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Introduction: Offshore wind farms (OWFs) are vital for sustainable energy. The

underwater foundations of those wind turbines provide a complex structure that

creates new habitats and attracts fishes. However, whether OWFs had the same

ecological function as purpose-built artificial reef (AR) and how they alter the

original fish community remain unclear.

Methods: To evaluate the spatial and temporal variations in fish assemblages, we

conducted a multi-part investigation at the Formosa Wind Farm, located off the

coast of Miaoli County, Taiwan. Temporal changes were assessed through

SCUBA surveys at turbine foundations in 2017, 2018, and 2025, with the 2025

data allowing for a direct comparison with the nearby existing artificial reefs. To

assess spatial effects, pole-and-line surveys were conducted from Apr to Oct in

2024 and 2025 at varying distances from the turbines.

Results: Our investigation documented 86 species of reef-associated fishes

exclusively within 50 m of turbine foundations; none were caught in the

surrounding sandy areas or documented in pervious fishery records. The results

demonstrated that fish assemblages around the turbine piles changed successively

over the years. Although the species composition in 2025 differed between the

OWF and the established AR sites, key ecological metrics such as species richness,

diversity, and trophic structures showed no significant differences.

Discussion: These findings demonstrated that the underwater structure of

offshore wind turbines can function as AR, creating novel reef habitats and

supporting reef-associated fish community within a finite spatial extent. Overall,

OWFs may provide ecological benefits in addition to renewable energy,

highlighting their potential role in balancing energy development with

marine conservation.
KEYWORDS

artificial reef, fish composition, fisheries conservation, life below water, offshore wind
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Highlights
Fron
• Offshore wind turbine foundations act as artificial reefs,

creating new habitats

• The fish assemblages around the turbine piles changed over

the years

• Fish assemblages near turbines show similar diversity and

trophic structure as long-established artificial reefs.

• Wind turbine installations alter species composition only

within a short distance.

• OWFs may have positive effects on local fishery resources

and biodiversity.
Introduction

Human-made underwater structures, such as those found in

offshore wind and petroleum platforms, can create new hard-

bottom habitats on sandy and muddy areas that support fish

feeding, shelter, and habitation, thereby boosting coastal fishery

resources. They function in a manner similar to artificial reefs

(ARs). Since Japan began using artificial reefs to enhance coastal

fisheries at the end of the 18th century, tens of thousands have been

deployed in coastal areas globally (Stone et al., 1991). However, the

deployment of ARs may also bring challenges. For instance, ARs

may concentrate fish populations, changing traditional fishing

patterns. This may result in overfishing of certain species, as

fishermen focus on these areas, potentially disrupting the local

fishery resources (Polovina, 1989). The installation of those

underwater structures may also alter the natural topography and

disrupt the existing biome. Newcomers or reef-associated species

that immigrate to the new habitat may also outcompete the original

soft bottom species (Ajemian et al., 2015; Shipley et al., 2018),

possibly causing a decline in local resources. These two main

dilemmas have been longstanding controversies in studies

evaluating the efficacy of artificial reefs (Bergström et al., 2014;

Coates et al., 2016; Degraer et al., 2020; Lindberg, 1997).

Wind power is a clean and renewable energy source that

reduces reliance on fossil fuels. To exploit superior wind

resources and minimize competition for land use, offshore wind

farm development has expanded rapidly in areas with suitable wind

conditions (Dolores Esteban et al., 2011; review in Li et al., 2020).

Since the first offshore wind farm (OWF) began operating in

Vindeby, Denmark, in 1991, global installed offshore wind

capacity has grown to several tens of gigawatts, with substantial

expansion over the past decade in Asia and along the North

American Atlantic coast (Methratta et al., 2020; Bilgili and

Alphan, 2022) (Supplementary Data S1).

Although those OWFs can provide energy with lower carbon

emissions, the possible negative effects on the marine life and fishery

resources also cause concerns. The base structures that anchor the

offshore wind turbines to the seafloor, along with the riprap or rock

bags that prevent scouring and erosion, create new habitats and

shelters for marine animals seeking food or breeding grounds.

Observations of OWFs installed in North America (review in
tiers in Marine Science 02
Ashley et al., 2014) and European waters (Vrooman et al., 2019;

Wilhelmsson, 2010) show effects similar to those observed on ARs.

For example, studies at North America’s first offshore wind farm,

the Block Island Wind Farm (BIWF), reported increased catch per

unit effort (CPUE) for structure-oriented species such as Black Sea

Bass (Centropristis striata) and Atlantic Cod (Gadus morhua) near

the turbines during operation (Wilber et al., 2022), consistent with

observations from European OWFs (Reubens et al., 2014; Werner

et al., 2024). In addition, acoustic surveys at the BIWF detected

elevated fish abundance within 130–160 m of the turbine structures

(Jech et al., 2023) However, the resident species that colonize the

base structures mainly originate from reef areas and may be distinct

from the species found in original sandy areas. The introduction of

these reef-associated species raises concerns about the alteration of

the local fish community structure.

