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Abstract
Vulnerability has emerged as a frontier domain in global environmental change
and sustainability science research. The human-sea regional system, as a crucial
component of marine geography research, investigates the structural character-
istics and evolutionary patterns of human-sea geographic spaces within specific
geographical extents. Taking the Bohai Rim region as a case study, this paper
first provides an overview of marine resources, marine scientific and technolog-
ical capacity, human resources, and marine infrastructure, and analyzes the
development trajectory of the marine economy; second, employing vulnerability
as the analytical entry point, it utilizes the Set Pair Analysis method to exam-
ine the evolution of vulnerability and its influencing factors in the human-sea
regional system of the Bohai Rim region; finally, it applies the triangular dia-
gram method to conduct typological differentiation of the vulnerability of the
human-sea regional system in the Bohai Rim region from 1996 to 2012, thereby
proposing targeted strategies for vulnerability reduction. The results indicate
that: (1) although the vulnerability indices of the human-sea regional system in
the Bohai Rim region exhibited varied developmental changes, they all demon-
strated a declining trend, with significantly enhanced stability; (2) the vulnera-
bility of the human-sea regional system in the Bohai Rim region rarely fell into
the single-subsystem vulnerability type; instead, the composite-subsystem vul-
nerability type and balanced vulnerability type were the predominant categories
with higher frequencies of occurrence; (3) vulnerability reduction in the human-
sea regional system can be achieved through measures including strengthening
integrated land-sea coordination, optimizing the marine industrial structure,
enhancing marine pollution control, advancing marine science and technology
innovation, accelerating talent cultivation, and reinforcing infrastructure devel-
opment.
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Abstract

Vulnerability in human-sea territorial systems represents a research frontier in
regional sustainable development. Studies on human-sea systems are significant
for both enriching theories of human-land territorial systems and promoting
marine sustainable development. This paper first analyzes marine resources,
marine science and technology capabilities, marine infrastructure, and marine
economic development processes in China’s Bohai-rim region. Human-sea ter-
ritorial systems comprise three subsystems: the human-sea resources and en-
vironment subsystem, the human-sea economic subsystem, and the human-sea
society subsystem. Subsequently, combining set pair analysis, vulnerability as-
sessment, and combination weighting methods, we examine evolution trends
and major factors influencing human-sea territorial system vulnerability in the
Bohai-rim region from 1996 to 2012. Overall results show a declining vulnera-
bility trend for the region’s human-sea territorial system over the past 17 years.
Shandong’s vulnerability index is smaller than other provinces; Liaoning’s
vulnerability index, belonging to the second tier, declines most significantly;
Hebei and Tianjin belong to the third tier with relatively higher vulnerabil-
ity indices but greater potential for decline. Finally, we classify vulnerability
types from 1996 to 2012 using triangle methodology. Results indicate that
single-subsystem vulnerability occurs less frequently than balanced and com-
plex subsystem vulnerabilities. To reduce vulnerability in the Bohai-rim region,
measures should include strengthening land-sea coordination, optimizing ma-
rine industrial structure, enhancing marine pollution control, advancing marine
science and technology innovation, accelerating talent cultivation, and improv-
ing infrastructure development. This paper provides references for improving
theoretical and methodological frameworks for coastal regional and human-sea
territorial system vulnerability research across different regions.

Keywords: Human-sea territorial system; vulnerability; set pair analysis; tri-
angle methodology; Bohai-rim region
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Introduction

Vulnerability research originated from natural disaster studies [1]. As the field
has expanded, it has evolved from focusing on vulnerability of natural environ-
mental systems under global change to emphasizing integrated vulnerability of
natural and human systems. It has become one of the frontier areas in global
environmental change and sustainability science [2-3], demonstrating a trend of
multidisciplinary integration. As fundamental analytical units for vulnerability
research, coupled human-environment systems [5] and human-land systems [6-7]
have become research hotspots. The human-sea territorial system represents an
improvement upon the human-land territorial system [9-10] and has become an
important research topic in marine geography [11].

