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In the era of global social and economic changes, World Natural Heritage Sites (WNHS) face growing
threats, especially Karst WNHS with their distinct landform, ecosystems, and geology. Assessing the
threat intensity of global karst WNHS is crucial for protecting their Outstanding Universal Value (OUV)
and improving management. This study used the Threat Intensity Coefficient (TIC) to analyze spatio-
temporal threat factors for karst WNHS. Results showed there were 31 karst WNHS globally, unevenly
distributed, mostly meeting criteria (vii) and (viii). Thirteen factors impact them, with nine human-
related. The threat intensity of karst WNHS is rising, particularly in Asia & Pacific (APA), while it is well-
controlled in Europe and North America (EUR). Management and institutional factors (F9) pose the
highest threat, followed by social/cultural uses of Heritage (F7) and buildings and development (F1). By
integrating threat levels with States of Conservation reports, high-threat factors were identified in EUR
and APA, highlighting the need for conservation. This research offers valuable insights for protecting

global karst heritage.

With the characteristics of outstanding features, uniqueness and diversity of
global significance, World Heritage Sites (WHS) are becoming increasingly
a source of national pride and a collection of world - famous landmarks"*
and it is a non-renewable and precious resource with Outstanding Universal
Value (OUV)’. Only with this value can it be inscribed on the World
Heritage List (List)". OUV is the core concept of the Convention Concerning
the Protection of the World Cultural and Natural Heritage (Convention).
Only when this value is possessed can it be recognized by the Convention’.
OUYV consists of three main elements: (1) WHS meet at least one of the
evaluation criteria; (2) WHS meet the conditions of integrity and/or
authenticity; and (3) WHS meet the requirements for protection and
management. Among them, there are ten WHS criteria. Criteria (i) to (vi)
are applicable for the World Cultural Heritage and Criteria (vii) to (x) are for
the World Natural Heritage (Table 1). As of the end of 2024, 1223 WHS
have been inscribed on the List, including 952 Cultural Heritages, 231
Natural Heritages, and 40 Mixed Heritages, distributed in a total of 168
States Parties’.

Since the adoption of the Convention in 1972, the number of WHS has
been increasing annually, but the imbalance between the growing human
population and their natural and cultural environments has caused
numerous threats to WHS’. The Convention notes that the Cultural Heri-
tage and the Natural Heritage are increasingly threatened with destruction.
World Heritage is vulnerable to natural or human-induced events that

threaten its integrity and undermine OUV. The 44th session of the World
Heritage Committee (WHC-Committee) emphasized the need to address
the challenges WHS faces®. With a mission to encourage States Parties to
establish protection, conservation, and presentation services and to take
appropriate measures for the protection of WHS, World Heritage Center
(WHC) carries out Reactive Monitoring (RM) on the protection and
management of WHS. RM is defined in The Operational Guidelines for the
Implementation of the World Heritage Convention (Operational Guidelines)
as being “the reporting by the WHC, other sectors of the United Nations
Educational, Scientific and Cultural Organization (UNESCO) and the
Advisory Bodies to the WHC-Committee on the state of conservation of
specific WHS that are under threat™. According to Article eleven, Paragraph
four of the Convention, WHC-Committee may at any time, in case of urgent
need, make a new entry in the List of WHS in Danger and publicize such
entry immediately. According to the statistics on the official website of the
WHC as of the end of 2024, a total of 56 WHS have been inscribed on the
List of WHS in Danger, of which 15 are Natural Heritages and 41 are
Cultural Heritages, and even three WHS have been delisted by the WHC
due to serious damage to the OUV".

Threat Intensity Coefficient (TIC) was established by the WHC in 2007
as a statistical measure of the extent to which factors affecting WHS are
detrimental to the OUV of any Heritage Site. A systematic and standardized
quantitative analysis of the State of Conservation (SOC) reports submitted
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Table 1 | The criteria for selection®

Applicable to the sites  criteria

explain

cultural criteria i

to represent a masterpiece of human creative genius

to exhibit an important interchange of human values, over a span of time or within a cultural area of the world, on developments in
architecture or technology, monumental arts, town-planning, or landscape design;

to bear a unique or at least exceptional testimony to a cultural tradition or to a civilization which is living or which has disappeared;

iv to be an outstanding example of a type of building, architectural or technological ensemble or landscape which illustrates (a)

significant stage(s) in human history;

v to be an outstanding example of a traditional human settlement, land-use, or sea-use which is representative of a culture (or cultures),
or human interaction with the environment, especially when it has become vulnerable under the impact of irreversible change;

Vi to be directly or tangibly associated with events or living traditions, with ideas, or with beliefs, with artistic and literary works of
outstanding universal significance. (The Committee considers that this criterion should preferably be used in conjunction with other

criteria);

natural criteria vii

to contain superlative natural phenomena or areas of exceptional natural beauty and aesthetic importance;

viii to be outstanding examples representing major stages of earth’s history, including the record of life, significant on-going geological
processes in the development of landforms, or significant geomorphic or physiographic features;

ix to be outstanding examples representing significant on-going ecological and biological processes in the evolution and development
of terrestrial, fresh water, coastal, and marine ecosystems and communities of plants and animals

X to contain the most important and significant natural habitats for in situ conservation of biological diversity, including those
containing threatened species of outstanding universal value from the point of view of science or conservation.

by WHS is carried out, based on threat factors and in terms of space and
time. The severity of threats to WHS can be assessed more intuitively and
accurately, and targeted advice can be provided on the conservation and
management of WHS.

