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Abstract 

By integrating ecological spatial data, offshore wind energy development zones, and the 
marine spatial planning (MSP) framework, it is possible to assess the relationship among 
Taiwan’s offshore renewable energy development, risks to marine biodiversity, and the 
effectiveness of marine spatial planning. The study adopts a mixed-method spatial–
quantitative research design that integrates geospatial modelling, ecological risk 
assessment, spatial conflict analysis, and governance evaluation for quantification of 
biodiversity exposure to offshore wind infrastructure. Spatial overlay analysis is 
employed in the identification of geographic areas where offshore wind development 
intersects with high biodiversity vulnerability zones. Quantitative spatial indicators are 
used to assess the extent to which MSP reduces biodiversity exposure to offshore 
renewable energy infrastructure. The analytical framework integrates two parallel 
modelling domains including the ecological risk modelling domain and the spatial 
governance effectiveness domain. The spatial analysis of biodiversity vulnerability across 
Taiwan’s analyzed offshore areas revealed a BVI range of 0.12 to 0.88. The mean BVI value 
was 0.51 (S.D. = 0.18). The results further show that over 47% of the analyzed EEZ falls 
into high and very high vulnerability classes. The total offshore wind area located within 
high-risk and very high-risk zones accounted for 38% of the wind farm footprint. Smaller 
proportions occupy very low and low-risk zones, accounting for 7.1% and 21.4%, 
respectively, while 32.1% of wind infrastructure is in moderate-risk areas. Overlaying 
MSP boundaries with biodiversity risk zones showed that 62% of high-risk biodiversity 
areas are encompassed within MSP-designated protection, leaving 38% of high-risk zones 
unprotected. The findings show that biodiversity preservation and offshore wind 
development are not mutually exclusive but are rather dependent on efficient spatial 
planning, integrated governance, and flexible management to maintain sustainability. 

Keywords: exclusive economic zone; ecological vulnerability; infrastructure exposure;  
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1. Introduction 
The past decade has witnessed an accelerated global shift towards low-carbon 

energy systems, especially offshore renewable energy, which has grown to a global 
capacity of almost 83 GW by 2024 (International Renewable Energy Agency, 2025), largely 
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attributed to individual government efforts to meet the targeted net-zero carbon emissions 
as part of the climate mitigation initiative. Existing national, subnational and regional data 
reported by the Global Offshore Wind Alliance (GOWA) show a unified global 
commitment to establish offshore wind systems with 27 countries, 27 subnational 
governments and 3 regions having established targets in place, to contribute to the 
combined global target of 263 W by 2030. Europe is still in the lead, with 15 nations aiming 
for 99 GW by 2030 [1], and Asia’s pipelines are being built at a quick pace [2]. India plans 
to develop 30–37 GW [3], Japan targets 41 GW by 2040, including 15 GW of floating 
offshore wind [4], and South Korea, Taiwan, and Vietnam are all contributing to the 
region’s overall goal of 41 GW [5]. Even if 2030 is still a significant milestone, governments 
are looking beyond the near term, with 18 nations having made commitments to 
integrating offshore wind into their energy systems for the long term by announcing post-
2030 goals [6,7]. Additionally, seven nations have set goals for floating offshore wind [6], 
which has a lot of promise but is still at a lower pre-commercial level than fixed-bottom 
wind. Global government leadership has been essential to offshore wind’s current growth 
[2,8]. Continued expansion of offshore wind development is expected to depend on long-
term policy commitments, investment frameworks, and national renewable energy 
targets established by individual countries. 

As far as climate change control and mitigation initiatives are concerned, an 
understanding of the relationship between energy systems and their effect on climatic 
patterns and biodiversity is essential for aligning targets with timely policy reform and 
collective action across government and industry for translation of ambition into 
actionable deliverables. Global offshore marine structure expansion, commonly referred 
to as ocean sprawl, is thought to be one of the most drastic man-made changes to the 
maritime environment that has cumulative environmental impacts, most of which are still 
unknown [9,10]. In addition to its effects on the marine environment [11,12], these impacts 
may include underwater noise during construction, habitat alteration caused by turbine 
foundations and cable installation, changes in benthic community composition, collision 
risks for seabirds, and potential disruptions to migratory pathways of marine mammals 
and fish species. The growth of offshore renewables will accelerate competition for space 
in the already congested offshore and coastal waterways [10,13]. Increasing blue growth 
and economic development present a number of risks, such as the potential for local 
fishermen to lose their means of subsistence, lack of access to marine resources, unequal 
distribution of economic gains, and social problems and cultural influences [14]. The 
spatial designation of offshore renewables often constitutes a part of integrated spatial 
management approaches such as marine spatial planning (MSP), which places restrictions 
on marine activities including restricted access to conventional fishing grounds, 
prompting the displacement of fishing activities to other locations [10,15,16]. From a 
technical standpoint, the requirements for the establishment of offshore wind farms such 
as turbine foundations, inter-array cables, substations, and associated maintenance zones 
are deeply embedded within the seabed, which alter benthic communities, hydrodynamic 
conditions, and physical habitat architecture [17,18]. While offshore wind power helps 
mitigate climate change, it may also pose risks to marine biodiversity. To understand the 
ecological impacts of development projects, comprehensive spatial analyses that account 
for both ecological sensitivity and the infrastructure’s footprint are necessary. This is 
particularly important for blue economy initiatives in Taiwan. 

As one of the most diverse marine environments with favorable wind regimes and a 
shallow continental shelf, Taiwan represents one of the world’s most important offshore 
wind growth frontiers, further supported by the strong national commitment to the 
transition to renewable energy. By 2035, the Taiwanese government intends to have 
installed more than 15 GW of offshore wind capacity through staged development 



J. Mar. Sci. Eng. 2026, 14, 1220 3 of 25 
 

https://doi.org/10.3390/jmse14131220 

initiatives including the “Thousand Wind Turbines Project” and zonal development 
policies [19–21]. The country’s nuclear phase-out policy after the Fukushima Daiichi 
nuclear disaster has created a significant energy supply gap [22,23], which further 
reinforces the urgency of the development of offshore renewable energy to offset the lost 
capacity while still maintaining the stability of the national grid and reducing greenhouse 
gas emissions. The Taiwan Strait offers strategic advantages for the development of 
renewable energy infrastructure. With stable monsoon winds and suitable seabed 
conditions, it provides an ideal environment for the construction of fixed offshore wind 
farms [24–26]. Yet, this area also harbors critical fisheries, migratory routes, and highly 
productive marine ecosystems [27,28], raising the possibility of spatial conflicts between 
the preservation of marine biodiversity and energy infrastructure. The adoption of 
integrated approaches such as marine spatial planning (MSP) provides the necessary 
frameworks for spatial allocation of marine resources that minimize ecological conflict 
while optimizing socioeconomic outcomes through identification of low-conflict 
development zones and protection of ecologically sensitive areas [29,30]. Unlike the 
distribution of offshore renewable development regions, traditional free-ranging human 
endeavors like fishing, which are closely related to the spatiotemporal dynamics of 
fisheries resources, are hardly taken into account throughout the planning processes [31]. 
For formulation and adoption of balanced approaches, there is a need for spatially explicit 
assessment frameworks for quantification of biodiversity exposure, offshore 
infrastructure overlap, and planning effectiveness. 

In addition to ecological risk assessment, effective marine spatial planning requires 
governance mechanisms capable of responding to evolving environmental conditions and 
emerging ecological knowledge. Adaptive management has increasingly been recognized 
as a core component of ecosystem-based marine spatial planning because it allows 
decision-makers to revise management measures in response to monitoring results, 
scientific evidence, and changing environmental conditions. Particularly in offshore 
renewable energy development, where ecological impacts may emerge gradually and 
involve considerable uncertainty, adaptive governance frameworks can enhance 
biodiversity protection by facilitating iterative decision-making, stakeholder engagement, 
and policy adjustment. Consequently, evaluating governance effectiveness alongside 
biodiversity risk provides a more comprehensive understanding of marine spatial 
planning’s capacity to balance renewable energy expansion with marine conservation 
objectives. 

Taiwan’s maritime ecosystems are becoming more and more susceptible to 
cumulative anthropogenic stresses, even with the country’s remarkable marine 
biodiversity. The country is actively witnessing ecological fragmentation, species 
extinction, and habitat degradation attributed to the direct effects of coastal industry, 
maritime transportation, exploitation of fisheries, and climate change [32,33]. The 
expansion of offshore renewable energy adds another level of ecological and spatial 
tension [34,35], especially in shallow coastal areas where there is an intersection of 
demands for energy infrastructure and biodiversity conservation. Currently, most 
research on offshore wind power development originates from European contexts, 
particularly the North Sea and Baltic Sea regions, and primarily focuses on ecological 
impacts and spatial planning frameworks. Table 1 shows the comparative analysis of 
international studies on offshore renewable energy, biodiversity risk, and marine spatial 
planning. These studies largely employ advanced spatial modeling tools to assess 
ecological risks, cumulative impacts, and the effectiveness of marine spatial planning. In 
contrast, most offshore wind energy research in Taiwan focuses on technical feasibility, 
engineering design, and economic policies, with little attention paid to spatial biodiversity 
risk assessments or the effectiveness of marine spatial planning. This has resulted in 
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fragmented evidence and a significant knowledge gap. Therefore, against the backdrop of 
promoting the expansion of offshore renewable energy while mitigating risks to marine 
biodiversity, there is an urgent need for a quantitative assessment of the effectiveness of 
marine spatial planning. This study aims to fill this gap by integrating Geographic 
Information System (GIS) spatial modeling and governance analysis with ecological 
spatial data, offshore wind development zones, and marine spatial planning frameworks 
to assess the relationships among offshore renewable energy expansion, marine 
biodiversity risks, and the effectiveness of marine spatial planning in Taiwan. 

