation of wettest month (mm)
Biol7 Precipitation of driest quarter (mm)
Geography DEM Digital elevation model (altitude; m)
Slope Slope calculated from DEM (°)
TWI Topographic Wetness Index calculated

from DEM (unitless)

D_water Distance from inland water (m)

Table 3. Rankings of environmental variable importance for 18 species

Scientific name Bio03 Bio04 Bio05

Biol3 Biol7 DEM Slope TWI D_water

Amphiesma vibakari 7 5
Dinodon rufozonatum
Elaphe dione

Hierophis spinalis
Oocatochus rufodorsatus
Rhabdophis tigrinus
Takydromus amurensis
Takydromus wolteri
Scincella huanrenensis
Scincella vandenburghi
Gloydius brevicaudus
Gloydius saxatilis
Gloydius ussuriensis
Pseudemys concinna
Pseudemys nelsoni

Trachemys scripta

B WD O ke OO0 O © ©

Pelodiscus maackii

— O = N AW NN N NN AN W
W 0 W = Ul = = O R =W O 0

Pelodiscus sinensis 6

8 1 4

N O b 0 W © O Bk 0 0 01 © 0 NN W oo
N O O 0 0N W ok 0O g1l gl W
NN R =N W NN NN RO = RO W
© N © © O NN g O = O O N © © O g9 o
a = 0 O O OO O 0 O O &~ O W N NN B o ©
O W N 0w W oW WY

DEM, digital elevation model; TWI, Topographic Wetness Index.
*Ecosystem-disturbing (invasive) species.
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with an average value of 0.965 (Fig. 3).

Across the 18 species, the most frequently first-ranked
predictor (environmental variable) was Bio5 (maximum
temperature of the warmest month) in seven species
(Elaphe dione, Hierophis spinalis, Takydromus amuren-
sis, Scincella huanrenensis, Gloydius saxatilis, Gloydius
ussuriensis, and Pseudemys nelsoni) followed by Bio4
(temperature seasonality) in four species (Dinodon ru-
fozonatum, Takydromus wolteri, Trachemys scripta, and
Pelodiscus sinensis) and Bio17 (precipitation of the driest
quarter) in two species (Amphiesma vibakari and Gloydius
brevicaudus). DEM was the top predictor for two species
(Oocatochus rufodorsatus and Pseudemys concinna) while
single-species leaders were Slope for Scincella vanden-
burghi, TWI for Pelodiscus maackii, and D_water (distance
to inland water) for Rhabdophis tigrinus. No species had
Bio03 or Bio13 as the highest-ranked predictor (Table 7).

The area of current (Table 5) and future (two scenarios:
SSP2-4.5, SSP5-8.5) habitats was calculated for 18 reptile
species. Based on the current (2010) potential habitat,
the species with the largest areas in the Republic of Korea
were the tiger keelback (Rhabdophis tigrinus), the Us-
suri mamushi (Gloydius ussuriensis), and the Amur grass
lizard (Takydromus amurensis), in that order. The species
with the smallest areas were the dwarf skink (Scincella
huanrenensis), the slender racer (Hierophis spinalis), and

the Chinese softshell turtle (Pelodiscus sinensis), in that
order. The species with the largest overlap area (inter-
section area) between predicted potential habitat and
protected areas were the Amur grass lizard (Takydromus
amurensis), Ussuri mamushi (Gloydius ussuriensis), and the
tiger keelback (Rhabdophis tigrinus), in that order. Con-
versely, the species with the smallest overlap areas were
the dwarf skink (Scincella huanrenensis), Chinese softshell
turtle (Pelodiscus sinensis), and Florida red-bellied cooter
(Pseudemys nelsoni). A larger potential habitat area did
not necessarily correspond to a larger overlap area with

1.00 A

0.98 A

0.96

0.94 1

0.92

0.90

0.88
o

Fig. 3. Accuracy of the ensemble species distribution models.

Table 6. Proportion (%) of SDM-predicted habitat within protected areas: Current (2010) and SSP2-4.5 scenario (2020-2090)

Scientific name 2010 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 31.29 29.45 30.37 29.73 30.12 29.23 30.26 32.15 31.68
Dinodon rufozonatum 16.70 16.30 17.40 17.92 16.12 15.57 15.89 15.21 15.26
Elaphe dione 19.19 19.00 18.69 18.99 18.24 17.32 17.71 18.13 18.30
Hierophis spinalis 25.37 23.36 22.25 23.39 24.32 24.96 25.03 23.69 23.78
Oocatochus rufodorsatus 13.11 15.15 19.88 21.98 20.71 20.30 21.91 19.21 23.63
Rhabdophis tigrinus 14.45 15.29 15.37 16.02 15.70 15.36 15.94 15.88 15.84
Takydromus amurensis 25.58 26.61 28.85 29.56 30.10 31.44 32.94 33.70 36.03
Takydromus wolteri 13.32 13.25 14.03 14.56 14.09 13.74 13.70 13.93 14.42
Scincella huanrenensis 44.56 52.42 17.43 16.02 52.32 58.20 47.67 76.75 59.84
Scincella vandenburghi 18.73 19.24 19.09 19.29 19.64 19.86 20.05 20.00 19.82
Gloydius brevicaudus 19.12 18.19 18.01 18.45 17.73 17.25 17.68 17.42 17.47
Gloydius saxatilis 40.15 39.47 39.06 36.48 33.39 31.58 33.06 32.68 32.44
Gloydius ussuriensis 22.00 23.21 25.30 26.63 28.37 29.93 31.23 32.24 33.49
Pseudemys concinna 12.25 10.37 13.95 15.56 16.39 17.09 18.42 18.83 19.34
Pseudemys nelsoni 11.17 9.11 10.14 10.58 11.31 12.27 13.53 13.59 15.01
Trachemys scripta 9.51 9.48 10.80 13.10 14.38 15.69 16.60 17.00 18.41
Pelodiscus maackii 14.86 17.93 21.39 23.43 22.50 21.45 23.70 23.17 26.98
Pelodiscus sinensis 10.90 12.61 14.96 18.64 13.42 12.59 11.89 11.92 12.70

SDM, species distribution model; SSP, Shared Socioeconomic Pathway.

*Ecosystem-disturbing (invasive) species.
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Table 7. Proportion (%) of SDM-predicted habitat within protected areas: Current (2010) and SSP5-8.5 scenario (2020-2090)

Scientific name 2010 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 31.29 28.43 28.59 30.36 28.86 26.97 23.37 25.14 27.84
Dinodon rufozonatum 16.70 16.12 14.78 15.09 15.45 14.83 15.58 16.39 17.01
Elaphe dione 19.19 18.57 17.78 17.68 17.29 16.49 16.27 16.71 18.28
Hierophis spinalis 25.37 24.33 20.89 21.53 23.72 22.84 24.08 26.85 28.18
Oocatochus rufodorsatus 13.11 15.84 15.31 15.71 20.40 20.35 24.33 25.22 30.73
Rhabdophis tigrinus 14.45 15.27 14.67 14.81 15.25 14.91 15.17 15.18 14.62
Takydromus amurensis 25.58 27.24 28.55 30.19 31.11 33.43 36.13 39.49 46.97
Takydromus wolteri 13.32 13.22 13.13 13.31 13.32 13.29 13.57 13.91 14.54
Scincella huanrenensis 44.56 37.26 50.89 56.84 62.97 81.66 54.65 45.54 44.27
Scincella vandenburghi 18.73 19.21 19.88 20.05 19.36 19.10 19.11 19.34 21.39
Gloydius brevicaudus 19.12 18.15 16.21 16.66 17.15 17.06 17.71 18.31 19.24
Gloydius saxatilis 40.15 43.18 32.73 32.58 32.25 28.91 31.41 32.98 35.73
Gloydius ussuriensis 22.00 23.51 24.50 26.30 29.51 32.46 36.23 44.13 54.21
Pseudemys concinna 12.25 10.77 14.70 15.79 17.08 18.27 25.00 34.73 43.48
Pseudemys nelsoni 11.17 9.40 10.85 11.28 12.45 15.22 15.72 17.24 23.79
Trachemys scripta 9.51 9.47 11.49 14.01 15.83 17.65 18.88 26.05 35.97
Pelodiscus maackii 14.86 19.34 18.82 19.95 22.27 22.69 32.16 34.56 30.73
Pelodiscus sinensis 10.90 12.51 13.46 13.72 14.68 14.34 12.52 14.37 14.33

SDM, species distribution model; SSP, Shared Socioeconomic Pathway.

*Ecosystem-disturbing (invasive) species.

protected areas.

Assessment of the Species Protection Index results

The species with the highest ratio of protected area to
potential habitat area (intersection area between potential
habitat and protected areas) based on current standards
were the dwarf skink (Scincella huanrenensis), the Amur
mamushi (Gloydius saxatilis), and the Asian keelback (Am-
phiesma vibakari), in that order (Table 5). The species with
the lowest ratios were the red-eared slider turtle (Trache-
mys scripta), Chinese softshell turtle (Pelodiscus sinensis),
Florida red-bellied cooter (Pseudemys riori), and river
cooter (Pseudemys concinna), in that order. The overlap
rate between habitats of species designated as ecosystem-
disturbing species and protected areas was low. Further-
more, a high potential habitat area did not necessarily
correlate with a high overlap rate with protected areas.
The dwarf skink (Scincella huanrenensis) had the smallest
potential habitat area yet exhibited the highest overlap
rate with protected areas.

The current SPI score considering all species is 26.74
points, while the SPI score excluding ecosystem-dis-
turbing species is 28.16 points. The SPI score adjusted
to the Republic of Korea context based on SCT criteria
is 36.62 points when considering all species and 38.53
points when excluding disturbance species. The SP1 score

was higher in all cases when ecosystem-disturbing spe-
cies were excluded. The species with the highest SPS
values were the dwarf skink (Scincella huanrenensis), the
Amur mamushi (Gloydius saxatilis), and the Amur grass
lizard (Takydromus amurensis), in that order. When the
SCT criteria were modified to suit the Republic of Korea
conditions, the ranking changed to the Amur mamushi
(Gloydius saxatilis), the Amur grass lizard (Takydromus
amurensis), and the Asian keelback (Amphiesma vibakari).
The SPS values for the three ecosystem-disturbing species
remained the lowest under both SCT methods.

Under the future SSP2-4.5 scenario, the SP1 value ex-
cluding ecosystem-disturbing species remained lower
than the current value (28.16) until 2070, then showed
an increasing trend after 2080 (Fig. 4; Appendix 1). In
the future SSP5-8.5 scenario, the SPI value excluding
ecosystem-disturbing species also remained lower than
the current value until 2050, then showed an increasing
trend after 2060 (Fig. 5; Appendix 2). Both scenarios in-
dicate that the SPI value decreases in the near future but
increases in the more distant future.

The future trend of the SPI score, adjusted to reflect the
Republic of Korea conditions based on the SCT standard,
is as follows. Even in this case, when examining SPI1 val-
ues excluding ecosystem-disturbing species relative to the
baseline, the SSP2-4.5 scenario showed lower SP1 values
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than the current baseline value (38.53) (Fig. 4; Appendix
3). For the SSP5-8.5 scenario, values remained low until
2050 but showed a tendency to increase after 2060 (Fig.
5; Appendix 4). The SSP5-8.5 scenario exhibited similar
trends regardless of whether the SCT criteria were modi-
fied or not.

The results of SP1 value changes under future climate
change scenarios, distinguishing between ecosystem-
disturbing (invasive) species and non-disturbing (non-
invasive) species, are as follows. Under the SSP2-4.5
scenario, the SP1 values for ecosystem-disturbing species
were significantly lower in the initial period (2010-2030),
but the gap narrowed after 2040 (Figs. 4, 5). The SSP5-
8.5 scenario also showed a similar pattern to the SSP2-
4.5 scenario: a large gap in SP1 values between ecosys-
tem-disturbing species and non-disturbing species during
the initial period (2010-2030), which sharply decreased by
2040. After 2090, the SPI values of ecosystem-disturbing
species tended to exceed those of non-disturbing species.
This suggests that ecosystem-disturbing species could
rapidly infiltrate protected areas due to climate change.

Decomposition into (1) total predicted habitat area
(Tables 1, 2) and (2) the proportion within protected ar-
eas (Tables 3, 4) shows that late-century SPI1 increases
arise from higher PA representation despite range loss.
For example, Takydromus amurensis declines in area
(2010—2090: 26,281.18—4,917.11 km” under SSP2-4.5;
26,281.18—1,724.03 km” under SSP5-8.5), while its PA
proportion rises (SSP2-4.5: 25.58—36.03%; SSP5-8.5:
25.58—46.97%). Gloydius ussuriensis exhibits a similar
pattern, with area declines coupled with strong increases
in PA proportion (SSP2-4.5: 22.00—33.49%; SSP5-
8.5: 22.00—54.219%). These patterns are consistent with
upslope/poleward shifts and spatial concentration of suit-
able climates into the Republic of Korea’s mountainous
PA.

Discussion

Our findings point to a consistent hierarchy of ecologi-
cal controls rather than a single dominant driver of reptile
suitability under warming. Thermal regimes—maximum
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& Fig. 4. Results of reptile SPS as-
sessment using species distribu-
tion models (SSP2-4.5 scenario):
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tion target, (B) revised baseline
. . . . . . . . . conservation target. SPS, Species
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Year Socioeconomic Pathway.
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Fig. 5. Results of reptile SPS as-
sessment using species distribu-
tion models (SSP5-8.5 scenario):
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temperature of the warmest month (Bio5) and tempera-
ture seasonality (Bio4)—recurrently constrain lacertids
(Lacertidae) and pit vipers (Crotalinae), consistent with
theory and observations that climate warming tightens
thermal safety margins and reshapes activity budgets and
distributional limits in ectotherms (Sunday et al., 2014;
Chen et al., 2011; Pecl et al., 2017). In semi-aquatic taxa,
hydrological and moisture variables (Topographic Wetness
Index, distance to inland water, precipitation of the dri-
est quarter) exert the greatest influence, underscoring the
buffering and corridor functions of riparian and wetland
systems as rainfall regimes are reconfigured. Topography
(DEM, slope) consistently provides a second-tier variable
importance, highlighting the role of elevational gradients
and micro-refugia in enabling short-distance climate
tracking (Jones et al., 2016; 1PCC, 2022). Interpreting
suitability through this lens favors conservation strate-
gies that pair lowland vulnerability management with
reinforcement of elevational belts, microtopography, and
riparian connectivity.

An apparent late-century rebound of SPI1 is best read

Protection Score; SSP, Shared
Socioeconomic Pathway.

T T T
2070 2080 2090

as a change in representation, not as a wholesale im-
provement in habitat quantity or risk. Two non-exclusive
mechanisms likely operate: (1) upslope/poleward displace-
ment of suitable climates toward the mountain-biased
PA network in the Republic of Korea, and (2) contraction
with spatial concentration, whereby the remnants of suit-
ability are disproportionately captured inside or adjacent
to existing PAs. These processes are consistent with ob-
served and predicted redistribution dynamics under rapid
warming and with the configuration of the national PA
portfolio (Chen et al., 2011; Sunday et al., 2014; Jones et
al., 2016). To prevent misinterpretation, we decomposed,
for each species and time slice, total suitable area and the
fraction overlapping PAs, allowing SPS/SPI trajectories to
be interpreted as joint outcomes of area change and PA
capture rather than as proxies for reduced extinction risk.

Rising representation within PAs should therefore not
be equated with improved conservation status. Korea-
specific pressures—rapid urbanization, dense road net-
works and fragmentation, coastal reclamation, and ripar-
ian modification—can degrade habitat quality inside and
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around PAs and constrain dispersal to emerging climates
(Do et al., 2022). Ecosystem-disturbing (invasive) reptiles
may further exploit warmer conditions and linear infra-
structure to establish along riverine and coastal corridors
that intersect PA boundaries, emphasizing the need for
biosecurity, early detection-rapid response, and targeted
management at PA interfaces (IPCC, 2022; Pecl et al.,
2017). Because SP1 measures representation rather than
impact, parallel indicators (e.g., invasive incidence within
PAs) should be tracked to ensure that rising SPI for inva-
sives is not misread as a positive outcome.

Positioning SP1 within policy frameworks requires
balancing international comparability with national rel-
evance. As a GBF Target 3 component indicator reported
annually by Map of Life (Jetz et al., 2022; Kim et al.,
2024), SP1 should be presented using the published log-
linear SCT rule (<10,000 km’—100%; >250,000 km’—
15%) to maintain interoperability. At the same time, a
clearly labeled sensitivity analysis using the Republic of
Korea-adjusted lower bound (e.g., 1,000 km?) can better
reflect small national extent and the prevalence of small-
range species in domestic planning. Dual reporting—glob-
al-rule SP1 for GBF alignment and context-tuned SPI for
national siting and management—avoids conflation while
informing decisions at both scales (Jetz et al., 2022; Kim
et al., 2024).

Uncertainties and limitations deserve explicit treatment.
Ensemble SDMs mitigate but do not remove sensitiv-
ity to algorithm choice, thresholds, and global climate
model (GCM)/SSP selection; these propagate into SP1 and
warrant uncertainty bands and multi-GCM aggregation
(Franklin, 2009; Thuiller et al., 2009; Koo et al., 2017).
We did not apply species weights nor include endangered
taxa, limiting comparability with some global assess-
ments; future work should evaluate weighting schemes
that elevate endemics and threatened species (Block et
al., 2024; Jetz et al., 2022). Moreover, dynamic land-use/
land-cover change and explicit connectivity metrics were
not yet integrated, despite their central roles in realized
distributions and PA overlap; combining these with SDM
suitability and continuing updates with national survey
data will sharpen inference and policy salience (Miller et
al., 2004; Peters & Herrick, 2004; Shin et al., 2024).

Taken together, the SP1 framework—interpreted through
the paired lenses of range trajectories and PA capture—
offers a decision-ready measure of where protection most
effectively represents climate-suitable habitats for reptiles
as conditions warm. Delivering on the 30% target will
depend not only on area expansion but on climate-in-
formed configuration: securing elevational gradients and
micro-refugia, reinforcing riparian/wetland connectivity,
and institutionalizing invasive-species management at PA
edges. In this role, SP1 complements area-based goals by
directing limited conservation effort to places where rep-

resentation gains—and thus the prospects for persistence—
are likely to be greatest (IPCC, 2022; Jones et al., 2016;
Kim et al., 2024).

Conclusion

This study constructed ensemble SDM models for 18
reptile species (average AUC 0.965) and calculated SPI
based on protected area representativeness to evaluate
changes under different climate change scenarios. The
current SPI was 26.74 for all species and 28.16 exclud-
ing ecosystem-disturbing species. Adjusting the SCT
lower limit to 1,000 km” to reflect the Republic of Korea
conditions increased these values to 36.62 and 38.53,
respectively. Both scenarios (SSP2-4.5, SSP5-8.5) showed
declines in the mid-term but recovery and increases in
the late term. Ecosystem-disturbing species are likely to
surpass general species in the long term, highlighting the
importance of managing their penetration within pro-
tected areas. This suggests that a large potential habitat
area does not necessarily equate to a high protection rate,
indicating that the key is not how much is protected but
where. However, limitations such as excluding endan-
gered species, not applying weights, and not integrat-
ing connectivity, land-use change, and uncertainty may
cause differences from international comparative values.
Policy-wise, achieving the protected area expansion target
(30%) alongside precise relocation to reptile core habitats,
enhanced connectivity, proactive management of ecosys-
tem-disturbing species, dual reporting under the Republic
of Korea and international standards, and quantification
of priority weighting and uncertainty are expected to in-
crease the SPI's utility in decision-making. Furthermore,
integrating with other taxonomic groups and refining the
assessment procedures in the future is expected to further
enhance the reliability of its policy utility.
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Appendix 1. Results of reptile SPS and SPI assessment using species distribution models (SSP2-4.5 scenario; Original
baseline conservation target)

Scientific name 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 29.79 30.37 30.51 30.73 31.68 31.36 32.15 31.68
Dinodon rufozonatum 19.49 19.62 20.03 20.08 20.41 20.21 19.62 19.21
Elaphe dione 25.08 25.49 26.86 25.97 26.50 26.64 25.71 25.70
Hierophis spinalis 23.36 22.25 23.39 24.32 24.96 25.03 23.69 23.78
Oocatochus rufodorsatus 16.51 19.88 21.98 20.71 20.30 21.91 19.21 23.63
Rhabdophis tigrinus 22.87 22.07 22.34 22.06 22.00 21.75 21.74 21.92
Takydromus amurensis 32.91 32.33 32.74 31.19 31.68 32.94 33.70 36.03
Takydromus wolteri 17.05 16.86 17.48 18.26 18.81 18.63 18.70 18.80
Scincella huanrenensis 52.42 17.43 16.02 52.32 58.20 47.67 76.75 59.84
Scincella vandenburghi 25.36 24.92 27.29 29.19 31.52 31.42 28.11 27.14
Gloydius brevicaudus 22.69 26.24 28.81 28.56 30.14 30.44 27.76 27.23
Gloydius saxatilis 39.47 39.06 36.48 33.39 33.61 34.94 32.78 32.44
Gloydius ussuriensis 29.84 27.82 28.32 29.70 30.87 31.23 32.24 33.49
Pseudemys concinna 13.93 19.36 18.85 18.61 17.35 18.42 18.83 19.34
Pseudemys nelsoni 10.96 15.31 17.63 19.05 20.87 22.65 22.39 22.00
Trachemys scripta 13.49 18.43 22.55 24.12 23.43 22.75 23.55 22.72
Pelodiscus maackii 18.50 21.39 23.43 22.50 21.45 23.70 23.17 26.98
Pelodiscus sinensis 12.61 14.96 18.64 13.42 12.59 11.89 11.92 12.70
SPI (Overall mean across all species) 23.69 22.99 24.08 25.79 26.47 26.31 27.33 26.92

SPI (Overall mean across all species excluding 25.86  24.05 24.95 26.83 27.65 27.32 28.48 28.04
ecosystem-disturbing [invasive] species)

SPS, Species Protection Score; SPI, Species Protection Index; SSP, Shared Socioeconomic Pathway.
*Ecosystem-disturbing (invasive) species.
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Appendix 2. Results of reptile SPS and SPI assessment using species distribution models (SSP5-8.5 scenario; Original
baseline conservation target)

Scientific name 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 29.44 28.59 30.36 31.15 31.07 32.28 31.27 27.84
Dinodon rufozonatum 19.03 19.28 19.49 20.18 20.46 20.84 20.63 19.82
Elaphe dione 24.39 24.74 24.72 26.05 26.26 28.34 28.35 27.23
Hierophis spinalis 24.33 20.89 21.53 23.72 22.84 24.08 26.85 28.18
Oocatochus rufodorsatus 15.84 15.58 15.71 20.40 20.35 24.33 25.22 30.73
Rhabdophis tigrinus 22.37 21.63 21.44 22.09 22.11 22.82 22.58 20.70
Takydromus amurensis 33.30 29.94 30.19 31.71 33.43 36.13 39.49 46.97
Takydromus wolteri 17.04 17.46 17.53 18.30 19.38 20.02 19.27 17.77
Scincella huanrenensis 37.26 50.89 56.84 62.97 81.66 54.65 45.54 44.27
Scincella vandenburghi 25.67 25.11 26.08 30.60 32.39 36.34 35.66 31.07
Gloydius brevicaudus 21.87 22.79 24.69 28.45 30.15 34.53 36.18 35.12
Gloydius saxatilis 43.18 32.73 32.58 33.14 33.29 37.77 39.36 40.35
Gloydius ussuriensis 29.57 26.67 26.61 30.47 32.46 36.23 44.13 54.21
Pseudemys concinna 14.96 20.15 18.57 17.08 18.27 25.00 34.73 43.48
Pseudemys nelsoni 12.24 16.17 18.21 20.80 20.40 16.11 17.24 23.79
Trachemys scripta 14.09 20.63 24.45 23.41 20.86 18.88 26.05 35.97
Pelodiscus maackii 19.34 18.82 19.95 22.27 22.69 32.16 34.56 30.73
Pelodiscus sinensis 12.51 13.46 13.72 14.68 14.34 12.52 14.37 14.33
SPI (Overall mean across all species) 23.14 23.64 24.59 26.53 27.91 28.50 30.08 31.81

SPI (Overall mean across all species excluding ~ 25.01 24.57 25.43 27.75 29.53 30.20 30.90 31.29
ecosystem-disturbing [invasive] species)

SPS, Species Protection Score; SPI, Species Protection Index; SSP, Shared Socioeconomic Pathway.
*Ecosystem-disturbing (invasive) species.
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Appendix 3. Results of reptile SPS and SPI assessment using species distribution models (SSP2-4.5 scenario; Revised
baseline conservation target)

Scientific name 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 46.08 45.76 47.13 47.49 48.66 48.39 45.50 44.14
Dinodon rufozonatum 29.61 30.00 30.66 30.36 30.66 30.48 29.54 29.01
Elaphe dione 37.65 38.11 39.97 38.61 39.01 39.30 38.24 38.28
Hierophis spinalis 28.64 26.83 27.00 27.87 28.74 28.40 27.30 27.20
Oocatochus rufodorsatus 25.34 25.43 22.94 22.24 20.30 21.91 20.02 23.63
Rhabdophis tigrinus 33.77 32.77 33.30 32.86 32.69 32.52 32.49 32.72
Takydromus amurensis 49.80 49.47 50.17 48.12 49.02 49.29 46.96 47.77
Takydromus wolteri 25.68 25.60 26.55 27.48 28.11 27.87 28.02 28.27
Scincella huanrenensis 52.42 19.43 18.02 52.32 58.20 47.67 76.75 59.84
Scincella vandenburghi 38.08 37.47 40.61 43.15 46.15 46.09 41.87 40.56
Gloydius brevicaudus 34.30 38.89 42.28 41.72 43.49 44.03 40.62 39.97
Gloydius saxatilis 54.37 54.86 54.52 51.29 51.71 53.80 50.74 49.75
Gloydius ussuriensis 44.95 42.66 43.57 45.77 47.65 46.96 45.55 45.35
Pseudemys concinna 20.87 28.88 28.60 28.43 26.82 27.28 27.75 26.82
Pseudemys nelsoni 16.64 22.58 25.63 27.64 30.25 32.91 32.60 32.57
Trachemys scripta 20.06 26.69 32.61 35.03 34.61 34.00 35.14 34.39
Pelodiscus maackii 28.55 29.43 28.39 27.93 25.81 26.52 27.04 29.64
Pelodiscus sinensis 16.29 17.57 19.72 15.84 15.11 14.33 15.41 15.66
SPI (Overall mean across all species) 33.51 32.91 33.98 35.79 36.50 36.21 36.75 35.87

SPI (Overall mean across all species excluding 36.37 34.29 34.99 36.87 37.69 37.17 37.74 36.79
ecosystem-disturbing [invasive] species)

SPS, Species Protection Score; SPI, Species Protection Index; SSP, Shared Socioeconomic Pathway.
*Ecosystem-disturbing (invasive) species.
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Appendix 4. Results of reptile SPS and SPI assessment using species distribution models (SSP5-8.5 scenario; Revised
baseline conservation target)

Scientific name 2020 2030 2040 2050 2060 2070 2080 2090
Amphiesma vibakari 45.42  40.75 42.66 47.86 47.40 48.18 47.29 40.47
Dinodon rufozonatum 28.95 28.99 29.34 30.33 30.54 31.24 31.15 30.21
Elaphe dione 36.64 36.89 36.85 38.43 38.44 40.92 41.10 40.23
Hierophis spinalis 29.24 26.18 25.80 28.10 28.34 29.01 29.80 29.54
Oocatochus rufodorsatus 2449  24.08 21.12 20.40 20.35 24.33 25.22 30.73
Rhabdophis tigrinus 33.13  32.00 31.81 32.77 32.69 33.68 33.37 30.80
Takydromus amurensis 50.46  46.14 46.34 49.01 49.52 51.45 51.02 51.29
Takydromus wolteri 25.66  26.19 26.32 27.34 28.72 29.62 28.75 26.93
Scincella huanrenensis 37.26  50.89 56.84 62.97 81.66 54.65 45.54 44.27
Scincella vandenburghi 38.47 3791 39.22 44.83 46.96 51.72 51.01 46.06
Gloydius brevicaudus 33.20 33.94 36.51 41.38 43.43 48.92 51.13 50.32
Gloydius saxatilis 57.07 47.27 47.92 51.17 50.79 57.34 59.81 61.70
Gloydius ussuriensis 44.65 40.94 41.15 47.03 49.15 51.41 53.57 55.90
Pseudemys concinna 22.32 30.11 28.27 26.26 24.69 29.45 38.47 46.12
Pseudemys nelsoni 18.41  23.89 26.59 30.23 30.57 24.89 24.07 29.23
Trachemys scripta 2082  29.64 35.28 34.63 31.73 27.80 33.22 43.08
Pelodiscus maackii 28.60  28.71 26.66 25.74 25.56 32.16 34.56 31.62
Pelodiscus sinensis 15.45 18.41 18.17 17.23 16.97 13.00 15.41 17.25
SPI (Overall mean across all species) 3279  33.50 34.27 36.43 37.64 37.77 38.58 39.21

SPI (Overall mean across all species excluding 3525  34.62 35.11 37.64 39.37 39.84  39.92 39.15
ecosystem-disturbing [invasive] species)

SPS, Species Protection Score; SPI, Species Protection Index; SSP, Shared Socioeconomic Pathway.
*Ecosystem-disturbing (invasive) species.
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ABSTRACT

This research was conducted to determine how Key Biodiversity Areas (KBAs), areas that make a critical contribution
to global biodiversity conservation, can contribute to solving societal challenges through Nature-based Solutions
(NbS). To this end, a total of 21 documents, including international academic journals and institutional reports,
were analyzed. Cases were classified and organized according to the seven major types of societal challenges defined
by the International Union for Conservation of Nature NbS Global Standard. The analysis revealed that KBA-based
NbS contributes most extensively in the ‘environmental degradation and biodiversity loss’ domain, aligning with the
fundamental purpose of KBAs being biodiversity conservation. This was followed by contributions to water security,
climate change mitigation and adaptation, and economic and social development. Conversely, case accumulation was
limited in some areas, such as human health and food security, likely due to the relatively recent establishment of KBA
standards. In terms of research scale, most studies were conducted at a global scale, while regionally, the most active
NbS application was reported in Asia and Africa. This research demonstrates that KBAs can function as core spatial
platforms for NbS implementation beyond simple protected areas. It also suggests that KBAs hold significant strategic
value for achieving international environmental goals, such as the Kunming-Montreal Global Biodiversity Framework
and the Sustainable Development Goals.