Foreign literature on human-sea territorial system vulnerability is limited, with
only scattered studies on marine-related aspects, such as Adrianto and Matsuda’
s [12] research on economic vulnerability of Japanese islands, and Guillamont
[13] and Scott et al. [14] analyzing economic vulnerability of small island nations.
Domestic research on coastal region vulnerability primarily focuses on impacts
of natural disaster vulnerability on economies, such as Yang and Li [15] and Zhao
et al. [16] examining marine disaster impacts on China’s coastal economies, Li et
al. [18] analyzing rough set theory and combination weighting methods for storm
surge vulnerability assessment, and Yu et al. [19] conducting empirical analysis
of marine economic system vulnerability in China’s coastal provinces and cities.
Zhao et al. [20] studied socioeconomic system vulnerability in coastal zones
using Hebei Province as a case study, while Hou et al. [17] analyzed tsunami
vulnerability in Taizhou based on disaster risk assessment theory.

As labor, capital, and technology continuously accumulate in the Bohai-rim
region, contradictions between population growth, coastal industrial develop-
ment, and marine pollution have become increasingly prominent. Land-source
pollutants have increased dramatically, traditional marine resources have been
overexploited without effective alternatives, marine disasters occur frequently,
and ecological damage such as shrinking coastal wetlands and marine protected
areas has reduced the carrying capacity of nearshore resources and environ-
ments [22-23]. Industrial structures over-reliant on marine resources, immature
new diversified economic structures, weak marine infrastructure support, and
insufficient marine science and technology innovation [24] threaten the stabil-
ity of the region’s human-sea territorial system. This paper examines the
coupled human-sea resources-environment-society system from a vulnerability
perspective, exploring development trends and influencing factors through multi-
element, multi-flow, and multi-cycle characteristics, providing a new paradigm
for human-sea territorial system research with important theoretical and prac-
tical significance.

A human-sea territorial system is a complex system formed by the interaction of
human and marine elements in a specific region according to certain laws, pos-
sessing characteristics of territoriality and risk [25-26]. Synthesizing definitions

chinarxiv.org/items/chinaxiv-201803.00257 Machine Translation

https://chinarxiv.org/items/chinaxiv-201803.00257


of human-sea territorial systems and vulnerability, this paper defines the conno-
tation of human-sea territorial system vulnerability: due to internal structural
constraints and external pressures or disturbances, combined with insufficient
response and recovery capacity, the system becomes damaged—a result of both
internal and external factors. Vulnerability, as an essential attribute of human-
sea territorial systems, changes dynamically with internal structure and external
disturbance factors, representing a dynamic evolutionary process.

1 Regional Overview

The Bohai-rim region refers to the economic zone comprising the maritime and
terrestrial areas of Liaoning Province, Hebei Province, Tianjin Municipality,
and Shandong Province surrounding the Bohai Sea [27], including parts of the
Yellow Sea coastal areas.

1.1 Marine Resources The Bohai Sea is China’s largest inland sea, con-
sisting of the Bohai Strait and central basin, with a sea area of approximately
[Figure 1: see original paper]. It is rich in marine biological resources, mineral
resources, and marine energy resources. In 2012, marine capture fishery and
mariculture production . Proven oil reserves reached , accounting for 44.9% of
the national total. Natural gas reserves were , with recoverable reserves . In
2012, crude oil and natural gas production accounted for 72.2% and 25.8% of
national production, respectively.

The Bohai-rim coast primarily includes the Northeast Salt District, Changlu
Salt District, and Shandong Salt District, accounting for of national production
in 2012. The region’s marine energy resources are abundant, with a theoretical
wave energy capacity of 2841.1 kW, developable tidal energy above 500 kW, and
technically developable salinity gradient energy of kW. Wind power generation
reached kWh in 2012. The region has规模以上港口生产用码头泊位数 with throughput
exceeding 72.5.9 million tons at large ports and .

Table 1 Marine resources of the Bohai-rim region in 2012

1.2 Marine Economy Leveraging abundant marine resources, well-
established facilities, and strong scientific research capabilities, the marine
economy has become the most promising and dynamic growth area in the
Bohai-rim region. After the Tianjin Binhai New Area, Liaoning Coastal
Economic Belt, and Shandong Peninsula Blue Economic Zone became national
strategic plans, marine economy further drove regional rapid development.
Table 2 shows that regional marine economic development is unbalanced, with
significant disparities due to differences in resource-environment conditions
and socio-historical development. The proportion of marine economic output
value to national marine economic output varies across years. Marine economic
development is a driving force for regional economic growth. From 1996-2012,
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the average annual growth rate of marine economic output value far exceeded
regional GDP growth. Marine industry output value continuously increased,
directly and indirectly contributing to regional GDP growth .