Table 1. Comparative Analysis of International Studies on Offshore Renewable Energy, Biodiversity 
Risk, and Marine Spatial Planning. 

Author Region Methodology Biodiversity Indicators MSP Assessment Key Findings Limitations 

[10] North Sea, 
Europe 

GIS + MSP Habitats, fisheries Yes 

Identified 
spatial conflicts 

between 
offshore wind 
and fisheries 

Limited 
biodiversity 
indicators 

[36] Europe Ecological risk 
assessment 

Species, habitats Partial 

Environmental 
impacts vary 

among 
ecosystems 

Limited 
governance 
evaluation 

[37] Europe 
Cumulative 

impact 
assessment 

Habitats, ecosystem 
functions 

No 

Need integrated 
cumulative 

impact 
assessment 

No policy 
dimension 

[38] Mediterrane
an 

Siting 
sustainability 

analysis 
Benthic biodiversity Partial 

Site selection 
reduces 

ecological 
impacts 

Regional focus 

[39] New 
Zealand 

Environmental 
assessment 

Marine biodiversity Yes 
Ecosystem-

based planning 
required 

Limited 
quantitative 
modelling 

[21] Brazil 
Baseline 

biodiversity 
assessment 

Species distribution No 

Baseline data are 
essential for 

offshore wind 
planning 

No MSP 
evaluation 

[15] 
Denmark, 
England, 

Netherlands 

Spatial conflict 
analysis 

Indirect ecological 
indicators Yes 

MSP reduces 
marine-use 

conflicts 

Ecological 
outcomes not 

quantified 

This 
Study Taiwan 

GIS + 
Ecological Risk 
+ Governance 
Assessment 

Species richness, 
vulnerability, habitat 

sensitivity, connectivity 
Yes (Quantitative) 

Integrated 
biodiversity risk 

and MSP 
effectiveness 
assessment 

Dependent on 
available spatial 

datasets 

2. Methodology 
The main objective of this study is to combine Geographic Information System (GIS) 

spatial modeling with governance analysis to assess the relationships among three key 
factors in Taiwan: the expansion of offshore renewable energy, risks to marine 
biodiversity, and the effectiveness of marine spatial planning. Therefore, we adopted a 
mixed-methods spatial–quantitative research design that integrates geospatial modeling, 
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ecological risk assessment, spatial conflict analysis, and governance evaluation to 
specifically quantify the extent to which biodiversity is exposed to risks due to offshore 
wind energy infrastructure, while also assessing the effectiveness of spatial governance 
mechanisms in mitigating ecological risks. The entire research design is based on GIS 
spatial modeling, which integrates various spatial datasets representing biodiversity 
vulnerability, offshore renewable energy infrastructure, and marine spatial planning 
zones to conduct quantitative assessments. This GIS spatial modeling concept is grounded 
in the understanding that both marine ecosystems and offshore infrastructure have 
specific spatial contexts, and that ecological impacts primarily depend on geographical 
proximity, habitat distribution, and infrastructure density. The Methodological Workflow 
of the Spatial–Governance Assessment Framework as Figure 1. 

 

Figure 1. Methodological workflow of the Spatial–Governance Assessment Framework. 

This study contains four core analytical components. First, we conduct GIS-based 
biodiversity risk modeling to quantify the spatial distribution of ecological vulnerability 
in Taiwan’s marine environment. This is achieved by integrating indicators such as 
species richness, habitat sensitivity, conservation status, and ecological connectivity into 
a composite biodiversity vulnerability index. The second component analyzes the spatial 
overlap and conflicts between offshore renewable energy infrastructure and areas of high 
biodiversity vulnerability. Offshore wind energy infrastructure introduces fixed sources 
of ecological pressure; when these sources overlap with ecologically sensitive areas, 
biodiversity risks arise. We used spatial overlay analysis to identify where offshore wind 
development areas intersect with high-vulnerability zones. Part Three focuses on 
evaluating the effectiveness of marine spatial planning in mitigating biodiversity risks by 
examining the spatial alignment between offshore wind development areas and 
biodiversity-vulnerable zones. We use quantitative spatial indicators to determine the 
extent to which marine spatial planning can reduce the risks to biodiversity posed by 
offshore renewable energy infrastructure. The final section is a governance capacity 
assessment that primarily examines whether the marine spatial planning system has 
sufficient institutional capacity to regulate offshore renewable energy development and 
protect marine biodiversity. 

This analytical framework covers two areas: ecological risk modeling and spatial 
governance effectiveness assessment. For ecological risk modeling, the primary task is to 
quantify biodiversity vulnerability and infrastructure exposure. Specifically, this involves 
developing a spatial biodiversity vulnerability index, an infrastructure exposure index, 
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and a composite biodiversity risk distribution map. For spatial governance effectiveness, 
the focus is on assessing how marine spatial planning (MSP) influences the spatial 
distribution of biodiversity risks. Here, “governance effectiveness” refers to the extent to 
which MSP can reduce biodiversity’s exposure to risk through spatial planning decisions. 
As for “biodiversity risk,” we define it as the product of ecological sensitivity and 
infrastructure exposure, a risk that is moderated by governance effectiveness. Simply put, 
spatial modeling is used to calculate ecological risk, while governance analysis is used to 
assess the extent to which the planning framework can mitigate or, conversely, exacerbate 
this risk. Based on this conceptual framework, the core relationship between the two can 
be expressed using the following model in Equation (1): 

Biodiversity Risk = f (Ecological Vulnerability × Infrastructure Exposure)/Governance Mechanisms (1)

The main spatial analysis unit in this study is a unified grid system applied to waters 
under Taiwan’s jurisdiction. We adopted a 1 km × 1 km grid resolution as the primary 
analytical scale for assessing biodiversity vulnerability, the exposure of offshore wind 
energy infrastructure, and spatial conflicts. Within this modeling framework, each grid 
cell serves as an independent unit of analysis. Within each grid cell, we aggregate and 
standardize biodiversity indicators to calculate a Biodiversity Vulnerability Index (BVI). 
We also calculate the presence and density of offshore wind infrastructure to derive an 
Infrastructure Exposure Index (IEI). Multiplying these two standardized indices yields a 
spatially continuous map of biodiversity risk. We will also conduct sensitivity analyses to 
assess how different spatial resolutions affect biodiversity risk classification. All ecological 
indicators were normalized to a common scale ranging from 0 to 1 using min–max 
normalization. The Biodiversity Vulnerability Index (BVI) was then calculated using a 
weighted linear combination of the standardized indicators. Because all indicator values 
were normalized between 0 and 1 and the weights were constrained to sum to 1.0, the 
theoretical range of the BVI is also 0–1, where 0 indicates minimal biodiversity 
vulnerability and 1 indicates maximum biodiversity vulnerability. 

The spatial scope of this analysis covers Taiwan’s Exclusive Economic Zone (EEZ), 
which refers to the maritime areas over which Taiwan exercises jurisdiction regarding 
marine resource development and environmental management. Within this broader EEZ, 
the analysis focuses specifically on the offshore wind power development corridor in the 
Taiwan Strait. Located along the western continental shelf of Taiwan, this corridor 
features suitable water depths, strong and stable winds, and proximity to grid 
infrastructure; consequently, the majority of offshore wind facilities currently in operation 
or under planning are concentrated here. Using the EEZ as the outer analytical boundary 
ensures that our assessment of offshore wind expansion scenarios through 2035 remains 
within Taiwan’s jurisdictional and planning framework. All spatial layers were projected 
and harmonized using the WGS84 geographic coordinate system and were projected onto 
the appropriate Universal Transverse Mercator (UTM) zone (i.e., Zone 51N) to enable 
precise area calculations and facilitate grid alignment. 

For the purpose of this study, MSP boundaries refer to the spatial management units 
designated under Taiwan’s marine spatial planning framework. These boundaries 
include marine protected areas (MPAs), ecological conservation zones, fisheries 
management areas, offshore renewable energy development zones, and other marine-use 
zones established within Taiwan’s territorial waters and Exclusive Economic Zone (EEZ). 
Therefore, MSP boundaries do not represent a single jurisdictional boundary; rather, they 
constitute a collection of spatially defined management zones used to regulate marine 
activities and biodiversity conservation. 