Keywords: Biodiversity conservation, Climate change, Key Biodiversity Areas, Nature-based Solutions, Societal and

environmental challenges

Introduction

Climate change is having various impacts globally
across society, including rising temperatures, sea level
rise, more frequent and severe torrential rains, changes in
precipitation patterns, and alterations in ocean currents.
These changes significantly affect diverse sectors such as
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agriculture, public health, water use, energy production,
and biodiversity (Rawat et al., 2024). Measures are needed
to adapt to climate change and mitigate greenhouse gas
emissions in order to reduce the damage caused by these
changes and to positively impact health, biodiversity, food
security, and other areas (Korea Meteorological Adminis-
tration, 2024).

Nature-based Solutions (NbS) are gaining attention as
an integrated solution to address complex environmental
crises such as biodiversity loss and increased disasters. NbS
are actions to protect, sustainably manage, and restore
natural and modified ecosystems in ways that effectively
and adaptively address societal challenges, providing both
human well-being and biodiversity benefits (International
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Union for Conservation of Nature [TUCN], 2020). The rec-
ognized scope of societal challenges currently includes
climate change (adaptation and mitigation), disaster risk
reduction, ecosystem degradation and biodiversity loss,
food security, human health, social and economic devel-
opment, and water security. Importantly, while one or
more societal challenges can be the entry point for NbS,
the priority is to leverage the potential of NbS to provide
multiple benefits, whereby one intervention addresses
several challenges (IUCN, 2020).

Protected Areas can play an important role in climate
change adaptation as NbS (Lipka et al., 2023). For ex-
ample, Forests work to increase the minimum river low
flow during droughts and to decrease the magnitude and
pace of floods (Lipka et al., 2023). From this perspective,
Key Biodiversity Areas (KBAs)—regions scientifically proven
to hold high ecological value for biodiversity conserva-
tion—can be viewed as more than mere conservation
zones. They serve as foundational areas for providing di-
verse ecosystem services such as carbon sequestration and
disaster mitigation. Thus, KBAs represent crucial spatial
units capable of maximizing the practical effectiveness of
NbS.

KBA is a region that contributes significantly to the
global conservation of biodiversity (Ahn & Kang, 2024),
and the KBA standards were approved by the IUCN Coun-
cil and launched at the 2016 World Conservation Con-
gress in Hawaii (IUCN, 2022). As of 2025, 16,602 KBAs
are registered worldwide (KBA homepage, 2025; No-
vember 1st), demonstrating their potential as a strategic
foundation for applying NbS.

Additionally, NbS and KBA serve as indicators for fulfill-
ing international commitments. NbS is utilized as a means
to achieve Kunming-Montreal Global Biodiversity Frame-
work (KMGBF) targets 8 (Minimize the Impacts of Climate
Change on Biodiversity and Build Resilience) and 11 (Re-
store, Maintain and Enhance Nature’s Contributions to
People). Meanwhile, KBAs are also used as indicators for
KMGBF 3 (Conserve 30% of Land, Waters and Seas), as
well as indicators for UN Sustainable Development Goals
(SDGs) 15 (Life on land). Thus, KBAs transcend simple
conservation areas; they represent spatial units that can
contribute to the implementation of various international
environmental goals through the strategic application of
NbS. However, to maximize the strategic value of KBA,
it is necessary to conceptually clarify the mechanism by
which KBA—as sites critical for global biodiversity con-
servation—translate their intrinsic ecological value into
practical contributions across the seven major societal and
environmental challenges addressed by NbS.

This relationship forms the core of the research ques-
tion: In what ways does the established function of KBAs
as sites of critical importance for global biodiversity
contribute to solving the diverse societal challenges pri-

oritised by the NbS framework? This research analyzes
existing literature and case studies to examine how NbS
implemented in KBAs can contribute to solving specific
social challenges, thereby identifying the multidimension-
al value of KBAs.

Materials and Methods

Literature review

To ensure the relevance and specificity of the analyzed
literature to the research’s core objective (Contribution of
KBAs to Societal Challenges through NbS), inclusion cri-
teria were applied:

(1) Topical relevance: The document must explicitly
discuss NbS and their contribution to at least one of the
seven major societal challenges identified by the TUCN
Global Standard

(2) Geographic/scope relevance: The document must
explicitly address the implementation or contribution of
NbS within a KBAs. Studies focusing only on general pro-
tected areas or non-KBA sites were excluded.

(3) Content focus: The document must present empiri-
cal data, case studies, or analytical assessments of the
NbS contribution.

(4) The collected data from the identified literature
were organized and analyzed based on the seven types
of major societal challenges addressed by NbS. The seven
major societal and environmental challenges identified in
the TUCN Global Standard are: Climate change mitigation
and adaptation; disaster risk reduction; economic and
social development; human health; food security; water
security; and environmental degradation and biodiversity
loss (IUCN, 2020) (Table 1).

Results

Analysis of the 21 selected studies indicates that the
societal challenge to which KBAs most frequently con-
tribute is environmental degradation and biodiversity loss
(Table 2) (Baumbach et al., 2023; Dong et al., 2024; Eken
et al., 2004; Gacheru et al., 2023; Goyal et al., 2025;
Kullberg et al., 2019; Lansley et al., 2025; Larsen et al.,
2012; Maiz-Tomé et al., 2017; Mehlomakhulu €& Buschke,
2023; Neugarten et al., 2014; 2018; Plumptre et al.,
2019; 2024; 2025; Shrestha et al., 2021; Sun et al., 2022;
Tognelli et al., 2017; Trew et al., 2024; Visconti et al.,
2019; World Wide Fund for Nature, 2024). The next most
frequently addressed areas are water security, followed by
climate change mitigation and adaptation, economic and
social development, disaster risk reduction, human health,
and food security. Overall, these findings demonstrate
that KBAs can function not only as sites for biodiversity
conservation but also as strategic spatial units capable of
contributing to the resolution of a wide range of major
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Table 1. IUCN NbS Global Standard: seven major societal challenges

Major societal challenges Role of NbS in addressing the challenge

Utilizing NbS to address climate change through three core functions: Ecosystem-
based Mitigation by preventing the degradation and loss of natural ecosystems
to avoid emissions; functioning as a ‘natural carbon sink’ through the
conservation and restoration of forests, wetlands, and oceans; and enabling
Ecosystem-based Adaptation and Ecosystem-based DRR (Eco-DRR) to help
vulnerable communities increase their resilience to adverse climate effects

1. Climate change mitigation and adaptation

2. Disaster risk reduction (DRR) Utilizing the regulatory role of ecosystem services (e.g., wetlands, forests, coastal
systems) to cost-effectively reduce risks from natural hazards. NbS serves as
protective barriers or buffers to decrease physical exposure, protect infrastructure,
and support quicker livelihood recovery, forming the basis of the Eco-DRR

approach

3. Economic and social development Utilizing NbS to promote sustainable economic growth and social well-being
by supporting nature-based livelihoods, job creation, and inclusive local
development. NbS enhances community resilience and long-term socio-

economic stability through the sustainable management of ecosystem services

4. Human health Recognizing the natural environment’s role as a determinant of human health,
well-being, and social cohesion. NbS aims to utilize nature’s benefits—such as
improving environmental quality (heat, noise), promoting physical and social
activity, and providing sources of medicines—to enhance physical and mental

health outcomes

5. Food security Achieving sustainable food systems through an ecosystem-aware approach. This
involves leveraging NbS to protect wild genetic resources, manage wild species,
and utilize stable ecosystem services to stabilize food availability and access

during periods of environmental or political stress

6. Water security Utilizing water-related services provided by ‘natural infrastructure’ (such as
forests, wetlands, and floodplains) to address exacerbated water crises. The goal
is to achieve sufficient and safe water management and preserve ecosystem

function simultaneously

Utilizing conservation through protection, restoration, and sustainable use to
maintain or enhance biodiversity, serving as a critical input to NbS, thereby
reversing ecosystem degradation and biodiversity loss while providing simulta-
neous benefits to human well-being

7. Environmental degradation and
biodiversity loss

IUCN, International Union for Conservation of Nature; NbS, Nature-based Solutions.

societal challenges.

The literature analysis indicates that most of the se-
lected studies were conducted at a global scale (Eken
et al., 2004; Kullberg et al., 2019; Lansley et al., 2025;
Larsen et al., 2012; Neugarten et al., 2018; Plumptre
et al., 2025; 2024; Sun et al., 2022; Trew et al., 2024;
Visconti et al., 2019), followed by Africa (Gacheru et al.,
2023; Mehlomakhulu & Buschke, 2023; Neugarten et al.,
2018; Plumptre et al., 2019; World Wide Fund for Nature,
2024), Asia (Dong et al., 2024; Goyal et al., 2025; Shres-
tha et al., 2021), Europe (Mdiz-Tomé et al., 2017), North
America (Tognelli et al., 2017), and Central America (Ba-
umbach et al., 2023).

Discussion

This research demonstrates that KBAs contribute to

a wide range of societal and environmental challenges
addressed through NbS, suggesting that KBAs have the
capacity to function as strategic spatial units beyond
their role in biodiversity conservation. The contributions
observed in the environmental degradation and biodiver-
sity loss reflect the fundamental ecological role of KBAs
in sustaining species and habitats. As evidenced by Eken
et al. (2004), Kullberg et al. (2019), and Plumptre et al.
(2024), identifying and protecting KBAs represents one of
the most effective approaches to preventing global bio-
diversity loss. For example, Baumbach et al. (2023) quan-
titatively demonstrated that protected areas within KBAs
maintain higher biome stability than unprotected areas
KBAs. These findings suggest that substantial policy-
driven conservation efforts must accompany the iden-
tification process to effectively mitigate environmental
degradation and biodiversity loss.
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Table 2. Key contributions of NbS within KBAs to societal challenges

Seven major societal challenges

No References Key contribution
CC DRR ESD HH FS WS EDBL
1 Ekenetal., 2004 KBAs as a means to reduce global biodiversity (0}
loss
2 Larsenetal., 2012 Substantial human well-being benefits from (0] (0]
safeguarding KBAs
3 Neugarten et al.,, 2014 Assessment of the ecosystem service values of (0] (0] (0] (0]
KBAs in Madagascar
4 Maiz-Tomé et al., 2017 Freshwater KBAs for water and ecosystems in O (0]
North-Western Mediterranean sub-region
5 Tognellietal., 2017 Freshwater KBAs for water and ecosystems in (0] (0]
Canada
6 Neugarten etal., 2018 Ecosystem service modeling in protected areas (0] (0}
(incl. KBAs)
7 Kullbergetal., 2019 KBA protection increasing threatened species (0}
coverage
8 Plumptreetal, 2019 Mapping KBAs and critical conservation sites in (0}
Uganda
9 Viscontietal., 2019 Utilizing KBAs for conservation outcomes (0]
10 Shresthaetal., 2021 KBAs provide a high degree of ecosystem services O (0}
in Chindwin River Basin, Myanmar
11 Sunetal., 2022 Global trade analysis for KBA and global (0]
biodiversity integrity
12 Baumbach et al., 2023 Protected KBAs have higher ecosystem stability O
13 Gacheruetal., 2023 Status of Kenya's KBA and recommendations for (¢} (0}
enhancing various ecosystem services
14 Mehlomakhulu & Built & natural capital in South African KBA
Buschke, 2023 tourism
15 Dongetal., 2024 KBA conservation as a win-win for biodiversity (0] (0]
and climate goals in China
16 Plumptre etal., 2024  Using KBAs to halt biodiversity loss & meet GBF (0}
goals
17 Trewetal., 2024 Tropical KBAs acting as climate refugia (0] (0}
18 World Wide Fund for =~ How the Kenyan banking sector can protect
Nature, 2024 KBAs
19 Goyaletal., 2025 GIS mapping of ecosystem services and threats (0] (0]
provides a scientific basis for conservation
planning
20 Lansleyetal., 2025 Bird sites offer co-benefits for other species and (0]
humans
21 Plumptreetal., 2025 KBA & systematic conservation planning-guided (6}

expansion achieves KMGBF Target 1 and halts
biodiversity loss

NbS, Nature-based Solutions; KBAs, Key Biodiversity Areas; CC, climate change mitigation and adaptation; DRR, disaster
risk reduction; ESD, economic and social development; HH, human health; FS, food security; WS, water security; EDBL,

environmental degradation and biodiversity loss; GBF, Global Biodiversity Framework.
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Protecting areas of high biodiversity, including KBAs,
contributes to climate change mitigation by reducing
CO, emissions through carbon storage and sequestration,
while also supporting climate change adaptation (Gacheru
et al., 2023; Larsen et al., 2012; Neugarten et al., 2018).
In particular, Trew et al. (2024) show that tropical KBAs
can function as climate refugia under changing tem-
perature regimes. In addition, evidence from some KBAs
demonstrates their contribution to disaster risk reduction
through ecosystem functions such as flood regulation
(Neugarten et al., 2018).

Beyond environmental benefits, KBAs have also been
shown to support economic and social development, for
example through ecotourism opportunities (Neugarten et
al., 2018) and contributions to the maintenance of hu-
man cultural diversity (Larsen et al., 2012). Furthermore,
studies on freshwater KBAs in the Mediterranean (Maiz-
Tomé et al., 2017) and Canada (Tognelli et al., 2017)
underscore the importance of defining geographic priori-
ties for freshwater biodiversity conservation and manag-
ing these areas to secure adequate environmental flows
necessary to sustain vulnerable freshwater ecosystems,
thereby enhancing water security.

Case studies demonstrating the contribution of NbS
within KBAs to addressing societal challenges were most
frequently conducted at the global scale. However, when
examined by region, a relatively larger number of studies
were identified in Asia and Africa. This pattern may reflect
the fact that KBA-related research has been particularly
active in these regions, as well as that Asia and Africa
contain extensive areas of high ecological value while
simultaneously experiencing strong anthropogenic pres-
sures such as development and land-use change (Goyal et
al., 2025; Neugarten et al., 2018; Plumptre et al., 2019).
Consequently, the need for NbS that can simultaneously
support biodiversity conservation and address societal and
environmental challenges may be especially pronounced
in these regions.

This research has several limitations. First, the relatively
small sample size (n=21) of the analyzed literature may
limit the generalizability of the findings. In particular,
contributions to human health and food security were not
identified, with the exception of an analysis in Madagas-
car (Neugarten et al., 2018). This is likely due to the limit-
ed accumulation of research, given that the KBA standard
was established relatively recently in 2016. Second, the
literature selection criteria were restricted to documents
explicitly mentioning ‘KBA’ and the ‘seven major societal
challenges’ defined by the NbS Global Standard. Con-
sequently, related studies using similar concepts or ter-
minologies, such as ‘green infrastructure’ or ‘ecosystem-
based adaptation, may have been excluded.

Despite these limitations, this research supports the
hypothesis that KBAs provide a foundation for the ap-

plication of NbS. Specifically, it suggests that KBAs can
generate a wide range of societal benefits beyond conser-
vation objectives and hold significant strategic value for
advancing international environmental targets, including
the KMGBF and the SDGs. To fully realize this potential,
future research should quantitatively assess the multiple
values of KBAs and strengthen their integration into poli-
cy frameworks and decision-making processes.
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ABSTRACT

This study aimed to investigate the long-term dynamics of Sicyos angulatus communities, an invasive alien vine that
threatens riparian biodiversity in Korea, and to provide baseline information for effective management strategies. Field
surveys were conducted annually from 2020 to 2024 at four sites along the Han and Nakdong Rivers. At each site,
the distribution area, importance value, and Shannon-Wiener diversity index were measured. The distribution area
of S. angulatus fluctuated across years and sites, with temporary decreases followed by renewed expansion at some
locations. Regardless of area changes, the species consistently increased in importance within plant communities,
while species diversity declined, indicating progressive simplification and homogenization of riparian vegetation.
NMDS ordination confirmed these structural changes and revealed significant effects of both year and site on
community composition, confirming that S. angulatus drives structural shifts across temporal and spatial scales.
These findings indicate that the ecological impact of S. angulatus extends beyond spatial expansion, encompassing
increased dominance and the degradation of native plant diversity and resilience. Therefore, management strategies
should address not only the control of its spatial spread but also the restoration of community structure through
integrated removal, revegetation, and monitoring efforts.

Keywords: Invasive speceis, Plant community, Sicyos angulatus, Species diversity

Introduction

An alien species is defined under the Act on the Conser-
vation and Use of Biological Diversity (abbreviated as the
Biological Diversity Act) as an organism that has been in-
troduced intentionally or naturally from abroad and exists
outside its original range or habitat (Ministry of Govern-
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ment Legislation, Republic of Korea, 2024). Among them,
alien species that are considered to pose high potential
risk or are already evaluated as highly hazardous and re-
quire management are designated and publicly notified
under the same Act as Alert Alien Species, Ecosystem Dis-
turbing Concern Species, and Ecosystem Disturbing Spe-
cies. Ecosystem disturbing species are defined as organ-
isms that disrupt or are likely to disrupt the balance of the
ecosystem. As of October 2024, a total of 40 taxa, includ-
ing one genus of the Trachemys turtles, 21 other animal
species, and 18 plant species, have been designated and
publicly announced (Ministry of Government Legislation,
Republic of Korea, 2024).

Internationally, alien species that have become estab-

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
eamrsm by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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lished and exert negative impacts on biodiversity and
ecosystems are defined as invasive alien species (IAS). The
Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services (Roy et al., 2023) reports that 1AS
are one of the major drivers of global biodiversity loss.
Consequently, countries around the world are making
continuous efforts to manage and prevent their spread.

Sicyos angulatus L. (burcucumber) is an annual climb-
ing herb of the family Cucurbitaceae, native to North
America, and it primarily occurs along riverbanks and
adjacent riparian areas (Kurokawa, 2009; Kurokawa et al.,
2009; Larché, 2004). Under non-competitive conditions, a
single S. angulatus plant can produce approximately 4,500
to 78,000 seeds (Esbenshade et al., 2001; Kurokawa,
2009; Smeda €& Weller, 2001a), and germination can oc-
cur continuously throughout the growing season (Mess-
ersmith et al., 1999). In Korea, germination mainly occurs
from April to May but can continue successively until
mid-September (Kang, 2014). 1t is presumed that S. angu-
latus was introduced into Korea during the late 1970s or
1980s, mixed with imported grains from North America.
Furthermore, its spread is thought to have been facilitated
in the late 1980s when it was used as a rootstock for
cucurbit crops such as watermelon and cucumber (Kang,
2014; National Institute of Ecology [NIE], 2021). Owing
to the high ecological risk it poses to natural ecosystems
following its introduction into Korea, S. angulatus was
designated and has been managed as an Ecosystem Dis-
turbing Species since 2009.

In some invaded regions abroad, S. angulatus has
caused economic damage, such as reducing crop yields in
maize (Zea mays) fields (Dowler, 1994; Shimizu, 1999).
In Japan in particular, it has spread into natural ecosys-
tems, where it suppresses the growth of native plants and
causes ecological damage (Watanabe et al., 2002). Due to
these impacts, S. angulatus has been included among the
legally and institutionally regulated 1AS in several coun-
tries. For example, in Japan, it is designated as a “Specified
Invasive Alien Species” under the Invasive Alien Species
Act, which prohibits its import, transport, possession, and
cultivation (Ministry of the Environment, Japan, 2004). In
the Catalonia region of Spain, S. angulatus is designated
as a “quarantine pest,” and compulsory control measures
are implemented to prevent its spread (Government of
Catalonia, 2005). In parts of ltaly, S. angulatus has been
listed on the regional blacklist of 1AS, with monitoring
and control measures enforced to limit its spread (Regione
Lombardia, 2019). Even in its native range, the United
States, S. angulatus has been designated as a noxious
weed in several states, including Delaware, as a measure
to prevent agricultural losses (Delaware Department of
Agriculture, 1986).

Thus, S. angulatus is recognized both in Korea and
abroad as a representative invasive alien plant species that

requires intensive management, and ecological studies
tailored to different habitat types are essential for devel-
oping effective management strategies. In particular, ri-
parian zones, the primary habitats of S. angulatus, exhibit
high environmental variability and pronounced vegetation
dynamics, highlighting the importance of understanding
the species’ distribution patterns in these areas. Accord-
ingly, ecological studies focusing on S. angulatus in ripar-
ian areas have also been conducted in Korea. For example,
previous studies have examined various ecological aspects
of S. angulatus, including the effects of environmental
factors such as flow velocity and soil texture on its popu-
lation density in rivers (Lee et al., 2020), the impact of its
invasion on riparian vegetation in Korea (Lee et al., 2015),
and changes in weed species composition within S. an-
gulatus communities (Moon et al., 2008). However, these
previous studies have been limited to short-term surveys
lasting 1 or 2 years, and research on long-term commu-
nity structural dynamics remains scarce. Therefore, this
study aims to analyze the structural and distributional
changes of S. angulatus communities along riparian zones
over a 5-year period, to elucidate its ecological impacts
and distribution patterns, and to provide baseline infor-
mation for establishing effective management strategies.

Materials and Methods

Study area

The study sites were selected as part of the “Monitoring
of Invasive Alien Species” project conducted by the NIE.
To investigate the distribution patterns of S. angulatus in
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Fig. 1. Location of riparian monitoring sites for Sicyos an-
gulatus communities surveyed from 2020 to 2024 in the
Republic of Korea.
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riparian areas, four sites characterized by riparian habitats
were selected for analysis. The four study sites included
one location in the Han River basin (Sa1) and three loca-
tions in the Nakdong River basin (Sa2-Sa4) (Fig. 1, Table 1).

The monthly average temperature (°C) and monthly
precipitation (mm) recorded from 2019 to 2024 at the
nearest automatic weather observation stations to each
study site are shown in Fig. 2 (Korea Meteorological Ad-

ministration, 2025).

Survey and analysis method

The four selected study sites were designated as fixed
monitoring plots, and field surveys were conducted an-
nually over a period of approximately 5 years, from 2020
to 2024. Field surveys were conducted between July and
September, the period when S. angulatus reaches its peak

Table 1. Survey sites for Sicyos angulatus community monitoring

Site No.  Survey period Location Latitude Longitude
Sal 2020-2024 Oegacheon-ri, Wongok-myeon, Anseong-si, Gyeonggi-do 37.039121 127.126301
Sa2 2020-2024 Bongjuk-ri, Geumho-eup, Yeongcheon-si, Gyeongsangbuk-do 35.942718 128.922378
Sa3 2020-2024 Bongmu-dong, Dong-gu, Daegu 35.918249 128.632916
Sa4 2020-2024 Gameun-ri, Andeok-myeon, Cheongsong-gun, Gyeongsangbuk-do  36.2906791  128.9480369
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Fig. 2. Monthly average temperature (°C) and monthly precipitation (mm) at the study site. (A) Sa1, (B) Sa2, (C) Sa3, and (D)

Sa4.
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growth.

To understand the competitive interactions and spread
patterns of S. angulatus within the surrounding vegeta-
tion at each site, a current vegetation map was prepared.
The same survey area was maintained as much as possible
at each fixed site. However, due to the characteristics of
the river environment and anthropogenic disturbances
(e.g., river construction), the surveyed area varied slightly
between years. To accurately assess the relative domi-
nance of S. angulatus communities, the ratio of the S.
angulatus community area to the total surveyed area was
calculated and analyzed.

In addition, vegetation surveys were conducted in par-
allel to examine the distribution characteristics of S. an-
gulatus. The vegetation survey was conducted using the
quadrat method, recording the coverage of species occur-
ring in each vegetation layer. At each study site, ten 1x1
m quadrats were randomly established within the entire
area of the S. angulatus community for sampling. The
coverage of each species was recorded using a nine-grade
scale based on the modified Braun-Blanquet cover-abun-
dance scale (Westhoff & van der Maarel, 1978). Based
on the collected data, the importance value (1V) for each
species was calculated as the mean of its relative coverage
and relative frequency, in order to compare the relative

dominance of the target species within the community.
Using the 1V, the Shannon-Wiener diversity index (Shan-
non, 1948) was calculated to evaluate annual changes in
community diversity.

Statistical analysis

Annual variations in the Shannon-Wiener diversity index
(H) and 1V of S. angulatus communities were tested for
each study site from 2020 to 2024. Since the data were
repeatedly measured at the same sites, a non-parametric
repeated-measures test (Friedman test; Friedman, 1937)
was conducted. When significant differences were found,
pairwise Wilcoxon signed-rank tests were performed as
post hoc analyses to identify specific differences between
years (Wilcoxon, 1945). To correct for Type 1 errors arising
from multiple comparisons, the Holm method was applied
(Holm, 1979).

To examine changes in vegetation community structure,
a non-metric multidimensional scaling (NMDS) analysis
was performed (Kruskal, 1964). The NMDS was based on
Bray-Curtis dissimilarity (Bray € Curtis, 1957) and re-
duced to two dimensions, and the analysis was conducted
using the metaMDS function of the vegan package (Ok-
sanen et al., 2025). The stress value was presented as an
indicator to assess the goodness of fit of the community

Table 2. Annual change in the distribution area (%) of Sicyos angulatus from 2020 to 2024

Site no. Year Total vegetation area (m®) Sicyos angulatus area (m®) Area percentage (%)
Sal 2020 30,366 18,955 62.5
2021 23,295 2,682 11.5
2022 26,982 1,915 7.1
2023 8,674 5,668 65.3
2024 27,446 11,696 42.6
Sa2 2020 18,442 8,516 46.2
2021 18,481 984 5.3
2022 18,481 9,017 49.3
2023 18,481 4,944 26.8
2024 18,480 4,901 26.5
Sa3 2020 11,701 8,028 68.6
2021 10,090 2,985 29.6
2022 10,090 4,116 40.8
2023 10,090 2,838 28.1
2024 10,092 2,577 25.5
Sa4 2020 13,175 2,743 20.8
2021 13,202 658 5.0
2022 13,202 2,146 16.3
2023 13,202 2,047 15.5
2024 13,203 2,109 16.0
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structure. To examine differences among communities,
permutational analysis of variance (PERMANOVA) was
performed using the adonis2 function with 999 permu-
tations (Anderson, 2001), and the homogeneity of mul-
tivariate dispersion among groups was tested using the
betadisper function (Anderson et al., 2006; Warton et al.,
2012).

All statistical analyses were performed using R version
4.4.1 (The R Foundation, Vienna, Austria; R Core Team,
2024), with a significance level set at P<0.05.

Results and Discussion

Temporal and spatial variation in Sicyos angulatus
communities

Over the 5-year period, the proportion of the S. angu-
latus distribution area relative to the total vegetation area
at each site exhibited a dynamic pattern, characterized by
repeated increases and decreases (Table 2). In particular,
site Sal showed the greatest fluctuation, with the distri-
bution area sharply decreasing to 11.5% in 2021 and then
increasing to 65.3% in 2023. Similarly, site Sa2 exhibited
a sharp rebound, increasing from 5.3% in 2021 to 49.3%

in 2022, indicating a high degree of community recov-
ery resilience. At site Sa3, the distribution area decreased
to 29.6% in 2021 and then increased again to 40.8% in
2022, showing a moderate level of fluctuation. In con-
trast, site Sa4 maintained a relatively stable proportion
of approximately 15-20% throughout the 5-year period.
These dynamic changes in S. angulatus communities are
associated with the periodic disturbances in river ecosys-
tems, and are likely to be strongly influenced by summer
rainfall patterns. S. angulatus prefers humid, nutrient-rich
riverine environments and possesses traits that favor seed
dispersal by flooding and rapid recolonization of open
niches created by the removal of competing vegetation
(Uchida et al., 2012). Therefore, heavy rainfall events are
considered decisive environmental factors that optimize
the growth conditions of S. angulatus, enhance its early
dominance, and consequently expand its community cov-
erage.

The species diversity within S. angulatus communities
showed a decreasing trend over time, whereas the TV of S.
angulatus exhibited a continuous increase (Fig. 3). When
the annual average changes were analyzed by combin-
ing all study sites, statistically significant differences were
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Fig. 3. Annual changes in SDI (H’, bar graph) and Sicyos angulatus IV (line graph) at each site: (A) Sa1, (B) Sa2, (C) Sa3, and
(D) Sa4. SDI, Shannon-Wiener diversity index; IV, importance value.

https://doi.org/10.22920/PNIE.2025.6.Special.S59

S63



PNIE

Soo-1n Lee et al.

observed overall (Friedman test, P<0.05) (Fig. 4). The spe-
cies diversity index within the communities declined from
3.1 in 2020 to a minimum of 2.0 in 2023, indicating a
progressive simplification of the community structure. In
contrast, the 1V of S. angulatus increased sharply from
5.6% in 2020 to 32.9% in 2023, confirming its intensi-
fied dominance. These results are consistent with previous
studies reporting that the intensity of invasion negatively
affects the species diversity of native vegetation (Valone
& Weyers, 2019). As the dominance intensity of invasive
species increases, the reduction in native plant diversity
within the community becomes more pronounced (Valone
& Weyers, 2019). In particular, S. angulatus effectively ex-
cludes competing plants by maximizing light interception
and spatial occupation through its dense climbing growth
form (Onen et al., 2015; Smeda & Weller, 2001b). How-
ever, the post hoc pairwise Wilcoxon test did not reveal
any significant differences between specific year pairs.
This is likely because the number of study sites was lim-
ited and the magnitude of annual variation was relatively
small, making it difficult to achieve statistical significance
in pairwise comparisons.

