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Abstract 

Offshore wind farms have recently emerged as a renewable energy solution. However, the long-term impacts of wind turbine noise 
on fish chorusing phenology are largely unknown. We deployed a hydrophone 10 m from a foremost turbine in Taiwan situated at the 
Miaoli offshore wind farm (Taiwan Strait) for two years to in vestig ate sound levels and assess the potential influence of turbine noise on 

seasonal fish chorusing patterns during 2017 and 2018. Wind turbine noise (measured in the 20–250 Hz frequency band) was significantly 
higher in autumn and winter (mean SPL: 138–143 dB re 1 μPa) and was highly correlated with wind speed ( r = 0.76, P < 0.001). During 

both years, fish chorusing exhibited a consistent trend, that is, beginning in spring, peaking in summer, decreasing in autumn, and 

absent in winter. Our results show the noise from a single turbine during the two-year monitoring period did not influence the seasonal 
fish chorusing ( r = −0.17, P ≈ 1). Since the offshore wind farm installations are growing in magnitude and capacity across the Taiwan 

Strait, this study for the first time provides baseline operational sound levels and an understanding of the fish seasonal vocalization 

behavior at the foremost turbine of the first wind farm in Taiwan. The results presented here provide useful insights for policymak er s 
and constitute a reference starting point for advancing knowledge on the possible effects of wind turbines on fish chorusing in the 
studied area. 

Keywords: marine environment monitoring; marine soundscape; behavioral assessment; offshore windfarm 
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Introduction 

Offshore wind farms have recently emerged as reliable re- 
newable energy sources, which can significantly contribute to 

decreasing greenhouse gas emissions and consequently miti- 
gate the influence of climate change (Prior and McMath 2008 ,
Doney et al. 2012 ). In 2016, the Taiwan government presented 

an ambitious energy transition plan aimed at increasing re- 
newable energy national use from 5% in 2016 to 20% in 

2025 (Gao et al. 2021 , Lau and Tsai 2022 ) and generate 5.7 

GW by 2025 (Kung and McCarl 2020 , Liao et al. 2021 , Yang 
et al. 2022 ). Currently, wind farms off the Miaoli coast can 

produce 500 MW with 69 wind turbines in operation, and 

to achieve the power target set by the government, the off- 
shore wind farm infrastructures are expected to substantially 
increase within the Taiwan Strait (Yang et al. 2022 ). 

The installation of wind farm structures at sea produces 
varying levels of underwater sound according to its different 
lifetime phases: (1) the prospecting phase and site surveys; (2) 
the construction phase; (3) the operational and maintenance 
phase during power production; and (4) the decommissioning 
or dismantling phase (Mooney et al. 2020 ). The noise gener- 
ated during all four phases can potentially influence marine 
life (Hawkins and Popper 2017 , Jager et al. 2021 , Popper et 
al. 2022 ). 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
During the operational phase of the offshore wind farm,
he rotation of the turbine blades, gearbox, and other moving
ccessories produces vibrations and mechanical noise, which 

re transmitted to the water through the foundation and sup-
ort structures (Betke et al. 2004 , Cheesman 2016 ). The op-
rational sound is continuously emitted, usually characterized 

y broadband and tonal frequency components with harmon- 
cs mostly falling below 1 kHz (Uffe 2002 , Pangerc et al. 2016 ,

ooney et al. 2020 ). Depending on the wind speed, the tonal
armonics of the sound shift in frequency with intensities 
eaching 125 dB re 1 μPa 2 /Hz (Sigray and Andersson 2011 ,
ougaard et al. 2020 ). Studies have shown that the sound
rom an offshore wind farm can be detected over a few kilo-
eters, especially the tonal component. For example, noise 

rom a 6 MW wind turbine can be detectable up to a dis-
ance of 20 km (Marmo 2013 ). There is a positive correlation
etween the generated underwater noise and the size of the
urbine (Norro and Degraer 2016 ), which is a cause of con-
ern because the size of turbines has increased tenfold in the
ast 30 years and is anticipated to further increase in the fu-
ure (van der Molen et al. 2014 ). An increased background
oise for an extended duration of time might influence ma-
ine organisms, especially those that heavily depend on sound 

or their survival (Bergström et al. 2014 ). 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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Fish extensively utilize sound to orientate in their environ-
ent and for communication purposes (Weilgart 2018 ). In
articular, soniferous fish species vocalize in large numbers to
roduce chorusing (Farina and Gage 2017 ), which is essen-
ial for maintaining social cohesion, foraging, territorial de-
ense, and spawning (Mann and Lobel 1997 , Buscaino et al.
015 , Van Oosterom et al. 2016 , Farina and Gage 2017 ). Fish
horusing can exhibit seasonal phenology governed by several
actors such as temperature, lunar cycle, timing, and length of
he dawn and dusk periods (Pieretti et al. 2015 , Ruppé et al.
015 , Buscaino et al. 2016 ). Understanding the normal vari-
tion of a species’ chorusing pattern at a specific location has
een recently suggested as a new way to determine species’
ell-being (Pieretti and Danovaro 2020 , Siddagangaiah et al.
021 ). Deviation from the usual chorusing pattern might be
he result of an introduced stressor for the species, such as in-
ense noise from pile driving and severe anomalous weather
onditions such as storms and flooding (Siddagangaiah et al.
021 ). 
Noise produced during operational phases of wind turbines

as been found to not be hazardous to marine species be-
ause its intensity is not high enough to cause physical injury
Koschinski et al. 2003 , Mooney et al. 2020 ). Fish chorusing
ehavior analyzed during the summer of 2017 and 2018 did
ot reveal that any disturbances were caused by operational
oise (Siddagangaiah et al. 2022 a). Similarly, tagged cods did
ot exhibit any behavioral change due to increased opera-
ional noise levels during higher wind speeds (Bergström et al.
014 ). However, the operational noise over an extended dura-
ion may cause behavioral influences on the species that live in
lose range of the turbines (Thomsen et al. 2006 ), such as al-
ering their vocalization behavior by increasing or decreasing
he intensity of vocalization (Siddagangaiah et al. 2022 a). Fur-
her, fish utilize vocalizations for communication to maintain
ocial cohesion and vital functioning, such as attracting mates
nd territorial defense (Van Oosterom et al. 2016 ). Noise has
he potential to influence acoustic communication by masking
ocalizations (Clark et al. 2009 , Radford et al. 2014 , De Jong
t al. 2018 , Putland et al. 2018 ). 