However, the development of fish assemblages on artificial

structures is widely recognized as a dynamic successional process

influenced by multiple environmental and structural factors

(Plumlee et al., 2020). Among these, reef age is a particularly

important determinant, as species diversity and community

composition tend to evolve and gradually stabilize over time

(Folpp et al., 2011). While colonization can be rapid in the initial

years, empirical evidence suggests that community stabilization is

often a prolonged process; for instance, fish assemblages on large

artificial structures in the Gulf of Mexico required approximately

five years to reach a stable equilibrium (Hicks et al., 2025). Similarly,

long-term studies in Portugal demonstrate that while functional

groups may remain stable, metrics such as biomass, species

richness, and eco-exergy can continue to shift or increase

significantly even 14 years post-deployment (Santos and

Monteiro, 2007). In parallel, the physical architecture of the

substrate, including its material, surface complexity (rugosity),

and vertical relief, plays a decisive role in shaping the structure of

associated fish communities by influencing habitat suitability and

species recruitment (Perkol-Finkel et al., 2006; Vivier et al., 2021;

Walker et al., 2002). High vertical relief and large structural

footprints, such as the shipwreck off South Padre Island, US, have

been linked to increased species richness by providing diverse

microhabitats and trophic niches (Becker et al., 2017). Therefore,

long-term monitoring of fish communities at OWFs since their

installation, and comparing these assemblages with those at pre-

existing ARs, provides valuable insight into the successional

trajectories of these novel habitats. Such a comparative approach

is crucial for elucidating how structural design and habitat age

jointly affect community development, biodiversity, and the

functional equivalence between OWFs and traditional reef systems.

For Taiwan and countries nearby, offshore wind farms are

viewed as an important solution to long-term energy demands.

However, empirical studies assessing the ecological and fisheries

impacts of offshore wind turbines in this region remain limited,

leading to frequent concerns and skepticism from local fishing

sectors regarding the development of offshore wind energy (review

in Tsai et al., 2022; Shibuya, 2024). Formosa Wind Farm, developed

by Synera Renewable Energy Group Co., is one of the major

offshore wind projects established along the eastern margin of the
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Taiwan Strait. This OWF comprise 69 turbines spanning an area of

approximately 90 km². Because this region overlaps with

historically productive fishing grounds, concerns have arisen

regarding whether the installation of wind turbines may

significantly alter local fish communities or negatively affect the

original sandy and muddy demersal fishery resources.

Numerous studies have shown that artificial structures,

including turbine piles and ARs, often generate strong but

localized effects on fish communities, with reef-associated species

aggregating within tens to a few hundred meters, while soft-bottom

assemblages remain largely unchanged at greater distances

(Alevizon and Gorham, 1989; Methratta and Dardick, 2019; Jech

et al., 2023). To investigate spatial and temporal variations in fish

assemblages within this OWF and to assess whether turbine

foundations function similarly to purpose-built ARs, we

conducted SCUBA surveys at turbine bases in 2017, 2018, and

2025, as well as pole-and-line surveys in 2024–2025 across distances

from the foundations.
Material and methods

Study areas

The Formosa Wind Farm (24.71°N, 120.77°E), located off the

coast of Miaoli County Taiwan 2-9.5 km away from the shoreline.

The development consists of two phases: Formosa 1 (F1),

constructed between 2017 and 2019, and Formosa 2 (F2), which

began in 2019 and became fully operational in 2023. Within this

offshore wind farm, the distance between neighboring turbines

ranges from approximately 800 to 1,600 m. The turbine

foundations built during the earlier phase (F1) are monopiles

with scour protection, whereas those installed in the later phase
Frontiers in Marine Science 03
(F2) are jacket-type structures without dedicated scour-protection

layer. The water depth across this OWF ranges from 15 to 55 m, and

the seabed consists primarily of sandy and muddy substrates. No

natural reef habitat was found in this area. At F1, scour protection is

composed mainly of rock bags and boulders distributed within

approximately 20 m surrounding the turbine foundation, with rock

density decreasing toward the outer boundary. Beyond this 20 m

zone, the seabed transitions back to its natural substrate.