The NMDS analysis conducted to examine changes in
the plant community structure within S. angulatus stands
yielded a stress value of 0.212, indicating an acceptable
level for interpreting the community structure. The com-
munity ordination showed partial separation both by year
and by site (Fig. 5). In the annual analysis, the 2020 com-
munity was relatively distinct from those of other years,
while the 2023 community also exhibited greater variabil-
ity, indicating pronounced structural changes in specific
years. Sites Sal and Sa4 showed relatively higher temporal
variability in their distribution patterns compared to other
sites, and particularly, Sa4 tended to form communities
spatially separated from the others. These annual separa-
tions and increased variability in community structure are
closely associated with the previously observed decline
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in species diversity and the intensified dominance of S.
angulatus (Figs. 3, 4). In other words, the continuous
spread and dominance of S. angulatus are interpreted to
have simplified riparian plant communities over time and
driven progressive homogenization of vegetation structure
across sites (Valone & Weyers, 2019). The phenomenon
whereby increased dominance of invasive species reduces
spatial community diversity has been documented in sev-
eral studies, and in frequently disturbed riparian environ-
ments, invasive species tend to rapidly reestablish after
disturbance, thereby accelerating temporal and spatial
homogenization of vegetation (Anderson et al., 2006;
Warton et al., 2012). The relatively high interannual vari-
ability observed at Sal and Sa4 suggests that these sites
experienced greater environmental disturbance or het-
erogeneity in the invasion process compared to the other
sites. Therefore, the community separation patterns and
high variability identified in the NMDS results are inter-
preted as reflecting transitional stages in which hydrologi-
cal disturbances and the spread of invasive species jointly
alter vegetation stability and species composition at each
site.

PERMANOVA results revealed that both year (R’=0.048,
P=0.001) and site (R’=0.075, P=0.001) had significant
effects on the structure of plant communities. However,
the test for homogeneity of multivariate dispersion indi-
cated slight violations of the homogeneity assumption for
both year and site groups (P<0.05). Thus, the significant
PERMANOVA results likely reflect not only differences in
species composition among groups but also the combined
influence of community variability observed in the NMDS
analysis.

Suggestions for management strategies

Based on the findings of this study, S. angulatus pro-
gressively reduced species diversity within its communities
over the 5-year observation period, while its 1V increased
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Fig. 4. Annual mean changes of (A) SDI (H") and (B) Sicyos angulatus IV across the study sites (P<0.05). SDI, Shannon-

Wiener diversity index; IV, importance value.
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sharply, indicating a progressive intensification of domi-
nance within the community (Figs. 3, 4). These changes
contributed to the simplification and spatial homogeni-
zation of vegetation structure over time, consistent with
previous findings that higher invasion intensity leads to
a pronounced decline in native plant diversity (Smeda &
Weller, 2001a; Valone & Weyers, 2019). Furthermore, the
year-specific community separation and high variability
observed at sites Sal and Sa4 in the NMDS analysis sug-
gest transitional stages of reduced vegetation stability,

Fig. 5. NMDS ordination of
plant communities by site (A)
and year (B) (stress=0.212). PER-
MANOVA indicated significant
differences in community com-
position among years (R?=0.048,
P=0.001) and sites (R’=0.075,
P=0.001). NMDS, non-metric
multidimensional scaling.

driven by the combined effects of disturbance intensity
and invasive species expansion (Anderson et al., 2006;
Warton et al., 2012). Taken together, the expansion of
S. angulatus represents not merely an increase in alien
species abundance, but an ecological threat capable of
reducing the structural resilience of riparian plant com-
munities. In particular, riparian ecosystems are highly vul-
nerable to disturbance and exhibit high reinvasion rates
after removal (Richardson et al., 2007). Therefore, instead
of relying solely on physical removal, an integrated man-
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agement approach combining removal, restoration, and
long-term monitoring is essential for sustainable control.

In this context, management efforts should be strate-
gically designed to reflect the temporal and spatial dy-
namics revealed in this study. Rapid removal immediately
after major rainfall or flooding events is critical, as these
disturbances promote seed dispersal and rapid recolo-
nization. Because germination in Korea mainly occurs
from April to May and can continue until mid-September
(Kang, 2014; Kurokawa, 2009; Messersmith et al., 1999;
Smeda €& Weller, 2001a), two to three follow-up remov-
als throughout the growing season are recommended to
prevent seed set and minimize seed-bank replenishment.
Priority should be given to sites that exhibited high inter-
annual variability or rebound patterns, such as Sal and
Sa2, whereas relatively stable sites such as Sa4 can be
monitored at a baseline level. To prevent reinvasion after
removal, active revegetation with native riparian species
possessing dense growth and strong rooting ability is es-
sential to occupy open niches and stabilize the soil (NIE,
2021; Richardson et al., 2007). In addition, management
should aim for “zero seed set” by removing vines before
flowering and fruiting, considering that each plant can
produce thousands of seeds (Esbenshade et al., 2001;
Kurokawa, 2009; Smeda €&t Weller, 2001a). Regular moni-
toring of 1V and H' during the growing season (July-
September) will help detect early reinvasion, and action
thresholds (e.g., IV 230% or area coverage >30-400%)
may be adopted to trigger intensified control (Valone &t
Weyers, 2019). Furthermore, coordinated management
between upstream and downstream reaches should be im-
plemented to suppress propagule flow, particularly after
floods, since seed and plant fragments can easily disperse
along water currents (Richardson et al., 2007; Uchida et
al., 2012).

Author Contributions

Conceptualization: SIL. Data curation: HY, DC. Formal
analysis: HY. Funding acquisition: SIL. Investigation: DC.
Methodology: SIL. Resources: DC. Supervision: SIL. Vi-
sualization: HY. Writing - original draft: SIL. Writing -
review & editing: SIL, HY, DC.

Conflict of Interest

The authors declare that they have no competing interests.

Funding

This work was supported by a grant from the National
Institute of Ecology (NIE) funded by the Ministry of Envi-
ronment (MOE) of the Republic of Korea (NIE-A-2025-09).

References

Anderson, M.J. (2001). A new method for non-parametric mul-
tivariate analysis of variance. Austral Ecology, 26, 32-46.
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.X

Anderson, M.J., Ellingsen, K.E., and McArdle, B.H. (2006). Multivar-
iate dispersion as a measure of beta diversity. Ecology Letters, 9,
683-693. https://doi.org/10.1111/j.1461-0248.2006.00926.x

Bray, J.R., and Curtis, J.T. (1957). An ordination of the upland
forest communities of southern Wisconsin. Ecological Mono-
graphs, 27, 325-349. https://doi.org/10.2307/1942268

Delaware Department of Agriculture. (1986). Bur cucumber (Si-
cyos angulatus) designated as a noxious weed under title 3,
chapter 24 of the Delaware Code. Delaware Department of
Agriculture. Retrieved Sep 1, 2025 from https://agriculture.
delaware.gov/plant-industries/noxious-weeds/.

Dowler, C.C. (1994). Weed survey - southern states. Proceedings
of the Southern Weed Science Society, 47, 279-299.

Esbenshade, W.R, Curran, W.S., Roth, G.W., Hartwig, N.L., and
Orzolek, M.D. (2001). Effect of tillage, row spacing, and her-
bicide on the emergence and control of burcucumber (Sicyos
angulatus) in soybean (Glycine max). Weed Technology, 15,
229-235. https://doi.org/10.1614/0890-037X(2001)015[0229
:EOTRSA]2.0.CO;2

Friedman, M. (1937). The use of ranks to avoid the assumption
of normality implicit in the analysis of variance. Journal of
the American Statistical Association, 32, 675-701. https://
doi.org/10.2307/2279372

Government of Catalonia. (2005). Orden ARP/10/2005, de 18 de
enero, by which the existence of Sicyos angulatus L. is of-
ficially declared and compulsory control measures are estab-
lished. Diari Oficial de la Generalitat de Catalunya. Retrieved
Sep 1, 2025 from https://dogc.gencat.cat/.

Holm, S. (1979). A simple sequentially rejective multiple test
procedure. Scandinavian Journal of Statistics, 6, 65-70.

Kang, B.H. (2014). Development of environmentally-friendly
control of burcucumber. Final report of technologies for the
ecosystem restoration & management. Ministry of Environ-
ment.

Korea Meteorological Administration (KMA). (2025). Open MET
data portal. KMA. Retrieved Sep 30, 2025 from https://data.
kma.go.kr/.

Kruskal, J.B. (1964). Nonmetric multidimensional scaling: a nu-
merical method. Psychometrika, 29, 115-129.

Kurokawa, S. (2009). Sicyos angulatus (burcucumber). CABI
Compendium, 49978. https://doi.org/10.1079/cabicompen-
dium.49978

Kurokawa, S., Kobayashi, H., and Senda, T. (2009). Genetic di-
versity of Sicyos angulatus in central and north-eastern Japan
by inter-simple sequence repeat analysis. Weed Research, 49,
365-372. https://doi.org/10.1111/j.1365-3180.2009.00712.x

Larché, J.F. (2004). Sicyos angulatus, nouvelle adventice du mais
dans le sud-ouest de la France. Phytoma, 571, 19-22.

Lee, C.W., Kim, D., Cho, H., and Lee, H. (2015). The riparian
vegetation disturbed by two invasive alien plants, Sicyos an-
gulatus and Paspalum distichum var. indutum in South Ko-
rea. Ecology and Resilient Infrastructure, 2, 255-263. http://
dx.doi.org/10.17820/eri.2015.2.3.255

Lee, Y., Kim, H., and Kim, L. (2020). Analysis of the influence of

S66

PNIE 2025;6(Special):S59-S67


https://www.jstor.org/stable/4615733
https://www.jstor.org/stable/4615733
https://scienceon.kisti.re.kr/srch/selectPORSrchReport.do?cn=TRKO201500001386#;
https://scienceon.kisti.re.kr/srch/selectPORSrchReport.do?cn=TRKO201500001386#;
https://scienceon.kisti.re.kr/srch/selectPORSrchReport.do?cn=TRKO201500001386#;
https://scienceon.kisti.re.kr/srch/selectPORSrchReport.do?cn=TRKO201500001386#;
https://link.springer.com/article/10.1007/BF02289694
https://link.springer.com/article/10.1007/BF02289694

Community Dynamics of Sicyos angulatus

PNIE

environmental factors on the density of ecosystem-disturbing
plant Sicyos angulatus -centering on Miho Stream-. Journal
of Wetlands Research, 22, 295-301. https://doi.org/10.17663/
JWR.2020.22.4.295

Messersmith, D.T., Curran, W.S., Hartwig, N.L., Orzolek, M.D.,
and Roth, G.W. (1999). Evaluation of several herbicides for
burcucumber (Sicyos angulatus) control in corn (Zea mays).
Weed Technology, 13, 520-524.

Ministry of Government Legislation, Republic of Korea. (2024).
Act on the Conservation and Use of Biological Diversity. Na-
tional Law Information Center. Retrieved Sep 1, 2025 from
https:/[www.law.go.kr/H & [ FE TS/ B L o] of| #ehH
EA1YT/(34192,20240206).

Ministry of the Environment, Japan. (2004). Invasive Alien Spe-
cies Act (Act No. 78 of 2004). Ministry of the Environment,
Japan. Retrieved Sep 1, 2025 from https://www.env.go.jp/en/
nature/as.html.

Moon, B.C., Oh, S.M., Lee, LY., Kim, C.S., Cho, J.R., and Kim,
S.C. (2008). Change of weed species in burcucumber (Sicyos
angulatus 1.) community and domestic distribution aspect.
Weed & Turfgrass Science, 28, 117-125.

National Institute of Ecology. (2021). Information for the
field management of invasive alien species in Korea. National
Institute of Ecology.

Oksanen, J., Simpson, G.L., Blanchet, EG., Kindt, R., Legendre, P.,
Minchin, P.R., et al. (2025). vegan: community ecology pack-
age (R package version 2.6-10). R Foundation for Statistical
Computing. Retrieved from Oct 29, 2025 from https://CRAN.
R-project.org/package=vegan.

Onen, H., Tad, M., and Ozaslan, S. (2015). Current status of Si-
cyos angulatus in Black Sea region. Turkish Journal of Weed
Science, 18, 11-12.

R Core Team. (2024). R: a language and environment for sta-
tistical computing. R Foundation for Statistical Computing.
Retrieved Sep 26, 2025 from https://www.R-project.org/.

Regione Lombardia. (2019). D.G.R. X1/2658 - update of the
blacklist of invasive alien species (animals and plants) and
provisions for monitoring, control, and eradication. Regione
Lombardia. Retrieved Sep 1, 2025 from https://www.bio-
diversita.lombardia.it/images/GENERALE/Dgr_2658_2019_
LISTENERE_Lombardia.pdf.

Richardson, D.M., Holmes, P.M., Esler, K.J., Galatowitsch, S.M.,
Stromberg, J.C., Kirkman, S.P., et al. (2007). Riparian vegeta-

tion: degradation, alien plant invasions, and restoration pros-
pects. Diversity and Distributions, 13, 126-139. https://doi.
org/10.1111/j.1366-9516.2006.00314.x

Roy, H.E., Pauchard, A., Stoett, P., Renard Truong, T., Bacher, S.,
Galil, B.S., et al.; 1PBES. (2023). Summary for policymakers of
the thematic assessment report on invasive alien species and
their control of the intergovernmental science-policy platform
on biodiversity and ecosystem services. IPBES secretariat.

Shannon, C.E. (1948). A mathematical theory of communication.
The Bell System Technical Journal, 27, 379-423. https://doi.
org/10.1002/j.1538-7305.1948.tb01338.x

Shimizu, N. (1999). The level of damage by the foreign weed
Sicyos angulatus. Weed Science Society of Japan, 2, 2-3.

Smeda, R.J., and Weller, S.C. (2001a). Biology and control
of burcucumber. Weed Science, 49, 99-105. https://doi.
org/10.1614/0043-1745(2001)049[0099:BACOB]2.0.CO;2

Smeda, R.J., and Weller, S.C. (2001b). Biology and ecology of
burcucumber (Sicyos angulatus L.). Weed Technology, 15,
868-876.

Uchida, T., Nomura, R., Asaeda, T., and Rashid, M.H. (2012). Co-
existence of Sicyos angulatus and native plant species in the
floodplain of Tama River, Japan. International Journal of
Biodiversity and Conservation, 4, 336-347. https://doi.org/10.
5897/1JBC12.010

Valone, T.J., and Weyers, D.P. (2019). Invasion intensity influ-
ences scale-dependent effects of an exotic species on native
plant diversity. Scientific Reports, 9, 18769. https://doi.org/
10.1038/s41598-019-55165-z

Warton, D.1., Wright, S.T., and Wang, Y. (2012). Distance-based
multivariate analyses confound location and dispersion ef-
fects. Methods in Ecology and Evolution, 3, 89-101. https://
dOi.OYg/]O.HII/j.204I -210X.2011.00127.x

Watanabe, 0., Kurokawa, S., Sasaki, H., Nishida, T., Onoue, T.,
and Yoshimura, Y. (2002). Geographic scale distribution and
occurrence pattern of invasive weeds. Grassland Science, 48,
440-450. https://doi.org/10.14941/grass.48.440

Westhoff, V., and van der Maarel, E. (1978). The Braun-Blan-
quet approach. In R.H. Whittaker (ed.), Classification of plant
communities (pp. 287-399). Springer.

Wilcoxon, F. (1945). Individual comparisons by ranking meth-
ods. Biometrics Bulletin, 1, 80-83. https://doi.org/10.2307/
3001968

https://doi.org/10.22920/PNIE.2025.6.Special.S59

S67


https://www.jstor.org/stable/3989041
https://www.jstor.org/stable/3989041
https://www.jstor.org/stable/3989041
https://www.jstor.org/stable/3989041
https://www.law.go.kr/법령/생물다양성보전및이용에관한법률시행령/(34192,20240206)
https://www.law.go.kr/법령/생물다양성보전및이용에관한법률시행령/(34192,20240206)
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001257159
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001257159
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001257159
https://www.kci.go.kr/kciportal/ci/sereArticleSearch/ciSereArtiView.kci?sereArticleSearchBean.artiId=ART001257159
https://www.nie.re.kr/nie/bbs/BMSR00026/view.do?boardId=50635064&menuNo=200066
https://www.nie.re.kr/nie/bbs/BMSR00026/view.do?boardId=50635064&menuNo=200066
https://www.nie.re.kr/nie/bbs/BMSR00026/view.do?boardId=50635064&menuNo=200066
https://dergipark.org.tr/en/pub/tjws/article/508214
https://dergipark.org.tr/en/pub/tjws/article/508214
https://dergipark.org.tr/en/pub/tjws/article/508214
https://www.R-project.org/
https://doi.org/10.5281/zenodo.7430692
https://doi.org/10.5281/zenodo.7430692
https://doi.org/10.5281/zenodo.7430692
https://doi.org/10.5281/zenodo.7430692
https://doi.org/10.5281/zenodo.7430692
https://scholar.google.com/scholar_lookup?title=The+level+of+damage+by+the+foreign+weed+Sicyos+angulatus%0A&author=Shimizu+N&publication+year=1999&journal=Weed+Sci+Soc+Japan&volume=2&pages=2-3
https://scholar.google.com/scholar_lookup?title=The+level+of+damage+by+the+foreign+weed+Sicyos+angulatus%0A&author=Shimizu+N&publication+year=1999&journal=Weed+Sci+Soc+Japan&volume=2&pages=2-3
https://www.cambridge.org/core/journals/weed-science/article/abs/biology-and-control-of-burcucumber/01BCCB4F8EFBC86590943A2A6D8C7280
https://www.cambridge.org/core/journals/weed-science/article/abs/biology-and-control-of-burcucumber/01BCCB4F8EFBC86590943A2A6D8C7280
https://www.cambridge.org/core/journals/weed-science/article/abs/biology-and-control-of-burcucumber/01BCCB4F8EFBC86590943A2A6D8C7280
https://link.springer.com/chapter/10.1007/978-94-009-9183-5_9
https://link.springer.com/chapter/10.1007/978-94-009-9183-5_9
https://link.springer.com/chapter/10.1007/978-94-009-9183-5_9

Y
'P N I PROCEEDINGS OF
THE REPUBLIC OF KOREA - " Original Article

PNIE 2025;6(Special):S68-574
https://doi.org/10.22920/PNIE.2025.6.Special.S68
PISSN 2765-2203, eISSN 2765-2211

Assessing the Risk of Spread of the Invasive
Grasshopper Melanoplus differentialis via Soil and
Debris Translocation in Ulsan, Korea

Jongwon Song'®, Jeongseop An**

'Ecological and Natural Map Team, National Institute of Ecology, Seocheon, Korea
Invasive Alien Species Team, National Institute of Ecology, Seocheon, Korea

ABSTRACT

Global trade has facilitated invasive species introductions, both intentional and accidental, with soil translocation
emerging as a key vector. This study focuses on the potential spread of Melanoplus differentialis (M. differentialis),
an invasive North American grasshopper first detected in Ulsan, South Korea, in 2018. By 2020 it was designated
an ecosystem-disturbing species, prompting habitat monitoring. In 2024, concerns arose that soil relocation during
construction at a high-density outbreak site (Onsan Industrial Park) could inadvertently spread M. differentialis to
the Seongam Municipal Landfill (Ulsan), where construction debris was moved. Surveys conducted at the landfill in
May and September 2025 found no M. differentialis, only native grasshopper species. This absence may be due to
egg masses being destroyed during construction or insufficient time for a population to establish after introduction.
The findings underscore the importance of continued monitoring at translocation sites, as invasive grasshopper
populations can proliferate rapidly even from low-level introductions. The results highlight the effectiveness of Early
Detection and Rapid Response (EDRR) efforts in preventing the spread of M. differentialis beyond its initial habitat.
Collaboration between the National Institute of Ecology, local government, and private sectors has successfully
contained the species within its original site. This study underscores the need for vigilance and coordinated action in
managing invasive species, especially those spread through human activities like soil and waste movement.

Keywords: Ecosystem-disturbing species, Invasive alien species, Management strategy, Melanoplus differentialis, Soil
translocation

Introduction tentional introductions of alien species, and—along with

rising trade volumes—the rate of first introductions, and

The growth in logistics driven by international trade has thus the potential for subsequent biological invasions
increased opportunities for both intentional and unin- has not reached saturation but has continued to increase

(Seebens et al., 2021). Under the Convention on Biologi-
cal Diversity (CBD) pathway classification adopted by
Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services (IPBES), Global Biodiversity Infor-
*Corresponding author: Jeongseop An mation Facility (GBIF), lr.lternatiorTaI Union for Conser\{a—
e-mail Jeongseop@nie.re.kr tion of Nature (TUCN), introduction pathways comprise
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transportation of habitat material subcategory explicitly
covers the unintentional movement of organisms—includ-
ing insects and molluscs—via the transfer of soil, mulch,
leaf litter, and other habitat materials (Groom et al., 2019;
Harrower et al., 2018; 1PBES, 2023).

According to current study, the crown-Orthoptera
emerged approximately 355 million years ago, and the
crown-Caelifera diverged during the Carboniferous period
around 320 million years ago (Song et al., 2020). Most
insects within Orthoptera oviposit in soil, and among
them, only about 6% of species within the superfamily
Acridoidea lay their eggs on or inside host plant tissues
(Braker, 1990). Since soil temperature and moisture are
key factors determining egg survival and development,
acridids have evolved egg pods to support successful
reproduction (Braker, 1990; Song et al., 2015). The acri-
did egg pod is encased in a foam that buffers the eggs
against excessive desiccation or flooding, and this adap-
tive foam has enabled successful hatching across a wide
range of habitats—from humid wetlands to arid deserts
with minimal soil moisture (Stauffer et al., 2011). Due to
these ecological characteristics, grasshoppers have been
reported to invade new regions through the unintentional
translocation of eggs during soil movement. Stenocatan-
tops splendens, first recorded on Guam in 1984, was sug-
gested to have been unintentionally introduced through
the importation of ornamental potted plants (Schreiner,
1991). A direct case of introduction was also identified for
Schistocerca nitens (S. nitens), discovered in West Chop,
Tisbury, Massachusetts, with its origin presumed to be a
Monrovia nursery in Azusa, California (Pelikan, 2022). In
addition, a mass introduction of Melanoplus differentia-
lis (M. differentialis) was recorded on Martha’s Vineyard,
Massachusetts, in 2017, coinciding with the importation
of nursery stock (Pelikan, 2022). Although the precise in-
troduction pathway remains unclear, S. nitens—introduced
to Hawaii as early as 1964—has been shown to negatively
affect island vegetation. In South Korea, there is also a
documented case of Tettigonia jungi, typically found in
southern regions such as Jeju Island and Yeoseo Island,
being observed in a Miscanthus sinensis habitat in Haneul
Park, Sangam-dong, Mapo-gu, Seoul, a relatively recently
developed urban park (Kim et al., 2024a).

M. differentialis, native to North America, was first
detected in South Korea on August 5, 2018, when an
individual was found as a hitchhiker at Onsan Port. In
2020, a high-density population was confirmed within
the Onsan National Industrial Complex, and as a result,
the species was officially designated as an ecosystem-
disturbing species under the Act on the Conservation
and Use of Biological Diversity in December 2020 (Kang
et al., 2021; Kim et al., 2024b). Since then, the National
Institute of Ecology (NIE), in collaboration with the Ulsan
Metropolitan Government and the Nakdong River Basin

Environmental Office, has conducted habitat distribu-
tion monitoring of M. differentialis through the national
ecosystem-disturbing species surveillance program. Based
on the monitoring results, chemical control measures
have been implemented at the identified sites (NIE, 2022;
NIE, 2023; NIE, 2024). As a result, M. differentialis has
not expanded beyond the original introduction site in the
Onsan National Industrial Park, and its occupied habitat
area has gradually decreased. However, the risk of artifi-
cial dispersal has emerged because soil and rock materials
were relocated from the initial outbreak site, where the
species had occurred at high densities, to nearby develop-
ment areas.

In this study, we investigated soil translocation from
these previously infested sites and conducted targeted
surveys at the Ulsan Municipal Waste Incineration Facil-
ity Business Office, where the largest volume of soil had
been relocated. Our results confirmed that M. differentia-
lis has not yet established populations at the translocation
site. This study highlights the importance of continuous
surveillance to prevent further spread and provides criti-
cal baseline information for the management of invasive
alien species in Korea.

Materials and Methods

Study site

We conducted our survey at the Seongam Municipal
Solid Waste Landfill in Ulsan, where a debris flow was re-
ported within the habitat of M. differentialis. The facility
comprises a Closed Landfill, which operated from 1994
to 2012, and an Active Landfill, which has been in opera-
tion since 2012. The Closed Landfill covers a total area of
143,000 m’, while the Active Landfill covers 2,615,000 m”’.
The Active Landfill is subdivided into the Fly Ash Landfill
and the Expansion Landfill (Phase 1 and Phase 11). The Fly
Ash Landfill has a total area of 14,400 m” with a total ca-
pacity of 135,000 m’; the Expansion Landfill has a total
area of 260,200 m” with a total capacity of 5,000,000 m’.
As of November 2023, 109,422 m’ of capacity had been
used in the Fly Ash Landfill and 1,323,253 m’ in the Ex-
pansion Landfill (Fig. 1).

Sampling method

We surveyed the entire Seongam Municipal Solid Waste
Landfill. In the Active Landfill, most areas were barren
ground with no grassland; however, narrow grassland
patches had developed along the edges, and these edge
grasslands were included in the survey together with the
continuous buffer grasslands along access roads. In the
Closed Landfill, which has already undergone succession
to a grassland ecosystem, we sampled along established
trails; to account for potential additional spread, we also
surveyed the Leachate Treatment Facility, Incineration
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Facility, landscaped beds within parking areas, and un-
managed grasslands. Surveys were conducted on May 22,
2025, when nymphs were in the 1st-3rd instars, and on
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Fig. 1. Layout of Seongam Municipal Solid Waste Landfill.
Closed Landfill operated from 1994 to 2012, and Active
Landfill has been in operation since 2012. Active Landfill
consists of Fly Ash Landfill and Expansion Landfill (Phase |
and Phase Il). Leachate Treatment Facility is located in the
Southern area, along with Incineration Facility and Sewage
Sludge Treatment Facility.

September 4, 2025, when adults were present. In May, we
performed sweep-net sampling (10 sweeps every 50 m)
and identified the captured grasshoppers. In September, we
repeated the same sweep-net protocol and supplemented
it with visual searches targeting fleeing adults (Fig. 2).

Result

Coordinated response

This result describes the process of identifying potential
spread pathways and secondary habitats of M. differen-
tialis, an ecosystem-disturbing species, in the course of
ongoing distribution surveys and control efforts. Sites 1
and 2 in Fig. 3 are located near the Dalpo Pier area of
the Port of Onsan and had remained undeveloped, open
spaces owned by LS MnM Co., Ltd. and Hankuk Paper
Co., Ltd., respectively. Site 1, in particular, was one of the
key locations where M. differentialis had been observed
at high density across a wide grassland area and served as
critical evidence leading to its designation as an ecosys-
tem-disturbing species in 2020.

However, during a full-scale survey of M. differentialis
conducted in May 2024 across the Onsan National Indus-
trial Park, it was confirmed that construction had begun
at Site 1, with excavation underway using heavy equip-
ment. In a follow-up adult survey conducted in August
2024, it was further observed that Site 2 had also begun
development, including active digging operations.

These developments were reported to Ulsan Metropoli-
tan City and the Nakdong River Basin Environmental Of-

Fig. 2. Field views and sampling
at the Seongam Municipal Solid
Waste Landfill. (A) Overview of
the Active Landfill; (B) overview
of the Closed Landfill; (C) sweep-
net sampling in edge grassland
within the Active Landfill, where
partial succession is evident;
and (D) grasshopper captured by
sweeping (nymph of Shirakiacris
shirakii, May).
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Melanoplus differentialis distribution dynamics

Previous distribution boundary
Confirmed distribution area (2023.8.)

Fig. 3. Coordinated detection and verification process of debris transport within the M. differentialis habitat, with Site
locations in the Onsan National Industrial Complex. The left panel illustrates the sequential response process—from expert
risk recognition to government engagement and investigation initiation—for identifying potential secondary habitats based
on predicted spread. The right panel shows the map of confirmed M. differentialis occurrences (as of August 2023) and the
locations of (D and @ debris relocation sites, as well as @ the site of interagency collaboration. NIE, National Institute of
Ecology; MSW, Municipal Solid Waste Landfill; M. differentialis, Melanoplus differentialis.

fice. The research team emphasized to city officials that
such soil displacement could facilitate the spread of M.
differentialis, and urged that the movement of soil and
debris be traced. In response, Ulsan Metropolitan City
provided detailed information on soil relocation on Sep-
tember 4, 2024. According to the data, construction at
Site 1 was scheduled from November 2023 to November
2024, and the soil was being transported to the Seongam
Municipal Solid Waste Landfill (Fig. 3).

Following this report, the NIE informed Ulsan Metro-
politan City of its plan to begin monitoring the Seongam
Municipal Solid Waste Landfill starting in 2025. Sub-
sequently, Ulsan Metropolitan City reported back that a
specimen suspected to be M. differentialis had been cap-
tured during their own preliminary investigation at the
landfill site.

Grasshopper survey

On May 22 and September 4, 2025, the Seongam Mu-
nicipal Solid Waste Landfill was surveyed during both the
nymphal (instars 1-3) and adult stages of M. differen-
tialis. Priority was given to the Active Landfill area, as it
was presumed to have received translocated debris from
the high-density habitat of M. differentialis. However, the
area consisted largely of barren ground with no grassland,
prompting the inclusion of surrounding unmanaged grass
patches and roadside plant beds in the survey. The Closed
Landfill, having undergone significant ecological suc-
cession into grassland, was considered more suitable for
grasshopper habitation and was therefore investigated in
full. Additionally, the Incineration Facility and adjacent
parking lot at the entrance of the landfill were also sur-
veyed.
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Caeliferan distribution area
B shirakiacris shirakii
Shirakiacris shirakii - Pantanga japonica

L iacris shirakii - Aiolopus

Oedaleus infernalis
W ocusta migratoria
Boundary of Solid Waste Landfil

= Grasshopper Density Survey Point

Fig. 4. Survey results of grasshoppers at the Seongam Municipal Solid Waste Landfill. The locations corresponding to @,
®, and ® in Fig. 3 are indicated. Although points ® and ® were surveyed across the entire landfill area, they are labeled
under "Active Landfill" and “Closed Landfill" for convenience. Surveys were conducted at each designated Grasshopper Den-
sity Survey Point. According to the survey legend, the following species were identified: Sphingonotus shirakii, Pantanga
Jjaponica, Aiolopus thalassinus, Oedaleus infernalis, and Locusta migratoria. Site overviews and photographs of the observed
grasshopper species are provided on the left side of the map. (A) Shirakiacris shirakii - Pantanga japonica, (B) Oedaleus in-
fernalis, (C) Shirakiacris shirakii - Aiolopus thalassinus, (D) Active Landfill Area, and (E) Incineration Facility Area.