Karst landscapes are widely distributed on the Earth’s surface, covering
about 15% of the land area'®". The karst landform is unique in both its
surface and subsurface double layer structure'”"*. Many karst-related WHS
have been inscribed on the List based on their remarkable ecological and
geological structures as well as other outstanding values. However, soil loss
can easily lead to rocky desertification'”". In addition, ineffective land use
will result in vegetation degradation and ultimately lead to rocky
desertification'* ™. Rocky desertification not only affects the OUV of karst
World Natural Heritage Sites (WNHS), but also seriously restricts economic
and social development and threatens human living space'**". Therefore, we
need to explore the threat factors affecting karst WNHS and threat intensity
so as to provide a scientific basis for the karst WNHS to formulate targeted
protection strategies and measures, which will help to better protect and pass
on these precious sites.

Currently, there is a dearth of research on threats to global karst
WNHS. In this paper, a literature search was conducted based on the core
databases of China Knowledge Network and Web of Science. The search
time range is the maximum time range of the database, and the search time
is up to January 1, 2024. Using “Subject” as the search term, “World Natural
Heritage” is the first search term, and “Karst” is the second search term. The
results showed that there were 352 records matching the search terms.
Among them, there were 204 papers in Chinese and 48 papers in English.
Taking “Threat” as the keyword for the third search, a total of 19 documents
were searched, with 11 in Chinese and eight in English, and most of the
related documents were focused on localized studies” ™’ or single factors
affecting the study”*'. Every three years, the International Union for
Conservation of Nature (IUCN) publishes a World Heritage Conservation
Outlook assessing the conservation prospects of all WNHS”, but does not
specifically analyze karst WNHS. However, this shows that there is a lack of
research on threats to karst WNHS on a global scale.

In the context of global social and economic changes, threats to global
WNHS are increasing. Almost all types of threats are occurring in an
increasing number of WNHS*. Against this backdrop, this paper is based on
the official data released by UNESCO, WHC, and IUCN and takes global
karst WNHS as the research object to assess the threat intensity of global
karst WNHS. The temporal and spatial changes in the factors affecting karst
WNHS were researched and TIC was used to quantify the threat intensity.

The findings may provide a scientific basis for decision-making and pro-
mote sustainable development.

Methods

The dataset analyzed in this study was compiled from official publications
by UNESCO, WHC, and IUCN, following the TIC calculation framework
described in the Third paragraph of the introduction. To ensure temporal
precision, all records were standardized to annual increments, with the
dataset covering the period up to December 31, 2023. Following are the
statistics on the number and distribution of karst WNHS and karst World
Mixed Heritage Sites (collectively known as WNHS) on the List. The
number of SOC reports and the affecting factors are counted. TIC proposed
by the WHC is applied, and the UNESCO regional division standards are
adopted to count the threat intensities of karst WNHS in the world as Asia &
Pacific (APA), Europe and North America (EUR), Africa (AFR), Latin
America and Caribbean (LAC) and Arab States (ARB) respectively; by
analyzing their spatial disparities and adopting a 15-year cycle counting
backwards from 2023, four time periods can be identified: 1978, 1979-1993,
1994-2008, and 2009-2023. Subsequently, the spatio-temporal evolution
laws of the threat intensity of karst WNHS are summarized. Finally, a threat
assessment and outlook for each geographic region is provided.

Research methods

In this paper, the literature research method is employed for the statistical
analysis. The TIC method was applied in obtaining the resultant data, and
the method of combining quantitative analysis and qualitative analysis was
used in analyzing the data. Through these research methods, the following
tasks were carried out: obtaining data on research subjects and indicators;
calculating the weights of the indicators; and conducting integrated analyses
and assessments.

Obtaining data on research subjects and indicators

To begin with, the research object was determined. The information on karst
landform, rocks, and other related features was extracted by reviewing a
large amount of literature, and 31 karst-related WNHS were selected
through this information in the List published by WHC. Furthermore, for
these 31 karst WNHS, the selection time, geographical location, criteria met,
and SOC reports were counted. Then, in line with UNESCO’s regional
classification criteria, the number of karst WNHS in the five major geo-
graphical regions and the number of SOC reports submissions associated
with each factor were counted.
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Table 2 | The list of factors affecting the OUV of karst WNHS

Factor (Abbreviation “F”)

primary factors

secondary factors (quantities)

F1

Buildings and Development

Commercial development, Housing, Industrial areas, Interpretative and visitation facilities, Major
visitor accommodation and associated infrastructure (5)