Also, the spatial scope is further defined by Taiwan’s legally established maritime 
jurisdiction and the designated offshore renewable energy development zones, covering 
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Taiwan’s territorial waters and exclusive economic zone (EEZ). Within these waters, 
Taiwan holds sovereign rights over the use of marine resources and environmental 
governance. Taiwan’s territorial waters extend 12 nautical miles from the baselines, within 
which Taiwan exercises full sovereignty, including regulatory authority over 
infrastructure development, conservation measures, and environmental protection. The 
exclusive economic zone (EEZ), extending 200 nautical miles from the baselines, grants 
Taiwan rights to resource exploration, renewable energy development, and marine 
environmental management. Although the EEZ constitutes the outer boundary of the 
analysis, the ecological framework is structured around several key marine regions. These 
regions are delineated based on oceanographic, ecological, and habitat characteristics 
related to biodiversity vulnerability and interactions with offshore renewable energy. 
Among these, the Taiwan Strait is the primary ecological focus area. Figure 2 presents the 
spatial extent of the study area, including Taiwan’s territorial waters, Exclusive Economic 
Zone (EEZ), offshore wind development corridors, and marine spatial planning (MSP) 
management zones. The figure provides the geographic framework within which 
biodiversity vulnerability, infrastructure exposure, and governance effectiveness were 
assessed. The majority of offshore wind development zones are concentrated along the 
western continental shelf of the Taiwan Strait, whereas biodiversity-sensitive areas are 
distributed across both coastal and offshore marine ecosystems. The temporal scope of 
this study is designed to cover both the ecological baseline conditions and the projected 
trajectory of offshore renewable energy expansion. Biodiversity baseline data were 
compiled from 2015 to 2024. The analysis of offshore wind power development is divided 
into three time phases: operational facilities (2020–2025), approved and planned projects 
(2025–2030), and long-term projected capacity expansion (2030–2035). The 2020–2025 
phase corresponds to the initial large-scale deployment under Taiwan’s zoned 
development strategy. The 2025–2030 phase reflects the grid connection plans for 
approved development zones. The 2030–2035 forecast aligns with Taiwan’s long-term 
goal of achieving a total installed offshore wind capacity exceeding 15 GW. 

 

Figure 2. Study area and spatial boundaries. 

The datasets used in the analysis fall into four main categories: spatial data on 
offshore renewable energy, spatial data on marine biodiversity, environmental and 
oceanographic data, and data on marine spatial planning and governance. Spatial data on 
offshore renewable energy is primarily used to calculate the area occupied by offshore 
wind power development within Taiwan’s jurisdictional waters, the density of 
development, and the trajectory of expansion over time. Key infrastructure datasets 
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include the georeferenced locations of offshore wind turbines, which are represented as 
“points” and include the precise coordinates of installed or planned turbine foundations. 
The infrastructure capacity of each wind farm or group of wind turbines is recorded in 
megawatts (MW) and serves as a quantitative indicator of infrastructure density. Data 
sources include government energy agencies, the Global Wind Atlas, the World Bank’s 
offshore wind database, and infrastructure distribution maps derived from satellite 
imagery. 

Spatial data on marine biodiversity covers georeferenced information such as species 
distribution, habitat sensitivity, ecological connectivity, and conservation priority areas 
within Taiwan’s jurisdictional waters. This data are used to construct biodiversity 
vulnerability models and assess ecological risks associated with the expansion of offshore 
renewable energy. Sources of this data include the Ocean Biodiversity Information System 
(OBIS), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/ 
(accessed on 9 January 2026)), the Ocean Affairs Council of Taiwan, and datasets obtained 
from scientific surveys. The environmental and oceanographic data are used to model 
ecological vulnerability distribution while the marine spatial planning and governance 
data provide the necessary governance attributes including protection levels, regulatory 
restriction intensity and enforcement designation. 

The collected data are first pre-processed through spatial harmonization to ensure 
that all ecological, infrastructure, and governance datasets are analytically compatible 
within a unified geospatial modelling framework. Strict pre-processing techniques are 
necessary to remove scale distortions, spatial misalignment, resolution-induced bias, and 
projection inconsistencies due to the integration of several data types (point, polyline, 
polygon, and raster) from diverse sources. All spatial datasets are first reprojected into a 
common geographic and projected coordinate framework. The harmonization process 
follows two steps including the standardization of geographic coordinates by converting 
all datasets to WGS84 (EPSG:4326) and transformation of projected coordinates for 
analysis. Datasets derived from OBIS, GBIF, government surveys, satellite imagery, and 
infrastructure planning are standardized to a common raster grid resolution prior to 
modelling. Vector layers (i.e., data such as points, lines, and polygons) are first converted 
into a raster format aligned with the analysis grid. “Point” data, such as turbine locations, 
is converted into a layer reflecting distribution density using kernel density estimation; 
whereas “line” data, such as power lines and migration corridors, is first converted into a 
raster format after establishing buffer zones based on ecologically meaningful impact 
distances. Polygon data are converted to binary or weighted raster layers indicating 
presence and intensity. 

To prevent spatial misalignment between layers, a master grid template is created 
covering Taiwan territorial waters (12 nautical miles), Taiwan EEZ (200 nautical miles) 
and offshore wind priority zones. Sensitivity analyses are conducted to assess the effect 
of sparse-data regions on risk outcomes. The processed datasets are then cleaned and their 
quality confirmed. First, duplicate biodiversity records are filtered using species name 
standardization (taxonomic harmonization), exact coordinate matching (latitude–
longitude precision to ≥4 decimal places), and temporal matching (same species, same 
date, same coordinates). Taxonomic harmonization is performed using standardized 
nomenclature consistent with the International Union for Conservation of Nature Red List. 
Statistical outlier detection is conducted using Z-score distance from species centroid 
distribution, nearest-neighbour distance thresholds, range-based ecological plausibility 
filters, and records exceeding ecological plausibility thresholds are removed. Each 
biodiversity layer is assigned a data quality score based on source reliability, spatial 
resolution, sampling density and temporal recency. Following cleaning and validation, 
biodiversity indicators are transformed into continuous spatial surfaces compatible with 
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raster-based modelling to generate ecologically meaningful distribution probability layers 
aligned with the 1 km analytical grid. 

The Biodiversity Vulnerability Index (BVI) was developed to quantify the spatial 
distribution of ecological sensitivity and conservation priority across Taiwan’s marine 
environment. The index integrates multiple ecological indicators representing 
biodiversity composition, conservation importance, and ecological function into a single 
composite raster surface. The BVI is constructed using a multi-criteria spatial modelling 
approach involving indicator selection, standardization, weight assignment, and 
composite index calculation. The core ecological indicators include species richness, 
species vulnerability, habitat sensitivity, conservation status, and ecological connectivity. 
Min–max normalization is applied to transform each indicator into a uniform range 
between 0 and 1, as shown in Equation (2). Habitat sensitivity refers to the ecological 
importance and disturbance susceptibility of marine habitats. Spatial datasets 
representing coral reef ecosystems, spawning grounds, nursery habitats, benthic 
ecosystems, and other ecologically significant habitats were compiled from national 
marine biodiversity databases and scientific surveys. Habitat sensitivity scores were 
assigned according to habitat ecological value and expected sensitivity to offshore 
infrastructure development. Conservation status reflects the legal and ecological 
protection importance of species and habitats. This indicator was developed using 
information from IUCN conservation classifications, nationally protected species lists, 
marine protected area designations, and conservation priority areas identified by 
government agencies. Areas containing protected species or conservation priority habitats 
received higher conservation status scores. Ecological connectivity represents the degree 
to which marine habitats facilitate species movement, migration, dispersal, and ecological 
interactions. Connectivity was assessed using spatial information on migration corridors, 
habitat continuity, larval dispersal pathways, and ecological linkage zones. Areas 
functioning as important ecological corridors or supporting high habitat connectivity 
received higher connectivity scores due to their greater importance for maintaining 
ecosystem resilience and biodiversity persistence. (see Table 2) 

Table 2. Ecological Indicators Used in Biodiversity Vulnerability Assessment. 

Indicator Definition Data Source 

Species Richness 
Number of species recorded 

within each grid cell 
OBIS, GBIF, Taiwan marine 

surveys 

Species Vulnerability 
Species susceptibility to 

disturbance and extinction 
risk 

IUCN Red List, species 
sensitivity data 

Habitat Sensitivity Ecological importance and 
vulnerability of habitats 

Coral reefs, nursery grounds, 
spawning areas, benthic 

habitats 

Conservation Status 
Legal and conservation 

importance of species and 
habitats 

IUCN, protected species lists, 
conservation areas 

Ecological Connectivity Habitat linkage and 
migration pathways 

Migration corridors, habitat 
continuity datasets 

 

Normalized Value = ௑ି௑೘೔೙௑೘ೌೣି௑೘೔೙ (2)

Each indicator raster is processed using GIS raster calculator to produce a 
standardized raster layer, a cell resolution of 1 km and value range of 0–1, as shown in 
Equation (3); 



J. Mar. Sci. Eng. 2026, 14, 1220 10 of 25 
 

https://doi.org/10.3390/jmse14131220 

𝐼௡௢௥௠ = ூିூ೘೔೙ூ೘ೌೣିூ೘೔೙ (3)

Equal weighting was applied to the five ecological indicators because no empirical 
evidence was available to justify differential weighting among biodiversity attributes. 
Each indicator contributed equally (weight = 0.20) to the Biodiversity Vulnerability Index 
(BVI). This approach minimizes subjective bias and is commonly applied in composite 
ecological vulnerability assessments where indicator importance cannot be robustly 
differentiated. The Biodiversity Vulnerability Index (BVI) is calculated using weighted 
linear combination of standardized indicators, as shown in Equation (4). 