Table 2 Marine economic development in the Bohai-rim region

2 Methodology

2.1 Indicator System Construction Based on characteristics of human-sea
territorial systems, we divide them into three subsystems: human-sea resources-
environment, human-sea economy, and human-sea society. Drawing on relevant
research [29-32] and following principles of scientific rigor, data availability, oper-
ability, and representativeness, we construct a vulnerability evaluation indicator
system with 19 indicators. The system has three layers: the target layer (overall
human-sea territorial system vulnerability), the criterion layer (economic sub-
system E, resources-environment subsystem R, and social subsystem S), and the
indicator layer. Indicators reflect both positive and negative impacts on system
vulnerability—positive indicators show stronger vulnerability contribution when
values are higher, while negative indicators show weaker contribution.

Data sources include China Marine Environmental Quality Reports, China Ma-
rine Statistical Yearbooks, China Marine Yearbooks, China Urban Statistical
Yearbooks, and statistical yearbooks and bulletins of Bohai-rim provinces and
cities for relevant years.

2.2 Weight Determination We use a combination weighting method inte-
grating subjective weighting (Analytic Hierarchy Process, AHP) [33] and objec-
tive weighting (entropy method) [34] to determine indicator weights. Let w_p^i
be subjective weights from AHP and w_p^j be objective weights from entropy
method. According to the principle of minimum relative information entropy,
the combined weight w_p is calculated to make subjective and objective weights
as close as possible.

2.3 Evaluation Model and Steps Set Pair Analysis (SPA), proposed by
scholar Zhao Keqin [35], is a quantitative analysis theory for multi-objective
decision-making and multi-attribute evaluation. Human-sea territorial systems,
influenced by numerous factors, exhibit typical uncertainty characteristics in vul-
nerability evolution. As vulnerability is an attribute of these complex systems,
SPA is appropriate for this research.

The basic SPA concept involves analyzing the identity, difference, and opposition
of two sets’characteristics under a specific problem context, establishing their
certain and uncertain relationship. The connection degree expression is: � = a
+ bi + cj, where a, b, c represent identity, difference, and opposition degrees
respectively, with i � [-1,1] and j = -1.
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For vulnerability evaluation, let E be the human-sea territorial system vulner-
ability problem with m evaluation schemes H_k (k = 1,2,⋯,m), each having n
indicators I_p (p = 1,2,⋯,n). The evaluation matrix D is formed with indicator
weights W = {w_1, w_2, ⋯, w_n}. We determine optimal solution set X =
{x_1, x_2, ⋯, x_n} and worst solution set Y = {y_1, y_2, ⋯, y_n}. The
connection degree u_k between scheme H_k and optimal set X is:

u_k = a_k + b_k i + c_k j

where a_k and c_k are identity and opposition degrees between indicator d_kp
and sets X and Y. The closeness degree r_k of scheme H_k to the optimal
solution is defined as:

r_k = a_k / (a_k + c_k)

The r_k index reflects the closeness between evaluated scheme H_k and optimal
set X. A larger r_k indicates higher closeness. This paper uses r_k to reflect
vulnerability intensity—when r_k is smaller, system vulnerability is lower [36-
37].

3 Evaluation Results

Based on SPA, we calculate vulnerability indices for the Bohai-rim region from
1996-2012 .

Table 4 Vulnerability evaluation results for human-sea territorial systems in
the Bohai-rim region

Results clearly show temporal trends and regional differences. From 1996-2000,
all regional vulnerability indices declined, with the largest drops in Liaoning,
Tianjin, Shandong, and Hebei (0.48, 0.402, 0.319, and 0.264 respectively). Dur-
ing 2000-2004, Hebei and Tianjin’s indices remained relatively stable while
Liaoning and Shandong showed slight declines. From 2004-2005 and 2008-2009,
indices briefly rebounded. During 2001-2004, 2005-2008, and 2009-2012, Tian-
jin’s index declined continuously, rebounded in 2005-2006, then remained stable.
Liaoning and Shandong showed continuous decline during 2000-2005 and 2010-
2011, with Liaoning’s decline significantly greater than Shandong’s.