No individuals of M. differentialis, an ecosystem-dis-
turbing species, were detected during either survey. Site A,
located at the interface between the landfill and adjacent
forested area, was dominated by Pueraria montana, and
yielded observations of Shirakiacris shirakii (S. shirakii)
and some individuals of Pantanga japonica. Site B, situ-
ated along the peripheral edge of the Active Landfill, was
a highly disturbed area dominated by Conyza canadensis,
where Oedaleus infernalis was the most frequently ob-
served species. Throughout the landfill, S. shirakii was
commonly present; notably, Locusta migratoria was found
in plant beds adjacent to the Active Landfill. The Closed
Landfill, having progressed further in grassland succes-
sion, supported a wider range of species including Aio-
lopus thalassinus and multiple members of the subfamily
Conocephalinae, such as Conocephalus exemptus. No
Orthopteran species were observed within the Incineration
Facility (Fig. 4).

Discussion

Absence & management

The survey of the Seongam Municipal Solid Waste
Landfill revealed no presence of M. differentialis. Despite
the Active Landfill being the most likely site for the intro-

duction of M. differentialis, no grasshopper species were
found in this area, and only native grasshopper species
were observed in the surrounding areas, including the Ac-
tive Landfill perimeter and the Closed Landfill. Based on
these findings, three possible reasons for the absence of M.
differentialis in the relocated soil were inferred:

1. Egg pods may have been destroyed by mechanical
pressure during excavation and compaction, or buried at
depths too great for successful hatching.

2. The initial stage of introduction involved a very low
population density, or the introduction went unnoticed
during the process.

3. Due to the proper handling of the imported waste,
it was unlikely that the landfill received M. differentialis
compared to other cases, such as those involving fruit
trees or horticultural plants.

Given that females of M. differentialis typically ovi-
posit egg pods at a depth of approximately 5 cm below
the soil surface (Kim et al., 2024a), the first hypothesis
may have contributed to egg mortality to some extent.
However, because soil from the entire LS MnM Co., Ltd.
site was transported to the Seongam Municipal Solid
Waste Landfill, it is reasonable to assume that all egg
pods laid within this area were secondarily relocated in
a scattered manner. Moreover, numerous other cases of
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introduction associated with soil translocation have been
reported, suggesting that the first hypothesis is unlikely
to represent the primary explanation for the absence of M.
differentialis at the landfill. This conclusion is based on
numerous documented cases of unintentional invasions
via soil movement (Kim et al., 2024a; Pelikan, 2022; Sch-
reiner, 1991).The second hypothesis suggests that the first
debris relocation occurred in November 2023, and while
the process continues, the population density was too low
to detect at this time. In fact, M. differentialis hatches in
April and the adults are present from June to November
in Korea (Kim et al., 2024b; NIE, 2022; NIE, 2023; NIE,
2024). Thus, the debris moved during construction in
November 2023 likely contained egg masses in a dormant
state, and it is assumed that they hatched in 2024. By the
time of the surveys in May and September 2025, the sec-
ond generation would likely have emerged, but there was
insufficient time for the population density to increase.
However, previous monitoring of ecosystem-disturbing
species has shown that M. differentialis populations can
rapidly increase in the following year, even in locations
where only a few individuals were found the previous
year, making this hypothesis uncertain.

The third hypothesis suggests that the imported waste
was appropriately processed, making it difficult for M.
differentialis to enter the landfill. The waste management
process at the Seongam Municipal Solid Waste Landfill
consists of several stages: 1) collection and transporta-
tion via waste collection vehicles, 2) weighing of waste
through weight registration, 3) inspection for illegal
waste, 4) unloading and monitoring for illegal waste, 5)
compaction using bulldozers and heavy machinery, 6)
daily pest control, and 7) covering with high-quality soil.
During the September survey, both the unloading process
and pesticide spraying by a pest control vehicle were ob-
served. The compaction process likely destroyed the egg
masses of the initially introduced grasshoppers, and any
surviving grasshoppers were likely eliminated during the
daily pest control measures. Therefore, the second and
third hypotheses are considered more plausible. However,
since soil relocation from the high-density M. differen-
tialis habitat continues at the landfill, it is essential to
continue monitoring for the presence of M. differentialis
during future surveys. Additionally, based on another
case of grasshopper movement observed at Haneul Park
(Tettigonia jungi; Kim et al., 2024a), regular pest control
measures should also be considered for projects like street
tree planting or large-scale park developments, where soil
movement and waste management processes similar to
those at the landfill may occur.

Importance of collaboration
To minimize the ecological and economic impacts of
invasive alien species, the EDRR strategy is considered es-

sential (Simberloff et al., 2013). Since the initial detection
of M. differentialis near the Onsan National Industrial
Park in Ulsan in 2020, containment and eradication ef-
forts have been implemented through close collaboration
among NIE, Ulsan Metropolitan City, and private-sector
companies operating within the industrial complex.

The NIE conducted intensive field surveys to delineate
the distribution range of M. differentialis and assessed
population densities to establish priority areas for control.
Based on these findings, Ulsan Metropolitan City devel-
oped a rapid response strategy, designated control zones,
secured municipal funding, and coordinated annual con-
trol efforts in cooperation with resident private compa-
nies.

As a result, the areal extent of M. differentialis occur-
rence has shown a consistent decline, with seasonal dis-
tribution areas decreasing from 81 ha in 2021 to 29 ha in
2022, 13 ha in 2023, and 4 ha in 2024 (NIE, 2024). Fur-
thermore, such outcomes were made possible through the
sustained collaborative framework between expert groups
and government authorities. This cooperation enabled
timely tracking of potential spread resulting from inten-
tional or unintentional soil relocation caused by construc-
tion within high-density habitats, as demonstrated in this
study. 1t also facilitated immediate responses to other
potential scenarios—such as the inadvertent dispersal of
alien species via waste collection activities within invaded
habitats.

This outcome exemplifies a successful case of early-
stage invasive species containment through coordinated
action among governmental agencies, research institu-
tions, and private-sector stakeholders (Bauer et al., 2015;
Marchioro & Faccoli, 2021), and serves as a model for ef-
fective implementation of the EDRR framework.
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ABSTRACT

This study evaluated the effects of the rice straw retention project, implemented in Napo-myeon, Gunsan-si, under
the payments for ecosystem services (PES) schemes, on providing food for wintering waterfowl. The amount of fallen
rice was measured at four sites in both PES and non-PES fields. In all comparison pairs, the count of fallen rice grains
in the PES fields was 3-11 times higher than in the non-PES fields (P<0.05). The effect size (r) ranged from 0.386
to 0.790, demonstrating substantial significance. This trend is consistent with similar studies conducted overseas.
Therefore, the PES project appears to be achieving its intended goals, and these findings provide a foundation for the

scientific evaluation of domestic PES policies.

Keywords: Geumgang (river) estuary, Rice straw retention, Supporting services, Waterfowl, Wintering birds

Introduction

Agricultural landscapes are not merely spaces for food
production; they are vital foundations that provide diverse
ecosystem services to human society. Rice-growing re-
gions, in particular, not only provide food for humans but
also offer winter food sources for birds through waste rice
and rice straw after harvest (Lancaster & Askren, 2023).
In paddy ecosystems, waterfowl and rice harvest residues
(spilled rice, rice straw) are closely interconnected. Fallen
rice left after harvesting serves as a critical food resource
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for key bird species like the Bean Goose (Anser fabalis)
(Greer et al., 2009).

The Geumgang (River) estuary is a key site within the
East Asian-Australasian Flyway (EAAF) Partnership, serv-
ing as a wintering or stopover site for hundreds of thou-
sands of waterfowl annually. Overseas studies indicate
that conservation methods such as leaving rice straw
intact enhance rice residue preservation and increase
waterfowl access to food (Bird et al., 2000; Kross, 2006).
Waterfowl foraging activities also accelerate rice straw
decomposition, contributing to improved soil health. As a
certain level of waterfowl density is recognized as impor-
tant for habitat maintenance (Havens et al., 2009; Miller
et al., 2010), maintaining and managing food resources in
agricultural lands is vital for migratory bird conservation,
and the interaction between rice paddies and waterfowl
can serve as an effective management strategy.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
eamrsm by-nc/4.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © National Institute of Ecology.


https://orcid.org/0000-0003-3740-0457
https://orcid.org/0000-0002-3543-1439
https://orcid.org/0009-0004-3801-8174
https://orcid.org/0000-0002-8230-9305
https://orcid.org/0009-0003-1177-8344
https://data.doi.or.kr/history/10.22920/PNIE.2025.6.Special.S75

PNIE

Pilmo Jung et al.

Payments for ecosystem services as a policy tool

Payments for ecosystem services (PES) are presented
as a policy tool for linking agriculture and biodiversity
conservation. PES is defined as “a system whereby at least
one buyer voluntarily and conditionally compensates at
least one provider for land use that delivers clearly de-
fined environmental services” (Wunder, 2005). Such a
system can institutionally realize mutual benefits between
production and conservation by providing farmers with
economic incentives for ecosystem conservation (Bird et
al., 2000).

As an internationally recognized policy tool, PES pro-
grams are evaluated based on key elements such as cost-
effectiveness, goal-oriented design, stakeholder participa-
tion, and systematic monitoring and performance. PES
implemented in various countries reflects local charac-
teristics through strategies like differential payments and
opportunity cost reflection. However, the lack of trans-
parency in fund management and scientific performance
monitoring is noted as a limitation in implementation
(Pham et al., 2015; Yost et al., 2020). In Korea, indicator-
based evaluation systems and cost-effectiveness-based
compensation are being proposed for the forestry and
agriculture sectors (Ahn, 2013; Jung & Park, 2022).

Current status and research gap

PES-based rice straw retention projects are being imple-
mented in several migratory bird arrival areas in Korea.
Leaving rice straw in paddy fields enhances the preserva-
tion of fallen rice and contributes to the supply of winter
forage resources (Yoo et al., 2008). However, quantitative
research on how this management practice affects the
conservation of waterfowl populations remains insuffi-
cient. The specific effects of rice straw retention on fallen
rice conservation and forage resource maintenance have
not been clearly verified.

For the conservation of wintering birds and waterfowl,
securing food sources and maintaining habitat function-

ality are essential (Yoo et al., 2008). Domestic studies
demonstrate that preserving winter rice straw and fallen
rice is linked to maintaining overwintering bird popula-
tions and that forming spatial networks of core habitats
and migration corridors is important (Shim et al., 2024).
Research is underway to quantify habitat value through
Ecosystem Service Indicators and avian community analy-
sis (Choi et al., 2024).

Study objectives

There is an ecological link between rice residue con-
servation and bird food sources. However, quantitative
evaluations of how rice straw retention projects affect
waterfowl food provision remain limited. This study inves-
tigates the amount of fallen rice retained at a rice straw
retention project site in Napo-myeon, Gunsan City, near
the Geumgang (River) estuary, and analyzes the impact on
maintaining food resources for waterfowl during winter.
This study represents an empirical evaluation of domestic
PES effectiveness and will provide foundational data for
establishing future policies linking agricultural manage-
ment and migratory bird conservation.

Materials and Methods

Study site

The study targeted cultivated paddy fields in Napo-
myeon, Gunsan-si, Jeollabuk-do, which had undergone
land consolidation (Fig. 1). The study site, a migratory
bird arrival area, is located along the Geumgang (River).
It is the area where the rice straw retention project, aimed
at providing food for wintering birds, was implemented.
This project covered the area from the northern bank of
the Geumgang (River) to the southern boundary of Local
Road 706. In 2024, the survey year, the contracted area
for rice straw retention in the target region was 1,813,536
square meters. The total cultivated rice paddy area in the
target region was 3,525,042 square meters, with the rice
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straw retention area accounting for 51.5% of the total
paddy area.

Survey and analysis methods

The study sites comprised a total of 4 locations and 8
plots. Each set consisted of one plot of rice paddy with
straw retention and one adjacent non-retention plot, al-
lowing for comparative analysis of fallen rice counts be-
tween the two types of paddies. To minimize the impact
of fallen rice loss due to waterfowl foraging activity, sites
were selected in areas close to residential areas and roads
where human disturbance was expected to reduce bird
activity. In such locations, two adjacent plots (one project
and one non-project) separated by a farm road were cho-
sen. The survey randomly selected 20 quadrats measuring
20x20 cm per field, totaling 160 quadrats, to determine
the number of fallen rice grains. Field surveys were con-
ducted over two days, December 17-18, 2024. Survey
results were analyzed for group differences across four
pairs (A0 vs. A1, BO vs. B1, CO vs. C1, DO vs. D1), naming
the four points A through D, project plots as 1, and non-
project plots as 0.

Statistical analysis involved assessing normality of the
fallen rice data for each group using the Shapiro-Wilk test
(Shapiro & Wilk, 1965). Since the analysis confirmed non-
normal distribution in all groups (P<0.05), the Mann-
Whitney U test was used to analyze differences between
groups (Mann & Whitney, 1947). When significant dif-
ferences between groups were identified, the effect size
(r) was additionally calculated to quantify the practical
significance of the difference. The calculated effect size
was interpreted according to Cohen’s (1992) criteria: ap-
proximately 0.1 indicates a small effect, ~0.3 a medium
effect, and ~0.5 a large effect.

Results

Descriptive statistics

The descriptive statistics for the number of fallen rice
grains surveyed in the target area paddies are shown in
Table 1. The analysis revealed that paddies under the
rice straw retention project (1) generally showed a higher
number of fallen rice grains compared to non-project
paddies (0). At all sampling points (A, B, C, D), the me-
dian for the project field was significantly higher than the
median for the non-project field. Notably, at point D, the
median for the non-project field (0) was very low at 1.0,
while the project field (1) showed a median of 11.5, dem-
onstrating the substantial impact of rice straw retention.
Overall, the data distribution showed the mean higher
than the median, indicating a tendency for fallen rice to
concentrate in specific quadrats. Notably, D1 exhibited
high variability, encompassing a wide range (2-201) and
including extreme outliers (144, 201). The boxplot (Fig. 2)
visually presents a distinct difference in fallen rice distri-
bution between project and non-project fields.

Intergroup difference analysis

The difference in fallen rice counts between rice fields
with straw retention (1) and adjacent non-project fields
(0) was analyzed using the Mann-Whitney U test (Table
2). The analysis revealed that in all four pairs, the fallen
rice count in the rice straw retention project field (1) was
statistically significantly higher (P<0.05) than in the non-
project field (0). Furthermore, the calculated effect size
(r) showed a ‘Large Effect’ (close to or exceeding 0.5) in
the pairs AO vs. A1 (0.467), CO vs. C1 (0.542), and DO vs.
D1 (0.790). The BO vs. B1 (0.386) pair also exceeded 0.3,
showing a ‘Medium to Large Effect. This quantitatively
demonstrates that the effect of rice straw retention on
fallen rice preservation is substantial. The highest effect
size was observed at site D (r=0.790), indicating that the

Table 1. Descriptive statistics of fallen rice counts per quadrat at study sites (n=20)

Site Group Mean Median SD Min Max
A 0 7.10 6.5 6.09 0 20
1 29.60 24.5 28.15 0 116

B 0 10.60 2.5 15.00 0 43
1 21.65 12.0 20.70 1 64

C 0 6.35 5.5 5.63 0 22
1 18.30 16.5 13.21 3 59

D 0 1.40 1.0 1.60 0 22
1 31.45 11.5 51.85 2 201

Group 1 (treatment plot) refers to the paddy field where rice straw was retained after harvest, whereas Group 0 (control plot)

refers to the field where it was not.
SD, standard deviation.
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Fig. 2. Boxplot comparison of fallen rice counts by site (A-D) and pair. (A), (B), (C), and (D) refer to Fig. 1.

Table 2. Mann-Whitney U test comparison of fallen rice counts by four paired sites

Comparison pair Walue (t\::(;‘-ﬂ;izd) (trezqtﬁ?l? ;lot) (cxﬁ?lﬁ&t) Effe(crt)Size
A0 vs. Al 90.5 0.003138 24.5 6.5 0.467
BOvs. Bl 109.5 0.014600 12.0 2.5 0.386
COvs.Cl1 73.0 0.000607 16.5 5.5 0.542
DOvs. D1 16.5 5.865x107 11.5 1.0 0.790

Based on Cohen (1992), effect size (r) values of approximately 0.1, 0.3, and 0.5 indicate small, medium, and large effects,

respectively.

effect of preserving fallen rice in the project field (D1) is
very large compared to the extremely low number ob-
served in the non-project field (DO).

Discussion

The results of this study empirically demonstrate that
the rice straw retention project implemented in the
Geumgang (River) estuary region has a highly significant
effect on providing a food source for waterfowl. Not only
did the project fields show a significantly higher number
of fallen rice grains compared to non-project fields in all
comparison pairs, but the magnitude of this difference
(effect size r=0.467-0.790) was also statistically signifi-
cant. Based on the median values, the difference in fallen

rice counts between project and non-project fields ranged
from a minimum of 3 times (Site C) to a maximum of 11
times (Site D). This result aligns with prior studies in Cali-
fornia and Arkansas, USA. Bird et al. (2000) and Havens et
al. (2009) also reported that post-harvest field manage-
ment practices caused over threefold differences in wa-
terfowl food source availability. Notably, the largest effect
size (r=0.790) was observed in the comparison with non-
project paddies (DO), where rice straw residues were nearly
absent. This suggests that without rice straw retention,
fallen rice either exists below levels accessible to winter-
ing birds or is rapidly depleted.

The ecological significance of these findings lies in
demonstrating that agricultural activities themselves can
generate ecosystem services for wintering bird conserva-
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tion. The foraging activities of waterfowl create ‘mutual
benefits’ that positively impact not only the utilization of
fallen rice but also agricultural productivity (Bird et al.,
2000). During the feeding activities of waterfowl in pad-
dy fields, rice straw residues are physically shredded and
come into contact with the soil, accelerating the decom-
position rate of the straw. This reduces the cost and labor
required for farmers to manage rice straw during the
next year’s tillage, making rice straw retention a sustain-
able management practice that simultaneously achieves
biodiversity conservation goals and benefits farmers. This
mutually beneficial structure is also significant in the
Geumgang (River) estuary, as it serves as a key stopover
site along the EAAF (Greer et al., 2009).

This study represents a rare instance of quantitatively
and empirically evaluating the effectiveness of domestic
PES schemes. As noted in previous studies, the success
of PES programs hinges on systematic monitoring and
scientific performance evaluation (Engel et al., 2008; Yost
et al., 2020). The empirical results of this study hold the
following policy implications. First, it numerically demon-
strates that the Napo-myeon rice straw retention project
is effectively achieving its goal of providing a wintering
bird food source. Second, the quantitative benchmarks
established in this study can be utilized for future cost-
effectiveness evaluations of PES projects. This will aid in
selecting optimal participating regions and determining
compensation levels within limited budget constraints
(Jung & Park, 2022). Third, the quadrat survey and ran-
dom sampling method employed in this study present a
repeatable and comparable monitoring methodology. This
can serve as a practical solution to the challenge of “the
absence of a scientific performance monitoring system.”

This study has the following limitations. First, the data
used for analysis were obtained from short-term field
surveys and do not reflect changes in fallen rice quanti-
ties throughout the entire period of wintering bird arrival.
Additionally, environmental variables such as distance
to water sources, human disturbance, and agricultural
management history were not fully controlled in the site
selection process, which could influence the availability of
fallen rice.

Therefore, it is necessary to quantitatively measure the
residual amount and depletion rate of fallen rice through
periodic surveys (at least once per month) and to under-
stand the foraging pattern during the wintering period.
Furthermore, the study focused on evaluating fallen rice
without directly examining its correlation with biological
indicators such as the arrival timing and population size
of actual waterfowl populations. Consequently, follow-
up research should track waterfowl populations across the
entire wintering season to establish quantitative relation-
ships between the rice straw retention program, annual
variations in food availability, waterfowl population dy-

namics, and the relationship between foraging sites and
resting habitats.

In conclusion, verifying the institutional effectiveness of
domestic PES policies during their initial growth phase is
crucial for enhancing policy credibility and scalability. The
quantitative empirical results of this study are expected to
strengthen the basis for decision-making by policy makers
and provide the scientific foundation for domestic PES
projects to the academic community. If a broad-scale,
long-term monitoring and evaluation system is estab-
lished in the future, the rice straw retention project under
the PES schemes will become a sustainable development
model for wintering bird conservation and rural ecosys-
tem management in Korea.
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ABSTRACT

Although urban ecological restoration projects are actively implemented in response to urbanization, research
evaluating their ecological effects in relation to adjacent natural ecosystems remains limited. This study assessed
the ecological impacts of an urban restoration project by comparing wild bird assemblage structures between the
Mt. Sorasan Nature Garden (Jayeon-madang) project, an urban ecological restoration site in Tksan, South Korea, and
its adjacent existing forest. The restoration site, in its early post-construction phase, had approximately 45% of its
area planted with woody species, including pines. Wild bird surveys were conducted in both habitats over one year
(May 2017-April 2018), followed by statistical analysis. Results showed significant differences in bird assemblage
structure between the sites (permutational multivariate analysis of variance, P<0.001). The adjacent forest, supported
by a stable, long-established woodland, exhibited higher species diversity (H'=3.07) and was characterized by foliage
gleaners (e.g., Paridae) and bark/trunk foragers (e.g., Picidae). In contrast, the restoration site, with small trees and
insufficient cover due to its recent establishment, had lower species diversity (H'=2.38) and limited influx of forest-
dwelling birds. However, its open grasslands and wetlands provided feeding and resting habitats for aquatic and
ground-foraging birds. In conclusion, although the early-stage restoration site remains functionally limited as a
forest, it complements the adjacent forest by creating heterogeneous habitats, thereby enhancing overall urban avian
diversity. This study highlights the need for future restoration efforts to extend beyond simple tree planting and
incorporate long-term habitat management that accounts for vegetation succession processes.
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Introduction

The rapid global expansion of urban areas accelerates
habitat loss and fragmentation, leading to the isolation
Received December 9, 2025; Revised December 22, 2025; of habitats within cities and a reduction in biodiversity
Accepted December 23, 2025 (Hagen et al., 2017). Many studies have predicted a sig-
nificant future loss of biodiversity if this urban expansion
continues (Newbold et al., 2015; Simkin et al., 2022).
In response to this problem, the necessity of ecological
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restoration projects to restore degraded natural environ-
ments and recover ecological functions within cities has
been internationally emphasized. The United Nations
(UN) declared 2021-2030 as the UN Decade on Ecosystem
Restoration, and both the Kunming-Montreal Global Bio-
diversity Framework (Convention on Biological Diversity,
2022) and the European Union (EU) Biodiversity Strat-
egy for 2030 (European Commission, 2021) established
ecological restoration as a key objective. In South Korea,
many urban ecological restoration projects have been
promoted, and institutional implementation of natural
environment restoration projects was strengthened with
the revision of the Natural Environment Conservation Act
in 2021.

However, evaluations of the ecological effects of these
restoration projects remain insufficient (Ji et al., 2024;
Lee, 2023). In Korea, the Nature Garden (Jayeon-madang)
ecological restoration project, promoted since 2012 as an
ecological restoration initiative, has resulted in the com-
pletion of a total of 18 sites completed as of 2019 (Ar-
chitecture and Urban Research Institute, 2019). However,
research concerning the effectiveness of such restoration
efforts is still lTacking. Only a few studies have been re-
ported to date, such as the heat reduction effect of urban
ecological restoration sites (Choi et al., 2017), the origin
of planted species (Lee et al., 2020), and comparison of
wild bird assemblages before and after restoration (Kim et
al., 2020).

Against this backdrop, this study surveyed wild bird as-
semblages to evaluate the restoration effects of an urban
ecological restoration project. Wild birds serve as indicator
species for measuring ecosystem health due to their high
mobility and sensitivity to environmental changes (Gregory
& van Strien, 2010). Habitat isolation and degradation
caused by urbanization directly impact the movement
routes, breeding, and foraging success of wild birds, re-
sulting in a reduction in the abundance of specific spe-
cies and the proliferation of a few species highly adapted
to urban environments (Bellocq et al., 2017; McKinney,
2006; Valente-Neto et al., 2021). Prior research has fo-
cused on identifying factors influencing bird species
composition, occurrence patterns, habitat structure, im-
pervious surface cover, and landscape heterogeneity due
to urbanization (Souza et al., 2019). These wild bird as-
semblage metrics are effective indicators for assessing the
ecological quality and functionality of restored habitats.

Therefore, this study comparatively analyzed the wild
bird assemblage structure between an artificially created
urban ecological restoration site and its adjacent, exist-
ing natural forest ecosystem. The study site, Mt. Sorasan
Nature Garden was established in 2015. This study aimed
to identify the habitat functions and limitations of the
restoration area linked to the adjacent pine forest for wild
birds through surveys and analyses conducted during the

initial restoration period (2017-2018). Furthermore, it
sought to establish baseline data for long-term monitor-
ing and provide scientific evidence for the improvement
of ecological restoration projects.

Materials and Methods

Overview of the study sites

The study was conducted targeting the Mt. Sorasan
Nature Garden, an urban ecological restoration site lo-
cated in lksan, Jeonbuk Special Self-Governing Province,
and its adjacent forest (Fig. 1). The total survey area cov-
ered approximately 8 ha, comprising the restoration site
(39,757 m?) and the adjacent forest (40,815 m?), which
were nearly similar in size. The restoration site was previ-
ously an area of farmland, buildings, and reed wetlands.
Following the restoration project, completed in December
2015, the site was configured as a mixed habitat includ-
ing pine-dominant woody planting (44.8%) linked to the
adjacent forest, grassland (20.1%), and wetland (24.9%).
The main planted woody species included Pinus densi-
flora (24.2%), Chionanthus retusus (6.6%), Celtis sinensis
(6.1%), and Sorbus alnifolia (2.6%), all of which supply
preferred food sources for wild birds. At the time of the
survey in 2017, the short period since restoration resulted
in minimal tree growth and vegetation that exhibited a

Restoration ]
[= Forest

Fig. 1. Location of study site.
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single-layered structure with sparse shrub layer planting.
In contrast, the adjacent forest was a multi-layered wood-
land that distinctly contrasted with the restoration site. 1t
was dominated by mature woody vegetation, accounting
for approximately 90% of the area, primarily featuring
Pinus densiflora (47.5%), Robinia pseudoacacia (11.8%),
Prunus spp. (9.4%), and Quercus acutissima (7.9%), and
possessed high vegetation volume across vegetation layers
(Choi et al., 2019) (Table 1; Fig. 2).

Wild bird survey methods

The survey period was one year, from May 2017 to April
2018, with one day of surveying conducted monthly, to-
taling 11 surveys. The line-transect method was used, fol-
lowing a predetermined route after sunrise on clear days,
and observed species were identified by sight with binoc-
ulars and by calls. The survey intensity was controlled by
investigating the restoration site (4 ha) and the adjacent

Table 1. Area and ratio by actual vegetation type

forest (4 ha), which are nearly similar in size, for the same
amount of time (30 minutes each). The species name and
abundance of all wild birds encountered during the sur-
vey were recorded, and species classification followed the
National Species List of Korea (National Institute of Bio-
logical Resources, 2024).

Analysis methods

To compare the bird assemblage characteristics be-
tween the two habitats, the total species richness and
total abundance for the overall period and by season were
calculated. The Shannon-Weaver species diversity index
(H’) was calculated to assess the diversity of each habitat.
Furthermore, foraging guilds were analyzed to understand
the influence of habitat structure on bird occurrence.
Foraging guilds were categorized based on the primary
foraging space and behavior: aquatic forager (AF), aerial
insectivore (Al), bark/trunk forager (BF), foliage gleaner

Type Area (m®) Ratio (%)
Forest F1. Pinus densiflora 19,241 47.5
F2. Robinia pseudoacacia 4,797 11.8
F3. Prunus yedoensis 3,809 9.4
F4. Quercus acutissima 3,209 7.9
F5. Pinus rigida 2,300 5.7
F6. Castanea crenata 2,295 5.7
F7. Populus tomentiglandulosa-Castanea crenata 482 1.2
F8. Bamboo 590 1.5
F9. Cemetery 3,846 8.7
F10. Field 246 0.6
Subtotal 40,815 100.0
Restoration R1. Pinus densiflora 9,624 24.2
R2. Chionanthus retusus 2,625 6.6
R3. Sorbus alnifolia 1,026 2.6
R4. Celtis sinensis 2,407 6.1
R5. Salix koreensis 1,158 2.9
R6. Prunus yedoensis 862 2.2
R7. Diospyros kaki 104 0.3
R8. Tall grass area 2,247 5.6
R9. Lawn 1,546 3.9
R10. Other grassland 4,179 10.5
R11. Phragmites australis 6,349 16.0
R12. Typha orientalis-Zizania latifolia 3,399 8.6
R13. Water surface 155 0.4
R14. Facilities 4,076 10.3
Subtotal 39,757 100.0
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Fig. 2. Status map of actual ve-
getation type.

Table 2. Maximum species richness and abundance of avian assemblages in restoration and forest

Restoration Forest
Spring Summer Autumn Winter Total Spring Summer Autumn Winter Total
Richness 14 13 12 16 28 20 19 17 19 30
Abundance 82 101 71 82 179 84 91 83 109 156
Species diversity (H') 1.99 1.59 1.72 1.95 2.38 2.68 2.51 2.52 2.67 3.07

(FG), ground forager (GF), and omnivore/generalist (0G).

Multivariate statistical analysis was performed to
quantitatively verify the differences in wild bird assem-
blage structure between the two habitats. Permutational
multivariate analysis of variance (PERMANOVA), a non-
parametric multivariate analysis of variance, was applied
to test for statistically significant differences in the bird
assemblage structure between the restoration site and the
forest. This method is suitable for ecological data that
does not satisfy the assumption of normality and is a ro-
bust method for testing differences between groups based
on distance metrics. Non-metric Multidimensional Scal-
ing (NMDS) was used to visually complement the PER-
MANOVA results and represent the degree of similarity
between assemblages in a two-dimensional space. Finally,
similarity percentages (SIMPER) analysis was performed to
identify which species contributed most significantly to
the observed differences in assemblage structure between
the two habitats.