F2 Transportation Infrastructure Air transport infrastructure, Effects arising from use of transportation infrastructure, Ground
transport infrastructure, Marine transport infrastructure, Underground transport infrastructure (5)
F3 Services Infrastructures Localized utilities, Major linear utilities, Non-renewable energy facilities, Renewable energy
facilities, Water infrastructure (5)
F4 Pollution Air pollution, Ground water pollution, Input of excess energy, Pollution of marine waters, Solid
waste, Surface water pollution (6)
F5 Biological resource use/modification Aquaculture, Commercial hunting, Commercial wild plant collection, Crop production, Fishing/
collecting aquatic resources, Forestry /wood production, Land conversion, Livestock farming/
grazing of domesticated animals, Subsistence hunting, Subsistence wild plant collection (10)
F6 Physical resource extraction Mining, Oil and gas, Quarrying, Water (extraction) (4)
F7 Social/cultural uses of Heritage Changes in traditional ways of life and knowledge system, Identity/ social cohesion/ changes in
local population and community, Impacts of tourism / visitor / recreation, Indigenous hunting/
gathering and collecting, Ritual / spiritual / religious and associative uses, Society’s valuing of
Heritage (6)
F8 Other human activities Civil unrest, Deliberate destruction of Heritage, lllegal activities, Military training, Terrorism, War (6)
F9 Management and institutional factors Financial resources, Governance, High impact research/monitoring activities, Human resources,
Legal framework, Low impact research / monitoring activities, Management activities,
Management systems/management plan (8)
F10 Local conditions affecting physical Dust, Micro-organisms, Pests, Radiation/light, Relative humidity, Temperature, Water (rain/water
fabric table), Wind (8)

F11 Climate change and severe weather Changes to oceanic waters, Desertification, Drought, Flooding, Other climate change impacts,
events Storms, Temperature change (7)

F12 Sudden ecological or geological Avalanche/landslide, Earthquake, Erosion and siltation/ deposition, Fire (wildfires), Tsunami/tidal
events wave, Volcanic eruption (6)

F13 Invasive/alien species or hyper- Hyper-abundant species, Invasive/alien freshwater species, Invasive/alien marine species,
abundant species Invasive/alien terrestrial species, Modified genetic material, Translocated species (6)

F14 Other factor (s) Any additional factor not already covered by the list above.

Calculating the weights of the indicators

TIC** was proposed in 2007 to assess the extent of harm to the OUV of
WNHS caused by each factor that affects it. In order to determine the level of
protection of karst WNHS in each region of the world, the TIC for karst
WNHS was computed.

There are a total of 14 affecting factors in karst WNHS to be
counted (Table 2). The number of SOC reports submitted each year in
each region and the relevant affecting factors were counted. Taking a
15-year cycle, count backwards in time from 2023 and divide the time
into four periods: 2009-2023, 1994-2008, 1979-1993, and 1978. Due
to the timeliness of the submission time of SOC reports, each time
period is divided into three stages. For the recent SOC reports sub-
mission of this factor within the 1-5 year period, a weighting of 12
points is assigned; for the period within 5-10 years, a weighting of five
points is assigned; and for the period within 10-15 years, a weighting of
three points is assigned™. Then the scores of each factor were added up
in each region within each time period to obtain F;. Finally, the TIC was
calculated.

The formula is as follows:

TIC = En:F,./n (1)
=1

Where the TIC is the value of threat intensity. Fi represents the result of the
weighted sum of the number of SOC reports submitted for each factor in
each geographical region within the time period. 7 is the number of WNHS
in the region in each time period. The value range of TIC is between 0 and
100, with two decimal places reserved. The larger the value is, the greater the
threat intensity of this factor to the heritage in this area. According to the
above calculation steps, the threat intensity of each factor for each karst
WNHS was determined.

Conducting integrated analyses and assessments

Based on the above steps, the spatial and temporal divergence regularity of
the level of threat to karst WNHS was analyzed. Then the level of threat to
karst WNHS in different regions was assessed with a 0-10 scale (Table 3).
The threat intensity of each factor affecting karst WNHS is translated into a
threat level scale, with 0 indicating no threat, 1 indicating the least threat,
and 10 representing the greatest threat, with intermediate scores indicating
different levels of severity. Finally, the literature and relevant documents
were reviewed related to the heritage sites and threats, challenges, destruc-
tion, development, etc. Qualitative Literature Research Method and Expert
Consultation Method were used to understand the level of threats to karst
WNHS in each geographic region, as well as the threats and challenges
they face.

Results

Global distribution and characteristics of karst WNHS

By 2023, due to their unique karst characteristics™, 31 WNHS have been
inscribed on the List (Table 4). Among them, there are 28 World Natural
Heritage Sites and three Mixed Heritage Sites. These sites are distributed in
22 States Parties. Moreover, these sites exhibit distinct spatial and temporal
patterns:

This study quantified karst WNHS in the Northern and Southern
Hemispheres as well as in the Eastern and Western Hemispheres using
latitudinal ranges. The Earth is divided into the Northern and Southern
Hemispheres by the equator (0° latitude). North of the equator is the
Northern Hemisphere, and south of the equator is the Southern Hemi-
sphere. 87% (27) of karst WNHS are in the Northern Hemisphere (Fig. 1).
The area east of 20°W and west of 160°E is the Eastern Hemisphere, and the
area west of 20° W and east of 160°E is the Western Hemisphere. 81% (25) of
karst WNHS are in the Eastern Hemisphere. In terms of geographic dis-
tribution, APA has the majority (15 karst WNHS, 49%), followed by EUR
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Table 3 | Threat level of the karst WNHS on a scale

TIC Severity rating (level) Threats to heritage sites

0 0 No threat.

1-10 1 Minor threat, almost negligible, with an overall good state of conservation.

11-20 2 Slighter threats, which may attract little attention but do not cause significant disturbance.
21-30 3 Slight threats, but still within acceptable limits. Simple response measures are required.
31-40 4 light threats. Threats have already begun, and response measures are required.