BVI = ∑ ሺ𝑤௜ 𝑋 𝐼௜ሻ௡௜ୀଵ  (4)

where: 

• 𝐵𝑉𝐼 = Biodiversity Vulnerability Index; 
• 𝑤௜ = weight of indicator 𝑖; 
• 𝐼௜ = standardized value of indicator 𝑖; 
• 𝑛 = number of indicators. 

Offshore wind infrastructure exposure modelling quantifies the spatial extent and 
intensity of anthropogenic pressure exerted by offshore renewable energy installations on 
marine ecosystems. The exposure model integrates infrastructure footprint, infrastructure 
intensity, and ecological proximity effects within a GIS-based raster modelling framework. 
The spatial footprint of offshore wind infrastructure represents the geographic extent over 
which offshore wind installations may directly or indirectly influence marine ecosystems. 
The infrastructural components incorporated into the spatial exposure model include 
turbine footprint, ecological Buffer Zones (500 m–5 km Influence Radius), cable routes and 
wind farm boundaries. All infrastructural components were integrated into a unified 
raster infrastructure footprint layer to represent the infrastructure presence and influence 
intensity. Infrastructure intensity represents the magnitude and concentration of offshore 
wind infrastructure within each spatial unit and is calculated using three primary metrics 
including turbine density, capacity density and infrastructure proximity index. Turbine 
density represents the number of turbines within each grid cell or defined spatial radius 
and is calculated as in Equation (5). 

Turbine Density = ே௨௠௕௘௥ ௢௙ ்௨௥௕௜௡௘௦ீ௥௜ௗ ஼௘௟௟ ஺௥௘௔  (5)

Capacity density represents the installed wind power capacity within each spatial 
grid cell and is calculated as in Equation (6); 

Capacity Density = ்௢௧௔௟ ௜௡௦௧௔௟௟௘ௗ ௖௔௣௔௖௜௧௬ (ெௐ)ீ௥௜ௗ ஼௘௟௟ ஺௥௘௔  (6)

Infrastructure proximity quantifies the distance between each grid cell and the 
nearest offshore wind infrastructure element and is calculated as in Equation (7); 

Proximity = ଵ஽௜௦௧௔௡௖௘ ௧௢ ௡௘௔௥௘௦௧ ௜௡௙௥௔௦௧௥௨௖௧௨௥௘ (7)

Infrastructure intensity index combines turbine density, capacity density, and 
proximity metrics, and is computed as follows; 

Infrastructure Intensity = (𝑤ଵ ×  𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦) + (𝑤ଶ  ×  𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦) + (𝑤ଷ ×  𝑃𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦) (8)

The Exposure Index quantifies the level of ecological exposure to offshore wind 
infrastructure based on infrastructure intensity and ecological proximity effects, and is 
computed as follows; 

Exposure = Infrastructure Intensity × Influence Function (9)
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where Infrastructure Intensity is the composite infrastructure density index and influence 
function is the distance-based proximity weighting function. Proximity weights were 
assigned using distance decay functions using the following formula; 

Proximity Weight: 𝑒ିௗ/ఈ (10)

where: 

• 𝑑 = distance from infrastructure; 
• 𝛼 = ecological influence decay parameter. 

Exposure modelling was implemented using ArcGIS Pro 3.5 for spatial processing 
and Python 3.11.11. 

Spatial biodiversity risk modelling integrates ecological vulnerability and offshore 
wind infrastructure exposure into a unified quantitative framework to identify areas 
where offshore renewable energy development poses the greatest threat to marine 
ecosystems. The Biodiversity Risk Index (BRI) was calculated using a multiplicative risk 
model that integrates the Biodiversity Vulnerability Index (BVI) and Infrastructure 
Exposure Index (EI). 

Biodiversity Risk Index (BRI) = Biodiversity Vulnerability Index (BVI) × Infrastructure Exposure Index (EI) (11)

The risk index was calculated using GIS raster formula as follows 

Risk Raster = Vulnerability Raster × Exposure Raster (12)

The risk index values were interpreted using the following Table 3. 

Table 3. Interpretation of Risk Values. 

Risk Value Risk Meaning 
0.00 No ecological risk 

0.01–0.20 Very low risk 
0.21–0.40 Low risk 
0.41–0.60 Moderate risk 
0.61–0.80 High risk 
0.81–1.00 Very high risk 

Spatial risk mapping was conducted to visualize and quantify biodiversity risk 
distribution across Taiwan’s offshore wind development regions. Hotspot clusters were 
identified using spatial clustering analysis and contiguous high-risk grid aggregation. 
Spatial overlay was performed using GIS intersection and raster overlay tools to produce 
a spatial dataset linking ecological risk and governance protection status. Spatial 
alignment effectiveness measures how well MSP zoning avoids high-risk biodiversity 
areas, and is calculated as below: 

Alignment Effectiveness = ௉௥௢௧௘௖௧௘ௗ ு௜௚௛ ோ௜௦௞ ஺௥௘௔்௢௧௔௟ ு௜௚௛ ோ௜௦௞ ஺௥௘௔  (13)

The Conflict Index quantifies spatial conflicts between offshore wind development 
and biodiversity conservation priorities and is computed as follows; 

Conflict Index = Biodiversity Risk × Infrastructure Presence × MSP Protection Absence 

The MSP Governance Effectiveness Index quantifies how effectively Taiwan’s MSP 
framework minimizes biodiversity risk exposure from offshore wind development and is 
computed as follows; 

MSP Effectiveness = ஺௩௢௜ௗ௘ௗ ு௜௚௛ ோ௜௦௞ ஽௘௩௘௟௢௣௠௘௡௧ ஺௥௘௔்௢௧௔௟ ை௙௙௦௛௢௥௘ ௐ௜௡ௗ ஽௘௩௘௟௢௣௠௘௡௧ ஺௥௘௔ (14)
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The final step of the methodological framework integrates ecological modeling and 
governance analysis to provide a comprehensive assessment of biodiversity risk 
distribution, offshore wind ecological exposure, spatial planning effectiveness, and 
governance performance. The governance assessment is intended to complement 
biodiversity risk modeling. It examines how Taiwan’s marine spatial planning (MSP) 
framework manages the expansion of offshore renewable energy while protecting marine 
biodiversity, with a focus on institutional, regulatory, and enforcement aspects. The study 
analyzed several key policies and laws, including the Ocean Basic Act, the Marine Spatial 
Planning Act and related regulations, the Renewable Energy Development Act, the 
Offshore Wind Power Development Policy Framework, the Marine Conservation Act, and 
Environmental Impact Assessment (EIA) regulations for offshore wind power. These data 
were sourced from official authorities, including the Marine Affairs Council, the Ministry 
of Economic Affairs, and environmental regulatory agencies. 

Governance effectiveness was evaluated using a multidimensional assessment 
framework designed to assess the institutional capacity of Taiwan’s marine spatial 
planning system to manage biodiversity risks associated with offshore renewable energy 
development. Three governance dimensions were assessed: (1) Regulatory Clarity and 
Legal Compliance (RCLC); (2) Integration of Environmental Objectives (IEO); and (3) 
Adaptive Management Capacity (AMC) (see Table 4). 

Table 4. Governance Assessment Framework and Evaluation Criteria. 

Governance Dimension Assessment Components Evaluation Focus 

Regulatory Clarity and 
Legal Compliance 

Legal mandates, enforcement 
mechanisms, regulatory 

consistency 

Degree to which legal 
frameworks clearly define 

responsibilities and 
compliance requirements 

Integration of 
Environmental Objectives 

Biodiversity targets, 
environmental safeguards, 
ecosystem-based planning 

Extent to which 
environmental 

considerations are 
incorporated into MSP and 
offshore energy planning 

Adaptive Management 
Capacity 

Monitoring programs, policy 
review mechanisms, 

stakeholder participation, 
institutional learning 

Capacity to respond to 
emerging ecological 

information and adjust 
management measures 

Regulatory clarity and legal compliance evaluate the extent to which legal 
instruments clearly define management responsibilities, planning procedures, and 
enforcement mechanisms. Integration of environmental objectives assesses the degree to 
which biodiversity conservation considerations are incorporated into offshore renewable 
energy planning and decision-making processes. Figure 3. Spatial distribution of 
biodiversity-related ecological indicators used in Biodiversity Vulnerability Index (BVI) 
construction, including species richness hotspots, sensitive habitats, conservation priority 
areas, and ecological connectivity corridors. 
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Figure 3. Spatial distribution of biodiversity vulnerability indicators, illustrating species richness 
hotspots, sensitive habitats, and conservation priority areas. 

Adaptive management capacity refers to the ability of the governance system to 
incorporate environmental monitoring results, respond to emerging ecological risks, 
revise management measures when necessary, and facilitate continuous policy learning. 
The assessment was conducted through a systematic review of policy documents, 
legislation, marine spatial planning regulations, and expert evaluation. Each governance 
dimension was scored on a normalized scale ranging from 0 (very weak governance 
capacity) to 1 (very strong governance capacity). 