Results and Discussion

Comparison of wild bird assemblage characteristics
During the survey period, a total of 28 species (179
individuals) were observed in the restoration site and 30
species (156 individuals) in the forest, indicating a similar
scale of occurrence between the habitats (Table 2). How-

ever, the overall Shannon-Weaver species diversity index
(H’) was significantly higher in the forest (3.07) than in
the restoration site (2.38), suggesting a more even occur-
rence of diverse species in the forest.

Seasonal comparison of assemblage characteristics
revealed that the forest maintained relatively stable rich-
ness (17-20 species), abundance (83-109 individuals),
and diversity (H'=2.51-2.68) across all four seasons. In
contrast, the restoration site exhibited lower richness
(12-16 species), abundance (71-101 individuals), and di-
versity (H'=1.59-1.99) compared to the forest, with a pro-
nounced difference in richness and diversity, suggesting
that the occurrence was concentrated in a few species.
This result is attributed to the restoration site’s simple
and open vegetation structure in its early stage, making it
unstable for the habitation of diverse birds.

The foraging guild analysis showed a distinct difference
in the utilization of foraging space between the two bird
assemblages (Table 3). The mean abundance of GFs in the
restoration site (36 individuals) was significantly higher
than in the forest (21.25 individuals), although species
richness was similar (4.25 vs. 4.50 species). This suggests
that the simple vegetation structure and extensive grass-
land environment of the restoration site favored the habi-
tation of GFs such as the tree sparrow (Passer montanus).
Conversely, FG showed significantly higher richness (6.75
species) and abundance (34.75 individuals) in the forest
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Table 3. Species richness and abundance of avian foraging guilds in restoration and forest

Restoration Forest

Richness Abundance Richness Abundance
AF 0.75+0.96 2.50+4.36 0.00+0.00 0.00+0.00
Al 0.50+0.58 0.75+£0.96 0.50+0.58 0.75+£0.96
BF 1.00+£0.82 1.50£1.29 3.00+0.00 4.50+1.00
FG 4.25+0.50 29.25+14.82 6.75+0.96 34.75+7.76
GF 4.25+1.50 36.00£20.61 4.50+1.29 21.25+8.46
oG 3.00+£0.82 14.00£5.23 4.00+0.00 30.50+3.87
Total 13.75%1.71 84.00+12.46 18.75%1.26 91.75+£12.04

Values are presented as meanztstandard deviation.
AF, aquatic forager; Al, aerial insectivore; BF, bark/trunk forager; FG, foliage gleaner; GF, ground forager; OG, omnivore/

generalist.

Table 4. PERMANOVA results for avian assemblages comparing restoration and forest

Factor df Sum of Sqs R’ F P-value
Group 1 1.3281 0.2839 7.9291 0.001
Residual 20 3.3498 0.7161
Total 21 4.6779 1
PERMANOVA, permutational multivariate analysis of variance; df, degrees of freedom; Sqs, squares.
compared to the restoration site (4.25 species, 29.25 in- Habitat Season
dividuals). Furthermore, BFs, such as woodpeckers, were ° E‘e’rset(s)tration : gﬁ;‘:‘rger . C\fix(’;”
much more abundant in the forest (3 species, 4.50 indi-
viduals) compared to the restoration site (1 species, 1.50 .
individuals). These results show that the multi-layered 0.50 o A i 3 .
forest structure functions as a stable habitat for birds by " ioe A
providing diverse foraging spaces and shelter, and they are 0.25 , 8
consistent with previous studies indicating that the verti- ' 5 e
cal structure of vegetation is closely related to the habita- 9
tion of diverse bird species (Blinkova & Shupova, 2017; de . 0.00- 3 7
Toledo et al., 2012). 2 ot
Notably, AF were observed only in the restoration site s 3’;
(0.75 species, 2.50 individuals). This suggests that the < 0.5 1z 10
wetlands and aquatic systems created by the restoration 12 1
project function as novel habitats that are not found in * v "
the adjacent forest. -0.50
2
Comparison of assemblage structure between habitats " !
The PERMANOVA analysis revealed a statistically signif- -0.75 B e 3 e

icant difference in the bird assemblage structure between
the restoration site and the adjacent forest (P=0.001).
Habitat type explained approximately 28.4% of the
total bird assemblage variation (R’=0.2839) (Table 4).
This result was visually corroborated through the NMDS
analysis (Fig. 3). The low stress value of the NMDS plot
(0.1837846) indicates that the plot reliably represents the
actual data distances (Clarke, 1993).

In the plot, the restoration site and the forest were

NMDS1

Fig. 3. Non-metric Multidimensional Scaling (NMDS) plot
of avian assemblages comparing restoration and forest.
Each point represents a sampling event, with numeric la-
bels indicating the month of survey.
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clearly separated into two groups along the horizontal
NMDS1 axis, with the forest concentrated in the positive
direction and the restoration site in the negative direc-
tion, showing the difference in bird assemblages based on
habitat type. Notably, the restoration site samples were
more dispersed compared to the relatively clustered forest
samples, indicating the instability of the restoration as-
semblage, i.e., larger monthly and seasonal differences in
assemblage structure.

SIMPER analysis was conducted to identify which spe-
cies contributed most significantly to these differences
(Table 5). The analysis showed that the difference in as-
semblages between the restoration site and the forest was
largely contributed by the vinous-throated parrotbill (Su-
thora webbiana), tree sparrow (Passer montanus), azure-
winged magpie (Cyanopica cyanus), oriental turtle dove
(Streptopelia orientalis), and great tit (Parus major), in
order of decreasing contribution. The top 10 contributing
species accounted for approximately 77% of the total as-
semblage difference.

By comparing the average abundance (Group A [Resto-
ration] vs. Group B [Forest]), Suthora webbiana (12.909
vs. 3.455) and Passer montanus (12.636 vs. 0.455) showed
markedly higher occurrence in the restoration site, while
Cyanopica cyanus (4.818 vs. 10.545), Streptopelia orien-
talis (3.727 vs. 8.000), and Parus major (0.364 vs. 5.545)
had higher abundance in the adjacent forest. The adja-
cent forest provided a stable habitat for birds like Parus
major that in the canopy and on branches. In this forest,
breeding individuals and nests of species including Parus
major, Streptopelia orientalis, and the black-naped oriole
(Oriolus chinensis) were observed during the spring. Fur-
thermore, the goldcrest (Regulus regulus), which primarily
occurs in coniferous forests, was frequently observed from
autumn to spring, highlighting the forest’s function as a

stable habitat. Conversely, in the restoration site, despite
the planting of various food-providing species such as
Chionanthus retusus, the occurrence of urban-adapted
species like Passer montanus was concentrated, contrib-
uting most significantly to the difference from the forest
assemblage. This dominance of urban-adapted species
reflects biotic homogenization due to urbanization (McK-
inney, 2006), suggesting that the restoration site provides
an environment favorable to urban-adapted species, dis-
tinct from the forest assemblage.

Furthermore, analysis of species exclusively observed in
each habitat showed that water-dependent birds, such as
the Eurasian teal, common kingfisher, and black-crowned
night heron, were observed only in the restoration site.
This highlights the effect of creating new habitat space
in the isolated urban ecosystem. This aligns with prior re-
search indicating that increasing landscape heterogeneity,
such as creating water spaces in urban areas, positively
influences bird species richness (Morgan et al., 2025).
Conversely, species requiring multi-layered forest habitats
and stable food sources, such as the black-naped oriole
(Oriolus chinensis) and brown hawk-owl (Ninox scutulata),
were founded only in the adjacent forest. This indicates
that the adjacent forest performs a unique and crucial
ecological function not offered by the restoration site,
acting as a core habitat for disturbance-sensitive species.

Conclusion

This study found a statistically significant difference in
the wild bird assemblage structure between the Mt. So-
rasan urban ecological restoration site and the adjacent
forest ecosystem. The complex, multi-layered structure of
the adjacent forest was identified as a stable habitat for
diverse birds. The restoration site, while in its early stage,

Table 5. Species contributions to avian assemblages dissimilarity based on SIMPER analysis

Top 10 contributing species  Avg. Contrib. Contrib./SD ava avb P-value Cum. Contrib.
Suthora webbiana 0.112 1.036 12.909 3.455 0.206 0.154
Passer montanus 0.110 0.895 12.636 0.455 0.067 0.304
Cyanopica cyanus 0.085 1.518 4.818 10.545 0.007 0.421
Streptopelia orientalis 0.059 1.271 3.727 8.000 0.006 0.502
Parus major 0.054 1.907 0.364 5.545 0.001 0.577
Hypsipetes amaurotis 0.039 1.454 0.909 4.182 0.002 0.63
Pica pica 0.032 1.539 1.818 4.273 0.001 0.674
Regulus regulus 0.029 0.744 0.000 2.636 0.002 0.714
Aegithalos caudatus 0.022 0.901 0.545 2.091 0.094 0.744
Periparus ater 0.021 0.874 0.091 2.000 0.007 0.773

Avg., average; Contrib., contribution; SD, standard deviation; SIMPER, similarity percentages; ava, average abundance in Group A
(Restoration); avb, average abundance in Group B (Forest); Cum, cumulative.
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showed limitations in supporting the bird species found
in the adjacent forest due to its open and simple vegeta-
tion structure. However, the restoration site also played a
positive role by creating a previously lacking aquatic eco-
system in the surrounding area, providing a new habitat
for water-dependent birds.

These results emphasize that the goal of ecological
restoration should not be limited to simply increasing the
area of green space. It should, from a long-term perspec-
tive, prioritize the creation of complex, multi-layered
habitats that consider the process of ecological succes-
sion, and enhance connectivity with the adjacent natural
ecosystem.

The Mt. Sorasan restoration site requires management
to ensure that the planted trees can mature into a stable
forest environment. Given that various food-providing
plants have been already planted, it is expected that the
site will facilitate the influx of diverse wild bird species
from the adjacent forest and expand their habitat space
in the future.

This study is significant because it empirically evaluated
the effectiveness of an urban ecological restoration proj-
ect through direct comparison with an adjacent natural
ecosystem. The findings can be used as baseline data to
present short-term restoration outcomes and the direction
for long-term progress.

However, the study was limited to a short-term, one-
year survey, and included only a single restoration site
and its adjacent forest, precluding analysis of the influ-
ence of the surrounding landscape context and connec-
tivity to the wider region. Future research is suggested to
conduct long-term monitoring to track changes in bird
assemblages following vegetation succession. 1t is also
recommended to additionally investigate the influence of
the landscape context surrounding the restoration site on
bird communities.
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Avian Assemblages in Urban Restoration vs. Forest P N I E

Appendix 1. Total species richness and abundance of avian assemblages in restoration and forest

— Restoration Forest Foraging
cientific name i
Spring Summer Autumn Winter Spring Summer Autumn Winter guild
Acrocephalus orientalis 0 1 1 0 0 0 0 0 FG
Pica pica 4 2 1 2 6 6 8 0G
Oriolus chinensis 0 0 0 0 3 2 1 0 FG
Phasianus colchicus 0 0 0 0 1 1 0 0 GF
Phylloscopus inornatus 0 0 0 0 0 0 2 0 FG
Turdus naumanni 0 0 0 1 0 0 0 3 GF
Emberiza elegans 0 0 6 0 0 0 4 5 GF
Fringilla montifringilla 0 0 0 0 0 0 0 5 GF
Turdus hortulorum 0 0 0 0 1 1 0 0 GF
Phoenicurus auroreus 2 1 2 1 1 0 0 1 GF
Lanius bucephalus 0 0 2 1 0 0 0 0 FG
Streptopelia orientalis 10 4 3 5 9 17 6 14 GF
Cyanopica cyanus 12 11 8 4 14 18 18 15 oG
Alcedo atthis 0 0 1 0 0 0 0 AF
Eophona migratoria 0 0 8 4 8 4 GF
Parus major 1 2 1 0 10 FG
Chloris sinica 0 0 0 0 0 2 0 GF
Suthora webbiana 11 12 36 40 10 12 0 10 FG
Cuculus canorus 0 0 0 0 2 2 0 FG
Phylloscopus coronatus 2 0 0 0 6 0 0 0 FG
Regulus regulus 0 0 0 0 6 0 4 10 FG
Ninox scutulata 0 0 0 0 1 0 0 0 Al
Dendrocopos kizuki 1 3 0 0 2 2 2 2 BF
Poecile palustris 1 0 0 0 0 2 2 2 FG
Muscicapa dauurica 0 0 0 0 0 2 0 0 FG
Anas crecca 0 0 0 8 0 0 0 0 AF
Emberiza rustica 0 0 2 0 0 0 0 0 GF
Garrulus glandarius 0 2 0 0 2 5 2 1 0G
Aegithalos caudatus 2 0 0 2 3 0 8 6 FG
Dendrocopos major 0 0 0 1 1 3 1 1 BF
Hirundo rustica 2 1 0 0 0 0 0 0 Al
Hypsipetes amaurotis 2 4 0 4 5 6 3 8 0G
Periparus ater 0 0 0 1 6 0 5 4 FG
Passer montanus 31 57 0 5 0 2 0 0 GF
Picus canus 1 0 0 0 1 1 1 1 BF
Lanius tigrinus 0 1 0 0 0 0 0 0 FG
Eurystomus orientalis 0 0 0 0 0 2 0 0 Al
Nycticorax nycticorax 0 0 0 1 0 0 0 0 AF
Emberiza tristrami 0 0 0 2 0 0 0 0 GF
Total abundance 82 101 71 82 84 91 83 109
Total species richness 14 13 12 16 20 19 17 19

AF, aquatic forager; Al, aerial insectivore; BF, bark/trunk forager; FG, foliage gleaner; GF, ground forager; OG, omnivore/
generalist.
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ABSTRACT

This study investigated the spatial distribution of the native halophyte Bolboschoenus planiculmis in the tidal
wetlands of the Geum Estuary and analyzed its association with key hydrological factors. Based on drone imagery
acquired in October 2024, a total of 1,344 patches were identified, covering a cumulative area of 13,754 m’. These
patches were primarily concentrated at an average distance of 351 meters from the terrestrial embankment. While
over 74% of patch centroids were located within 15 meters of tidal creeks, multivariate logistic regression analysis
indicated that proximity to creeks did not have a statistically significant effect on patch size (P>0.05). In contrast,
average daily inundation duration (15.2-18.9 hours/day, mean 17.6 hours) showed a significant positive correlation
with the formation of larger patches (odds ratio=1.75, P<0.001), suggesting that inundation regime is a key driver of
patch development. The findings highlight the species’ preference for mid- to lower-intertidal zones and underscore
the importance of tidal and inundation management in formulating effective conservation and restoration strategies

for halophytic plant habitats in estuarine ecosystems.

Keywords: Bolboschoenus planiculmis, Estuarine wetland, Geum Estuary, Inundation duration, Spatial distribution,

Tidal creeks

Introduction

The Geum Estuary, where the Geum River meets the
Yellow Sea, is a major estuarine ecosystem in Korea char-
acterized by a wide tidal range and extensive mudflats
(Kang et al., 2022). Since the construction of the Geum
River estuarine barrage in 1990, water flow has been reg-
ulated, yet the area remains strongly influenced by tidal
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energy, resulting in the formation of a gently sloping in-
tertidal landscape.

Bolboschoenus planiculmis (B. planiculmis), a perennial
halophyte belonging to the Cyperaceae family, is widely
distributed across East Asia, Central Asia, and Central Eu-
rope (Hroudova et al., 2009). This species typically grows
to a height of 20-100 cm and is morphologically distin-
guished by its triangular stems and bifid styles, unlike
the trifid styles of other Bolboschoenusspecies found in
Europe (Hroudova et al., 2009). 1t exhibits strong clonal
propagation ability, enabling survival under unfavorable
conditions and rapid expansion when conditions improve
(Oborny et al., 2012).

In East Asia, B. planiculmis functions as a key species in
estuarine ecosystems, providing critical ecological services.
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1ts tubers, formed at the ends of rhizomes, serve as an es-
sential winter food source for endangered migratory birds
such as the Siberian crane (Grus leucogeranus), the swan
goose (Anser cygnoides), and various Cygnusspecies (Liu
et al., 2016). Additionally, the species contributes to sedi-
ment stabilization and wave attenuation, facilitating soil
retention and nutrient cycling in estuarine wetlands (IPCC,
2021; Yang et al., 2021).

However, populations of B. planiculmis have been de-
clining globally due to habitat disturbances driven by cli-
mate change and human activities. In monsoon-dominat-
ed regions of East Asia, alterations in seasonal inundation
regimes caused by embankment construction and land
reclamation have significantly affected the survival and
growth of this species (Yang et al., 2021). An et al. (2022)
reported an optimal water depth range for B. planiculmis
growth between 11.2 and 36.1 c¢cm, with substantial re-
ductions in growth observed under inundation conditions
beyond this range.

Several studies have investigated the plant’s tolerance
to flooding. For instance, Yang et al. (2021) found that
seasonal flooding supports better growth than continuous
inundation, while Yang (2019) demonstrated high growth
rates and photosynthetic efficiency at shallow water
depths (0-5 cm). More recently, Park et al. (2024) revealed
that B. planiculmis adjusts its biomass allocation between
above- and below-ground structures to cope with flood-
ing stress.

While the ecological importance of B. planiculmis in
estuarine biogeochemical cycling is well documented,
quantitative studies on the environmental determinants
of its spatial distribution—particularly those focusing on
large-scale patch formation—remain limited.

In a 2024 field survey, extensive patches of B. planicul-
mis were observed across the Geum Estuary, suggesting
that the local hydrological environment may provide fa-
vorable conditions for its establishment and growth. Nev-
ertheless, the specific environmental factors that shape
this distribution, and the hydrological and geomorpho-
logical characteristics that favor its occurrence, have yet
to be quantitatively assessed.

Therefore, this study aims to investigate the distribution
characteristics of the large-scale B. planiculmis patches
observed in the Geum River Estuary in 2024 and to iden-
tify the environmental factors determining these patterns.
Specifically, this study seeks to address the following eco-
logical questions: (1) Under what inundation conditions
does B. planiculmis gain a competitive advantage? (2)
What is the influence of spatial proximity to tidal creeks
on patch establishment? To answer these questions, this
study will: (1) quantify the precise spatial distribution and
area of B. planiculmis patches through drone aerial pho-
tography; (2) measure key hydrological and topographical
variables including water depth, daily inundation dura-

tion, and minimum distance to tidal creeks at each patch
location; and (3) statistically analyze the relationships be-
tween these environmental factors and patch distribution
and area.

This approach goes beyond simply describing distribu-
tion patterns; by quantitatively characterizing the habitat
preferences of B. planiculmis, it enhances our understand-
ing of the ecological niche of brackish-water halophytes
and is expected to provide essential baseline data for
future saltmarsh ecosystem conservation and restora-
tion strategies. In particular, the findings from this study
can be applied to identify key manageable hydrologi-
cal variables (e.g., inundation time, drainage systems) in
estuarine restoration projects and to predict changes in
halophyte communities under sea-level rise scenarios as-
sociated with climate change.

Materials and Methods

Study area

The Geum Estuary, located at the confluence of the
Geum River and the Yellow Sea, forms the boundary be-
tween Seocheon-gun in Chungcheongnam-do and Gun-
san-si in Jeonbuk Special Self-Governing Province. The
study area encompassed the section between the Geum
River estuarine barrage and the Dongbaek Bridge, where
large-scale patches of B. planiculmis are extensively dis-
tributed (Figs. 1, 2).

Data collection

Drone survey

High-resolution orthophotos were acquired using a
Phantom 4 Pro V2 drone (SZ DJ1 Technology Co., Ltd.,
Shenzhen, China) in October 2024 across areas where
B. planiculmis patches were densely distributed near the
Geum River estuarine barrage. Flight missions were con-
figured to achieve 80% image overlap, yielding 720 im-
ages at 150 m altitude.

Collected images were processed using Pix4DMap-
per software (Pix4D, Lausanne, Switzerland) following a
standard photogrammetric workflow (initial alignment —
point cloud generation — orthomosaic construction), re-
sulting in georeferenced orthophotos with ~30 cm spatial
resolution (Table 1). Geometric correction was performed
using reference imagery from the National Geographic In-
formation Institute (https://www.ngii.go.kr/) to minimize
distortions from flight variations.

Environmental variable

Patch elevation and hydrological characteristics were
derived from multiple sources (Table 1). Patch elevation
data relative to mean sea level (MSL) were obtained from
bathymetric surveys conducted by the Korea Hydrographic
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Fig. 1. Location of study area. (A) Map of study area. (B) Drone image.

©

Table 1. Data sources and processing methods for environmental variables

Fig. 2. Visual characteristics of B.
planiculmis in the Geum Estuary.
(A) Tidal flat patches formed by B.
planiculmis colonies during low
tide. (B) Spikelet of a collected
specimen. (C) Triangular cross-
section of the culm. B. planicul-
mis, Bolboschoenus planiculmis.

Variable Data source

Temporal/spatial resolution

Processing method

Patch area Drone imagery (Phantom 4 Pro
V2; SZ DJI Technology Co., Ltd.,

Shenzhen, China)

Patch elevation KHOA bathymetric data

Tidal level Janghang tide gauge (KHOA)

Inundation duration Derived

Distance to creek Digitized creek network

30 cm GSD, flight 150 m altitude,
80% overlap, fast mode

Point data

1-minute interval, June 2024

Daily

30 cm GSD (digitized creek
network from drone
orthomosaic)

Pix4D Capture+orthomosaic
(Pix4Dmapper; Pix4D, Lausanne,
Switzerland)

Interpolated to patch centroids
using nearest neighbor method

Converted to MSL

Calculated from elevation+tidal
data

Euclidean distance in QGIS

All spatial data were georeferenced to WGS84/UTM Zone 52N (EPSG:32652) with EGM96 geoid. Geometric correction was

performed using NGII aerial reference imagery.

GSD, ground sampling distance; KHOA, Korea Hydrographic and Oceanographic Agency; MSL, mean sea level; QGIS, Quantum
Geographic Information System; NGII, National Geographic Information Institute.
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and Oceanographic Agency (KHOA) and interpolated to
patch centroids using the nearest neighbor method in
Quantum Geographic Information System (QGIS).

Tidal water level data at 1-minute intervals were ac-
quired from the KHOA Janghang tide gauge station (Sin-
chang-ri, Janghang-eup, Seocheon-gun; N 36°00'25”, E
126°41°15”), located approximately 5 km from the study
site. All tidal elevations were referenced to MSL using the
station’s datum.

The spatial distribution, patch size, and number of B.
planiculmis patches and tidal creeks were extracted from
orthophotos using QGIS 3.4v.

Data analysis

To evaluate the relationship between B. planiculmis
patch formation and hydrological conditions, a multivari-
ate logistic regression analysis was performed. Daily in-
undation duration for each patch was calculated by com-
bining patch elevation with 1-minute interval tidal water
level records from June 2024:

Daily inundation duration (h day™') = [Z(minutes when
tidal level=patch elevation)/60]/30, where tidal data con-
sisted of 43,200 observations at 1-minute intervals over
the 30-day period in June 2024 (n=30 days).

The dependent variable was binary: patches in the top
250 area quantile were classified as “large patches” (coded
as 1), while all others were coded as 0. Independent vari-
ables included daily inundation duration (hours), mini-
mum distance to tidal creeks (meters), and water depth
(meters). All continuous variables were standardized (z-
scores) for comparability.

Multicollinearity was assessed using the variance infla-
tion factor (VIF). 1f VIF values exceeded 5 for multiple
variables, the variable most strongly collinear with inun-
dation time—namely, elevation—was excluded from the

1 B. planiculmis
= Embankment

Fig. 3. Distribution of B. planiculmis patches (red) on the
drone-derived orthomosaic; 1,344 patches totaling 13,754
m”. B. planiculmis, Bolboschoenus planiculmis.

final model.

The final model was fitted using a generalized linear
model with a binomial distribution and logit link func-
tion. Model performance was evaluated using the area
under the curve (AUC) derived from 5-fold cross-valida-
tion. To assess spatial autocorrelation in model residuals,
Moran’s 1 statistic was calculated using the 10 nearest
neighbors (k=10). Significant residual spatial dependence
was detected, indicating the need for spatial correction
(Dormann et al., 2007). Consequently, spatial eigenvector
mapping (SEVM) was applied to account for spatial struc-
ture in the data (Griffith & Peres-Neto, 2006).

Result

Patch size and distance distribution

A total of 1,344 B. planiculmis patches were identi-
fied in the Geum Estuary. Patch sizes ranged from 0.52
m* to 79.06 m’, with a mean of 10.23 m” and a standard
deviation of 8.57 m’. The cumulative area of all patches
was 13,754 m* (Fig. 3). The distance from the terrestrial
embankment (marking the boundary between land and
intertidal zone) to patch centroids ranged from 163 m to
681 m, with an average of 351 m (Fig. 4). Notably, patch
occurrence was most concentrated around 346 m from
the embankment.

Distance to tidal creeks

The spatial relationship between patch centroids and
tidal creeks is illustrated in Fig. 5. The minimum distance
from patch centroids to the nearest tidal creek ranged
from 0.1 m to 74.6 m, with a mean of 10.7 m, a median
of 7.6 m, and a standard deviation of 10.3 m. In terms
of distance categories: 517 patches (38.5%) were located
within 5 m, 280 patches (20.8%) within 5-10 m, 199
patches (14.8%) within 10-15 m, 141 patches (10.5%)
within 15-20 m, 96 patches (7.1%) within 20-25 m, 42

120 A
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Fig. 4. Histogram of distances from patch centroids to the
terrestrial embankment, highlighting a mode near 346 m.
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Fig. 5. Spatial relationship between patch centroids (red)
and tidal creek (blue). B. planiculmis, Bolboschoenus
planiculmis.
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Fig. 6. Frequency distribution of minimum centroid-creek
distances in 5 m bins; >74% within 15 m.

patches (3.1%) within 25-30 m, 25 patches (1.9%) within
30-35 m, 18 patches (1.3%) within 35-40 m, and 26
patches (2.0%) were found beyond 40 m. Overall, more
than 74% of patches were located within 15 m of a tidal
creek, and over 90% were within 25 m (Fig. 6).

Bathymetry and inundation characteristics

The elevation (relative to MSL) of B. planiculmis patches
ranged from -1.15 m to -0.44 m, with a mean of -0.91 m,
a median of -0.92 m, and a standard deviation of 0.17 m
(n=1,344; Fig. 7). Based on tidal records from June 2024,
daily inundation duration ranged from 13.7 hours to
15.4 hours, with a mean of 14.9 hours, a median of 15.0
hours, and a standard deviation of 0.3 hours. Most values
were concentrated between 14.7 and 15.2 hours per day
(Fig. 8).

™ B. planiculmis
Tidal creek
Depth of water (m)
=7l

Fig. 7. Bathymetric map (MSL) overlaid with patch loca-
tions. MSL, mean sea level; B. planiculmis, Bolboschoenus
planiculmis.
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Fig. 8. Distribution of average daily inundation time (h
day™") in July 2024 across patches.

Statistical results

In the final multivariate logistic regression model, daily
inundation duration and distance to tidal creeks were
used as explanatory variables, while water depth was ex-
cluded due to multicollinearity. When water depth was
included together with inundation duration and distance
as candidate predictors, its VIF was 8,210, whereas VIFs
for inundation duration and distance were both 1.09
(Table 2), indicating severe collinearity between depth
and inundation.Inundation duration showed a significant
positive association with the formation of large patches
(top 25% area) (odds ratio [OR]=1.75, 95% confidence
interval [Cl]=1.51-2.05, P<0.001), indicating that a one-
standard-deviation increase in inundation time increased
the odds of forming a large patch by approximately 750%.
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In contrast, the distance to tidal creeks was not a sta-
tistically significant predictor (OR=1.03, 95% C1=0.91-
1.17, P=0.581) (Table 3). Model performance, as evalu-
ated by 5-fold cross-validation, showed an average AUC
of 0.624+0.030. Partial dependence analysis revealed
that the predicted probability of large patch occurrence
increased consistently with inundation duration, holding
other variables at their median values (Fig. 9).

Additionally, Moran’s 1 statistic indicated significant
spatial autocorrelation in model residuals (Moran’s
1=0.028, P<0.05). However, after applying SEVM, residual
spatial dependence was effectively eliminated (Moran’s
1=0.002, P=0.45), and model performance improved (AUC
increased from 0.624 to 0.650).

Discussion

Key findings and ecological implications

This study quantitatively analyzed the relationship be-
tween the distribution of B. planiculmis patches and envi-
ronmental variables in the Geum Estuary during 2024. A
total of 1,344 patches were identified, covering an area of
13,754 m’, indicating that the estuary provides favorable
conditions for the establishment of this species. Notably,
daily inundation duration emerged as a key determinant
of patch size (OR=1.75, P<0.001), offering important in-
sight into the species’ ecological strategies.

The positive correlation between inundation duration
and patch size suggests that B. planiculmis may possess a
distinct ecological strategy compared to other halophytes.

Table 2. Multicollinearity diagnostics (VIF) for candidate
predictors considered in the multivariate logistic regression

Variable VIF
Depth* 8,210
Inundation 8,214
Distance 1.09

VIF, variance inflation factor.
*Depth showed severe multicollinearity with inundation
(VIF>8,000) and was excluded from the final model.

The observed mean inundation duration of 14.9 hours per
day (13.7-15.4 hours), which accounts for approximately
62% of the day, represents a prolonged submersion pe-
riod that is more extreme than the optimal depth range
(11.2-36.1 cm) proposed by An et al. (2021). This implies
either a high flood tolerance in the local population or
a competitive advantage gained through suppression of
other species under prolonged inundation.

Comparison with previous studies

The water depth range observed in this study (-1.15 m
to -0.44 m) significantly deviates from the optimal range
(5-10 cm) reported by Zheng et al. (2023). While this dis-
crepancy may partly reflect differences in tidal datum or
site-specific conditions, it also indicates that the ecologi-
cal plasticity of B. planiculmis may be greater than previ-
ously recognized. Ma et al. (2024) reported that seasonal
flooding is more favorable than continuous inundation;
however, our findings show that B. planiculmis can suc-
cessfully establish even under near-continuous inundation
averaging 14.9 hours per day.

The lack of a statistically significant relationship be-
tween patch size and distance to tidal creeks (P=0.584)

0.45
0.40
0.35 4
0.30 A
0.25 A
0.20
0.15
0.10

Predicted probability (large patch)

0.05 A

-3 -2 -1 0 1
Standardized daily inundation (z-score)
Fig. 9. Partial dependence of the predicted probability of

large patches on inundation time with other covariates
fixed at medians.