This area is a commercial fishing ground that can be accessed by

two fishery harbors, Long Fong Fishing Port (9 km in the east) and

Waipu Fishing Port (7 km in the south) (Figure 1). The ocean

currents in the Taiwan Strait exhibit a dynamic seasonal shift driven

by monsoons system, which in turn shape the seasonal composition

of fish catches. During summer (May–September), the warm

Kuroshio Branch Current and the South China Sea Current flow

northward, transporting tropical pelagic species such as Scombridae

and Carangidae. In contrast, the winter northeasterly monsoon

(October–March) drives the cold, nutrient-rich China Coastal

Current southward, bringing Mugilidae into the region (reviewed

in Liang et al., 2003; data from the Fisheries Agency, Council of

Agriculture, Taiwan). Prior to the establishment of the offshore

wind farm, the Fisheries Agency, Ministry of Agriculture (MOA),

deployed several artificial reefs in the region to help sustain local

fishery resources. Among these, the Wai-Pu (WP: 24.66°N, 120.74°

E) and Chi-Ding (CD: 24.73°N, 120.82°E) artificial reef sites are

situated adjacent to the wind farm boundary. However, following

development regulations, the nearest turbines are positioned more

than 1.2 km away from these reefs. The Wai-Pu site, located south

of the OWF, consists of a random aggregation utility-pole reefs

(UPRs) and four independent steel reefs (SRs) deployed between

2000 and 2003 at a depth of approximately 28 m. The Chi-Ding site,

to the north, comprises eight steel reefs installed between 2004 and

2005 at a depth of about 21 m. After the Formosa Wind Farm was
FIGURE 1

Schematic diagram the study area, which shows the locations of Formosa Wind Farm (blue shadow) and two adjacent artificial reef sites (Wai-Pu: WP
and Chi-Ding: CD). Red shadow area indicates the range of pole and line survey. White fan icons indicate the sites of wind turbines. The SCUBA
surveys were conducted at wind turbine sites marked by red on the map (see Material and Methods for details). The size of icons and markers on the
map does not represent the actual scale.
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constructed, the authorities did not impose any specific fishing

restrictions within the OWF. However, under Taiwan’s fisheries

regulations, bottom trawling is prohibited within 3 nautical miles of

the coast and in areas where artificial reefs have been deployed.
Field methods and data collection

SCUBA surveys
To determine the species compositions and abundances of fish

around the turbine piles and ARs, we conducted SCUBA visual

censuses (Samoilys and Carlos, 2000). The fish species and their

abundance around the underwater foundations of two earliest-

installed wind turbines (D21 and D28, F1: monopiles with

ripraps) were recorded in June and August 2017, and again in

June 2018. In 2025, the survey scope was expanded to include

additional wind turbines built during F1 phase (A04, C14, D21, and

D28, monopiles with ripraps) and F2 phase (A01, A03, jacket-type

structures without ripraps). The depths of those wind turbines

ranged from 23 to 28 m with sampling conducted between May and

August. During the same period, comparable SCUBA surveys were

also performed at the WP (covering three 10m x 10m quadrats of

the UPRs areas and 3 randomly selected SRs) and CD (covering 3

randomly selected SRs) AR sites. Among the surveyed wind

turbines, the base structures of C14, A04, D21, and D28 are

protected by ripraps, while those of A01 and A03 are not.

At each site, four divers surveyed the water column within 5 m

of the structures. Following Walker et al. (2002); Lu et al. (2021),

surveys were conducted from the seafloor to the surface along wind-

turbine piles, or from the seabed to a height of 5 m above the ARs.

Each survey lasting approximately 45–50 minutes. For safety

reasons, surveys were only undertaken during slack water when

the swell height was less than 2.5 m, and all operations adhered to

strict safety regulations. During each underwater survey, team

members were assigned distinct responsibilities: one diver was

responsible for documenting fish, another for recording benthic

invertebrates, and two divers for conducting photography and

providing safety supervision.

Fishing surveys
To assess the spatial distribution of fish, we conducted 37 pole

and line fishing surveys at multiple sites within the central area of

the OWF between April and October in 2024 and 2025 (Figure 1).

The surveys were stratified by distance from the turbine
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foundations, i.e. 23 surveys were conducted 25–50 m from the

bases, while the other 14 surveys were located over 250 m away. The

depths of the survey sites ranged from 25 to 50 m.

Each survey consisted of a standardized effort of 6 line-hours

(Williams et al., 1997) with three replications, using at least two

fishing lines simultaneously, each with two fishhooks (sizes No. 12

and No. 20). Based on earlier bottom gillnet surveys indicating a

prevalence of carnivorous fish in this area (Prista et al., 2003),

chopped squid or shrimp meat was used as bait. Due to safety

constraints preventing large fishing boats from approaching the

turbine bases, additional surveys were conducted within 10 m of the

foundations. These were carried out on July 6, 7, and 21 by

volunteer local anglers using smaller, more maneuverable rafts,

following identical pole and line procedures. All results from the

pole and line fishing surveys were used for qualitative analyses.

Table 1 shows the months covered by these surveys, while the

catches and detailed survey conditions are provided in

Supplementary Data S2.

According to the administering authority, the Miaoli County

Marine and Fisheries Management Office, this site is not a protected

area, and therefore no permission was required for the catch. No

additional experimental treatments were applied to the animals in

this study.
Data analysis

The fish assemblages, including species composition and

abundance, recorded at the wind turbines and AR sites through

SCUBA surveys were used for quantitative analyses, whereas the

species caught by pole and line fishing at varying distances from the

turbine were analyzed only qualitatively.