41-50 5 Moderate threats, with more noticeable impacts, need to be taken more seriously.

51-60 6 Moderately heavy threats. Need for clear solutions.

61-70 7 Severe threats, More resources, and efforts are needed to address it.

71-80 8 Very serious threats, leading to a troubled estate, requiring urgent and comprehensive intervention.
81-90 9 Extremely severe threats pose a situation requiring a full response.

91-100 10 Devastating threats have completely paralyzed or devastated the area.

Table 4 | Karst WNHS

Geographical Region States Parties Karst WNHS Date of Inscription  Criteria (Table 1)
APA Australia Australian Fossil Mammal Sites (Riversleigh/ 1994 viii, ix
Naracoorte)
China Huanglong Scenic and Historic Interest Area 1992 vii
Jiuzhaigou Valley Scenic and Historic 1992 vii
Interest Area
Wulingyuan Scenic and Historic Interest Area 1992 vii
Three Parallel Rivers of Yunnan Protected Areas 2003 vii, viii, ix, X
South China Karst 2007, 2014 vii, viii
Malaysia Gunung Mulu National Park 2000 vii, vii, ix, X
Palau Rock Islands Southern Lagoon 2012 iii, v, vii, ix, x
Philippine Puerto-Princesa Subterranean River 1999 vii, X
National Park
Republic of Korea Jeju Volcanic Island and Lava Tubes 2007 vii, viii
Solomon Islands East Rennell 1998 ix
Thailand Dong Phayayen-Khao Yai Forest Complex 2005 X
Viet Nam Ha Long Bay-Cat Ba Archipelago 1994 Vii, viii
Phong Nha-Ke Bang National Park 2003 viii, ix, X
Trang An Landscape Complex 2014 V, Vii, viii
EUR Bulgaria Pirin National Park 1983 vii, viii, ix
Canada Nahanni National Park 1978 Vi, viii
Croatia Plitvice Lakes National Park 1979 Vi, viii, ix
France/Spain Pyrénées-Mont Perdu 1997 iii, iv, v, vii, viii
Hungary/Slovakia Caves of Aggtelek Karst and Slovak Karst 1995 viii
Italy The Dolomites 2009 Vii, Viii
Evaporitic Karst and Caves of Northern 2023 Viii
Apennines
Montenegro Durmitor National Park 1980 Vi, viii, X
Russian Federation Lena Pillars Nature Park 2012 viii
Slovenia ékocjan Caves 1986 Vi, viii
United Kingdom of Great Britain and Northern ~ Henderson Island 1988 vii, X
Ireland Dorset and East Devon Coast 2001 viii
United States of America Mammoth Cave National Park 1981 Vii, Viii, X
Carlsbad Caverns National Park 1995 vii, viii
LAC Cuba Desembarco del Granma National Park 1999 vii, viii
AFR Madagascar Andrefana Dry Forests 1990 vii, iv, X
ARB / / / /
npj Heritage Science | (2025)13:180 4
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Fig. 1 | Distribution of karst WNHS. a Spatial distribution of karst WNHS. Green
circles represent WHNS and yellow circles represent mixed WHS. 1 Australian
Fossil Mammal Sites(Riversleigh/Naracoorte), 2 Huanglong Scenic and Historic
Interest Area, 3 Jiuzhaigou Valley Scenic and Historic Interest Area, 4 Wulingyuan
Scenic and Historic Interest Area, 5 Three Parallel Rivers of Yunnan Protected
Areas, 6 South China Karst, 7 Gunung Mulu National Park, 8 Rock Islands Southern
Lagoon, 9 Puerto-Princesa Subterrancan River National Park, 10 Jeju Volcanic
Island and Lava Tubes, 11 East Rennell, 12 Dong Phayayen-Khao Yai Forest
Complex, 13Ha Long Bay-Cat Ba Archipelago, 14 Phong Nha-Ke Bang National

Park, 15 Trang An Landscape Complex, 16 Pirin National Park, 17 Nahanni
National Park, 18 Plitvice Lakes National Park, 19 Pyrénées-Mont Perdu, 20 Caves
of Aggtelek Karst and Slovak Karst, 21 The Dolomites, 22 Evaporitic Karst and Caves
of Northern Apennines, 23 Durmitor National Park, 24 Lena Pillars Nature Park, 25
Skocjan Caves, 26 Henderson Island, 27 Dorset and East Devon Coast, 28 Mam-
moth Cave National Park, 29 Carlsbad Caverns National Park, 30 Desembarco del
Granma National Park, 31 Andrefana Dry Forests. b Percentage of karst WNHS in
different geographic regions.

(14 karst WNHS, 45%). Moreover, AFR and LAC each have a karst WNHS,
and there are no karst WNHS in ARB (Fig. 1). This distribution reflects the
uneven global distribution of carbonate rock formations.

In terms of criteria compliance. Over 80% of karst WNHS on the List
meet the Criteria (vii) (“natural beauty”) and (viii) (“geological sig-
nificance”) (Fig. 2, Table 1), underscoring their dual value as aesthetic
landmarks and scientific resources”’.

In terms of temporal trends. The number of karst WNHS inscribed on
the List until the third period (1994-2008) increased linearly and then
decreased.