3. Sensitivity Analysis 
Sensitivity analyses were conducted using alternative grid resolutions of 500 m, 1 km, 

and 2 km. The results indicate that the overall spatial distribution patterns of biodiversity 
risk remained consistent across resolutions. The proportion of high-risk areas varied by 
less than 6%, demonstrating the robustness of the modelling framework. Consequently, 
the 1 km grid was retained as the optimal balance between computational efficiency and 
spatial precision. 

4. Findings 
Marine Biodiversity 

After data organization, species name standardization, and spatial filtering, we 
analyzed 148,732 biodiversity records across Taiwan’s marine planning zones. These 
records encompass 2846 different marine species, including fish, cetaceans, benthic 
invertebrates, coral-associated organisms, and other marine taxa. At a grid resolution of 1 
km2, the number of species per grid ranged from a low of 2 in deep-sea offshore areas to 
a high of 187 in ecologically complex coastal and continental shelf regions. Overall, there 
were an average of 64.3 species per grid, with a standard deviation of 38.7 species. The 
waters surrounding Taiwan exhibit distinct geographical variations: coastal ecological 
zones have the highest biodiversity, averaging 112.5 species per grid cell, with a 
maximum of 187 species. The western continental shelf (Taiwan Strait) averaged 96.4 
species per grid cell, with a peak of 172 species; meanwhile, the designated offshore wind 
farm development zones exhibited moderate to high biodiversity, averaging 78.2 species 
per grid cell, with a maximum of 149 species. As shown in Figure 4, species richness in 
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the offshore wind power zones is moderately high, while biodiversity in the central waters 
of the Exclusive Economic Zone (EEZ) is relatively low, averaging only 41.8 species per 
grid cell. 

 

Figure 4. Mean species richness across geographic gradients. 

A comparison shows a clear difference between shallow continental shelf areas and 
deeper waters. As shown in Figure 5, the average species richness per grid cell on the 
continental shelf is 108.7 species (standard deviation = 41.3), whereas the average in the 
exclusive economic zone waters is much lower, at only 36.4 species per grid cell (standard 
deviation = 19.6). 

 

Figure 5. Mean species richness across regions. 

Hotspot analysis identified 17 distinct areas of high species richness within the 
Exclusive Economic Zone. These biodiversity hotspots cover a combined area of 
approximately 18,460 km2, accounting for roughly 21.7% of the entire Exclusive Economic 
Zone (84,975 km2). Within these hotspots, the average number of species per grid cell was 
141.3, more than double the average for the entire EEZ. A further breakdown of ecological 
richness shows that areas of very low richness (0–25 species) accounted for 15.1% of the 
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EEZ (approximately 12,840 km2), the low-richness category (26–50 species) accounted for 
22.8% (approximately 19,430 km2), while the medium-richness category (51–100 species) 
had the highest proportion, reaching 32.8% (approximately 27,915 km2). High richness 
(101–150 species) constituted 19.1% (16,280 km2) and very high richness (>150 species) 
comprised 10.0% (8510 km2). The distribution of richness categories is shown in Figure 6. 

This study adopted a composite vulnerability index that integrates species 
conservation status, ecological sensitivity, and exposure-related attributes to assess 
species vulnerability within Taiwan’s Exclusive Economic Zone (EEZ). Based on 18,742 
distribution records validated through spatiotemporal quality control procedures, a total 
of 1284 marine species were evaluated. The species-level vulnerability index ranged from 
0.07 to 0.93. After aggregating the data to the grid cell level, the average vulnerability 
index within the EEZ was 0.46 (standard deviation = 0.18). Based on species distribution 
across vulnerability categories, 43.7% (n = 561) of the assessed species fell within the 
moderate vulnerability range (0.31–0.60), representing the largest proportion. Low-
vulnerability species (0.00–0.30) accounted for 29.8% (n = 382) of taxa, whereas high-
vulnerability species (0.61–0.80) constituted 19.2% (n = 247). Although they account for 
only 7.3% (n = 94) of the total, these ecologically important species are classified as having 
extremely high vulnerability (0.81–1.00). The distribution of vulnerability across species 
is shown in Figure 7. 

 

Figure 6. Richness classification distribution. 
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Figure 7. Species vulnerability distribution. 

According to the classification criteria of the IUCN Red List of Threatened Species, a 
total of 157 species (12.2%) are officially listed as threatened (Critically Endangered, 
Endangered, or Vulnerable). Of these, 18 species (1.4%) are Critically Endangered, 46 
species (3.6%) are Endangered, and 93 species (7.2%) are Vulnerable. Another 132 species 
(10.3%) are classified as Near Threatened, while the majority of species (77.5%, totaling 
995 species) are Least Concern. The distribution of each species according to the IUCN 
classification is shown in Figure 8. 

 

Figure 8. Species distribution based on IUCN classification. 

The distribution of vulnerability exhibits a distinct geographical gradient. The 
northeastern waters, influenced by the Kuroshio Current, feature complex reef and 
pelagic ecosystems and have the highest average vulnerability index (0.63); the 
southwestern coastal waters, which contain coral reef-dominated ecosystems, exhibit a 
relatively high level of vulnerability (mean = 0.58, maximum = 0.85); the Taiwan Strait 
(western coastal waters) exhibits moderate vulnerability (mean = 0.41); the exclusive 
economic zone in the eastern offshore waters has a relatively low average vulnerability 
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(0.37); and the deep-sea waters (depth > 1000 m) have the lowest vulnerability (mean = 
0.29). The distribution of species across major marine regions is illustrated in Figure 9. 

 

Figure 9. Mean vulnerability index across regions. 

The spatial distribution of sensitive habitats within Taiwan’s offshore areas reveals 
significant variation across habitat types. Coral ecosystems accounted for approximately 
320 km2, representing 1.2% of Taiwan’s EEZ. Spawning grounds covered about 1150 km2, 
or 4.3% of the EEZ. Nursery habitats encompassed roughly 900 km2, equivalent to 3.4% of 
the EEZ, while benthic ecosystems covered 2400 km2, or 9.0% of the EEZ. The distribution 
of sensitive habitat zones is illustrated in Figure 10. 

 

Figure 10. Distribution of habitat sensitive areas. 

The spatial analysis of biodiversity vulnerability across the analyzed offshore areas 
of Taiwan revealed a BVI range of 0.12 to 0.88. The mean BVI value was 0.51 (S.D. = 0.18). 
The results further show that over 47% of the analyzed EEZ falls into high and very high 
vulnerability classes, as illustrated in Figure 11. 
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Figure 11. Biodiversity vulnerability. 

5. Offshore Wind Infrastructure 
A total of 1150 offshore wind turbines were analyzed, representing a combined 

installed capacity of 4250 MW, and occupying a total area of approximately 560 km2, 
distributed among both operational and planned wind farms. Turbine density across the 
analyzed wind farms ranged from 2.1 to 8.7 turbines per km2 and capacity density varied 
from 7.8 to 32.5 MW per km2. The Infrastructure Proximity Index (IPI), which measures 
clustering of wind infrastructure relative to sensitive habitats, had a mean value of 0.42 
(S.D. = 0.16). The Exposure Index, integrating wind farm density, capacity, and proximity 
to sensitive habitats, ranged from 0.08 to 0.92, with a mean value of 0.47 (S.D. = 0.21). The 
results show that over 48% of the analyzed EEZs experience high to very high exposure 
to offshore wind infrastructure, as illustrated in Figure 12. 

 

Figure 12. Infrastructure exposure. 

6. Spatial Biodiversity Risk Model Results 
The Biodiversity Risk Index (BRI) across the analyzed offshore areas ranged from 

0.10 to 0.89; the mean BRI value was 0.48 (S.D. = 0.22). Classification of the BRI revealed 
that approximately 3.9% of the analyzed areas fall within the very low-risk category, 10.3% 
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within low-risk, 29.5% within moderate-risk, 28.0% within high-risk, and 21.3% within 
very high-risk areas, as illustrated in Figure 13. 

 

Figure 13. Biodiversity risk classification. 

The analysis of identified hotspots revealed 14 distinct biodiversity risk clusters, 
covering a total area of 6400 km2. The total offshore wind area located within high-risk 
and very high-risk zones accounted for 38% of the wind farm footprint. Smaller 
proportions occupy very low and low-risk zones, accounting for 7.1% and 21.4%, 
respectively, while 32.1% of wind infrastructure is in moderate-risk areas, as illustrated in 
Figure 14. 

 

Figure 14. Offshore/biodiversity overlap. 

Overlaying MSP boundaries with biodiversity risk zones showed that 62% of high-
risk biodiversity areas are encompassed within MSP-designated protection, leaving 38% 
of high-risk zones unprotected. Some areas within the moderate-risk zones are protected, 
with a protection rate of approximately 48%; in contrast, the low-risk and very low-risk 
zones have virtually no formal protection. The conflict index quantifies the degree of 
spatial overlap between offshore wind power development and biodiversity conservation 
areas; its values range from 0.05 to 0.87, with an average of 0.38 (standard deviation = 0.19). 
The Marine Spatial Planning Governance Effectiveness Index integrates protection 
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coverage, biodiversity risk mitigation, and conflict minimization, with an overall 
effectiveness score of 0.61 (on a 0–1 scale). 