To understand trophic structure and habitat use, fish species

were categorized by habitat, i.e. reef-associated, soft-bottom,

surface-dwelling, and midwater-dwelling; and by feeding guild,

i.e. carnivores, omnivores, and zooplankton feeders, based on

information from FishBase (Froese and Pauly, 2024). The

classifications are largely consistent with the habitats categories

summarized in Methratta and Dardick (2019) and the feeding habit

framework proposed by Şensurat-Genç et al. (2022). The trophic

level of each species was obtained from FishBase, and the

community-level trophic structure was calculated as an

abundance-weighted mean, with species contributions weighted

by the number of individuals recorded (Pauly et al., 1998). Fish
TABLE 1 The months covered by the fishing surveys involved in these analyses.

Year 2024 2025

Month …… Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Pole and lines<10m

Pole and lines<50m

Pole and lines >250m
fro
ntiers
Gray block indicates the month when surveys were conducted.
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assemblage diversity was quantified using Shannon’s diversity index

(Islam and Yasmin, 2018), while the Sørensen–Dice coefficient was

applied to assess species composition similarity between groups (de

Albuquerque et al., 2022; Dice, 1945).

Sorensen − Dice coefficient(DSC) = 2c=(S1 + S2)

Where c is the number of species common to both communities

and S1 or S2 is the number of species in community 1 or 2.

The numeric data were analyzed by nonparametric Kruskal-

Wallis test followed by post-hoc analysis with a Dunn test (Blaker,

1987). Those tests were done using SPSS 20.0. Variation in fish

assemblages for each group was investigated using a multivariate

analysis in PRIMER v.6.1.5. Abundance data was standardized

through Log(X + 1) transformation and then a Bray–Curtis

similarity matrix was generated to calculate similarity among

groups. For the comparisons of qualitative results, the similarity

of the data was also analyzed by an additional Jaccard qualitative

similarity index (Jackson et al., 1989). NMDS (non-metric

multidimensional scaling) plots were generated to examine the

ordination pattern of samples between groups. When distinctive

clustering was detected, ANOSIM (analysis of similarities) was used

to test for significant differences among pairs of groups (Clarke and

Warwick, 2001). This test creates a global R-statistic that ranges

from -1 to 1 to represent relative significance levels between groups

(Clarke, 1993).

Pairwise Gower distances and Principal Coordinates Analysis

(PCoA) were used to ordinate fish functional traits and obtain a

Euclidean representation of functional space, following Richardson

et al. (2017). Centroids for habitat and feeding categories were

added, a trophic-level vector was projected, and species occurrence

sites (OWF only, AR only, or both) were color-coded, with diet type

indicated by point shape. Those PCoA analyses were conducted

in R.
Results

Overview

Throughout the study, a total of number of 510 individuals

representing 40 species, 28 genera and 17 families of fish were

collected using pole and line surveys, while another 11552

individuals from 97 species (65 genera and 34 families) were

recorded by SCUBA near the piles or ARs (Supplementary Data S3).

The composition of fish species varied significantly among the

distances. Soft-bottom species, such as Ariidae, Sciaenidae, and

Terapontidae, comprised a higher proportion of fish caught by pole

and line at distances of 25–50m (41%) and >250m (72%).

Conversely, these species were far less common in samples taken

closer to the structures, accounting for only 20% of pole-and-line

catches at<10m and a mere 14–18% of observations from SCUBA

surveys near the piles and ARs.

In contrast, reef-associated fishes, including Haemulidae, were

dominant near the structures. They constituted 80% of catches by
Frontiers in Marine Science 05
pole and line at<10m and were the prevailing group in SCUBA

surveys, making up 83% of species near the piles and 78% near the

ARs. Other common reef-associated families observed by SCUBA

divers near the structures included Kyphosidae, Labridae,

Oplegnathidae, Chaetodontidae, Scaridae, Serranidae, Lutjanidae,

Pomacentridae, and Apogonidae (Figure 2).
Fish community development in OWF

Due to the small sample size, data from D21 and D28 were not

analyzed independently in the descriptive statistics. At these two

continuously monitored wind turbines, both fish species richness

and abundance increased steadily from 2017 to 2025. The number

of individuals recorded was significantly higher in 2025 than in

2017 (Kruskal-Wallis test, df = 2, p = 0.008). Similarly, species

richness was significantly higher in 2018 than in 2017 (Kruskal-

Wallis test, df = 2, p = 0.031). In contrast to these trends, the

Shannon diversity index of the fish assemblage was lowest during

the 2025 surveys (Kruskal-Wallis test, df = 2, p = 0.01 or

0.006) (Figure 3).

The species compositions in D21 and D28 were also distinct

among the years. Qualitative non-metric multidimensional scaling

(nMDS) analysis revealed three groups at a Bray-Curtis similarity

level of 40%, and these groups were fully consistent with the year of

survey, but not the sites (Figure 4). A one-way Analysis of

Similarities (ANOSIM) confirmed that the species compositions

a t the se d i ff e r en t yea r s were s i gn ifican t l y d i s t inc t

(R = 0.875, p = 0.001).