Firstly, this is because most of the OUV of karst had already been
inscribed on the List prior to 2008. Since then, the OUV of karst WNHS
inscribed on the List has been distinct from previously inscribed karst fea-
tures. For example, the Rock Islands Southern Lagoon’s OUV highlights the

special value of the limestone islands in conjunction with the sea and lakes.
Similarly, the Trang An Landscape Complex is a globally unique pre-
sentation of the final stages of the evolution of tower limestone landscapes in
a humid tropical environment, among others.

Secondly, the introduction of the Cairns Decision at the 24th session of
the WHC-Committee, which comes in the context of an increasing number
of nominations for WHS, has seriously inhibited the nomination process in
many countries and regions, especially in large heritage countries like
China®. The 28th session of the WHC-Committee revised the Cairns
Decision, which restricts nominations to countries with a large number of
WHS™*. This makes it more difficult for countries that already have WHS
to reapply for World Natural Heritage"'.

Thirdly, in 2021, the 44th session of the WHC-Committee adopted the
2021 version of the Operational Guidelines. This is the biggest revision of the
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Fig. 2 | The situation of the Karst WNHS being inscribed on the List over the years. It reflects the quantitative differences in the use of criteria and time periods at Karst
WNHS. a The number of Karst WNHS that meets different criteria. b The number of Karst WNHS inscribed on the List in different time cycles varies.

content in the recent 10 years. The revision includes the addition of a
preliminary assessment process. The revision implements the quantitative
limit and priority principle of preliminary assessment along the lines of the
formal nomination. The revision also adds a limit on the number of pre-
liminary assessments to be submitted by States Parties per year (Each State
Party shall submit to the WHC no more than one preliminary assessment
per year by 15 September), and increases the limit on the total number of
projects to be assessed by the Advisory Bodies**’. These reasons have led to
a gradual decrease in the number of applications for WHS each year.

Threat factors and their spatial-temporal evolution

The WHC-Committee has adopted a specific procedure to encourage States
Parties to conserve WHS. RM is the monitoring of anomalies or risk factors
that threaten the conservation of WHS. Its purpose is to discover and solve
the problems arising in WHS protection in a timely manner, and ensure that
the outstanding universal value of WHS is effectively protected and trans-
mitted to future generations. RM is defined in Paragraph 169 of the
Operational Guidelines as being “the reporting by the WHC, other sectors of
UNESCO and the Advisory Bodies to the WHC-Committee on the state of
conservation of specific WHS that are under threat™.

A standard list of factors affecting OUV in WHS was identified by
WHOC in the process of revising the questionnaire for the second cycle of
Periodic Reporting in 2008 (Table 2). It comprises 14 primary factors and
some secondary factors. The primary factors can be divided into two
categories: human factors and natural factors. There are nine human
factors F1-9, and four natural factors F10-13. There is also one factor
named other factors, which refers to the factors affecting that are not
involved in addition to the above common affecting factors. Subse-
quently, the State of Conservation Information System was established by
the WHC-Committee in 2013 to provide information on the state of
conservation of WHS for conservation management™. This provides an
important basis and guidance for the nomination, assessment and con-
servation of WHS.

As of December 31, 2023, the number of global karst WNHS
inscriptions on the List is gradually decreasing, and while the number of
SOC reports is on an overall upward trend, with a total of 169 (Fig. 3). APA
has submitted the most SOC reports, accounting for 51% of the global total.
EUR accounts for 48% of SOC reports. As the number of karst WNHS
inscribed on the List varies from one geographic region to another, the

number of SOC reports varies from one region to another. The number of
karst WNHS in each geographic region is directly proportional to the
number of SOC reports they have submitted (Fig. 4).

Threat intensity increased globally from 1979 to 2023, with TIC rising
from 0 (1978) to 23.83 (2009-2023), yet significant regional disparities exist.
Human activities, particularly management and institutional factors (F9)
and social/cultural uses of Heritage (F7), drove this trend (Fig. 5). In the
APA region, the TIC has been climbing steadily, reaching a peak of 32.9
from 2009 to 2023. This is mainly driven by insufficient management
mechanisms and tourism pressure. In the EUR region, the TIC has been
gradually brought under control since 1994, with threats concentrated on
tourism development and planning and management issues.

Threat Intensity in 1978. Since the establishment of the Convention, the
year 1978 was the first year in which WHS were inscribed on the List. This
year the only karst WNHS was Nahanni National Park in Canada. The first
SOC report for karst WNHS was in 1984. TIC for this period is unknown
and is recorded by the authors as 0.

Threat Intensity in 1979-1993. The data show that karst WNHS are
threatened by six factors, all of which are human factors. EUR is the most
threatened, mainly involving services infrastructures (F3), pollution (F4)
and other human activities (F8). F3 and F4 only threaten the Durmitor
National Park. F8 only threatens Plitvice Lakes National Park. All other
threat factors have a threat intensity of less than 10.

Threat Intensity in 1994-2008. The data reveal a marked escalation in
cumulative threat levels across global karst WNHS compared to the pre-
ceding observational period. Thirteen distinct threat factors were identified
during this cycle, comprising nine human factors and four natural factors.
Notably, both EUR and APA regions exhibited vulnerability to 12 con-
current threat categories, with management and institutional factors (F9)
and social/cultural uses of Heritage (F7) emerging as predominant stressors.