Table 3. Multivariate logistic regression for predictors of large B. planiculmis patches (top-quartile area)

Variable Coef OR CI_low CI_high P-value*
Const -1.18 0.30 0.27 0.35 <0.001
Inundation 0.56 1.75 1.51 2.05 <0.001
Distance 0.03 1.03 0.91 1.17 0.581

Coef: logistic regression coefficient (log-odds), OR: exp (coef). Continuous variables were standardized (z-score) prior to analysis,
and ORs represent changes per 1 SD increase. Outcome: large patch (area >75th percentile)
B. planiculmis, Bolboschoenus planiculmis; OR, odds ratio; CI, confidence interval; SD, standard deviation; MSL, mean sea level;

VIE, variance inflation factor; AUC, area under the curve.
*Wald test P-value.
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was unexpected. Tidal creeks are generally thought to
play important roles in seed and propagule dispersal,
drainage, and nutrient input (Ma et al., 2024; Zheng et
al., 2023). However, despite over 74% of patches being
located within 15 m of a creek, no significant associa-
tion with patch size was found. This suggests that, in the
Geum Estuary, most patches may already lie within the
influence range of creeks, rendering inundation duration
a more dominant driver than creek proximity.

Spatial distribution and environmental gradients

The concentration of B. planiculmis patches at an aver-
age distance of 351 m (ranging from 163 m to 681 m)
from the embankment, with peak density around 346 m,
implies that this elevation zone within the intertidal gra-
dient offers optimal conditions for establishment. Consid-
ering the findings of Park et al. (2024), which emphasize
biomass allocation adjustment under flooding stress,
this elevation may represent a balance point for optimal
above- and below-ground growth.

The significant spatial autocorrelation detected in
model residuals (Moran’s 1=0.028, P<0.05) suggests that
patch formation is influenced not only by environmental
variables but also by spatial processes. These may include
local clonal expansion (Oborny et al., 2012) or spatial
constraints on seed dispersal. The improved model per-
formance after applying SEVM, with AUC increasing from
0.624 to 0.650, confirms the importance of incorporating
spatial structure in species distribution modeling.

Limitations and future directions

Several limitations should be noted. First, this study is
based on data from a single year and therefore does not
capture temporal dynamics. Long-term monitoring is re-
quired to understand seasonal and interannual variability
in B. planiculmis distribution. Second, the model’s predic-
tive power (AUC=0.624) remains moderate, suggesting
that unmeasured variables such as soil characteristics, nu-
trient levels, interspecific competition, or disturbance fre-
quency may also be influential. A more integrated model-
ing approach incorporating these factors is recommended.

Third, water depth was excluded from the final model
due to high multicollinearity with inundation duration
(VIF>5). Although this exclusion was statistically justi-
fied, it underscores the need for more refined hydrologi-
cal indicators that consider tidal cycles in future studies.
Fourth, this study focused on current patch distribution
and did not directly assess initial colonization mecha-
nisms or dispersal processes.

Conservation and management implications

The results of this study provide concrete guidance
for the management of B. planiculmis habitats in the
Geum Estuary. Patch size and establishment probability

increased within the observed inundation window of
13.7-15.4 h day™' (mean 14.9 hours), suggesting that
maintaining a similar range of daily inundation duration
during the growing season may enhance the stability of
existing stands under the regulated hydrological regime
of the estuarine barrage. In practice, barrage gate opera-
tions and environmental-flow releases should be config-
ured so that key B. planiculmis zones are neither exposed
for prolonged periods nor subjected to near-continuous
flooding.

The spatial thresholds identified here can also be used
to prioritize restoration and protection zones. Patches
were concentrated in a mid-intertidal belt approximately
300-400 m seaward of the embankment and within 15
m of tidal creeks, providing practical criteria for selecting
planting sites and evaluating the effects of dredging or
construction projects. Because the tubers of B. planiculmis
are an important food resource for migratory waterbirds
and other wildlife (Liu et al., 2016), maintaining healthy
stands through appropriate hydrological management
may improve habitat quality for these species. At the same
time, the potential impacts of rapid B. planiculmis expan-
sion on mudflat structure and other halophytes should
be monitored, and the inundation and spatial thresholds
reported here can be used to limit further encroachment
where necessary.

Conclusion

This study quantitatively demonstrated that the distri-
bution of B. planiculmis patches in the Geum River Estu-
ary is determined by two key environmental factors: inun-
dation duration and distance to tidal creeks. Inundation
duration was identified as the primary factor determining
patch size and survival, with longer daily inundation peri-
ods significantly increasing the probability of patch estab-
lishment (OR=1.75, P<0.001). This finding provides crucial
baseline data for understanding the ecological niche of
brackish-water halophytes. Distance to tidal creeks was
the key factor shaping the spatial distribution pattern of
patches, with 749% of all patches located within 15 m of
tidal creeks, suggesting that tidal creeks serve as primary
conduits for seed and vegetative propagule dispersal.

Beyond these general patterns, the study identified spe-
cific hydrological and spatial thresholds—namely, an in-
undation window of approximately 13.7-15.4 h day™' and
a mid-intertidal belt 300-400 m seaward of the embank-
ment and within 15 m of tidal creeks—that can be directly
applied to habitat management and restoration planning.
These thresholds offer practical guidance for designing
barrage operation schemes, selecting restoration sites, and
evaluating the potential impacts of future hydrological
alterations.

Taken together, these findings can be used to predict
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and manage saltmarsh ecosystem changes under future
climate change and anthropogenic disturbances. The
large-scale B. planiculmis patches observed in the Geum
River Estuary in 2024 represent a case of rapid ecosys-
tem transformation that can occur when environmental
conditions align with these two ecological characteristics
(inundation tolerance and tidal-creek dependence). This
highlights the dynamic nature of estuarine ecosystems
and underscores the critical need for predictive, evidence-
based, and adaptive ecosystem management strategies.
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ABSTRACT

The Civilian Control Zone (CCZ) in South Korea is a highly restricted area with significant ecological value due to
limited human access. This study explores the feasibility of non-invasive biodiversity monitoring using spider webs as
environmental DNA (eDNA) collectors in the CCZ, particularly where traditional field surveys are constrained. A total
of six spider webs were collected along the DMZ Peace Trail in Hwacheon-gun, Gangwon province, and subjected to
eDNA metabarcoding using vertebrate-specific primers. Despite quality limitations in Q20 and Q30 scores, over two
million reads were generated, and 531,429 high-quality reads were retained after filtering with the DADA2 pipeline.
Taxonomic assignment using BLAST identified 13 vertebrate species, including nine mammals, two amphibians, and
two birds. Comparative analysis with conventional field surveys revealed limited species overlap, but spider web eDNA
successfully detected cryptic or rarely observed species, such as Rattus norvegicus and Felis catus. These findings
suggest that spider web-derived eDNA offers potential as a complementary tool, especially in areas where direct
observation is difficult or impossible due to safety or security concerns. However, incomplete reference databases and
low detection efficiency highlight the need for improvements in sampling methods and local DNA libraries. This study
presents a promising step toward developing alternative, non-invasive ecological monitoring techniques applicable to
inaccessible terrestrial environments.

Keywords: Airbone environmental DNA, Civilian control zone, Non-invasive monitoring, Spider web eDNA, Terrestrial
vertebrate monitoring

Introduction

The Civilian Control Zone (CCZ) is a buffer area extend-
Received November 14, 2025; Revised December 16, 2025; ing 5 to 15 kilometers on either side of the ceasefire line
Accepted December 17, 2025 that separates South and North Korea. Unauthorized ac-
cess is strictly prohibited, and the absence of human ac-
tivity has allowed the region to retain exceptionally high
levels of biodiversity (Kim, 1997). Including the Demilita-
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rized Zone (DMZ), the area north of the CCZ accounts for
only 1.13% of South Korea’s total land area, yet supports
approximately 4,315 species—representing 16.5% of the
nation’s known biodiversity (National Institute of Ecology
[NIE], 2025).

The DMZ and CCZ, where natural forests have been
preserved without human disturbance for over 70 years,
represent critical regions whose study is essential for con-
serving and restoring the ecosystem of a unified Korea
in the future. However, traditional biodiversity surveys in
these areas face substantial difficulties, as the regions im-
pose high risk to surveyors and are difficult to access due
to security restrictions (Bak et al., 2023). In particular,
the CCZ surrounding the DMZ applies to both conditions,
resulting in significant challenges for conducting surveys.
Furthermore, depending on tensions between South and
North Korea, surveyor access is frequently restricted.

Even when access is granted, only a small number of
surveyors are permitted to enter under military super-
vision, and surveys are conducted with limitations in
movement and time. Consequently, innovative research
methods that can complement such restricted survey con-
ditions are required.

Research employing environmental DNA (eDNA) origi-
nated from soil microbial community analyses, and, after
becoming widely utilized in aquatic ecosystem studies,
is now gradually expanding to terrestrial environments
(Hassan et al., 2022). For example, the invertebrate-
derived DNA (iDNA) approach, which extracts DNA from
blood-feeding invertebrates, allows the acquisition of
DNA from various animals at a study site and provides
species information for multiple taxa (Kocher et al., 2017).
This demonstrated that eDNA can detect organisms that
cannot be found through traditional methods in harsh
environments. eDNA is highly promising for future biodi-
versity monitoring because it offers strong species detec-
tion ability, requires relatively little effort, is non-invasive,
does not require prior information on target species, and
can be applied even in regions where traditional surveys
are infeasible (Valentini et al., 2016). Such advancements
present the possibility of applying eDNA techniques to
terrestrial ecosystems, with continuous methodological
improvements underway.

Within this context of innovative research approaches,
the use of spider webs as a new medium for eDNA collec-
tion has recently gained attention. Most spiders produce
webs to capture prey for survival. Spider webs contain
materials such as MaSp1, MaSp2, MaSp3, MaSp4, and
MaSp5, resulting in adhesive properties (Peng et al.,
2024). These webs trap not only the organisms that spi-
ders feed on but also various biological materials such as
hair or body fragments from different species, enabling
the extraction of diverse genetic material from this natu-
ral DNA filter (Gregori¢ et al., 2022; Newton et al., 2024).

Recent studies have employed spider web samples to in-
vestigate multiple taxa (Newton et al., 2024), suggesting
the potential of spider webs as a non-invasive survey tool
suitable for regions like the CCZ.

Research on collecting eDNA from the air has also ad-
vanced significantly. In one study, filtering airborne DNA
at a zoo enabled detection of genetic material from 49
mammal and bird species. Another study collected air-
borne DNA in tropical rainforests and detected 71 bird
species and 18 mammal species. These findings indicate
that airborne eDNA can be used to monitor biological
communities, and that spider webs can serve as an effec-
tive method for capturing such airborne DNA (Clare et al.,
2022; Lynggaard et al., 2022).

As an alternative to address the challenges posed by the
unique characteristics of the DMZ and CCZ, we propose a
method for studying biodiversity using eDNA captured on
spider webs.

Materials and Methods

Study site

eDNA samples were collected from six locations along
the Baegamsan-Bimok trail of the DMZ Peace Trail,
situated within the CCZ in Hwacheon-gun, Gangwon
province, South Korea. Sampling sites were selected to
spatially represent the broader landscape, and spider webs
were visually located and collected while walking along
the trail (Fig. 1).

Spider web collection

Spider webs were collected using sterile latex gloves.
Each web was gently adhered to a GF/C glass microfiber
filter (Whatman, Maidstone, UK) and then folded inwards
so that the silk was enclosed. The folded filter was placed

© Spider web sampling site
DMZ Peace Trail (Hwacheon) 0 1 2 km
Hwacheon-gun

Fig. 1. Locations of spider web sampling along the DMZ
Peace Trail in Hwacheon. DMZ, Demilitarized Zone.
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into a sterile 50 mL conical tube. All tubes were trans-
ported to the laboratory at the NIE and stored at -20°C
for one week to dry prior to DNA extraction.

DNA amplification and sequencing

Genomic DNA was extracted using the DNeasy Blood
& Tissue Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s protocol. Extracted DNA was amplified
using four primer sets targeting vertebrate mitochondrial
markers (Table 1) (Riaz et al., 2011; Taylor et al., 1996;
Ushio et al., 2018; West et al., 2021).

Amplified PCR products from each sampling site were
pooled and submitted to Macrogen Inc. (Seoul, Korea)
for next-generation sequencing using the Illumina MiSeq
platform (paired-end 2x300 bp; lllumina, Inc., San Diego,
CA, USA). Paired-end libraries were constructed during
PCR amplification, and subsequent sequencing was con-
ducted on the MiSeq platform.

Raw sequencing reads were processed using the DADA2
v1.28 pipeline implemented in R software ver 4.3.2 (R
Foundation, Vienna, Austria; Callahan et al., 2016). This
pipeline enables the accurate inference of zero-radius
operational taxonomic units (ZOTUs) through a series of
quality control and denoising steps.

Initially, low-quality reads were filtered using the fil-
terAndTrimfunction, which removes sequences that fall
below quality score thresholds or fail to meet minimum
length requirements. Following quality filtering, error rate
models were constructed using the learnErrorsfunction,
and high-resolution denoising was conducted with the
dadafunction to infer exact amplicon sequence variants
(ASVs).

Paired-end reads were then merged using the merge-
Pairsfunction. Only successfully merged, non-chimeric se-
quences were retained. A final sequence table was gener-
ated using makeSequenceTable, and chimeric reads were
removed using the removeBimeraDenovofunction.

The resulting dataset comprised ZOTUs suitable for
downstream taxonomic assignment and ecological analy-

Table 1. Metabarcoding primer sets for spider web samples

ses.

All high-confidence ZOTUs were queried against the
National Center for Biotechnology Information (NCBI)
nucleotide database using basic local alignment search
tool (BLAST). Taxonomic identification was assigned
to the species level if the sequence identity was 299%.
Sequences with 97-999% similarity were reported as sp.
within the corresponding genus.

Comparison with field surveys

To evaluate the feasibility of spider web eDNA as a
non-invasive tool, sequencing results were compared with
traditional field survey data. Field observations conducted
in the same season and region were sourced from the
NIE’s 2025 biodiversity survey report of the CCZ (NIE,
2025).

Results

Environmental DNA sequencing outcomes

eDNA extracted from spider webs collected at six sam-
pling points yielded a total of 2,000,944 sequencing
reads, corresponding to 602,284,144 base pairs (Table
2), which was sufficient for downstream analyses. How-
ever, overall Q20 and Q30 quality scores were suboptimal,
prompting sequence trimming using the DADA2 pipeline.
A sharp quality drop was observed after 160 bp, and
trimming was accordingly performed at this position. Fol-
lowing the full DADA2 workflow, a total of 531,988 reads
representing 880 unique sequences were retained.

Sequences with fewer than 10 reads were excluded from
further analysis under the assumption that they were
likely derived from non-specific amplification or sequenc-
ing errors. After this filtering step, 789 sequence vari-
ants comprising 531,429 reads were subjected to BLAST
searches using the NCBI1 nucleotide database.

Among the BLAST results, only 169,495 reads could be
confidently assigned to taxa with 2970% identity. Most
of the classified reads were attributed to mammals, fol-

Name Target taxa Sequence information Iﬁ:l%t Bn(:;t?;%;t Reference
16Smam1 Mamalian 5-CGGTTGGGGTGACCTCGGA-3’ 130 Taylor et al. (1996)
16Smam?2 5’-GCTGTTATCCCTAGGGTAACT-3’
16SRepl Reptile 5-AGACNAGAAGACCCTGTG-3’ 245 West et al. (2021)
16SRep2 5’-CCTGATCCAACATCGAGG-3’
12S-V5 Vertebrate 5’-CTAGAGGAGCCTGTTCTA-3’ 98 Riaz et al. (2011)
12S-V5 5’-TTAGATACCCCACTATGC-3’

MiBird Bird 5-GGGTTGGTAAATCTTGTGCCAGC-3’ 239 Ushio et al. (2018)
MiBird 5’-CATAGTGGGGTATCTAATCCCAGTTTG-3’
S100 PNIE 2025;6(Special):S98-S105
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Table 2. Summary of eDNA extraction and sequencing results

Sample ID Total bases (bp) No. of reads GC content (%) AT content (%) Q20 (%) Q30 (%)
Spweb1 109,673,564 364,364 44.8 55.2 53.7 45.9
Spweb2 82,574,534 274,334 45.2 54.8 55.5 48.0
Spweb3 88,909,982 295,382 45.6 54.4 58.3 50.9
Spweb4 117,520,032 390,432 46.1 53.9 54.4 46.9
Spweb5 98,614,222 327,622 46.0 54.0 54.7 47.3
Spweb6 104,991,810 348,810 45.9 54.1 57.4 50.1

eDNA, environmental DNA.
lowed by fungi, plants, birds, and amphibians (Fig. 2). Amphibia, Avian,

For the purposes of this study, only reads corresponding
to mammals, birds, and amphibians were retained; those
matching plants, bacteria, or human DNA were excluded
as non-target sequences.

Field survey results

A traditional biodiversity field survey was conducted
along the Baegamsan-Bimok trail in the CCZ region of
Hwacheon-gun, Gangwon province, South Korea. The
survey identified 12 mammal species (three orders, eight
families), 41 bird species (10 orders, 23 families), and nine
amphibian and reptile species (three orders, eight families)
(N1E, 2025). Two additional direct surveys had previ-
ously been conducted in the DMZ Peace Trail Hwacheon
section during 2022 and 2024. In 2022, due to access
restrictions during the spring, the survey was limited to
two to three seasons. This resulted in the identification of
16 mammal species (five orders, 10 families, 16 genera),
45 bird species (nine orders, 26 families, 35 genera), and
12 amphibian/reptile species (three orders, seven families,
nine genera). In 2024, access was granted only during the
spring, yielding a one-season survey in which 13 mam-
mal species (four orders, nine families, 11 genera), 41 bird
species (10 orders, 23 families, 31 genera), and nine am-
phibian/reptile species (three orders, eight families, seven
genera) were documented.

Comparison between eDNA and field survey results

In 2024, due to heightened tension between South and
North Korea, only one entry into the CCZ was permitted.
Field survey results from this single entry were compared
with the eDNA results. eDNA extracted from spider webs
collected at six sites along the field survey route revealed
13 species in total: nine mammal species belonging to
three orders and seven families, two bird species belong-
ing to one order and one family, and two amphibian spe-
cies belonging to one order and two families.

The Baegamsan-Bimok course of the DMZ Peace Trail
was previously referred to as the Hwacheon course of the
DMZ Peace Trail, and the only prior eDNA-related study

0.17% \/ 0.57%

Mammal,
99.26%

Fig. 2. Composition of three major biological groups iden-
tified by environmental DNA metabarcoding.

was conducted by the Ministry of Environment (2023),
which analyzed eDNA collected from water. Thus, no
comparative dataset exists for eDNA research using spider
webs. However, when direct survey results were compared
with the indirect survey results obtained from spider webs,
four mammal species—Hydropotes inermis, Sus scrofa,
Naemorhedus caudatus, and Sciurus vulgaris—were con-
gruent between the field survey and eDNA results, and all
bird and amphibian species detected through eDNA were
also species confirmed through the direct field survey.

Among the five mammal species detected only through
eDNA and not in the field survey, four species—Felis ca-
tus, Canis lupus familiaris, Bos taurus, and Capra hircus—
are taxa that are currently excluded from assessments in
natural ecosystem surveys (Table 3).

Discussion

Environmental DNA analysis results

More than 2,000,000 reads of eDNA extracted from
spider webs were identified, confirming that a consider-
able amount of genetic material adheres to spider webs.
However, due to the characteristics of eDNA, in which
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Table 3. List of vertebrate species identified from eDNA collected on spider webs

Taxa Scientific name Percent identity (%) No. of reads
Mammal Hydropotes inermis 100 10,289
Felis catus 100 64
Canis lupus familiaris 100 14
Sus scrofa 100 191
Naemorhedus caudatus 100 8,273
Bos taurus 100 22,050
Capra hircus 100 313
Rattus norvegicus 100 8,144
Sciurus vulgaris 100 7,027
Amphibia Bombina orientalis 100 14
Dryophytes japonicus 100 85
Avian Sittiparus varius 100 271
Parus major 100 52
eDNA, environmental DNA.
Table 4. Comparison of eDNA studies in South Korea
No. of
Research Research Sample O B
category environment type Target taxa detec}ed Advantage Limitation Reference
species

Current study  Restricted Spiderweb  Mammals, birds, 13 Applicable in Lack of reference  Current
(eDNA/ terrestrial amphibians restricted DB (especially study
spider web) area (CCZ) access areas limits ASV

identification)

Aquatic Restricted Freshwater  Fish 71 Applicable in Need to check Eum et al.
system aquatic restricted NCBI genetic (2023)
(eDNA) area (CCZ) access areas information

Terrestrial Near Spider web  Invertebrates 4 Can identify both  Difficult to Kim and
(spider web) agricultural (arthropods) the spider and distinguish Kim

land its prey through ~ between prey (2024)
the cobweb and eDNA

eDNA, environmental DNA; CCZ, Civilian Control Zone; ASV, amplicon sequence variant; NCBI, National Center for

Biotechnology Information.

Q20 and Q30 values are not sufficiently high (Xu et al.,
2015), the number of final usable reads was reduced. This
suggests the possibility that the eDNA in the samples was
partially degraded or contaminated due to the nature of
the material.

Crucially, the DADA2 pipeline, which is highly stringent,
was applied not only for quality filtering but also for the
removal of technical artifacts. The marked reduction in
the number of final reads (from 2,000,944 to 531,988)
was a deliberate consequence of excluding sequences
that were likely derived from sequencing errors, low qual-
ity, and, importantly, chimeric sequences (false hybrids
formed during PCR). This rigorous technical filtering
ensures that the resulting ASVs are highly accurate and

reliable for downstream analysis (Berard et al., 2025; By-
lemans et al., 2018).

As is commonly observed in metabarcoding studies
using universal vertebrate primers—especially when ap-
plied to complex substrates such as airborne eDNA—the
initial taxonomic assignments in this study also included
a substantial proportion of non-target taxa. These con-
sisted primarily of fungi and plants, which were likely co-
amplified due to the broad-binding properties of universal
primers rather than reflecting true biological abundance.
For the purpose of vertebrate-specific biodiversity moni-
toring, these sequences, along with those corresponding
to bacteria, archaea, and human DNA, were excluded to
enhance taxonomic precision. The resulting filtered da-
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taset, which retained only high-confidence vertebrate as-
signments, is summarized in Fig. 2.

In this study, eDNA from mammals was detected at no-
tably high levels. This is presumed to be due to their high
activity levels and the large amount of eDNA generated
through shedding hair, saliva, territorial marking, and
defecation. Additionally, because the number of mam-
mal species in the Korean ecosystem is relatively small,
genetic research on these species has been more active,
likely ensuring a sufficient number of reference sequences
required for BLAST analysis. 1t is expected that if genetic
studies on domestic species become more extensive in the
future, re-analysis of the present results may be possible.

Comparison with field survey results

When comparing the field survey results with the eDNA
results, only a very limited amount of information was
obtained relative to the field survey. Therefore, research
on the CCZ using eDNA from spider webs was determined
to be insufficient as a replacement for field surveys. How-
ever, its applicability appears to be high for small rodents
and other taxa that are difficult to study in field surveys
due to the necessity of traps or reliance on sensor cam-
eras. In Table 3, Rattus norvegicus, a small rodent, is a
species that is extremely difficult to visually observe in the
field and rarely appears along human movement paths.
Species with such ecological traits may be effectively
studied using eDNA.

In particular, mammals—with abundant genetic refer-
ences due to ongoing genetic research and which disperse
eDNA through territorial marking, defecation, activity,
and shedding—may be especially suited for complemen-
tary research using this method.

Additionally, the field survey detected Prionailurus ben-
galensis, one of the endangered species in Korea. This
species is typically surveyed in the field through feces
and footprints. However, in the eDNA results, spider webs
collected near feces attributed to P. bengalensis con-
tained DNA of E catus, not P. bengalensis. Since the two
species leave similar footprints and fecal characteristics,
this is presumed to be an error in field-based trace iden-
tification. Therefore, eDNA research using spider webs is
considered an appropriate method to complement such
trace-based surveys. In this context, previous research in
South Korea has successfully applied spider web eDNA to
identify spider species and their prey in agricultural eco-
systems (Kim & Kim, 2024), demonstrating the method’s
viability in domestic settings. A comparison of representa-
tive eDNA studies conducted in South Korea, including
the present study, is summarized in Table 4 (Eum et al.,
2023; Kim & Kim, 2024). However, the objectives and
technical challenges of the present study differ substan-
tially. Whereas the earlier study focused on invertebrate
detection and food web analysis, our research targeted

vertebrate species in a highly restricted terrestrial environ-
ment. The successful detection of mammals, birds, and
amphibians via spider web eDNA in the CCZ represents
the first such attempt in South Korea. This pioneering ap-
plication demonstrates the potential of spider web eDNA
as a conservation tool for biodiversity monitoring in inac-
cessible or ecologically sensitive areas.

Limitations in species-level identification

Another result observed in this study is that most of
the final eDNA sequences could not be accurately identi-
fied to the species level and were discarded. Among the
531,988 sequences obtained, only about 30% (169,495
sequences) were successfully matched via BLAST, which
suggests a high likelihood that the data included DNA
from species whose genetic information has not yet been
studied. This may indicate that the lack of genetic infor-
mation for Korean species currently limits the accuracy
of eDNA analyses, highlighting the need for expanding
genetic databases of domestic species in the future.

Conclusion

In the case of the DMZ and CCZ in Korea, these areas
represent ecological repositories that preserve natural
environments in their original form due to restrictions
imposed for safety and national security. Although many
researchers wish to access these regions for scientific
investigation, entry is strictly controlled because of na-
tional security and safety concerns. Since active research
cannot be conducted under conditions of limited time,
limited access, restricted survey areas, and safety risks, this
study was carried out as an effort to compensate for such
limitations by referring to preceding studies conducted
abroad. Overseas, eDNA has been applied to deep-sea en-
vironments, estuarine water-quality monitoring, and soil
assessments, and is also considered applicable to fields
such as ancient organism detection, plant-pollinator in-
teractions, diet analysis, invasive species monitoring, pol-
lution, and air-quality assessments (Ruppert et al., 2019).

However, unlike the substantial sequence data reported
in many foreign studies, this study obtained only a lim-
ited amount of sequencing data. This is attributed to the
fact that access was restricted in 2024 due to heightened
tensions between South and North Korea, resulting in a
single survey opportunity; that this was the first attempt
using spider webs, leaving issues such as optimal DNA
extraction methods and standardized spider-web collec-
tion procedures insufficiently developed; and that genetic
reference data for Korean species are lacking. These limi-
tations must be addressed and improved.

Rather than demonstrating a fully established detec-
tion method for eDNA, the present study indicates the
potential of eDNA-based approaches as a supplementary
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strategy for terrestrial ecological surveys in regions such
as the DMZ, where direct field investigations pose risks
to researcher safety and raise national security concerns.
To improve future research efficiency and accuracy, the
following enhancements are suggested. First, criteria for
spider-web collection and related methodologies should
be developed through diversified research efforts to im-
prove data quality. Second, reference databases must be
expanded by establishing genetic barcodes and genomic
information for Korean species to increase species-identi-
fication accuracy in BLAST analyses. Finally, a collabora-
tive system with the military should be established. To
enable regular and stable sample collection in the DMZ
and CCZ, a system in which personnel such as scientific
military units collect spider-web samples on site should
be developed.

This study represents a case demonstrating the poten-
tial of eDNA-based biodiversity surveys even in regions
with restricted access, such as the DMZ. With systematic
and periodic sample collection and expansion of genetic
reference data, this approach may be developed into a
practical and effective supplementary research tool in the
future.

Author Contributions

Conceptualization: SJE. Data curation: SJE, NK, HIJK,
JK. Formal analysis: SJE, NK. Funding acquisition: NK.
Writing — original draft: SJE, NK. Writing-review & edit-
ing: SJE, NK.

Conflict of Interest

The authors declare that they have no competing interests.

Funding

This study was supported by the National Institute of
Ecology, funded by the Ministry of Environment of the
Republic of Korea (NIE-C-2024-06-1).

References

Bak, G., Jung, S.Y., Shin, H.T., and Kim, S.J. (2023). Vascular
flora near the iron fences in South Korea’s demilitarized
zone. Journal of Asia-Pacific Biodiversity, 16, 20-26. https://
doi.org/10.1016/j.japb.2022.09.005

Berard, A., Pradel, J., Charbonnel, N., and Galan, M. (2025).
Spider webs, soil or leaf swabs to detect environmental DNA
from terrestrial vertebrates: what is the best substrate? Mo-
lecular Ecology Resources, 25, €70037. https://doi.org/10.
1111/1755-0998.70037

Bylemans, J., Gleeson, D.M., Hardy, C.M., and Furlan, E. (2018).
Toward an ecoregion scale evaluation of eDNA metabarcod-
ing primers: a case study for the freshwater fish biodiversity

of the Murray-Darling Basin (Australia). Ecology and Evolu-
tion, 8, 8697-8712. https://doi.org/10.1002/ece3.4387

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.\W., Johnson,
A.J.A., and Holmes, S.P. (2016). DADA2: high-resolution sam-
ple inference from 1llumina amplicon data. Nature Methods,
13, 581-583. https://doi.org/10.1038/nmeth.3869

Clare, E.L., Economou, C.K., Bennett, F.J., Dyer, C.E., Adams,
K., McRobie, B., et al. (2022). Measuring biodiversity from
DNA in the air. Current Biology, 32, 693-700.e5. https://doi.
org/10.1016/j.cub.2021.11.064

Eum, S.J., Kim, N., Seol, M.A., and Kim, J.Y. (2023). Comparative
analysis of freshwater fish species in civilian control zone in
South Korea: a comparison between direct survey results and
indirect assessment via eDNA. Korean Journal of Ichthyology,
35, 224-235. https://doi.org/10.35399/1SK.35.4.2

Gregori¢, M., Kutnjak, D., Ba¢nik, K., Gostincar, C., Pecman, A.,
Ravnikar, M., et al. (2022). Spider webs as eDNA samplers:
biodiversity assessment across the tree of life. Molecular Ecol-
ogy Resources, 22, 2534-2545. https://doi.org/10.1111/1755-
0998.13629

Hassan, S., Sabreena, Poczai, P., Ganai, B.A., Almalki, W.H., Ga-
fur, A, et al. (2022). Environmental DNA metabarcoding: a
novel contrivance for documenting terrestrial biodiversity.
Biology (Basel), 11, 1297. https://doi.org/10.3390/biol-
ogy11091297

Kim, K., and Kim, S.T. (2024). 1dentification of orb-web spider
species and their food source through environmental DNA
analysis. Journal of Ecology and Environment, 48, 207-213.
https://doi.org/10.5141/jee.24.030

Kim, K.C. (1997). Preserving biodiversity in Korea’s demilitarized
zone. Science, 278, 242-243. https://doi.org/10.1126/science.
278.5336.242

Kocher, A., de Thoisy, B., Catzeflis, F., Valiere, S., Batiuls, A.L.,
and Murienne, J. (2017). iDNA screening: disease vectors
as vertebrate samplers. Molecular Ecology, 26, 6478-6486.
https://doi.org/10.1111/mec.14362

Lynggaard, C., Bertelsen, M.F., Jensen, C.V., Johnson, M.S.,
Froslev, T.G., Olsen, M.T., et al. (2022). Airborne environ-
mental DNA for terrestrial vertebrate community monitoring.
Current Biology, 32, 701-707.e5. https://doi.org/10.1016/j.
cub.2021.12.014

Ministry of Environment. (2023). Ecological survey of the DMZ
Peace Trail: Inje, Yanggu, and Hwacheon sections. Ministry
of Environment.