Compared to 2017 and 2018, the proportion of reef-associated

species showed an increasing trend by 2025. Conversely, the trophic

structure of the fish assemblage appeared stable throughout the

study period (Figure 5). No significant differences were found in the

trophic levels among the years when analyzed at either the family or

species levels (Figure 6) (Kruskal-Wallis test, df = 2; family,

p = 0.679; species, p = 0.732).

A Principal Coordinates Analysis (PCoA) of functional gradients

across the years showed the first two axes explained 37.7% and 26.9%

of the variation, respectively (cumulative 64.6%), while the first four

axes accounted for 87.5% (Figure 7). Although the species present in

2017, 2018, and 2025 occupied broadly overlapping regions of the

functional space, a clear temporal trend emerged. In comparison to

2017 and 2018, the functional representation of soft-bottom species

was visibly reduced in 2025, indicating a successional shift in the

community’s composition.
Species composition comparison of OWF
and AR

The species number and diversity index did not show significant

difference between OWF and AR (including both SR and UPR) sites

surveyed in 2025 (Figure 8) (Kruskal-Wallis test, df = 1, p = 0.189

and 0.190). In addition, the species recorded at OWF were highly
frontiersin.org
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similar to what were found in the SR of the AR sites with higher

Sørensen-Dice coefficient similarity than the comparisons to

UPR (Table 2).

However, a quantitative nMDS analysis of SCUBA survey data

revealed six distinct fish community groups at a Bray-Curtis

similarity level of 35%. A subsequent Analysis of Similarities

confirmed that the species compositions at the offshore wind

farm (OWF) and AR sites (SR or UPR) were significantly

different from each other (Global R = 0.468, p < 0.001). The

analysis also indicated that species composition may differ
Frontiers in Marine Science 06
between the two types of ARs, UPR and SR, as well as between

the wind turbines with and without riprape. In addition, the nMDS

analysis suggested that seasonality may be another factor driving

differences in species composition, particularly in SRs, where fish

assemblages recorded in May were distinct from those observed in

August, and were associated with a higher occurrence of migration

species, such as Leiognathus spp. (Figure 9).

Regarding habitat use and feeding habits, no surface-dwelling or

midwater-dwelling species were observed at the UPR site (Figure 5).

Despite differences in species assemblage, no significant differences
FIGURE 3

Fish recorded around wind turbines D21 and D28 across years. (A) Abundance, (B) species richness, and (C) Shannon’s diversity index. Different
letters indicate significant differences among years (Kruskal–Wallis test, p< 0.05). The solid and dashed lines represent data from D21 and D28,
respectively, and open bars represent means ± standard error (SE).
FIGURE 2

Heatmap of fish families recorded in Formosa Wind Farm and nearby artificial reefs. (A) The comparison according to the fishing surveys distances.
(B) The comparison of the fish found around the wind turbine (OWF), utility-pole reefs (UPR) and steel reefs (SR). The blue scale represents the
relative species number of each family. according to distance and survey methods profile.
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were found in the trophic levels of families or species between the

OWF and ARs sites (Figure 6) (Kruskal-Wallis test, df = 1; family,

p = 0.603; species, p = 0.517).

As for the fish functional diversity, the first four axes of the PCoA

cumulatively explained 91.0%. The first two axes explained 41.2% and

27.7% (cumulative 68.9%) of the projected inertia and illustrated in

Figure 7. The ordination showed a clear separation of functional
Frontiers in Marine Science 07
groups along the first axis, distinguishing reef-associated species (e.g.,

carnivorous and omnivorous feeders) from soft-bottom and pelagic

species. Species found at both site types and those exclusive to the

ARs occupied a similar functional space, clustering with reef-

associated traits. In contrast, species found only at the OWF were

dispersed across the functional space, indicating a broader range of

traits that included soft-bottom and pelagic characteristics.
FIGURE 5

Habitats (A) and trophic composition (B) of fish assemblages observed at turbine foundations in each year. Habitats (C) and trophic composition
(D) of fish assemblages observed at turbine foundations (OWF) utility-pole reefs (UPR) or steel reef (SR) in 2025.
FIGURE 4

Non-metric multidimensional scaling (NMDS) analysis of species compositions of the fish around wind turbine D21 and D28 recorded in SCUBA
surveys conducted in 2017, 2018 and 2025 (Bray–Curtis similarity).
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Species composition at different distances
of OWF

Although the fish species richness did not differ among the

distances (<10m, 25-50m and >250m; Kruskal-Wallis test, df = 2,

p = 0.135) (Figure 10), the species compositions were different.

Sørensen-Dice coefficient showed that the fish species caught closer

to the turbines exhibited lower similarity to those at sandy areas

(>250m) (Table 2).