Global-scale analysis demonstrates that management and institutional
factors (F9) registered the most substantial TIC increment, concurrently
maintaining peak TIC values throughout the study period. This factor
adversely affected 15 karst WNHS, as evidenced by its consistent doc-
umentation in SOC reports submitted to the WHC for properties including
Henderson Island and Pyrénées-Mont Perdu. Secondary threat prevalence
was associated with social/cultural uses of Heritage (F7). This threat factor
pertains to 10 karst WNHS. Representative cases encompass Ha Long Bay-
Cat Ba Archipelago, Pirin National Park, Durmitor National Park, and the
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Fig. 3 | Time-change plots of SOC reports and Karst WNHS numbers. Yellow
columns represent the annual total number of SOC report submissions for Karst
WNHS. The green columns represent the annual total number of inscribed Karst
WNHS. The sloping yellow transparent line represents the overall direction of

change in the number of SOC reports from 1977 to 2023. The sloping green
transparent line represents the overall direction of change in the number of inscribed
Karst WNHS.
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Fig. 4 | Number-change plots of SOC reports and Karst WNHS numbers. Yellow
columns represent the total number of SOC report submissions by region. The green
columns represent the total number of inscribed Karst WNHS by region. The yellow
line represents the variation in the number of SOC reports from different regions.
The green line represents the change in the number of Karst WNHS in different
regions.

aforementioned Pyrénées-Mont Perdu. Remaining threat factors demon-
strated limited spatial influence, all recording TIC values below threshold
significance levels (TIC < 10).

Threat Intensity in 2009-2023. The data indicate that Karst WNHS are
subject to threats from 12 distinct factors during the period 2009-2023.
Notably, sudden ecological or geological events (F12) were absent in this
period, unlike in previous years. Among these threats, nine are human
factors and three are natural factors. These threats predominantly affect the
APA, with all 12 factors present, compared to only nine in the EUR, marking

a reduction of three factors from the preceding period. APA is primarily
threatened by management and institutional factors (F9), social/cultural
uses of Heritage (F7), buildings and development (F1), biological resource
use/modification (F5); while EUR is threatened by (F7), (F1), (F9).

The factor with the highest threat intensity remains management and
institutional factors (F9), which threaten 12 Karst WNHS. The TIC for F9
in the APA has escalated by nearly 50% compared to the previous period,
whereas it has declined in the EUR. Key sites threatened by F9 include the
Three Parallel Rivers of Yunnan Protected Areas, East Rennell, Dong
Phayayen-Khao Yai Forest Complex, Ha Long Bay-Cat Ba Archipelago,
and Phong Nha-Ke Bang National Park. The second most significant
threat is social/cultural uses of Heritage (F7), threatening 11 Karst WNHS,
with an observed increase in threat intensity from the previous period.
Major sites threatened by F7 include Pirin National Park, Dong Phayayen-
Khao Yai Forest Complex, and Ha Long Bay-Cat Ba Archipelago. Fol-
lowing F7, buildings and development (F1) constitute the third major
threat, threatening seven Karst WNHS, with an increased threat intensity
noted from the previous period. Significant threats to F1 are observed at
Pirin National Park and Ha Long Bay-Cat Ba Archipelago. Although these
top three factors threaten fewer sites compared to earlier periods, the
intensity of their threat to each affected site has increased. The fourth most
significant threat factor is biological resource use/modification (F5),
which threatens three karst WNHS. East Rennell, Dong Phayayen-Khao
Yai Forest Complex and Three Parallel Rivers of Yunnan Protected Areas
are threatened by F5. Remaining threat factors demonstrated limited
spatial influence, all recording TIC values below threshold significance
levels (TIC < 10).

Temporal Shifts in Threat Dynamics. In 1979-1993, human-driven
threats (F3, F4, F8) emerged in EUR, with a low TIC (<10). In 1994-2008, a
rapid escalation of F9 (management) and F7 (tourism) occurred, particu-
larly in APA. In 2009-2023, APA TIC surged (32.9 for F9), while EUR
stabilized through policy interventions. Natural factors (e.g, climate
change) remained secondary but are rising in APA (Fig. 5).
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Assessment of threat intensity and conservation outlook for
karst WNHS

Given the absence of TIC data in 1978, this section focuses on comparative
analyses of three chronological phases: 1979-1993, 1994-2008, and
2009-2023. The TIC data were classified into threat levels based on geo-
graphic regional categorization (Fig. 6).

The first karst WNHS in APA was inscribed in 1992, with the inaugural
SOC report submitted in 1995. Consequently, our analysis covers 1994-2008
and 2009-2023. Current data (2023) identifies 15 karst WNHS in APA,
affected by 13 threat factors (nine human factors, four natural factors).

According to the classification in Table 3 and Fig. 6, Level 4 (the highest
level): Factor F9 threatens 12 WNHS with 66 associated SOC reports. Level
3: Factor F7 affects 10 WNHS with 45 SOC reports. Level 2: Factors F1, F2,
F3, F5, F6, F14. Level 1/Below: Remaining factors.