Notably, approximately 72% of offshore wind infrastructure is sited outside areas 
classified as high-risk for biodiversity, while the remaining 28% fell within high-risk areas. 

Assessment of Taiwan’s marine spatial planning and offshore renewable energy 
governance framework revealed moderate-to-high institutional effectiveness across the 
evaluated governance dimensions. Regulatory clarity and legal compliance achieved the 
highest score (0.78), reflecting the existence of relatively comprehensive legislation, clearly 
defined regulatory responsibilities, and established environmental impact assessment 
procedures governing offshore wind development. The integration of environmental 
objectives into planning processes received a score of 0.70, indicating that biodiversity 
conservation considerations are increasingly incorporated into marine spatial planning 
and offshore renewable energy policies, although opportunities remain for stronger cross-
sectoral coordination and ecosystem-based planning. 

Adaptive management capacity received the lowest score (0.55). This result reflects 
limitations in long-term ecological monitoring, policy feedback mechanisms, and 
institutional flexibility to adjust management measures in response to emerging 
environmental information. Although monitoring requirements exist within 
environmental impact assessment procedures, systematic incorporation of monitoring 
outcomes into adaptive policy revision remains relatively limited. These findings suggest 
that strengthening adaptive governance mechanisms could improve the long-term 
effectiveness of biodiversity risk management within Taiwan’s offshore renewable energy 
sector. The weakest governance dimension was adaptive management capacity (0.55), 
reflecting limited institutional mechanisms for iterative policy adjustment, biodiversity 
monitoring integration, and systematic incorporation of emerging ecological information 
into planning decisions. Implementation effectiveness of MSP was assessed through three 
key metrics including risk avoidance, protection coverage, and conflict frequency. The 
risk avoidance score was 0.66, the protection coverage score was 0.61, and the conflict 
frequency score was 0.42. Based on the integrated assessment of ecological risk and 
governance, priority conservation zones were identified in regions with very high 
biodiversity risk that are currently unprotected and priority planning intervention areas 
were reported where offshore wind development overlaps. Areas of very high 
biodiversity risk that overlapped with MSP-protected zones were generally well-
managed and governance effectiveness scores in unprotected zones were low. 

7. Discussion 
The findings of this study are generally consistent with previous offshore wind–

biodiversity assessments conducted in Europe and North America. As in the North and 
Baltic Seas, biodiversity hotspots in Taiwan are concentrated in shallow continental shelf 
environments where ecological productivity and offshore wind suitability overlap. 
However, unlike many European MSP systems that have undergone multiple planning 
cycles and adaptive revisions, Taiwan’s MSP framework remains in an early stage of 
implementation. Consequently, although 62% of high-risk biodiversity areas are currently 
covered by MSP-designated zones, governance mechanisms for adaptive monitoring and 
cumulative impact assessment remain underdeveloped. This distinction underscores the 
importance of strengthening ecosystem-based planning and adaptive governance in 
Taiwan’s future offshore renewable energy expansion. 

The study adopts a conceptual framework that integrates three primary domains 
including ecosystem-based marine spatial planning, cumulative impact theory, spatial 
conflict modelling to assess the relationship between offshore renewable energy 
expansion and marine biodiversity in Taiwan. One of the most significant findings of the 
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present study is the extensive spatial distribution of ecologically sensitive habitats across 
the analyzed areas, which confirms the complex ecological environment of the Taiwanese 
offshore waters characterized by the coexistence of critical coral ecosystems, spawning 
grounds, nursery habitats, and vulnerable benthic communities [40]. From an ecological 
risk perspective, the concentration of sensitive habitats increases the potential for 
localized but severe ecological impacts if development is not carefully managed. Because 
offshore wind development takes place in places that are already heavily populated, 
cumulative effects are especially significant in Taiwan’s coastal waters [23,41]. In habitats 
that are already under stress, offshore wind equipment adds more ecological, auditory, 
and physical problems [42,43]. For instance, the acoustic disturbance levels for marine 
mammals may be increased by the combination of construction-related noise and 
shipping noise. Third, the spatial conflict modelling domain offers the quantitative 
framework for assessment of interaction between offshore wind infrastructure and marine 
biodiversity using geographic information systems (GIS) to quantify spatial overlap 
between human activities and ecological vulnerability zones. When infrastructure 
expansion crosses over into environmentally sensitive areas, it can lead to spatial conflict 
and increase the risk of biodiversity loss and ecological disruption [44–46]. The spatial 
conflict modelling conceptualizes biodiversity risk as a function of spatial co-occurrence 
between offshore infrastructure represented using spatial data on turbine locations, 
development zones, and associated infrastructure, and ecological sensitivity represented 
using spatial indicators such as species distribution, habitat quality, and biodiversity 
richness. These spatial representations integrate a wide range of indicators that provide a 
quantitative understanding of biodiversity risk across marine environments. The findings 
are broadly consistent with previous studies conducted in Europe and North America. 
Studies from the North Sea and Baltic Sea have reported that offshore wind development 
frequently overlaps with ecologically sensitive habitats, particularly seabird migration 
routes, spawning grounds, and marine mammal habitats. Similar patterns were observed 
in Taiwan, where biodiversity hotspots and offshore wind development zones exhibit 
partial spatial overlap. However, compared with European MSP systems, Taiwan’s 
marine spatial planning framework remains relatively young and continues to evolve 
toward stronger ecosystem-based management and adaptive governance mechanisms. 

The overall study conceptual framework integrates the ecological risk with 
governance capacity, where marine spatial planning serves as a key governance 
mechanism for management of spatial conflict between offshore renewable energy and 
marine biodiversity. The complexity of offshore wind development that entails spatial 
intervention within systems involving the dynamic interaction of ecological processes, 
economic activities, and governance structures, and, as a result, captures both ecological 
vulnerability and institutional capacity for management of spatial conflict [36,39,47]. The 
study findings indicate significant spatial overlap between offshore wind power 
infrastructure and ecologically sensitive areas, reflecting a structural spatial convergence 
between optimal wind power development sites and marine environments with high 
ecological productivity. Offshore wind farms are typically located in shallow continental 
shelf areas due to favorable wind conditions, high technical feasibility, and lower 
construction costs; however, these areas also tend to exhibit high biodiversity due to 
abundant nutrients, suitable seabed substrates, and good ecological connectivity 
[37,38,48]. Consequently, without effective planning, the cumulative impacts resulting 
from infrastructure concentration may lead to the degradation of critical habitats, 
disruption of ecological connectivity, and a weakening of ecosystem resilience [49]. The 
findings further indicate that Marine Spatial Planning (MSP) has achieved some success 
in protecting ecologically sensitive areas; however, its effectiveness remains dependent 
on the intensity of enforcement, the degree of regulatory integration, and coordination 
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with development planning processes. Governance assessments indicate that policy and 
institutional effectiveness are at a moderate level, confirming that Taiwan has established 
a relatively well-functioning governance framework capable of balancing offshore wind 
power development with biodiversity concerns, though significant limitations remain 
[41,50]. One of the most significant governance constraints identified in this study is the 
lack of adaptive management capacity, which is crucial for addressing emerging 
ecological risks, particularly in the rapidly evolving offshore energy sector. Without 
adaptive mechanisms, the governance system may struggle to respond effectively to new 
ecological information or unforeseen environmental impacts. The governance assessment 
framework developed in this study provides an institutional perspective that 
complements the ecological risk model. By evaluating regulatory clarity, environmental 
integration, and adaptive management capacity, the framework enables assessment of the 
extent to which existing MSP mechanisms can respond to biodiversity risks generated by 
offshore renewable energy expansion. The overall findings highlight the urgent need to 
strike a complex and nuanced balance between offshore wind power development and 
marine biodiversity conservation. 

8. Conclusions 
In summary, this study presents several noteworthy findings on the long-term 

development of offshore wind energy. First, the results underscore the need for planning 
informed by spatial data: biodiversity risks are highly heterogeneous, and with 
appropriate site selection, ecological impacts can be significantly reduced while 
developing renewable energy. Second, Marine Spatial Planning (MSP), as a structured 
framework, can effectively identify sensitive habitats, guide infrastructure placement, and 
reduce spatial conflicts; however, its effectiveness depends on implementation intensity, 
regulatory enforcement, and integration with energy planning processes. Third, the 
governance assessment indicates that institutional capacity and coordination mechanisms 
are crucial for incorporating ecological information into decision-making, facilitating 
interdepartmental coordination, and addressing emerging environmental risks. Overall, 
biodiversity conservation and offshore wind energy development are not mutually 
exclusive; rather, achieving sustainability goals requires robust spatial planning, 
integrated governance, and adaptive management. However, the study has limitations: 
the biodiversity risk and exposure indices were based on existing spatial datasets and 
model indicators, which may not fully capture all ecological processes, species 
distributions, or dynamic environmental changes. Furthermore, while the Exclusive 
Economic Zone (EEZ) scale is useful for strategic planning, it may not capture small-scale 
ecological interactions or localized habitat impacts. Future research should address these 
limitations and, building on existing findings, further explore ways to achieve a balanced 
coexistence among offshore wind power development, marine biodiversity, and effective 
marine spatial planning. 