A nMDS analysis revealed distinct groupings of fish

assemblages, producing eight main clusters at a Jaccard similarity

level of 30%. While these groups generally reflected a distance-

related gradient from the wind turbines (Figure 11), some samples

from the 25–50 m and >250 m groups clustered together. A one-

way ANOSIM indicated that species compositions across these

distances were only weakly different (Global R = 0.141, p
Frontiers in Marine Science 08
= 0.005). In contrast, although pole and line surveys were

conducted mostly during the summer monsoon season, fish

assemblages recorded in July were slightly different from those

observed in other months (Figure 11; Supplementary Data S2).
Discussion

The rapid expansion of offshore wind farms (OWFs) highlights

the need to better understand their ecological functions, particularly

in soft-sediment environments where turbine foundations

introduce novel hard substrates. This study presents a multi-year,

integrative assessment of the Formosa Wind Farm, revealing a clear

successional trajectory in its fish assemblages and delineating the

spatial extent of its reef effects. Our findings demonstrate that OWF

foundations can function as effective artificial reefs, substantially
FIGURE 6

Trophic level of fish families (A) and species (B) observed at turbine foundations in each year. Trophic level of fish families (C) and species
(D) observed at turbine foundations (OWF) or artificial reefs (AR) in 2025.
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FIGURE 7

Principal coordinates analysis (PCoA) showing (A) temporal changes in the functional composition of fish assemblages recorded at turbine
foundations in the Formosa Wind Farm across years. Species are categorized by diet (carnivores, omnivores, and zooplankton feeders; see symbols)
and habitat associations (soft-bottom, midwater-dwelling, surface-dwelling, and reef-associated; see text labels). (B) Functional differentiation of fish
assemblages between offshore wind farm (OWF) and artificial reef (AR) sites. Species are categorized by diet (carnivores, omnivores, and zooplankton
feeders; see symbols) and occurrence (present only at ARs, only at the OWF, or at both sites; see colors). Habitat associations (soft-bottom, surface-
dwelling, midwater-dwelling, and reef-associated) and trophic levels are indicated. The first two PCoA axes explain 37.7% and 26.9% of the total
variation in (A), and 41.2% and 27.7% in (B), respectively.
FIGURE 8

The fishes recorded around the wind turbines (OWF) and artificial reefs (AR) in 2025. (A) Species richness (B) Shannon’s diversity index. Due to the
small sample size (only two surveys) of UPR, the data of SR and UPR were not analyzed independently in this comparative statistics. Mean ± SE.
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enhancing local fish diversity and restructuring community

composition, while attaining functional equivalence to older ARs

within few years.
Temporal succession: the maturation of a
novel reef ecosystem

Fish assemblages at the Formosa Wind Farm exhibited a

distinct, progressive development between 2017 and 2025,

consistent with classic ecological succession patterns observed on

artificial structures. Both fish abundance and species richness

increased significantly over the eight-year monitoring period. This

temporal trend supports the established model in which reef aging

promotes faunal complexity through the gradual accumulation of

encrusting organisms, which in turn enhance habitat complexity
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and food availability (Zhou et al., 2022; Zupan et al., 2023). While

previous studies have reported the most pronounced increases

within the first two years post-construction (Folpp et al., 2011),

our data indicate that in this subtropical environment, community

maturation may continue over a longer timescale.

Functional trait analysis through PCoA further elucidates this

ecological transition. The progressive shift from soft-bottom species

dominance in 2017 to a higher representation of reef-associated taxa

in 2025 indicates that OWFs not only attract fish but also facilitate a

fundamental habitat transformation (Boakes et al., 2025). This

transition reflects the replacement of soft-sediment communities by

assemblages typical of hard-bottom reef ecosystems (Boakes et al.,

2025; Jansen et al., 2025).

However, despite the overall increase in abundance and richness,

the Shannon’s diversity index was lowest in 2025, largely due to the

overwhelming dominance of Sphyraena flavicauda (yellowtail

barracuda), which accounted for over 65% of total individuals. This

observation illustrates that ecological maturity does not necessarily

correspond tomaximum evenness (Yuan et al., 2022). The dominance

of schooling, mid-trophic predators may transiently lower evenness-

based diversity indices, while simultaneously reflecting the system’s

enhanced capacity to support higher trophic levels.
Spatial extent: a localized oasis of
biodiversity

A key question for marine spatial planning is the extent to

which OWFs modify surrounding ecosystems. While wind turbines

can create reef habitats in the region, those structures may also alter

and disrupt the existing sandy-bottom ecosystems, potentially

leading to a decline in sandy-bottom fish resources (Bohnsack,

1989; Grossman et al., 1997; Lindberg, 1997; Pickering and

Whitmarsh, 1997).

To address this issue, Roa-Ureta et al. (2019) developed a

modeling framework to quantify the impacts of ARs on the
TABLE 2 Sorensen-Dice coefficient of the fish compositions (A) between
wind turbine and artificial reefs and (B) collected at vary distances from
the wind turbine.