Throughout the study period, Hebei’s vulnerability index was consistently high,
showing substantial decline but still with considerable room for improvement
compared to Shandong. Tianjin and Liaoning ranked second; after 2001-2012,
Tianjin’s index showed no significant change while remaining relatively high
with improvement potential. Although Liaoning started with a high index, it
showed the greatest decline. Shandong maintained relatively low vulnerability
with limited room for further reduction.

3.1 Human-Sea Economic Subsystem Analysis The Bohai-rim region
exhibits uneven marine industry development and unreasonable industrial
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structures. Hebei’s marine three-industry ratio was 0.2:66.7:33.1, with
excessive secondary industry and insufficient tertiary industry. Tianjin’s ratio
was 4.4:54:41.6, approaching the optimal structure but with small total output
value, lagging behind nationally. Shandong’s ratio was 13.2:39.5:47.3, close to
optimal but with primary industry exceeding national averages. Liaoning’s
ratio was 7.2:48.6:44.2, approaching the optimal structure.

During the study period, the region’s marine secondary industry held clear
advantages. Four traditional pillar industries—marine fisheries, marine oil and
gas, marine transportation, and coastal tourism—accounted for 84.2% of added
value in major marine industries, while emerging industries like marine medicine
and marine power held small shares. Marine transportation and coastal tourism
absolutely dominated the tertiary sector. In Liaoning, Dalian’s marine industry
output exceeded half of the province’s total marine economic output, while other
coastal areas were significantly weaker. Marine science, technology, education,
and management services grew rapidly, but the marine tertiary sector remained
relatively weak.

3.2 Human-Sea Resources-Environment Subsystem Analysis Envi-
ronmental pollution intensified and marine disasters became frequent in the
Bohai-rim region. As a densely populated and industrialized area with a semi-
enclosed topography, the region has poor water exchange capacity and fragile
marine ecosystems. Continuous accelerated development, industrial pollution,
and waste discharge from marine resource exploitation have severely polluted
nearshore waters. In 2011, polluted sea area reached 10,300 km², accounting
for 48.3% of the region’s waters, threatening marine life and continuously
reducing suitable aquaculture areas while decreasing water transparency in
tourist zones. Red tide pollution area expanded [38].

The region suffers from marine disasters like sea ice. In 2008, direct economic
losses from sea ice disasters reached 6.318 billion yuan; in 2010, losses reached
with mariculture damage area of and incalculable indirect losses [39].

3.3 Human-Sea Society Subsystem Analysis The Bohai-rim region pos-
sesses strong overall marine science and technology capabilities and human re-
sources, but with significant regional differences. Shandong holds a dominant
position, Tianjin and Liaoning are mid-to-upper level, while Hebei is weakest.
Shandong and Liaoning’s scientific and talent resources concentrate in Qing-
dao and Dalian, with most personnel engaged in basic marine research and
fewer applied interdisciplinary talents. Shandong’s scientific contribution rate
leads significantly, with marine science and technology contributing to marine
economy, far exceeding national averages [40]. Liaoning and Hebei show low
transformation rates and slow industrialization progress.
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4 Triangle Diagram Analysis

Using triangle methodology [41-42], we conduct time-series classification of
human-sea territorial system vulnerability from 1996-2012 to intuitively identify
evolution trends and propose sustainable development strategies. The total vul-
nerability index V_T comprises resources-environment subsystem vulnerability
V_R, economic subsystem vulnerability V_E, and social subsystem vulnerabil-
ity V_S: V_T = V_R + V_E + V_S.