National Institute of Ecology. (2025). Ecological conservation
and spatial management strategies in the DMZ area. National
Institute of Ecology.

Newton, J.P., Nevill, P., Bateman, P.W., Campbell, M.A., and Al-
lentoft, M.E. (2024). Spider webs capture environmental DNA
from terrestrial vertebrates. iScience, 27, 108904. https://doi.
org/10.1016/j.isci.2024.108904

Peng, X., Liu, Z., Gao, J., Zhang, Y., Wang, H., Li, C., et al. (2024).
Influence of Spider silk protein structure on mechanical and
biological properties for energetic material detection. Mol-
ecules, 29, 1025. https://doi.org/10.3390/molecules29051025

Riaz, T., Shehzad, W., Viari, A., Pompanon, F., Taberlet, P., and
Coissac, E. (2011). ecoPrimers: inference of new DNA barcode
markers from whole genome sequence analysis. Nucleic Acids
Research, 39, e145. https://doi.org/10.1093/nar/gkr732

S104

PNIE 2025;6(Special):S98-S105


https://doi.org/10.1016/j.japb.2022.09.005
https://doi.org/10.1016/j.japb.2022.09.005
https://doi.org/10.1111/1755-0998.70037
https://doi.org/10.1111/1755-0998.70037
https://doi.org/10.1002/ece3.4387
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.cub.2021.11.064
https://doi.org/10.1016/j.cub.2021.11.064
https://doi.org/10.35399/ISK.35.4.2
https://doi.org/10.1111/1755-0998.13629
https://doi.org/10.1111/1755-0998.13629
https://doi.org/10.3390/biology11091297
https://doi.org/10.3390/biology11091297
https://doi.org/10.1126/science.278.5336.242
https://doi.org/10.1126/science.278.5336.242
https://doi.org/10.1111/mec.14362
https://doi.org/10.1016/j.cub.2021.12.014
https://doi.org/10.1016/j.cub.2021.12.014
https://books.google.co.kr/books/about/2022_DMZ_%ED%8F%89%ED%99%94%EC%9D%98_%EA%B8%B8_%EC%83%9D%ED%83%9C%EA%B3%84_%EC%A1%B0%EC%82%AC.html?id=8Set0AEACAAJ&redir_esc=y
https://books.google.co.kr/books/about/2022_DMZ_%ED%8F%89%ED%99%94%EC%9D%98_%EA%B8%B8_%EC%83%9D%ED%83%9C%EA%B3%84_%EC%A1%B0%EC%82%AC.html?id=8Set0AEACAAJ&redir_esc=y
https://books.google.co.kr/books/about/2022_DMZ_%ED%8F%89%ED%99%94%EC%9D%98_%EA%B8%B8_%EC%83%9D%ED%83%9C%EA%B3%84_%EC%A1%B0%EC%82%AC.html?id=8Set0AEACAAJ&redir_esc=y
https://doi.org/10.1016/j.isci.2024.108904
https://doi.org/10.1016/j.isci.2024.108904
https://doi.org/10.3390/molecules29051025
https://doi.org/10.1093/nar/gkr732

Spider Web eDNA Survey in the CCZ

PNIE

Ruppert, K.M., Kline, R.J., and Rahman, M.S. (2019). Past, pres-
ent, and future perspectives of environmental DNA (eDNA)
metabarcoding: a systematic review in methods, monitoring,
and applications of global eDNA. Global Ecology and Con-
servation, 17, e00547. https://doi.org/10.1016/j.gecco.2019.
e00547

Taylor, P.G. (1996). Reproducibility of ancient DNA sequences
from extinct Pleistocene fauna. Molecular Biology and Evo-
lution, 13, 283-285. https://doi.org/10.1093/oxfordjournals.
molbev.a025566

Ushio, M., Murata, K., Sado, T., Nishiumi, 1., Takeshita, M., Twa-
saki, W., et al. (2018). Demonstration of the potential of en-
vironmental DNA as a tool for the detection of avian species.
Scientific Reports, 8, 4493. https://doi.org/10.1038/s41598-
018-22817-5

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J.,
Thomsen, P.E, et al. (2016). Next-generation monitoring of
aquatic biodiversity using environmental DNA metabarcod-
ing. Molecular Ecology, 25, 929-942. https://doi.org/10.1111/
mec.13428

West, K.M., Heydenrych, M., Lines, R., Tucker, T., Fossette, S.,
Whiting, S., et al. (2021). Development of a 16S metabar-
coding assay for the environmental DNA (eDNA) detection
of aquatic reptiles across northern Australia. Marine and
Freshwater Research, 74, 432-440. https://doi.org/10.1071/
MF20288

Xu, C.C., Yen, 1.J., Bowman, D., and Turner, C.R. (2015). Spider
web DNA: a new spin on noninvasive genetics of predator
and prey. PLoS One, 10, e0142503. https://doi.org/10.1371/
journal.pone.0142503

https://doi.org/10.22920/PNIE.2025.6.Special.S98

S105


https://doi.org/10.1016/j.gecco.2019.e00547
https://doi.org/10.1016/j.gecco.2019.e00547
https://doi.org/10.1093/oxfordjournals.molbev.a025566
https://doi.org/10.1093/oxfordjournals.molbev.a025566
https://doi.org/10.1038/s41598-018-22817-5
https://doi.org/10.1038/s41598-018-22817-5
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
https://doi.org/10.1071/MF20288
https://doi.org/10.1071/MF20288
https://doi.org/10.1371/journal.pone.0142503
https://doi.org/10.1371/journal.pone.0142503

Instruction for Authors

J
'P N I E PROCEEDINGS OF
THE NATIONAL INSTITUTE OF ECOLOGY OF

THE REPUBLIC OF KOREA

AIMS AND SCOPE

Proceedings of the National Institute of Ecology of the Repub-
lic of Korea (PNIE; pISSN 2765-2203, eISSN 2765-2211) is an
open access and online journal aimed at promoting outcomes
of basic ecological researches carried out in Korea and abroad.
The journal focuses on not only basic ecological research on
terrestrial and aquatic populations, communities, ecosystems
and landscapes but also applied issues such as data science and
climate change based on ecological research.

GENERAL INFORMATION

PNIE is the official English language journal of the National
Institute of Ecology (NIE) of the Republic of Korea. PNIE
started its first issue in November 1, 2020. PNIE is published
quarterly in a year (February 1, May 1, August 1, November
1). The Journal publishes research papers, invited reviews
and data papers. This multidisciplinary journal is a showcase
of original researches being conducted by the ecologists in
Korea and abroad. And PNIE is committed to represent eco-
logical research from Asia-Pacific region. Worldwide coop-
erative research initiatives are also welcome. PNIE is indexed
in Google Scholar and KCI (Korea Citation Index).

CONTACTS

For subscription and all other information visit our website
available from: https://acoms.accesson.kr/pnie/oprs/main/jrl
Main.do. To subscribe to this journal or renew your current
subscription, please contact us through Tel (+82-41-950-
5421), or E-mail (pnie@nie.re.kr).

OPEN ACCESS

This is an open access journal available free of charge. Ar-
ticles published in PNIE are distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted noncommercial use, distribution, and
reproduction in any medium, provided the original work is
properly cited. For any commercial use of material from the
open access version of the journal, permission MUST be ob-
tained from the Editorial Board.

EDITORIAL POLICIES AND
ETHICAL CONSIDERATIONS

PNIE adheres to the research and publication ethics policies
outlined in International Standards for Editors and Authors

Enacted August 5, 2020
Revised March 19, 2024
Revised June 23, 2025

(https://publicationethics.org/resources/international-stan-
dards-for-editors-and-authors) and Recommendations for
the Conduct, Reporting, Editing, and Publication of Schol-
arly work in Medical Journals (https://www.icmje.org/reco
mmendations); International Committee of Medical Journal
Editors (ICMJE). Any studies involving human subject must
comply with the principles of the World Medical Association
Declaration of Helsinki (2024; https://www.wma.net/policies-
post/wma-declaration-of-helsinki/). Clinical research should
be approved by the Institutional Review Board (IRB), as well
through patient consent. A patient’s personal information
cannot be published in any form. However, if it is absolutely
necessary to use a patient’s personal information, the con-
sent of the patient or his/her guardian will be needed before
publishing. Animal studies should be performed in compli-
ance with all relevant guidelines, including the standards
described in the National Institutes of Health (NTH) Guide for
the Care and Use of Laboratory Animals and the guidelines
provided by the Institutional Animal Care and Use Commit-
tee (IACUC).

Cases that require editorial expressions of concern or retrac-
tion shall follow the Committee on Publication Ethics (COPE)
flowcharts available from: https://publicationethics.org/re-
sources/flowcharts. 1f correction is needed, it will follow the
ICMJE Recommendation for Corrections, Retractions, Repub-
lications and Version Control available from: https://www.ic-
mje.org/recommendations/browse/publishing-and-editorial-
issues/corrections-and-version-control.html.

Honest errors are a part of science and publishing and require
publication of a correction when they are detected. Correc-
tions are needed for errors of fact. Minimum standards are
as follows: First, it shall publish a correction notice as soon
as possible, detailing changes from and citing the original
publication on both an electronic and numbered print page
that is included in an electronic or a print Table of Contents
to ensure proper indexing; Second, it shall post a new article
version with details of the changes from the original version
and the date(s) on which the changes were made through K-
Mark; Third, it shall archive all prior versions of the article.
This archive can be either directly accessible to readers; and
Fourth, previous electronic versions shall prominently note
that there are more recent versions of the article via K-Mark.

1. Copyright

The copyright for all publications is owned by NIE. Permis-
sion must be obtained from the NIE for any commercial use
of materials. All authors must sign a “Copyright Transfer
Agreement” and submit it online through the PNIE electronic


https://acoms.accesson.kr/pnie/oprs/main/jrnlMain.do
https://acoms.accesson.kr/pnie/oprs/main/jrnlMain.do
https://publicationethics.org/resources/international-standards-for-editors-and-authors
https://publicationethics.org/resources/international-standards-for-editors-and-authors
https://www.icmje.org/recommendations
https://www.icmje.org/recommendations
https://www.wma.net/policies-post/wma-declaration-of-helsinki/
https://www.wma.net/policies-post/wma-declaration-of-helsinki/
https://publicationethics.org/resources/flowcharts
https://publicationethics.org/resources/flowcharts
https://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/corrections-and-version-control.html
https://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/corrections-and-version-control.html
https://www.icmje.org/recommendations/browse/publishing-and-editorial-issues/corrections-and-version-control.html

PNIE

submission system (https://acoms.accesson.kr/pnie/oprs/
main/jrniMain.do).

Creative Commons Attribution License (CC-BY-NC)

2. Copyright Transfers

Any usage rights are regulated through the Creative Commons
License. NIE Publishers uses a Creative Commons Attribution
License (CC-BY-NC), which permits reusers to distribute, remix,
adapt and build upon the material in any medium or format
for non-commercial purposes only if attribution is provided.
Authors of approved manuscripts shall acknowledge that the
copyright of the manuscript is held by the NIE and shall agree
that NIE holds the rights to publish, transmit, sell, and distrib-
ute the manuscript through academic journals or other media.

3. Data Sharing and Data Accessibility

Authors should include a data accessibility statement, in-
cluding a link to the repository they have used, in order that
this statement can be published alongside their paper. This
journal follows the data sharing policy described in “Data
Sharing Statements for Clinical Trials: A Requirement of the
International Committee of Medical Journal Editors”. The
1CMJE’s policy regarding trial registration is explained at
https://www.icmje.org/recommendations/browse/publishing-
and-editorial-issues/clinical-trial-registration.html. 1f the
data sharing plan changes after registration this should be
reflected in the statement submitted and published with the
manuscript, and updated in the registry record.

4. Desk Rejection

During the pre-review evaluation, Editors-in-Chief or Subject
Editors check the manuscript for compliance with the jour-
nal’s guidelines, focus, and scope. At this point, they may
reject a manuscript prior to sending it out for peer review,
specifying the reasons. The most common ones are non-
conformity with the journal’s focus, scope and policies and/
or low scientific or linguistic quality. In such cases, authors
are encouraged to considerably improve their manuscript
and resubmit it for a review. We encourage authors whose
manuscripts have been desk rejected due to being out of the
scope of this journal to consider another potentially suitable
title from the PNIE Editorial Board.

In case the manuscript is suitable for the journal but has to
be corrected technically or linguistically, it will be returned
to the authors for improvement. The authors will need to re-
submit.

5. Peer Review

The acceptance criteria for all papers are the quality and
originality of the research and its significance to our reader-
ship. Except where otherwise stated, manuscripts are peer
reviewed by two anonymous reviewers and the Editor. We
adopt single-blind peer review in which case, not only au-
thors but also reviewers do not know each other. Final ac-
ceptance or rejection rests with the Editorial Board, who

reserves the right to refuse any material for publication.
Authors should abide by the decision made, and if asked to
submit a revised version of their manuscript, do so by the
designated due date.

Manuscripts should be written in a clear, concise, direct style.
Where contributions are judged as acceptable for publication
on the basis of scientific content, the Editor and the Pub-
lisher reserve the right to modify typescripts to eliminate am-
biguity and repetition and improve communication between
author and reader. If extensive alterations are required, the
manuscript will be returned to the author for revision.

6. Ethical Considerations

Any experiments involving animals must be demonstrated to
be ethically acceptable and where relevant conform to na-
tional guidelines for animal usage in research.

In taxonomic papers, type specimens and type depositories
must be clearly designated and indicated. Authors are re-
quired to deposit the name-bearing type material in interna-
tionally recognized institutions (not private collections).

When the research is carried out in areas for which research
permits are required (e.g. nature reserves), or when it deals
with organisms for which collection or import/export permits
are required (e.g. protected species), the authors must clearly
detail obtaining these permits in the Acknowledgments sec-
tion.

7. Authorship Policy

All listed authors must have contributed significantly to the
paper, and all authors must be in agreement with the con-
tent of the submitted manuscript and must approve of the
final version. Please see “Research and Publication Ethics”
for detailed information on authorship and author’s respon-
sibilities.

8. Conflicts of Interest

The journal requires that all authors disclose any potential
sources of conflict of interest. Any interest or relationship,
financial or otherwise that might be perceived as influenc-
ing an author’s objectivity is considered a potential source
of conflict of interest. These must be disclosed when directly
relevant or directly related to the work that the authors de-
scribe in their manuscript. Potential sources of conflict of
interest include, but are not limited to, patent or stock own-
ership, membership of a company board of directors, mem-
bership of an advisory board or committee for a company,
and consultancy for or receipt of speaker’s fees from a com-
pany. The existence of a conflict of interest does not pre-
clude publication. 1t is the responsibility of the corresponding
author to review this policy with all authors and collectively
to disclose with the submission ALL pertinent commercial
and other relationships. 1f there are no competing interests,
the statement should read, “The authors declare that they
have no competing interests.” Additionally, potential con-
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flicts of interest of editorial board members should also be
disclosed in the manuscript.

9. Publication Ethics

This journal is a member of the COPE. Note this journal
uses the iThenticate tool of the Similarity Check program to
screen published and submitted content for originality. For
more information on Similarity Check, see https://www.cross-
ref.org/services/similarity-check/. All manuscripts submitted
to PNIE are subject to screening using the iThenticate tool
for textual similarity to other previously published works.

Reproduction of Copyright Material. 1f excerpts from copy-
righted works owned by third parties are included, credit
must be shown in the contribution. 1t is the author’s respon-
sibility to also obtain written permission for reproduction
from the copyright owners.

MANUSCRIPT SUBMISSION

1. Select Article Type

e QOriginal (Research) Articles

Original (Research) Article is publishing research on basic
ecological research on terrestrial and aquatic populations,
communities, ecosystems, and landscapes, as well as eco-
logical research in general. Manuscripts include a title page
(with a running title), abstract and keywords, text (intro-
duction, materials and methods, results, and discussion),
author contributions, conflicts of interest, acknowledgments,
funding, references, tables, figures, and figure legends.

® Review Articles

Review Article is expected to be focused discussion of de-
fined topics relevant to the scope of PNIE. General remarks
are same with original article. Manuscripts include a title
page (with a running title), abstract and keywords, text, au-
thor contributions, conflicts of interest, acknowledgments,
funding, references, tables, figures, and figure legends.

® Case Reports

Unique cases that make an important teaching point or
scientific observation may be suitable for case report. This
should consist of title page, abstract, text (including intro-
duction, case report, and discussion), author contributions,
conflicts of interest, acknowledgments, funding, references,
tables, figures, and figure legends.

2. Submission

Thank you for your interest in PNIE. Note that submission
implies that the content has not been published or submit-
ted for publication elsewhere except as a brief abstract in the
proceedings of a scientific meeting or symposium.

Once you have prepared your submission in accordance with
the Guidelines, manuscripts should be submitted online at
https://acoms.accesson.kr/pnie/oprs/main/jrniMain.do.

® At least two files should be submitted.
The covering letter and the manuscript. The covering letter
should be up- loaded as a file not for review. Figures and
tables should also be uploaded as separate files. Figures
and tables should also be uploaded as separate files.

® Submissions should be double-spaced.
The top, bottom and side margins should be at least 30
mm. All pages should be numbered consecutively in the
top right-hand corner, beginning with the title page.

® MS Word format is preferred.
The submission system will prompt you to use an Open
Researcher and Contributor 1D (ORCiD) to help distin-
guish your work from that of other researchers.

For help with submissions, please contact:
e Homepage: https://www.nie.re.kr

® E-mail: pnie@nie.re.kr

e Tel: +82-41-950-5421

We look forward to your submission.

3. Publication Charges

There is no charges to publish a article in PNIE. There is also
no submission fee. PNIE is academic journal is published
with the support of the NIE.

4. Preparing Your Submission

Submissions should be double-spaced. The top, bottom and
side margins should be at least 30 mm. All pages should be
numbered consecutively in the top right-hand corner, begin-
ning with the title page.

® The entire article should be supplied as a single file; only
figures and tables should be supplied as separate files.

® Figures must be supplied as high resolution .tif or .eps
files. For more information, refer to ‘Figures’ later in this
document.

e Specify the first author’s surname, the journal title and the
manuscript number.

® MS Word format is preferred.

1) Covering Letter
Papers are accepted for publication in the journal on the
understanding that the content has not been published or
submitted for publication elsewhere. This must be stated in
the covering letter.

The covering letter must also contain an acknowledgment
that all authors have contributed significantly, and that all
authors are in agreement with the content of the manu-
script. The role of each author should be written.

Authors must declare any financial support or relationships
that may pose conflict of interest.

If tables or figures have been reproduced from another
source, a letter from the copyright holder (usually the Pub-
lisher), stating authorization to reproduce the material, must
be attached to the covering letter.
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2) Pre-submission English-language Editing

Authors for whom English is a second language may be rec-
ommended to have their manuscript professionally edited
before submission to improve the English.

3) Style of the Manuscript

Spelling. The journal uses US spelling and authors should
therefore follow the latest edition of the Merriam-Webster’s
Collegiate Dictionary.

Units. All measurements must be given in S1 or Sl-derived
units.

Abbreviations. Abbreviations should be used sparingly — only
where they ease the reader’s task by reducing repetition of
long, technical terms. Initially use the word in full, followed
by the abbreviation in parentheses. Thereafter use the ab-
breviation only.

Trade names. Chemical substances should be referred to by
the generic name only. Trade names should not be used.

Zoological nomenclature. All papers must conform to the
latest edition of the International Code of Zoological No-
menclature. Upon its first use in the title, abstract and text,
the common name of a species should be followed by the
scientific name (genus, species and authority) in parenthe-
ses. Genus names should not be abbreviated at the begin-
ning of paragraphs.

Genetic nomenclature. Standard genetic nomenclature
should be used.

Nucleotide sequence data can be submitted in electronic
form to any of the three major collaborative databases:
DDBJ, EMBL or GenBank. 1t is only necessary to submit to
one database as data are exchanged between DDBJ, EMBL
and GenBank on a daily basis. The suggested wording for
referring to accession-number information is: “These se-
quence data have been submitted to the DDBJ/EMBL/Gen-
Bank databases under accession number U12345.”

Addresses are as follows:

DNA Data Bank of Japan (DDBJ) https://www.ddbj.nig.ac.jp
EMBL Nucleotide Sequence Submissions https://www.ebi.ac.uk
GenBank https://www.ncbi.nlm.nih.gov

MANUSCRIPT ORGANIZATION AND FORMAT

1. Word Length

The length of an article (including references, tables and ap-
pendices) should not exceed 20 printed pages for research
papers and invited reviews.

2. Parts of the Manuscript
Manuscripts should be presented in the following order: (i)
title page, (i) title page, (i) abstract and keywords, (iii) text, (iv)

author contributions, (v) conflicts of interest, (vi) acknowl-
edgments, (vii) funding, (viii) supplementary information, (ix)
references, (x) tables (each table complete with title and foot-
notes), (xi) figure legends and (xii) appendices. Figures and
supporting information should be supplied in separate files, if
relevant. Footnotes to the text are not allowed and any such
material should be incorporated into the text as parenthetical
matter.

Divide your article into clearly defined sections. Each subsec-
tion is given a brief heading. Each heading should appear on
a separate line.

1) Title Page

The title page should contain:

(i) a short informative title that contains the major key
words. The title should not contain abbreviations;

(ii) a short running title of less than 40 characters;

(iii) the full names of the authors and ORCIDs of the authors;
(iv) the author’s institutional affiliations at which the work
was carried out.

The present address of any author, if different from that
where the work was carried out, should be supplied in a
footnote.

2) Abstract and Keywords

All articles must have a brief abstract that states in 250
words or fewer the purpose, basic procedures, main findings
and principal conclusions of the study. The abstract should
not contain abbreviations or references.

Up to six key words (for the purposes of indexing) should be
supplied below the abstract in alphabetical order. For the se-
lection of keywords, refer Medical Subject Heading in Index
Medicus or in internet site, https://www.nlm.nih.gov/mesh/
MBrowser.html.

3) Text

Authors should use the following subheadings to divide the
sections of their manuscript: Introduction, Materials and
Methods, Results, and Discussion.

(1) Introduction
Study rationale and relevant background information should
be described clearly and concisely.

(2) Materials and Methods

Study materials and methods should be described in the fol-
lowing order: study design, materials and methods.

Ensure correct use of the terms sex (when reporting biologi-
cal factors) and gender (identity, psychosocial or cultural fac-
tors), and, unless inappropriate, report the sex and/or gender
of study participants, the sex of animals or cells, and describe
the methods used to determine sex and gender. If the study
was done involving an exclusive population, for example in
only one sex, authors should justify why, except in obvious
cases (e.g., prostate cancer). Authors should define how they
determined race or ethnicity and justify their relevance.
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Any study using human subjects or materials should be
approved by the 1RB, as well through patient consent. Af-
filiation name of 1RB and approval number must be clearly
stated as the following: “This study was approved by the
IRB of [Name of Affiliation] (Approval Number)”. Any study
using animals should state the TACUC approval and num-
ber. Any other ethics approvals should also be listed. 1f no
ethical approvals were achieved or required, please state the
reason (e.g., “In this study, the IRB of [Name of Affiliation]
approved the exemption and allowed authors to review the
patient’s records with no need for the informed consents.”)

(3) Results
Study results should be reported in a clear and logical manner.

(4) Discussion

The results must be explained in relation to the hypotheses
proposed in the Introduction. Keep in mind that the Discus-
sion must not be a mere restatement of the results. Authors
must emphasize new and important discoveries of the study
and state the conclusions drawn from the results in relation
to the purpose of the study. The shortcomings and limita-
tions of the study must also be mentioned.

(5) Author Contributions

Enter all author contributions in the submission system dur-
ing submission. The contributions of all authors must be
described using the CRediT Taxonomy of author roles. Read
the policy. To qualify for authorship, all contributors must
meet at least one of the seven core contributions (conceptu-
alization, methodology, software, validation, formal analysis,
investigation, and data curation), as well as at least one of
the writing contributions (original draft preparation, review,
and editing). Authors may also satisfy the other remaining
contributions; however, these alone will not qualify them
for authorship. Contributions will be published with the final
article, and they should accurately reflect contributions to
the work. The submitting author is responsible for complet-
ing this information at submission, and it is expected that
all authors will have reviewed, discussed, and agreed to their
individual contributions prior to manuscript submission.

e Example of author contributions:

Conceptualization: ***, *** Data curation: ***, ***. Formal
analysis: ***, ***_ Funding acquisition: ***, *** Investigation:
woxl % Methodology: ***, ***. Project administration: ***,
***_ Resources: ***, ***_ Software: ***, ***_ Supervision: ***, ***,
Validation: ***, ***_ Visualization: ***, ***, Writing - original
draft: ***, *** Writing - review & editing: ***, ***,

(6) Conflicts of Interest

The authors must disclose any potential conflicts of interest
possibly influencing the research or interpretation of data at
the time of submission. In particular, all sources of funding
for a study should be explicitly stated. Statements on con-
flict of interest have no influence on the editorial decision
to publish. 1f there are no competing interests, the statement
should read, “The authors declare that they have no com-

peting interests.” Additionally, potential conflicts of interest
of editorial board members should also be disclosed in the
manuscript.

(7) Acknowledgments

Any persons that contributed to the study or the manuscript,
but not meeting the requirements of an authorship could be
placed here. For mentioning any persons or any organiza-
tions in this section, there should be a written permission
from them.

(8) Funding

For each source of funds, both the research funder and the
grant number should be listed here. 1f there is no funding
resource, the following is an example of a sentence that can
be used: “None”.

4) References

The Harvard (author, date) system of referencing is used
(examples are given below). In the text, give the author’s
name followed by the year in parentheses: Smith (2000). 1f
there are two authors use ‘and’: Smith and Jones (2001); but
if cited within parentheses use ‘€&’: (Smith & Jones, 2001).
When reference is made to a work by three or more authors,
the first name followed by et al. should be used: MacDonald
et al. (2002). In the reference list, references should be listed
in alphabetical order.

In the reference list, cite the names of all authors when
there are six or fewer; when seven or more, list the first six
followed by et al. Do not use ibid. or op cit. Reference to
unpublished data and personal communications should not
appear in the list but should be cited in the text only (e.g.
A. Smith, unpubl. data, 2005). All citations mentioned in the
text, tables or figures must be listed in the reference list.
Authors are responsible for the accuracy of the references.

(1) Journal Article

Sugumaran, M., Saul, S.J., and Ramesh, N. (1985). Endog-
enous protease inhibitors prevent undesired activation of
prophenoloxidase in insect haemolymph. Biochemical and
Biophysical Research Communications, 132, 1124-1129.
https://doi.org/10.1016/0006-291x(85)91923-0

(2) Book
Chapman, R.E. (1971). The Insects Structure and Function,
3rd ed. Elsevier.

(3) Web Sites

Chapman, K., and Brown, M. (2010). The future of digital li-
brary in Asia. Digital Libraries, 7, 111-119. Retrieved May 5,
2010 from https://www.diglib.org/publist.htm.

GBIF. (2024). Global biodiversity information facility. Re-
trieved December 9, 2024 from www.gbif.org.

(4) Chapter in a Book
Driever, M. (1993). Maternal control of anterior development
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in the Drosphila embryo. In M. Bate, and A.M. Aris (Eds.),
The Development of Drosophila Melanogaster (pp. 387-424).
Cold Spring Harbor Laboratory Press.

(5) Conference Abstract

Hong, K.D., and Kim, L.P. (1997). The sources and migratory
pathway of locusts in Korea. Paper presented at The 50th
Annual Meeting of The Entomological Society of Korea,
Seoul, Korea.

References in articles

We recommend the use of a tool such as EndNote or Refer-
ence Manager for reference management and formatting.
EndNote reference styles can be searched for here: https://
www.endnote.com/support/enstyles.asp. Reference Manager
reference styles can be searched for here: https://www.ref-
man.com/support/rmstyles.asp.

5) Tables

Tables should be self-contained and complement, but not
duplicate, information contained in the text. Number tables
consecutively in the text in Arabic numerals. Type tables on
a separate page with the legend above. Legends should be
concise but comprehensive - the table, legend and footnotes
must be understandable without reference to the text. Verti-
cal lines should not be used to separate columns. Column
headings should be brief, with units of measurement in pa-
rentheses; all abbreviations must be defined in footnotes.
Footnote symbols: *, %, §, ¢, should be used (in that order)
and ¥, **, ** should be reserved for P-values. Statistical mea-
sures such as SD or SEM should be identified in the head-
ings.

6) Figure Legends

Type figure legends on a separate page. Legends should be
concise but comprehensive - the figure and its legend must
be understandable without reference to the text. Include
definitions of any symbols used and define/explain all abbre-
viations and units of measurement.

(1) Figures

All illustrations (line drawings and photographs) are classified
as figures. Figures should be cited in consecutive order in the
text. Figures should be sized to fit within the column (80
mm), intermediate (110 mm) or the full text width (167 mm).