A

Survey site OWF SR UPR

OWF 1.00

SR 0.72 1.00

UPR 0.37 0.49 1.00

B

Survey method Pole and lines

Distance from the pile <10m 25-50m >250m

Pole and lines<10m 1.00

Pole and lines 25-50m 0.29 1.00

Pole and lines >250m 0.19 0.31 1.00
Wind turbines (OWF), utility-pole reefs (UPRs) and steel reef (SR).
FIGURE 9

Non-metric multidimensional scaling (NMDS) analysis of species compositions of the fish around wind turbines (OWF), utility-pole reefs (AR-UPRs)
or steel reef (AR-SR) in 2025. Arrows indicate the wind turbine sites (A04, C14, D21, and D28) with ripraps. (Bray–Curtis similarity).
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ecosystem, suggesting that evaluating the growth of area K (carrying

capacity) can eliminate the attraction versus production concern.

Thus, the increase of K in the area counters the hypothesis that

artificial reefs only aggregate fish without contributing to resource

production. The positive effects of ARs on resource cultivation are

also demonstrated in an earlier study that simultaneously assessing

the biomass of the entire reef structure and broader ecosystem

during the pre-, mid-, and post-deployment phases (Carr and

Hixon, 1997). Likewise, based on the species richness and

abundances data collected from 13 OWFs across seven European

countries, Methratta and Dardick (2019) concluded that both reef-

associated and sandy-bottom fish abundances within wind farms

were higher than those in surrounding control areas, while only

pelagic fish did not show a significant difference.

An acoustical survey at the Block Island Wind Farm indicated

that fish aggregated within 200 m of the turbine structures,
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suggesting that the proximate effects of the wind array were

spatially limited (Jech et al., 2023). Similarly, the pole-and-line

surveys stratified by distance from turbines in this study revealed

that the reef effect in this OWF is highly localized. Although the

installation of turbine foundations enhanced overall species

diversity within the wind farm, reef-associated species were

restricted to areas within approximately 50 m of the piles, and the

broader demersal and benthopelagic communities remained largely

unchanged beyond 250 m. This pronounced spatial gradient is

consistent with the results of a meta-analysis of published data by

Methratta and Dardick (2019), which demonstrated that turbine-

associated aggregation effects are strongest within tens of meters of

the structure. Given that the spacing between turbines in the

Formosa Wind Farm typically exceeds 1,000 m, the results

suggest that the overall impact on the soft-bottom ecosystem is

minimal. Rather than transforming the seafloor on a large scale,

turbines act as discrete biodiversity “oasis” embedded within an

expansive soft-sediment matrix. Such habitat diversification may

increase regional biodiversity (Witte et al., 2024) without disrupting

existing benthic fish communities (Alevizon and Gorham, 1989).
Functional equivalence with mature
artificial reefs

By 2025, fish assemblages at turbine foundations displayed

species richness, diversity, and trophic structures statistically

indistinguishable from those at nearby ARs constructed roughly

15 years earlier. This suggests that OWF foundations can attain a

level of functional maturity equivalent to purpose-built reefs in a

substantially shorter timeframe.

So far, it is inconclusive whether the fish aggregation effects of

the wind turbines or other ARs can improve over the years

following construction or if they peak at climax and then decline.

In general, the fish aggregation effects of ARs may depend on the

location, materials, deployed pattern and the condition of the ARs,
FIGURE 10

Species richness of the fish collected at vary distances from the
wind turbine. Mean ± SE.
FIGURE 11

Non-metric multidimensional scaling (NMDS) analysis of species compositions of the fish collected by pole and line at the distance less than 10m,
25-50m and over 250m (Jaccard qualitative similarity).
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such as damage, burial, or being covered by nets (review in Jan et al.,

2003). However, based on observations of traditional artificial reefs

in this region, it is generally believed that as long as the reef remains

intact, the ARs with longer history have thicker layer of encrusting

organisms on the surface, potentially they may attract more fish.

Methratta and Dardick (2019) suggested that following the

completion of the OWFs, the increase in fish numbers is most

significant within the first two years, while the effects become less

pronounced in the following years. This pattern is applied for both

soft-bottom species and hard-bottom species. In contrast, a ten-year

monitoring study on shipwrecks in the Texas Gulf of Mexico

showed that fish assemblages remained highly dynamic rather

than stabilizing quickly, and certain species exhibited

exceptionally high abundances in specific years. However, that

study also documented an overall increase in species richness and

a reduction in dominant species (Hicks et al., 2025). Consistent with

these findings, our SCUBA diving survey data from Formosa

Offshore Windfarm, collected eight years apart, also indicated

that for fish aggregation has increased substantially around

turbines that have been in place for longer periods.