We classify vulnerability into: single-subsystem vulnerability type (resources-
environment R, economic E, or social S), composite-subsystem vulnerability
type (RE, RS, or ES), and balanced vulnerability type (RES). Based on SPA,
we calculate each subsystem’s vulnerability proportion. Single-subsystem vul-
nerability occurs when one subsystem’s vulnerability proportion exceeds 50%
of V_T. Composite-subsystem vulnerability occurs when the sum of two sub-
systems’vulnerabilities exceeds 50%. Balanced vulnerability occurs when no
single subsystem or two-subsystem combination exceeds 50% .

Table 5 Vulnerability types of human-sea territorial systems in the Bohai-rim
region, 1996-2012

Results clearly show vulnerability types and evolution trends. During the study
period, single-subsystem vulnerability occurred 6 times, composite-subsystem
vulnerability 26 times, and balanced vulnerability 32 times—the most frequent
type. This indicates that single subsystems rarely determined overall vulnera-
bility, while composite and balanced types dominated.

Trend analysis shows Tianjin’s system evolved from balanced vulnerability
to composite economic-resource-environment vulnerability, indicating gradually
decreasing economic subsystem vulnerability. Hebei and Liaoning’s vulnerabil-
ity primarily manifested as balanced vulnerability among resources-environment
and social subsystems, with relatively few coordinated years among all three
subsystems. Shandong showed the most complex type changes, with resources-
environment subsystem vulnerability becoming increasingly prominent during
type transitions.

5 Countermeasures for Vulnerability Reduction

Based on vulnerability type classification, we identify key influencing factors
and propose targeted measures:

(1) Single-subsystem vulnerability types: Focus on problems within that
specific subsystem. For resources-environment vulnerability, control resource
exploitation scale, strengthen renewable resource cultivation and non-renewable
resource exploration, develop comprehensive resource utilization industries,
strengthen land-based and marine pollution source monitoring, control land
pollutant discharge into the sea, improve solid waste project management,
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enhance oil production and marine dumping project oversight, accelerate
remediation of key polluted sea areas, and improve emergency response plans
for oil and chemical spills.

(2) Composite-subsystem vulnerability types: For economic-social sub-
system vulnerability, coastal regions should leverage their advantages to cul-
tivate extended marine industry chains with relative advantages, strengthen
land-sea industry coordination, and promote coordinated development. Under
strengthened land-sea coordination, optimize resource allocation, coordinate ma-
rine three-industry proportions, and continuously advance marine industrial
structure upgrading. Increase science, technology, and research investment, en-
courage enterprises and research institutions to focus on achievement transfor-
mation, and develop new marine industries through transformed achievements.
Accelerate talent cultivation to establish a pool of professionals capable of break-
through technologies and high-tech marine development. Strengthen port facil-
ities and transportation construction, expand port economic hinterlands, and
advance marine observation systems, marine data collection and sharing plat-
forms, and new energy infrastructure.

(3) For composite-subsystem and balanced vulnerability types (RES):
Control resource exploitation, improve resource utilization efficiency, strengthen
environmental protection, enhance three-waste utilization, increase science and
education investment, and strengthen infrastructure construction. Different
provinces should focus on adjusting aspects with higher vulnerability accord-
ing to their specific conditions.

6 Conclusion and Discussion

Human-sea territorial systems constitute an important component of human-
land relationship research. This paper employs set pair analysis and trian-
gle methodology to study vulnerability development trends and types in the
Bohai-rim region from 1996-2012. SPA results show overall declining vulnera-
bility indices and significantly enhanced stability. Triangle methodology reveals
that single-subsystem vulnerability occurred less frequently, while composite-
subsystem and balanced vulnerability dominated. Vulnerability reduction can
be achieved through strengthening land-sea coordination, optimizing marine
industrial structure, enhancing marine pollution control, advancing marine sci-
ence and technology innovation, accelerating talent cultivation, and improving
infrastructure.

Vulnerability research represents a frontier topic in global environmental change
and sustainability science. Human-sea territorial systems are complex coupled
systems whose development is disturbed by internal factors, human activities,
and external environments. This paper innovatively introduces vulnerability
into Bohai-rim human-sea territorial system research, exploring regional spa-
tial structure characteristics and evolution patterns through multi-element and
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multi-scale analysis, providing a new paradigm for such research. Given the sys-
tem’s complexity, future research should focus on scientifically characterizing
vulnerability mechanisms and driving forces under disturbance factors.
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