Do not embed figures in the Word document - they must be
supplied in separate files. Figures must be supplied as high
resolution (at least 300 d.p.i.) files, saved as .eps or .tif. Line
figures should be supplied in .eps format as at least 600 d.p.i.
For very simple line figures, .xIs and .ppt files will be accept-
ed. Combination figures (with an image and text) should be
in .eps format as at least 600 d.p.i. They can be supplied as
tif files but if so should be at least 600 d.p.i. and line work
should not appear jagged. Line figures should be supplied
as sharp, black and white graphs or diagrams, drawn profes-
sionally or with a computer graphics package. Lettering must

be included and should be sized to be no larger than the
journal text.

Magnifications should be indicated using a scale bar on the
illustration.

7) Appendices

Appendices will be published after the references. For sub-
mission they should be supplied as separate files but re-
ferred to in the text.

8) Supplementary Information

Supplementary information is information that is not essential
to the article but that provides greater depth and background.
1t is hosted online, and appears without editing or typeset-
ting. 1t may include tables, figures, videos, datasets, etc.

9) Other Manuscript Formats
General guidelines are same as for original articles.

(1) Case Reports

Unique cases that make an important teaching point or sci-
entific observation may be suitable for case report. Abstract
should be written in English within 150 words in one para-
graph. This should consist of title page, abstract, text (in-
cluding Introduction, Case Report, and Discussion), author
contributions, conflicts of interest, acknowledgments, fund-
ing, references, tables, figures, and figure legends.

(2) Review Articles

Review Article is expected to be focused discussion of de-
fined topics relevant to the scope of PNIE. General remarks
are same with original article. Manuscripts include a title
page (with a running title), abstract and keywords, text, au-
thor contributions, conflicts of interest, acknowledgments,
funding, references, tables, and figures. Abstract should be
written in English within 150 words in one paragraph. The
text can be written in free style. The review articles should
be submit- ted in the same way as regular papers and re-
ceived the same review process.

AUTHOR LICENSING

1f your paper is accepted, the author identified as the formal
corresponding author will receive an email prompting them
to complete a copyright license agreement on behalf of all
authors of the paper.

PUBLICATION PROCESS AFTER ACCEPTANCE

1. Accepted Article Received in Production

When your accepted article is received by the production
team, you (corresponding authors) will receive an email ask-
ing you to login to sign a publication license at this point.

2. Proofs
Authors will receive an e-mail notification with a link and
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instructions for accessing HTML page proofs online. Page
proofs should be carefully proofread for any copyediting or
typesetting errors. Online guidelines are provided within the
system. No special software is required, all common brows-
ers are supported. Authors should also make sure that any

renumbered tables, figures, or references match text citations
and that figure legends correspond with text citations and
actual figures. Proofs must be returned within 48 hours of
receipt of the email. Return of proofs via e-mail is possible in
the event that the online system cannot be used or accessed.



Research and Publication Ethics

PROCEEDINGS OF
THE NATIONAL INSTITUTE OF ECOLOGY OF
THE REPUBLIC OF KOREA

PNI

The Proceedings of the National Institute of Ecology of the
Republic of Korea (PNIE) adheres to the ethical guidelines
for research and publication described in Guidelines on
Good Publication (http://publicationethics.org/resources/
guidelines), the International Committee of Medical Jour-
nal Editors (ICMJE) Guidelines (http://www.icmje.org), and
Principles of Transparency and Best Practice in Scholarly
Publishing (http://doaj.org/bestpractice). PNIE follows the
international standards for editors and authors press release,
https://publicationethics.org/resources/international-stan-
dards-for-editors-and-authors and the Committee on Pub-
lication Ethics (COPE) flowcharts, https://publicationethics.
org/resources/flowcharts.

All authors of a manuscript must have agreed to its submis-
sion and are responsible for its content, including appropri-
ate citations and acknowledgments; they must also have
agreed that the corresponding author has the authority to
act on their behalf on all matters pertaining to the publica-
tion of the paper. By publishing in this journal, the authors
agree that the National Institute of Ecology has the right to
protect the manuscript from misappropriation. llustrations in
published articles will not be returned to the authors.

1. Authorship
PNIE follows the recommendations for authorship by the 1C-
MJE (https://www.icmje.org/recommendations/). Authorship
credit should be based on 1) substantial contributions to
the con- ception or design of the work; or the acquisition,
analysis, or interpretation of data for the work; 2) drafting
the work or reviewing it critically for important intellectual
content; 3) final approval of the version to be published;
and 4) agree- ment to be accountable for all aspects of the
work in ensur- ing that questions related to the accuracy or
integrity of any part of the work are appropriately investi-
gated and resolved. Authors should meet conditions of 1, 2,
3, and 4. After the initial submission of a manuscript, any
changes whatsoever in authorship (adding author(s), deleting
author(s), or re-arranging the order of authors) must be ex-
plained by a letter to the editor from the authors concerned.
This letter must be signed by all authors of the paper. Copy-
right assignment must also be completed by every author.
¢ Corresponding author and first author: PNIE does not al-
low multiple corresponding authors for one article. Only
one author should correspond with the editorial office
and readers for one article. PNIE does accept notice of
equal contribution for the first author when the study was
clearly performed by co-first authors.
e Correction of authorship after publication: PNIE does

Enacted August 5, 2020
Revised July 26, 2022
Revised June 23, 2025

not correct authorship after publication unless a mistake
has been made by the Editorial Staff. Authorship may be
changed before publication but after submission when an
authorship correction is requested by all of the authors
involved with the manuscript.

2. Review Process

PNIE is a peer-reviewed (single-blind peer review) journal
and the manuscripts are reviewed by two referees with abun-
dant research experience in the relevant fields of the submit-
ted manuscript, and the final editorial decision is made by
the Editorial Committee, based on the referees’ evaluations.
After reviewing, the manuscript is returned to the corre-
sponding author for revision, the revised manuscript must
be re-submitted within one month. 1f it is not submitted
within the designated period without any special reasons,
such manuscript is deemed to be withdrawn from evaluation
voluntarily.

3. Ethical Aspects

The author should not use ideas, research or records of
others without quoting them. The corresponding author is
responsible for all the contents of the manuscript. Authors
must deposit data, strains or other materials in scientific col-
lections (e.g., culture collections, herbaria, GenBank, etc.)
to make it possible to repeat the experiments and perform
future research. Research published in the PNIE must have
been conducted in accordance with institutional, national
and international guidelines concerning the use of animals
in research and/or the sampling of endangered species. For
the policies on research and publication ethics that are not
stated in these instructions, the Guidelines on Good Publica-
tion (https://publicationethics.org/resources/guidelines), Pub-
lication of Scholarly Work in Medical Journals (https://www.
icmje.org/icmje-recommendations.pdf) and the Principles
of Transparency and Best Practice in Scholarly Publishing
(https://doaj.org/bestpractice).

4. Conflicts of Interest Statement

The corresponding author is responsible for disclosing any
potential conflicts of interest that may influence the inter-
pretation of the study’s data or findings. Potential conflicts
include, but are not limited to, financial support or affilia-
tions with pharmaceutical companies, as well as academic or
institutional relationships that could affect objectivity.

All sources of funding relevant to the research must be clear-
ly stated. 1f no competing interests exist, the authors should
include the following statement:

“The authors declare that they have no competing interests.”
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Additionally, any potential conflicts of interest involving
members of the editorial board should be disclosed within
the manuscript.

5. Secondary Publication

1t is possible to republish manuscripts if the manuscripts
satisfy the conditions of secondary publication of the ICMJE
Recommendations (https://www.icmje.org/urm_main.htmi).

6. Originality, Plagiarism and Duplicate Publication

All submitted manuscripts should be original and should not
be under consideration by other scientific journals for publi-
cation at the same time. No part of the accepted manuscript
should be duplicated in any other scientific journal with-
out the prior permission of the Editorial Board. Submitted
manuscripts are screened for possible plagiarism or duplicate
publication by Similarity Check upon arrival. If plagiarism or
duplicate publication is detected, the manuscripts may be
rejected, the authors will be announced in the journal, and
their institutions will be informed. There will also be penal-
ties for the authors. Submission of a manuscript implies
that: 1) the work description has not been published; 2) it is
not under consideration for publication elsewhere; and 3) its
publication has been approved by all co-authors.

7. Process for Managing Research and Publication
Misconduct

When the journal faces suspected cases of research and
publication misconduct such as redundant (duplicate) pub-
lication, plagiarism, fraudulent or fabricated data, changes
in authorship, an undisclosed conflicts of interest, ethical
problems with a submitted manuscript, a reviewer who has
appropriated an author’s idea or data, complaints against
editors, and so on, the resolution process will follow the
flowchart provided by the COPE (https://publicationethics.
org/resources/flowcharts). The dis- cussion and decision on
the suspected cases are carried out by the PNIE Editorial
Board and Research Ethics Committee of the National In-
stitute of Ecology (https://www.nie.re.kr/nie/main/contents.
do?menuNo=200189).

8. Process for Handling Article Correction, Retraction,
and Editorial Expression of Concern

Cases that require editorial expressions of concern or retrac-
tion shall follow the COPE flowcharts available from: https://
publicationethics.org/resources/flowcharts. 1f correction
needs, it will follow the ICMJE Recommendation for Correc-
tions, Retractions, Republications and Version Control avail-
able from: https://www.icmje.org/recommendations/browse/
publishing-and-editorial-issues/corrections-and-version-
control.html.

Honest errors are a part of science and publishing and require
publication of a correction when they are detected. Correc-
tions are needed for errors of fact. Minimum standards are
as follows: First, it shall publish a correction notice as soon

as possible detailing changes from and citing the original
publication on both an electronic and numbered print page
that is included in an electronic or a print Table of Contents
to ensure proper indexing; Second, it shall post a new article
version with details of the changes from the original version
and the date(s) on which the changes were made through K-
Mark; Third, it shall archive all prior versions of the article.
This archive can be either directly accessible to readers; and
Fourth, previous electronic versions shall prominently note
that there are more recent versions of the article via K-Mark.

9. Editorial Responsibilities

The Editorial Board will continuously work to monitor and
safeguard publication ethics: guidelines for retracting ar-
ticles; maintenance of the integrity of the academic record;
preclusion of business needs from compromising intellectual
and ethical standards; publishing corrections, clarifications,
retractions, and apologies when needed; and excluding pla-
giarism and fraudulent data. The editors maintain the fol-
lowing responsibilities: responsibility and authority to reject
and accept articles; avoiding any conflicts of interest with
respect to articles they reject or accept; promoting publica-
tion of corrections or retractions when errors are found; and
preservation of the anonymity of reviewers.

10. Copyright Information

The copyright for all publications is owned by National In-
stitute of Ecology. Permission must be obtained from the
NIE for any commercial use of materials. All authors must
sign a “Copyright Transfer Agreement” and submit it online
through the PNIE electronic submission system (https://
acoms.accesson.kr/pnie/oprs/main/jrniMain.do).

PNIE is an open access journal available free of charge. Ar-
ticles published in PNIE are distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted noncommercial use, distribution, and
reproduction in any medium, provided the original work is
properly cited. For any commercial use of material from the
open access version of the journal, permission MUST be ob-
tained from the Editorial Board.

PNIE has an author self-archiving policy (Blue : Post-print)
and can self-archiving in compliance with the following.
Public Place: All or part of the thesis is posted on the au-
thor’s personal website, the website of the institution or
organization to which the author belongs, the website of the
organization that supported the research fund, etc.
Disclosure Conditions: For personal and educational purpos-
es, compliance with CC-BY-NC regulations, insert hyperlinks
in publications, and post prints and publications after review.

11. Archiving

It is accessible without barrier from KoreaScience (https://
koreascience.or.kr/) or National Library of Korea (https://
nl.go.kr) in the event a journal is no longer published.
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Editor's Guide

Editors have the following responsibilities:

¢ To acknowledge receipt of submitted manuscripts within a few days of receipt and to ensure the efficient, fair and
timely review process of submitted manuscripts.

¢ To ensure that submitted manuscripts are handled in a confidential manner, with no details being disclosed to anyone,
with the exception of the referees, without the permission of the author, until a decision has been taken as to whether
the manuscript is to be published.

¢ To invite reviewers, probably considering the use of an author’s suggested referees for his/her submitted article, but to
ensure that the suggestions do not lead to a positive bias (e.g. co-authors of previous publications, mentor). The editor

maintains the right to use referees of his/her own choice.

¢ Not to use referees which an author has requested not to be consulted, unless the editor reasonably considers there to
be a significant overriding interest in so doing.

¢ To ensure the confidentiality of the names and other details of referees; adjudication and appeal referees may be in-
formed of the names of prior referees, if appropriate.

¢ To make the final decision concerning acceptance or rejection of a manuscript with reasonable speed and to commu-
nicate the decision in a clear and constructive manner.

¢ To decide to accept or reject a manuscript for publication with reference only to the manuscript’s importance, origi-
nality and clarity, and its relevance to the journal.

¢ To respect the intellectual independence of authors.

¢ To make known any conflicts of interest that might arise. Specifically, in cases where an editor is an author of a sub-
mitted manuscript, the manuscript must be passed to another editor for independent peer review.

¢ Not to use for their own research, work reported in unpublished submitted articles.

¢ To respond to any suggestions of scientific misconduct, usually through consultation with the author. This may require
the publication of a formal ‘retraction’ or correction.

¢ To deal fairly with an author’s appeal against the rejection of a submitted manuscript.

¢ To monitor and ensure the fairness, timeliness, and thoroughness of the peer review process.
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Reviewer's Guide
Reviewers have the following responsibilities:

¢ To provide written, unbiased, and informative feedback in a timely manner on the scientific value of the work, rating
the work’s composition, scientific accuracy, originality, and interest to readers.

¢ To treat the manuscript as confidential; not sharing, discussing with third parties, or disclosing the information in the
reviewed paper.

¢ To return/destroy/erase the manuscript and to inform the editor should they be unqualified to review the manuscript,
or lack the time to review the manuscript, without undue delay.

¢ To judge the manuscript objectively and in a timely manner. Referees should not make personal criticism in their re-
views.

¢ To return the manuscript without review to the editor if there is a conflict of interest.
Specifically, Referees should not review manuscripts authored or co-authored by a person with whom the referee has a

close personal or professional relationship, if this relationship could be reasonably thought to bias the review.

¢ To explain and support their judgments so that editors and authors may understand the basis of their comments, and
to provide reference to published work, where appropriate.

¢ To inform the editor of any similarity between the submitted manuscript and another either published or under con-
sideration by another journal to the best of their knowledge.

¢ To ensure that all unpublished data, information, interpretation and discussion in a submitted article remain confiden-
tial and not to use reported work in unpublished, submitted articles for their own research.

¢ To alert the editor if a manuscript contains plagiarized material or falsified data to the best of their knowledge.
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PROCEEDINGS OF
THE NATIONAL INSTITUTE OF ECOLOGY OF
THE REPUBLIC OF KOREA

1. Name of Journal

The official journal title is Proceedings of the National
Institute of Ecology of the Republic of Korea. Abbreviated
title is PNIE.

2. Website

i. The URL address of official journal website is https://
accesson.kr/pnie/.

ii. ‘Aims and Scope’ statement

It aims to promote, but is not limited to, the achieve-
ments of basic ecological research conducted at home
and abroad. The prospective audience is researchers con-
ducting global collaborative research as well as ecological
studies in the Asia-Pacific region. The scope is not only
basic ecological research on terrestrial and aquatic popu-
lations, communities, ecosystems and landscapes but also
applied issues such as data science and climate change
based on ecological research.

iii. Readership

For those who study basic ecological studies of terrestrial
and aquatic populations, communities, ecosystems and
landscapes, as well as those who study applied ecology
such as climate change and data science based on eco-
logical studies. Its readership can be expanded to other
positions: ® Researchers can obtain the latest topics in
domestic and international ecological research; ® Profes-
sors can access and adopt a variety of data for education;
e Students can understand the latest trends in ecological
research at home and abroad; ® Policy makers can reflect
the results of the papers in international ecological re-
search policies.

iv. Duplicate submission and redundant publication

Submitted manuscripts must not have been previously
published or be under consideration for publication else-
where. No part of the accepted manuscript should be
duplicated in any other scientific journal without the
permission of the Editorial Board. Submitted manuscripts
are screened for possible plagiarism or duplicate publica-
tion by iThenticate upon arrival. If plagiarism or duplicate
publication related to the papers of this journal is de-
tected, the manuscripts may be rejected, the authors will
be announced in the journal, and their institutions will
be informed. There will also be penalties for the authors.
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A letter of permission is required for any and all material
that has been published previously. 1t is the responsibility
of the author to request permission from the publisher for
any material that is being reproduced. This requirement
applies to text, figures, and tables.

v. Authorship criteria

Authorship credit should be based on 1) substantial con-
tributions to the conception or design of the work; or
the acquisition, analysis, or interpretation of data for the
work; 2) drafting the work or reviewing it critically for
important intellectual content; 3) final approval of the
version to be published; and 4) agreement to be account-
able for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved. Every
author should meet all of these four conditions. After the
initial submission of a manuscript, any changes whatso-
ever in authorship (adding author(s), deleting author(s), or
rearranging the order of authors) must be explained by a
letter to the editor from the authors concerned. This let-
ter must be signed by all authors of the paper. Copyright
assignment must also be completed by every author.

vi. Corresponding author and first author

PNIE does not allow multiple corresponding authors for
one article. Only one author should correspond with the
editorial office and readers for one article. PNIE does
accept notice of equal contribution for the first author
when the study was clearly performed by co-first authors.
Correction of authorship after publication: PNIE does
not correct authorship after publication unless a mistake
has been made by the editorial staff. Authorship may be
changed before publication but after submission when an
authorship correction is requested by all of the authors
involved with the manuscript.

vii. pISSN: 2765-2203, eISSN: 2765-2211

3. Publishing Schedule

PNIE is published quarterly in a year (February 1, May 1,
August 1, November 1). Supplement issues may be pub-
lished.

4. Archiving
It is accessible without barrier from KoreaScience (https://
koreascience.or.kr/) or National Library of Korea (https://
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nl.go.kr) in the event a journal is no longer published.

5. Copyright

All published papers become the permanent property of
the National Institute of Ecology. Copyrights of all pub-
lished materials are owned by the National Institute of
Ecology. Every author should sign the Copyright Transfer
Agreement forms.

6. Licensing

This is an open-access journal distributed under the
terms of the Creative Commons Attribution Non-com-
mercial license, which permits unrestricted use, distri-
bution, and reproduction in any medium, provided the
original work is properly cited for non-commercial pur-
pose (https://creativecommons.org/licenses/by-nc/4.0/).

Deposit policy: According to the deposit policy (self-
archiving policy) of Sherpa/Romeo (https://www.sherpa.
ac.uk/), authors cannot archive pre-print (i.e. pre-referee-
ing), but they can archive post-print (i.e. final draft post-
refereeing). Authors can archive publisher’s version/PDF.

7. Publication Ethics and Related Editorial
Policies

i. Journal policies on authorship and contributorship
Authorship credit should be based on 1) substantial con-
tributions to the conception or design of the work; or
the acquisition, analysis, or interpretation of data for the
work; 2) drafting the work or reviewing it critically for
important intellectual content; 3) final approval of the
version to be published; and 4) agreement to be account-
able for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved. Authors
should meet conditions of 1, 2, 3, and 4. After the initial
submission of a manuscript, any changes whatsoever in
authorship (adding author(s), deleting author(s), or rear-
ranging the order of authors) must be explained by a let-
ter to the editor from the authors concerned. This letter
must be signed by all authors of the paper. Copyright as-
signment must also be completed by every author.
Corresponding author and first author: PNIE does not al-
low multiple corresponding authors for one article. Only
one author should correspond with the editorial office
and readers for one article. PNIE does accept notice of
equal contribution for the first author when the study
was clearly performed by co-first authors.

Correction of authorship after publication: PNIE does
not correct authorship after publication unless a mistake
has been made by the editorial staff. Authorship may be
changed before publication but after submission when an
authorship correction is requested by all of the authors

involved with the manuscript.

ii. How the journal will handle complaints and appeals
The policy of the journal is primarily aimed at protecting
the authors, reviewers, editors, and the publisher of the
journal. If not described below, the process of handling
complaints and appeals follows the guidelines of the
Committee of Publication Ethics available from: https://
publicationethics.org/appeals.

iii. How the journal will handle allegations of research
misconduct

When the journal faces suspected cases of research and
publication misconduct such as redundant (duplicate)
publication, plagiarism, fraudulent or fabricated data,
changes in authorship, an undisclosed conflict of in-
terest, ethical problems with a submitted manuscript,
a reviewer who has appropriated an author’s idea or
data, complaints against editors, and so on, the resolu-
tion process will follow the flowchart provided by the
Committee on Publication Ethics (COPE; https://pub-
licationethics.org/resources/flowcharts). The discussion
and decision on the suspected cases are carried out by
the PNIE Editorial Board and Research Ethics Commit-
tee of the National Institute of Ecology (https://www.
nie.re.kr/nie/main/contents.do?menuNo=200189). 1f any
individuals or institutions want to inform the cases, they
can send a National Institute of Ecology Research Mis-
conduct Report Center (https://www.nie.re.kr/nie/main/
contents.do?menuNo=200189) and letter to editor For
the complaints or appeals, concrete data with answers to
all factual questions (who, when, where, what, how, why)
should be provided.

iv. Journal policies on conflicts of interest/competing
interests

The corresponding author is required to disclose any po-

tential conflicts of interest that may influence the inter-

pretation of the study’s data or results. Examples include,

but are not limited to, financial support or affiliations

with pharmaceutical companies, and academically related

relationships that may affect objectivity.

All sources of funding related to the study must be ex-

plicitly declared. 1f there are no competing interests, the

manuscript should include the following statement:

“The authors declare that they have no competing inter-

ests.”

In addition, any potential conflicts of interest involving

editorial board members must also be transparently dis-

closed within the manuscript.

v. Journal’s policies on data sharing and reproducibility
Authors should include a data accessibility statement,
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including a link to the repository they have used, in order
that this statement can be published alongside their pa-
per. This journal follows the data sharing policy described
in “Data Sharing Statements for Clinical Trials: A Require-
ment of the International Committee of Medical Journal
Editors”. The 1ICMJE’s policy regarding trial registration
is explained at https://www.icmje.org/recommendations/
browse/publishing-and-editorial-issues/clinical-trial-
registration.html. 1f the data sharing plan changes after
registration this should be reflected in the statement sub-
mitted and published with the manuscript, and updated
in the registry record.

vi. Journal’s policy on ethical oversight

The Editorial Board will continuously work to monitor
and safeguard publication ethics: guidelines for retract-
ing articles; maintenance of the integrity of the academic
record; preclusion of business needs from compromising
intellectual and ethical standards; publishing corrections,
clarifications, retractions, and apologies when needed;
and excluding plagiarism and fraudulent data. The editors
maintain the following responsibilities: responsibility and
authority to reject and accept articles; avoiding any con-
flict of interest with respect to articles they reject or ac-
cept; promoting publication of corrections or retractions
when errors are found; and preservation of the anonymity
of reviewers.

vii. Journal’s policy on intellectual property

The authors of the article hereby agree that the National
Institute of Ecology holds the copyright on all submit-
ted materials upon acceptance of the manuscript and the
right to publish, transmit, sell, and distribute them in the
journal or other media.

viii. Journal’s policies on corrections and retractions
Cases that require editorial expressions of concern or re-
traction shall follow the COPE flowcharts available from:
https://publicationethics.org/resources/flowcharts. 1f cor-
rection needs, it will follow the ICMJE Recommendation
for Corrections, Retractions, Republications and Version
Control available from: https://www.icmje.org/recommen-
dations/browse/publishing-and-editorial-issues/correc-
tions-and-version-control.html.

Honest errors are a part of science and publishing and re-
quire publication of a correction when they are detected.
Corrections are needed for errors of fact. Minimum stan-
dards are as follows: First, it shall publish a correction
notice as soon as possible detailing changes from and
citing the original publication on both an electronic and
numbered print page that is included in an electronic
or a print Table of Contents to ensure proper indexing;
Second, it shall post a new article version with details of
the changes from the original version and the date(s) on

which the changes were made through K-Mark; Third, it
shall archive all prior versions of the article. This archive
can be either directly accessible to readers; and Fourth,
previous electronic versions shall prominently note that
there are more recent versions of the article via K-Mark.

8. Peer Review Process

PNIE reviews all manuscripts received. A manuscript is
first reviewed for its format and adherence to the aims
and scope of the journal. PNIE is a peer-reviewed (single-
blind peer review) journal and the manuscripts are re-
viewed by two referees with abundant research experience
in the relevant fields of the submitted manuscript, and
the final editorial decision is made by the Editorial Com-
mittee, based on the referees evaluations. After reviewing,
the manuscript is returned to the corresponding author
for revision, the revised manuscript must be re-submitted
within one month. 1f it is not submitted within the desig-
nated period without any special reasons, such manuscript
is deemed to be withdrawn from evaluation voluntarily.

9. Access

This is an open access journal distributed under the terms
of the Creative Commons Attribution Non-Commercial
License (https://creativecommons.org/licenses/by-nc/4.0/),
which permits unrestricted non-commercial use, distri-
bution, and reproduction in any medium, provided the
original work is properly cited.

10. Ownership and Management

i. Information about the ownership: This journal is
owned by the publisher, the National Institute of Ecol-
ogy of the Republic of Korean (https://www.nie.re.kr/).

ii. Management team of a journal (https://accesson.kr/

pnie/menu/51/52/)

- Journal management team (2020-2025)

- Journal Manager: Ohseok KWON, Kyungpook National
University, Korea

- Manager of the Review Process: Ohseok KWON, Kyung-
pook National University, Korea

- Manuscript Editor: Yuseong JO, MEDrang Inc., Korea

- Layout Editor: Suok JOH, MEDrang Inc., Korea

- Website and JATS XML File Producers: Gowoon BAE,
Inforrang, Korea

- Ethics Manager: Jinyoung PARK, National Institute of
Ecology, Korea

- Administrative Manager: Min-Ho CHANG, Younmi RYU,
National Institute of Ecology, Korea

11. Governing Body

The governing body is the journal’s editorial board.
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12. Editorial Team and Contact Information
i. Editorial team: https://accesson.kr/pnie/menu/46/49/

ii. Contact information

Administrative Manager: Min-Ho CHANG, Younmi RYU
1210, Geumgang-ro, Maseo-myeon, Seocheon-gun,
Chungcheongnam-do, 33657, Korea. E-mail: pnie@nie.
re.kr

13. Author Fees

There is no charges to publish a article in PNIE. There is
also no submission fee. PNIE is academic journal is pub-
lished with the support of the National Institute of Ecol-

ogy.

14. Other Revenue

There are no submission, review, and publication costs
borne by the authors.

Revenue sources of journal were from the support of
publisher (National Institute of Ecology), Korea Govern-
ment’s support.

15. Advertising

PNIE accepts advertisements on the following basis:

i. Eligibility of the advertised products or services

All products or services should be safe and reliable, and

not cause any harm to the health and welfare of humans.

Advertisements may promote information and technolo-

gies relevant for authors, editors, reviewers, and readers.

Pharmaceutical products may also be considered.

- Advertising is separate from content. Advertisers and
sponsors have no advance knowledge of our editorial
contents, nor do the editors have advance knowledge of
advertisers. Content is never altered, added, or deleted
to accommodate advertising. Advertisers and sponsors
have no input regarding any of our editorial decisions
or advertising policies.

- We reserves the right to decline or cancel any advertise-
ment at any time.

- Advertisements for pharmaceutical products must con-
form to all regulations and policies of the Ministry of
Food and Drug Safety, Republic of Korea in every re-
spect.

ii. Orders

Any individuals or organizations who are interested in
advertising their products or services in the print copies
of the journal or on its website are encouraged to contact
the editorial office. The acceptance of advertisement will
be discussed by the editorial board and will be ultimately
approved by the publisher.

iii. Advertisement fee

For one print copy issue, the advertisement price for one
whole page is USD 500 (or KRW 500,000). 1f the adver-
tisement is half a page, the price is reduced by half. For a
quarter of the page, this price is reduced by one quarter.
For banner advertisements on the website, the price is ne-
gotiable according to the duration of its exposure on the
journal homepage. The price is usually greater than that
for print copies.

iv. Disclaimer

Liability: Neither the publisher nor the editors will be le-
gally liable for advertisements presented in the journal. In
addition, they cannot guarantee the accuracy, complete-
ness, or usefulness of the information provided.
Endorsement: The publisher and the editors do not en-
dorse any products or services that are advertised.
Disclaimer: Neither the publisher nor the authors will be
legally liable for any of the content of advertisements, so
readers must keep this in mind when reading or seeing
advertisements.

16. Direct Marketing

Journal propagation has been done through the journal
web site and distribution of an introduction pamphlet.
Invitations to submit a manuscript are usually focused on
the presenters at conferences, seminars, or workshops if
the topic is related to the journal’s aims and scope.
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Manuscript Title :

Authors :

Author(s) must read and sign the statements below about authorship responsibility and copyright transfer. In the case of
an article having more than one author, the signature of one of the authors is sufficient, provided that the signing au-
thor understands that he or she is signing on behalf of all of the authors and that all the other authors understand that

the signing author is acting as their proxy in signing the manuscript submission form.

1. The manuscript has not been previously published and is not currently under consideration for publication elsewhere,
nor will the research reported be submitted for publication elsewhere until a final decision has been made as to its ac-
ceptability by Proceedings of the National Institute of Ecology of the Republic of Korea.

2. The manuscript represents truthful and original work without fabrication, fraud, or plagiarism.

3. All authors have made an important scientific contribution to the study and are thoroughly familiar with the primary
data. All authors have read the complete manuscript, take responsibility for the content and completeness of the
manuscript, and understand that they share responsibility if the paper, or part of the paper, were found to be faulty or
fraudulent.

4. This manuscript contains no violation of any existing copyright or other third party right, and to the best of the au-
thors’ knowledge, this work does not infringe the rights of others.

5. The authors of the article hereby agree that the National Institute of Ecology holds the copyright on all submitted
materials upon acceptance of the manuscript and the right to publish, transmit, sell, and distribute them in the jour-

nal or other media.

Date:

Corresponding Author : Signature
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