Nonetheless, there could be compositional differences between

OWF and ARs. Although the functional space of the species

recorded in OWF or ARs were largely overlapping in PCoA

analysis. The species unique to the OWF occupied a broader

functional space encompassing both reef-associated and soft-

bottom traits, while AR-exclusive species clustered more narrowly

within the reef-associated domain. These findings indicate that

OWFs support a hybrid community that retains elements of the

original soft-bottom fauna while hosting typical reef taxa, yielding a

unique assemblage distinct from that of conventional ARs. This

pattern reinforces the notion that structural attributes, such as

vertical relief, surface material, and scour protection design, play

a decisive role in shaping community composition (Brock and

Norris, 1989; Cruz et al., 2018). Furthermore, a primary structural

distinction is the high vertical relief of the turbine foundations,

which span the entire water column and create a shallow-water hard

substrate habitat within the upper 10 meters that is absent at the

fully submerged SR and UPR sites. This unique shallow zone

supports a distinct assemblage of reef-associated fishes, including

Pomacentridae (e.g. Abudefduf), Oplegnathidae, and Kyphosidae

(Figure 3B). The OWF foundations, therefore, differ markedly from

the utility-pole and steel-frame reefs at the AR sites, potentially

explaining persistent compositional distinctions despite converging

functional characteristics (Perkol-Finkel et al., 2006; Granneman

and Steele, 2015). Furthermore, our results support that the

presence or absence of riprap may lead to differences in fish

assemblage composition at turbine foundations. Scour protection

in offshore wind farms serves an ecological function beyond its

primary engineering role of preventing seabed erosion, as it can act

as critical hard-substrate habitat in predominantly soft-bottom

marine environments. Previous research has demonstrated that

increased surface area and material diversity of riprap

significantly enhance taxonomic richness and attract distinct

functional groups (Kingma et al., 2024; Werner et al., 2024).

Hence, scour protection structures may represent an important
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component in contributing to nature positive goals within an OWF

(Pardo et al., 2025).
Attraction, production, and fishery
implications

Whether artificial structures merely attract existing fish or

promote new biomass production remains a central debate (Gill

et al., 2020). Over the past 30 years, fishery resources in this region

have rapidly declined due to overfishing and environmental

changes (Liao et al., 2019; Wu et al., 2024). As a result, it is

challenging to separate the impacts of recent OWF development

on fishery resources from the broader trend of declining resources.

Although this study was not explicitly designed to resolve that issue,

several findings suggest potential contributions to new production.

The presence of dense schools of juvenile or young fish, such as

snappers, grunts, or jack near turbine pile indicates that these

structures could serve as nursery habitats, enhancing their

survival rather than simply aggregating adults (Supplementary

Data S4).

The establishment of a diverse fouling community on turbine

surfaces further promotes a novel benthic food web, channeling

energy from pelagic primary production toward benthic consumers

(Layman and Allgeier, 2020). This newly formed trophic pathway

was largely absent in the original soft-bottom habitat, implying a net

increase in local productivity. In combination with the de facto

exclusion of mobile fishing gears such as bottom trawls, these

conditions create a refuge that facilitates stock replenishment and

may contribute to spillover into adjacent fishing grounds.

Numerous studies have demonstrated that OWFs can function

similarly to marine protected areas (MPAs) by passively reducing

the use of mobile fishing gear and protecting benthic habitats from

disturbance (Busch et al., 2011; Langhamer, 2012; Coates et al.,

2016; Ashley, 2014). Empirical data from the Kentish Flats and

North Hoyle wind farms in the UK showed no significant

differences in CPUE before and after construction, while trawl

surveys at Kentish Flats even reported increased CPUE for most

species (Mangi, 2013). Likewise, although fishing is technically

permitted within Irish Sea wind farms, many fishermen tend to

avoid these areas due to the risk of gear entanglement and collision

with turbines, thereby creating de facto refuges (Gray et al., 2016).

Similarly, Voyage Data Recorder (VDR) data from fishing vessels

operating out of nearby Long Fong and Waipu Fishing Port, as

provided by the Fisheries Agency of Taiwan, showed that the

frequency of fishing operations within the wind farm area in 2024

was markedly lower than in 2017, prior to the construction of this

wind farm.
Conclusions and future perspectives

The findings indicate that the underwater foundations of this

OWF act as efficient artificial reefs, although their ecological

influence remains spatially restricted. Over an eight-year period,
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the fish assemblage in this ecological oasis underwent a clear

successional shift, transitioning from a soft-bottom community to

a functionally mature reef-associated community that is

comparable to purpose-built artificial reefs nearly twice its age.

This habitat diversification significantly enhances local biodiversity

in a region dominated by soft substrates. From a management

perspective, our findings have important implications for the

sustainable development of offshore wind energy in Taiwan and

globally. They confirm that OWFs can provide tangible ecological

benefits in addition to renewable energy, highlighting their potential

role in balancing energy development with marine conservation.

Nevertheless, the observed differences in species composition

between the OWF and mature ARs emphasize that structural

design plays a key role in shaping reef communities. Future wind

farm developments should incorporate ecological engineering

principles, particularly in the design of scour protection, to

maximize habitat complexity and target the enhancement of

specific, commercially or ecologically valuable species.
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