Key case studies. Ha Long Bay-Cat Ba Archipelago (18 SOC reports):
Primary threats come from F1, F2, F7,and F9. However, proactive measures
include WHC-recognized management plans (2021-2025), serving as
regional best practice. Three Parallel Rivers (14 SOC reports): Key chal-
lenges include F3, F6, and F9-related issues such as ambiguous boundaries,
unauthorized infrastructure, and adjacent mining activities. East Rennell
(14 SOC reports): Listed as Endangered (2013—present) due to F5, F6, F9,
F11, F13 threats. It is mainly due to marine overexploitation, storm impacts,
and invasive species. Dong Phayayen-Khao Yai Complex (12 SOC reports):
Multiple pressures from F2, F3, F5, F7, F9, F14, including highway expan-
sion, illegal logging, and dam construction.

APA demonstrates higher threat complexity than other regions, par-
ticularly through F9 (global maximum threat level) and escalating F7
threats. Urgent collaborative mitigation strategies are required.

The 14 karst WNHS in EER are confronted with 12 threat factors,
among which nine are human-related and three are natural. Based on the
current threat hierarchy presented in Fig. 6, at Level 3, Factor F7 poses a
threat to 5 WNHS and is associated with 47 SOC reports. At Level 2, the
threat factors are F1 and F9. As for Level 1/Below, it encompasses the
remaining factors.

Key case studies. Pirin National Park (20 SOC reports): There is tourism
infrastructure expansion despite environmental concerns related to factors
F1, F7, F8, F9. Durmitor National Park (16 SOC reports): Ski resort devel-
opment poses threats due to factors F1, F3, F7, F9. Plitvice Lakes National
Park (12 SOC reports): It faces primarily F7-related overvisitation pressures.

While EUR shows better overall conservation status than APA,
monitoring is crucial for F7 (increasing trend) and F1. Successful F9 miti-
gation should be maintained.

In AFR the single WNHS (Andrefana Dry Forests) resolved its 1992
financial/management challenges through World Bank support (US
$85,000), with no current SOC reports indicating threats.

There is also only one Heritage Site in the LAC, Desembarco del
Granma National Park, for which no SOC report has been filed to date, so it
is unclear whether it is threatened, and this paper considers that there is no
threat for the time being.

Discussion
This study evaluates the threat intensity to karst WNHS globally, analyzing
their spatiotemporal patterns and conservation challenges. The findings are
summarized as follows:

The number of WNHS on the List with typical karst features as the
OUV totals 31 by the end of 2023. They are characterized by the following
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features: Most sites meet criteria (vii) (aesthetic significance) and (viii)
(geological integrity). Karst WNHS occupies a relatively large proportion in
the northern and eastern hemispheres, 87% and 81%, respectively. The
number of karst WNHS in each geographic region is directly proportional to
the number of SOC reports they submit. APA leads with 15 karst WNHS
(49%), followed by EUR with 14 combined (45%). AFR and LAC each have
one site (3%), while ARB lacks karst WNHS. Inscriptions peaked during
1994-2008, followed by a decline post-2009.

World Heritage monitoring is an indispensable requirement for
strengthening heritage conservation and an important way to increase the
level of heritage management®. In 1998, the WHC-Committee required
States Parties to submit periodic reports on their subordinate WHS to the
WHC every 6 years*. Global WHS need to be subjected to periodic reports
of conservation and management of the WHS and RM, which places greater
demands on States Parties to conserve, monitor, and manage the World
Natural Heritage”. The SOC report is a component of conservation man-
agement efforts. The WHC has established a World Heritage Conservation
Status System that identifies a total of 14 factors affecting karst WNHS.

As of 2023, among the factors affecting karst WNHS, 13 are relevant to
karst WNHS. Nine are human factors and four are natural, with human
factors posing a far greater threat. Compared with the results of a previous
study, there was an increase in F11 for natural factors™, but again, the
number of human factors is much greater than that of natural factors in
terms of both variety and number of threats to WHS. This indicates that
governance and development pressures are critical challenges.

The global development of karst WNHS has been divided into four
phases, based on when sites were inscribed on the List: 1978, 1979-1993,
1994-2008 and 2009-2023. There are spatial and temporal differences in the
intensity of threats to the global karst WNHS due to differences in the
number, distribution, and monitoring of heritage sites over time.

The year 1978 was the Initial Phase. The inaugural year of World
Heritage inscription saw only one karst WNHS: Nahanni National Park in
Canada. No SOC reports were submitted for karst sites during this period,
resulting in a TIC of zero.

The period from 1979 to 1993 was the Exploratory Phase. Eleven karst
WNHS were inscribed globally during this period, with seven in EUR, three
in APA, and one in AFR. Only three properties in EUR (Durmitor National
Park, Plitvice Lakes National Park, Skocjan Caves) and one in AFR
(Andrefana Dry Forests) have submitted SOC reports. Threat analysis
revealed low-intensity pressures, with six human factors emerging. Dur-
mitor National Park faced two threats, while others were affected by one
factor. The highest TIC values were observed for Factor 3 (TIC = 11.5) and
Factor 4 (TIC =10.25), with the remaining factors below 10. Overall, con-
servation statuses remained favorable.

The period from 1994 to 2008 was the Rapid Expansion Phase. Fifteen
new karst WNHS were inscribed, predominantly in APA (10 sites), followed
by EUR (4) and LAC (1). Threat diversity and intensity increased sig-
nificantly, with seven new factors emerging. F9 and F7 became prominent
threats, while TIC values for F3, F4, and F8 declined. Notably, F9 and F7
exhibited rising TICs, though no new factor exceeded TIC =10. Con-
servation statuses remained stable except for sites threatened by F7 and F9.