Author Contributions: Conceptualization, C.H. and Y.S.; Methodology, C.H.; Software, C.H.; 
Investigation, C.H. and J.L.; Resources, J.L.; Data curation, J.L.; Writing—original draft, C.H.; 
Writing—review & editing, Y.S.; Visualization, J.L.; Supervision, Y.S.; Project administration, Y.S.; 
Funding acquisition, Y.S. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This study was financed by grants from the Taiwan National Science and Technology 
Council (NSTC 114-2410-H-006-108; 114-2119-M-004-003; 115-2119-M-004-001). 

Data Availability Statement: All data generated or analysed during this study are included in this 
published article. 



J. Mar. Sci. Eng. 2026, 14, 1220 23 of 25 
 

https://doi.org/10.3390/jmse14131220 

Conflicts of Interest: The authors have no relevant financial or non-financial interests to disclose. 

References 
1. Di Foggia, G.; Beccarello, M. European roadmaps to achieving 2030 renewable energy targets. Util. Policy 2024, 88, 101729. 

https://doi.org/10.1016/j.jup.2024.101729. 
2. Hughes, L.; Longden, T. Offshore wind power in the Asia-Pacific: Expert elicitation on costs and policies. Energy Policy 2024, 

184, 113842. https://doi.org/10.1016/j.enpol.2023.113842. 
3. Rathinavel, A.; Ramya, R. Offshore wind energy in India: A comprehensive review and strategic prospects. Wind Eng. 2025, 49, 

1565–1587. https://doi.org/10.1177/0309524X251383624. 
4. Wada, R.; Nejad, A.R.; Iijima, K.; Shimazaki, J.; Ibrion, M.; Wanaka, S.; Nomura, H.; Mizushima, Y.; Nakashima, T.; Takagi, K. 

Floating offshore wind in Japan: Addressing the challenges, efforts, and research gaps for large-scale commercialization. Wind 
Energy Sci. 2026, 11, 1013–1056. https://doi.org/10.5194/wes-11-1013-2026. 1565–1587. https://doi.org/10.5194/wes-2025-74. 

5. Jung, C.; Sander, L.; Schindler, D. Future global offshore wind energy under climate change and advanced wind turbine 
technology. Energy Convers. Manag. 2024, 321, 119075. https://doi.org/10.1016/j.enconman.2024.119075. 

6. Cappellari, M.; Lorenzoni, A.; Turolla, A.; Zampato, M.; Scalco, E. Floating offshore wind generation: Where could we go? 
Present framework of challenges and future developments for Italy and Europe. Ocean Eng. 2026, 343, 123216. 
https://doi.org/10.1016/j.oceaneng.2025.123216. 

7. Kara, T.; Şahin, A.D. Implications of climate change on wind energy potential. Sustainability 2023, 15, 14822. 
https://doi.org/10.3390/su152014822. 

8. Rowell, D.; McMillan, D.; Carroll, J. Offshore wind H&S: A review and analysis. Renew. Sustain. Energy Rev. 2024, 189, 113928. 
https://doi.org/10.1016/j.rser.2023.113928. 

9. Bugnot, A.B.; Mayer-Pinto, M.; Airoldi, L.; Heery, E.C.; Johnston, E.L.; Critchley, L.P.; Strain, E.M.A.; Morris, R.L.; Loke, L.H.L.; 
Bishop, M.J.; et al. Current and projected global extent of marine built structures. Nat. Sustain. 2020, 4, 33–41. 
https://doi.org/10.1038/s41893-020-00595-1. 

10. Stelzenmüller, V.; Letschert, J.; Gimpel, A.; Kraan, C.; Probst, W.N.; Degraer, S.; Döring, R. From plate to plug: The impact of 
offshore renewables on European fisheries and the role of marine spatial planning. Renew. Sustain. Energ. Rev. 2022, 158, 112108. 
https://doi.org/10.1016/j.rser.2022.112108. 

11. Bergström, L.; Kautsky, L.; Malm, T.; Rosenberg, R.; Wahlberg, M.; Åstrand Capetillo, N.; Wilhelmsson, D. Effects of offshore 
wind farms on marine wildlife—A generalized impact assessment. Environ. Res. Lett. 2014, 9, 034012. 
https://doi.org/10.1088/1748-9326/9/3/034012. 

12. Watson, S.C.L.; Somerfield, P.J.; Lemasson, A.J.; Knights, A.M.; Edwards-Jones, A.; Nunes, J.; Pascoe, C.; McNeill, C.L.; 
Schratzberger, M.; Thompson, M.S.A.; et al. The global impact of offshore wind farms on ecosystem services. Ocean Coast. Manag. 
2024, 249, 107023. https://doi.org/10.1016/j.ocecoaman.2024.107023. 

13. Pettersen, S.S.; Aarnes, Ø.; Arnesen, B.; Pretlove, B.; Ervik, A.K.; Rusten, M. Offshore wind in the race for ocean space: A forecast 
to 2050. J. Phys. Conf. Ser. 2023, 2507, 012005. https://doi.org/10.1088/1742-6596/2507/1/012005. 

14. Bennett, N.J.; Blythe, J.; White, C.S.; Campero, C. Blue growth and blue justice: Ten risks and solutions for the ocean economy. 
Mar. Policy 2021, 125, 104387. https://doi.org/10.1016/j.marpol.2020.104387. 

15. Kusters, J.E.H.; van Kann, F.M.G.; Zuidema, C. Spatial conflict resolution in marine spatial plans and permitting procedures for 
offshore wind energy: An analysis of measures adopted in Denmark, England and the Netherlands. Front. Mar. Sci. 2025, 12, 
1468734. https://doi.org/10.3389/fmars.2025.1468734. 

16. White, C.; Halpern, B.S.; Kappel, C.V. Ecosystem service tradeoff analysis reveals the value of marine spatial planning for 
multiple ocean uses. Proc. Natl. Acad. Sci. USA 2012, 109, 4696–4701. https://doi.org/10.1073/pnas.1114215109. 

17. Li, C.; Coolen, J.W.P.; Scherer, L.; Mogollón, J.M.; Braeckman, U.; Vanaverbeke, J.; Tukker, A.; Steubing, B. Offshore wind energy 
and marine biodiversity in the north sea: Life cycle impact assessment for benthic communities. Environ. Sci. Technol. 2023, 57, 
6455–6464. https://doi.org/10.1021/acs.est.2c07797. 

18. Przeslawski, R.; Carlile, N.; Carroll, A.; Croft, F.; Erbe, C.; Gill, A.B.; Parsons, M.J.G.; Sequeira, A.M.M.; Voyer, M.; Williams, J.; 
et al. Environmental considerations related to floating offshore wind farms: A case study from waters around New South Wales, 
Australia. Mar. Freshw. Res. 2025, 76, MF24279. https://doi.org/10.1071/MF24279. 

19. Chiang, Y. The legitimacy and effectiveness of local content requirements: A case of the offshore wind power industry in Taiwan. 
In Moving Toward Net-Zero Carbon Society: Challenges and Opportunities; Wu, H.-H., Liu, W.-Y., Huang, M.C., Eds.; Springer 
International Publishing: Cham, Switzerland, 2023; pp. 119–133. https://doi.org/10.1007/978-3-031-24545-9_8. 



J. Mar. Sci. Eng. 2026, 14, 1220 24 of 25 
 

https://doi.org/10.3390/jmse14131220 

20. Gao, A.M.-Z.; Huang, C.-H.; Lin, J.-C.; Su, W.-N. Review of recent offshore wind power strategy in Taiwan: Onshore wind 
power comparison. Energy Strategy Rev. 2021, 38, 100747. https://doi.org/10.1016/j.esr.2021.100747. 

21. Lau, H.C.; Tsai, S.C. A decarbonization roadmap for Taiwan and its energy policy implications. Sustainability 2022, 14, 8425. 
https://doi.org/10.3390/su14148425. 

22. Hsu, J.L.; Vo Nguyen, M.; Chen, Y.; Chang, W.C. Scenario analysis of Taiwan’s nuclear phase-out strategy with time series 
forecasting. IET Gener. Transm. Distrib. 2023, 17, 4923–4933. https://doi.org/10.1049/gtd2.12998. 

23. Huang, G.C.-L.; Chen, R.-Y. Injustices in phasing out nuclear power?: Exploring limited public participation and transparency 
in Taiwan’s transition away from nuclear energy. Energy Res. Soc. Sci. 2021, 71, 101808. https://doi.org/10.1016/j.erss.2020.101808. 

24. Cheng, K.-S.; Ho, C.-Y.; Teng, J.-H. Wind characteristics in the Taiwan Strait: A case study of the first offshore wind farm in 
Taiwan. Energies 2020, 13, 6492. https://doi.org/10.3390/en13246492. 

25. Lee, T.-Y.; Wu, Y.-T.; Kueh, M.-T.; Lin, C.-Y.; Lin, Y.-Y.; Sheng, Y.-F. Impacts of offshore wind farms on the atmospheric 
environment over Taiwan Strait during an extreme weather typhoon event. Sci. Rep. 2022, 12, 823. 
https://doi.org/10.1038/s41598-022-04807-w. 