The period from 2009 to 2023 was the Maturation Phase. Five new
karst WNHS were added (3 in EUR, 2 in APA). Threat types stabilized, but
intensity escalated sharply. All factors except F12 showed increased TICs,
signaling deteriorating conservation statuses. In EUR, F7 emerged as the
primary threat (TIC =21.83), followed by F1 (TIC = 18.67) and F9 (TIC =

18.17). The APA faced acute pressures from F9 (TIC =32.9), F7 (TIC=
20.8), and F5 (TIC = 16.5), with eight factors exceeding TIC = 10. Regional
disparities became pronounced: EUR demonstrated improved threat miti-
gation since the second phase, while APA experienced linear intensification.
AFR’s singular threat (TIC = 1) disappeared post-1993, and other regions
currently face negligible pressures.

From 1978 to 2023, the cumulative TIC growth was highest for F9,
followed by F7 and F1. While global threat intensity trends upward, only the
APA exhibits a linear increase. EUR achieved threat mitigation post-1993,

whereas AFR’s minor threat was resolved entirely. These findings under-
score the need for region-specific conservation strategies, particularly in the
APA, where management efficacy lags behind EUR.

Evaluation of threat severity affecting karst WNHS reveals that the
APA region faces disproportionately high pressures, with most threat fac-
tors exceeding level 2 on the intensity scale. Sites exhibiting suboptimal
conservation status include Three Parallel Rivers of Yunnan Protected
Areas, East Rennell, and Ha Long Bay-Cat Ba Archipelago, where primary
threats stem from factors F7 (tourism impacts), F1 (infrastructure devel-
opment), and F9 (institutional management deficiencies). In contrast, EUR
karst WNHS such as Pirin National Park, Durmitor National Park, and
Plitvice Lakes National Park demonstrate lower cumulative pressures, with
minimal high-intensity threats. Other geographic regions currently main-
tain stable conservation conditions.

Thirteen distinct threat factors threaten APA karst WNHS, with F9
(management system deficiencies) and F7 (tourism pressures) reaching
intensity levels 4 and 3, respectively. Institutional weaknesses manifest as
insufficient management planning, inadequate resource allocation, and
limited technical capacity, correlating strongly with national socioeconomic
disparities and heritage investment priorities*. Case analyses reveal:

Three Paralle]l Rivers of Yunnan: Infrastructure projects caused
22-35% declines in keystone species populations; Dong Phayayen-Khao Yai
Forest Complex: Road expansion reduced core habitat connectivity; Ha
Long Bay-Cat Ba Archipelago: Absence of integrated zoning increased non-
compliant coastal development; Australian Fossil Mammal Sites: Tourism
infrastructure gaps enable in situ fossil degradation.

F7-related pressures predominantly involve unregulated tourism
growth, exemplified by Phong Nha-Ke Bang National Park’s cave tramway
project increasing microclimate fluctuations, and Ha Long Bay’s visitor
increase driving unplanned urbanization. Secondary threats (F1, F2, F3, F5,
F6, F14) show concerning upward trajectories requiring proactive
monitoring.

Twelve threat factors affect EUR karst WNHS, with F9 and F7 per-
sisting as primary concerns at reduced intensities (level 3 and 2). Manage-
ment challenges center on legal framework gaps (F9) and seasonal tourism
impacts (F7):

Pirin National Park: Ski resort expansions degraded alpine ecosystems;
Durmitor National Park: Proposed dam projects threatened endemic
aquatic species; Plitvice Lakes National Park may be overvisited by tourists.

Notably, EUR has implemented IUCN-recommended carrying capa-
city models, demonstrating improved regulatory responsiveness compared
to APA counterparts.

For APA, it is recommended to strengthen institutional frameworks,
enforce sustainable tourism strategies, and address infrastructure pressures.
Maintain vigilance on tourism impacts and legal enforcement for EUR.
Globally, it is necessary to prioritize standardized monitoring, capacity
building, and transboundary collaboration.

This study fills a critical gap in karst WNHS threat analysis, providing
the first comparative framework for prioritizing management interventions
by threat magnitude, standardizing SOC reporting metrics across biogeo-
graphic regions, and providing a foundation for targeted conservation
strategies. However, it is important to acknowledge several limitations of
this research.

Firstly, this study’s data mainly comes from existing reports and
monitoring data, which could be incomplete or inaccurate in certain
regions. Karst WNHS in remote or underdeveloped areas may lack com-
prehensive and updated information, possibly causing misjudgment of
threat factors and their impacts.

Secondly, the comparative framework simplifies the complex, non-
linear interactions and cumulative effects among threat factors on karst
WNHS. Thus, the current analysis fails to fully capture these relationships.

Finally, the proposed recommendations are based on the current
understanding of threats and conservation needs. Given the constantly
changing global social, economic, and environmental conditions, their
effectiveness may decline over time.
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Future work should integrate socioecological metrics to refine risk

forecasting and also address these limitations to enhance the accuracy and
applicability of the research findings.

Dat
The

a availability
datasets used and/or analyzed during the current study are available

from the corresponding author on reasonable request.
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Convention Convention Concerning the Protection of the World
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WHC- World Heritage Committee

Committee
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RM Reactive Monitoring
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WNHS World Natural Heritage Sites
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