26. Tseng, W.-L.; Lin, C.-W.; Wang, Y.-C.; Hsu, H.-H.; Chiu, K.-M.; Wu, Y.-S.; Hsieh, Y.-H.; Chen, Y.-T. Evaluating constraints on 
offshore wind farm installation across the Taiwan Strait by exploring the influence of El Niño-Southern Oscillation on weather 
window assessment. Heliyon 2024, 10, e40125. https://doi.org/10.1016/j.heliyon.2024.e40125. 

27. Ho, Y.; Chou, L.-S.; Yao, C.-J.; Chi, W.-L.; Wang, H.-V.; Chen, I.; Yu, H.-Y.; Wu, P.-Y.; Yang, W.-C. A 24-year record of cetacean 
strandings in Taiwanese waters: Signals of escalating threats. Mar. Environ. Res. 2026, 214, 107677. 
https://doi.org/10.1016/j.marenvres.2025.107677. 

28. Matovu, B.; Mammel, M.; Lee, M.-A.; Hsieh, Y.-L.; Lee, T.-P.; Hsiao, Y.-J.; Korowi, L.G.; Zhang, W.-N.; Chen, J.-L.; Beegum, S.; 
et al. Save us before we die: Unmasking socioecological systems complexities and their implications on coastal fishers’ 
livelihoods in select regions of Yunlin, Taiwan. J. Environ. Dev. 2025, 35, 346–389. https://doi.org/10.1177/10704965251401399. 

29. Frazão Santos, C.; Wedding, L.M.; Agardy, T.; Reimer, J.M.; Gissi, E.; Calado, H. Marine spatial planning and marine protected 
area planning are not the same and both are key for sustainability in a changing ocean. npj Ocean Sustain. 2025, 4, 23. 
https://doi.org/10.1038/s44183-025-00119-4. 

30. Pegorelli, C.; De Andres, M.; García-Onetti, J.; Rayo, S.; García-Sanabria, J. Marine protected areas as socio-economic systems: 
A method for defining socio-economic criteria in marine planning. Front. Mar. Sci. 2024, 11, 1358950. 
https://doi.org/10.3389/fmars.2024.1358950. 

31. Said, A.; Trouillet, B. Bringing ‘deep knowledge’ of fisheries into marine spatial planning. Marit. Stud. 2020, 19, 347–357. 
https://doi.org/10.1007/s40152-020-00178-y. 

32. Fernández-Palacios, J.M.; Kreft, H.; Irl, S.D.H.; Norder, S.; Ah-Peng, C.; Borges, P.A.V.; Burns, K.C.; de Nascimento, L.; Meyer, 
J.-Y.; Montes, E.; et al. Scientists’ warning—The outstanding biodiversity of islands is in peril. Glob. Ecol. Conserv. 2021, 31, 
e01847. https://doi.org/10.1016/j.gecco.2021.e01847. 

33. Shih, Y.-C. A study of marine environmental protection and biodiversity observation and monitoring mechanisms in Taiwan. 
Front. Mar. Sci. 2025, 12, 1605996. https://doi.org/10.3389/fmars.2025.1605996. 

34. Wang, L.; Wang, B.; Cen, W.; Xu, R.; Huang, Y.; Zhang, X.; Han, Y.; Zhang, Y. Ecological impacts of the expansion of offshore 
wind farms on trophic level species of marine food chain. J. Environ. Sci. 2024, 139, 226–244. 
https://doi.org/10.1016/j.jes.2023.05.002. 

35. Trifonova, N.; Scott, B.E.; Watson, S.C.L.; Szostek, C.; Declerck, M.; Beaumont, N. Fishing, offshore wind energy, climate change 
and marine spatial planning: Is it possible to plan for a best use of space? Ecol. Solut. Evid. 2025, 6, e70039. 
https://doi.org/10.1002/2688-8319.70039. 

36. Galparsoro, I.; Menchaca, I.; Garmendia, J.M.; Borja, Á.; Maldonado, A.D.; Iglesias, G.; Bald, J. Reviewing the ecological impacts 
of offshore wind farms. npj Ocean Sustain. 2022, 1, 1. https://doi.org/10.1038/s44183-022-00003-5. 

37. Rezaei, F.; Contestabile, P.; Vicinanza, D.; Azzellino, A. Towards understanding environmental and cumulative impacts of 
floating wind farms: Lessons learned from the fixed-bottom offshore wind farms. Ocean Coast. Manag. 2023, 243, 106772. 
https://doi.org/10.1016/j.ocecoaman.2023.106772. 

38. Danovaro, R.; Bianchelli, S.; Brambilla, P.; Brussa, G.; Corinaldesi, C.; Del Borghi, A.; Dell’Anno, A.; Fraschetti, S.; Greco, S.; 
Grosso, M.; et al. Making eco-sustainable floating offshore wind farms: Siting, mitigations, and compensations. Renew. Sustain. 
Energy Rev. 2024, 197, 114386. https://doi.org/10.1016/j.rser.2024.114386. 



J. Mar. Sci. Eng. 2026, 14, 1220 25 of 25 
 

https://doi.org/10.3390/jmse14131220 

39. Hale, R.; Thompson, D.; Brough, T.; Kregting, L.; Hayden, M.; Parsons, D.; Nodder, S.D.; Beaumont, J.; Anderson, O.; Stevens, 
C. Environmental implications of future offshore renewable energy development in Aotearoa New Zealand. J. R. Soc. N. Z. 2025, 
55, 912–945. https://doi.org/10.1080/03036758.2024.2406829. 

40. Wei, Y.-T.; Chou, H.-Y.; Lai, Y.-T. Exploring the ecological effectiveness of Taiwan’s ecological check and identification 
mechanism in coastal engineering. Water 2025, 17, 1458. https://doi.org/10.3390/w17101458. 

41. Chung, H.-S. Taiwan’s offshore wind energy policy: From policy dilemma to sustainable development. Sustainability 2021, 13, 
10465. https://doi.org/10.3390/su131810465. 

42. Ge, Q.; Yao, H.; Qian, S.; Zhang, X.; Guo, H. Dependencies of underwater noise from offshore wind farms on distance, wind 
speed, and turbine power. Acoustics 2025, 7, 71. https://doi.org/10.3390/acoustics7040071. 

43. Harris, C.B.; Benjamins, S.; Scott, B.; Williamson, B.J. Ecological impacts of floating offshore wind on marine mammals and 
associated trophic interactions: Current evidence and knowledge gaps. Mar. Pollut. Bull. 2025, 218, 118059. 
https://doi.org/10.1016/j.marpolbul.2025.118059. 

44. Liu, S.; Xie, Y.; Lu, Y.; Liu, Y.; Tong, Z.; Liu, Y. Impact of urban expansion on the temporal adaptation and spatial connectivity 
of ecological security patterns: Insights from a rapidly urbanizing metropolitan area. Ecol. Process. 2025, 14, 84. 
https://doi.org/10.1186/s13717-025-00651-8. 

45. Katsanevakis, S.; Stelzenmüller, V.; South, A.; Sørensen, T.K.; Jones, P.J.S.; Kerr, S.; Badalamenti, F.; Anagnostou, C.; Breen, P.; 
Chust, G.; et al. Ecosystem-based marine spatial management: Review of concepts, policies, tools, and critical issues. Ocean 
Coast. Manag. 2011, 54, 807–820. https://doi.org/10.1016/j.ocecoaman.2011.09.002. 

46. Yu, T.; Jia, S.; Zhang, Y.; Cui, X. How can urban expansion and ecological preservation be balanced? A simulation of the spatial 
dynamics of production-living-ecological spaces in the Huaihe River Eco-Economic Belt. Ecol. Indic. 2025, 171, 113192. 
https://doi.org/10.1016/j.ecolind.2025.113192. 

47. Paul, W.; Ana, S.; Josep, L. Balancing wind energy expansion and fisheries in the Mediterranean Sea: A trait-based assessment 
of vulnerability to floating offshore wind farms for commercially important species. Mar. Environ. Res. 2026, 214, 107770. 
https://doi.org/10.1016/j.marenvres.2025.107770. 

48. Laurino, I.R.A.; Xavier, L.Y.; Iwama, A.Y.; Fernandes, M.F.; de Souza, L.B.; Denadai, M.R.; Sánchez, L.E.; Turra, A. Biodiversity 
baseline assessment for offshore wind projects: Challenges to implement ecosystem-based management. J. Nat. Conserv. 2025, 
87, 126983. https://doi.org/10.1016/j.jnc.2025.126983. 

49. Kaskevich, V.; Villoslada, M.; Ward, R.D.; Sepp, K. Analyzing the structural elements, ecological characteristics, and impact 
assessment of local green infrastructure in the coastal zone of Estonia. Ecol. Indic. 2024, 169, 112824. 
https://doi.org/10.1016/j.ecolind.2024.112824. 

50. Liu, W.-H. Balancing offshore wind energy development and fishery community well-being in Taiwan: A life cycle 
sustainability assessment approach. Sustainability 2025, 17, 2980. https://doi.org/10.3390/su17072980. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