The possible influence of the operational noise on the fish
ocalization remains largely unclear, mainly for two reasons:
1) distribution and vocal behavioral patterns of the species
ave not been documented before the wind farm installation,
nd (2) long-term monitoring programs required to compare
he seasonal variations of the operational noise and the behav-
oral patterns of fish are lacking (Thomsen et al. 2006 , Sidda-
angaiah et al. 2022a ). Because of these shortcomings, there
re few published studies on the effects of operational noise
n fish vocalization behavior (Mooney et al. 2020 , Svendsen
t al. 2022 ). 

In this study, we passively monitored and analyzed fish
ounds and the operational noise of a wind farm recorded
uring different seasons in 2017 and 2018. The wind farm site
ff the Taiwan Strait fish predominantly produce two types of
horuses, which start at dusk in early spring, extend till dawn
n summer, diminish to dusk in late autumn, and stop during
inter (Siddagangaiah et al. 2021 ). The knowledge of the cho-

using species and their usual phenology at the site provides
he opportunity to assess the eventual influence of the opera-
ional noise of wind farm turbines on their seasonal chorus-
ng patterns. In particular, we monitored wind turbine opera-
ional noise levels from one of the foremost demonstrational
ind turbines (4 MW of capacity) and compared them with
he wind speed along the various seasons. Furthermore, we
tudied seasonal fish chorusing patterns during the monitoring
eriods and verified whether the operational noise influenced
he vocalizing behavior of fish. 

aterials and methods 

tudy site 

coustic samples were collected at the Formosa 1 wind farm
ituated 6 km off the west coast of Miaoli (Taiwan Strait),
panning an area of 10.27 km 

2 ( Fig. 1 ). The water depth at
he site is 15–30 m, where the substrate is mostly composed
f coarse sand. At the Taiwan Strait, winds are abundant,
ostly due to the annual monsoons, which are characterized
y the strong northeasterly wind in winter and the weaker
outhwesterly wind in summer (Cheng and Chang 2018 ). The
ormosa 1 offshore wind farm is one of the three projects ap-
roved by the Taiwan Ministry of Economic Affairs Bureau
f Energy, and it was planned to develop in two phases: a
emonstration and a commercial phase. During the demon-
tration phase, two wind turbines (#21 and #28, each with
 capacity of 4 MW) were installed in November 2016 and
tarted operation in April 2017. The second phase involved
he installation of 20 additional wind turbines with a cumula-
ive capacity of 120 MW, and the construction was completed
n October 2019 (Supplementary Fig. S1). 

ata collection 

o monitor operational noise during 2017 and 2018, we de-
loyed a hydrophone 10 m from one of the two demonstra-
ional wind turbines, #28 (24 

◦41 

′ 35.75 

′′ N, 120 

◦49 

′ 1.54 

′′ E)
Supplementary Fig. S1). Turbine #28 was installed on a
onopile foundation with a diameter of 5.5 m and a length
f 75 m, and the rotor diameter and blade length were 120
nd 58.5 m, respectively (Supplementary Fig. S2). 

We used an SM4M from Wildlife Acoustics fastened to
 bottom-mounted metal frame placed ∼1–2 m from the
eabed at a depth of ∼15–20 m (Supplementary Fig. S3). The
M4M hydrophone was programmed to record continual
ourly acoustic data in.wav format, in the frequency range
f 2–48 000 Hz, with a sensitivity of −164.2 dB re:1v/ μPa,
ain 2 dB, and sampling frequency of 96 kHz. We recorded
04 days in 2017 and 117 days in 2018. The timeline of the
onitoring intervals and the number of recording days is de-

ailed in Table 1 . Hourly wind speed (in m/s) was measured
sing a buoy ∼3.8 km away from turbine #28, deployed by
he Central Weather Bureau (24 

◦45 

′ 27.6 

′′ N, 120 

◦50 

′ 20.4 

′′ E).

horusing species and their vocalization phenology

he underwater soundscape in the frequency range of 500–
500 Hz is dominated by two types (Types 1 and 2) of cho-
using, produced by a Sciaenidae family of the soniferous fish
Siddagangaiah et al. 2021 , Siddagangaiah et al. 2022 a). Both
ypes of choruses exhibit seasonal patterns, commencing in
pring (March), peaking in summer (June–August), beginning
o diminish from late autumn (late October), and going silent
n winter (December–February) (Supplementary Fig. S4) (Sid-
agangaiah et al. 2021 , Siddagangaiah et al. 2022 b). Whereas
he species responsible for Type 1 chorusing remains unclar-
fied, the Type 2 chorusing has been identified as the Johnius
aiwanensis , from the Sciaenidae family (Siddagangaiah et al.
022 a). 
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Figure 1. Map of the Miaoli coast (Taiwan Strait, Taiwan) depicting the passive acoustic monitoring recorder deployed at turbine #28, located in the 
Miaoli offshore wind farm area. 

Table 1. Timeline of deployment of PAM at turbine #28 located in the off- 
shore wind farm area. 

Year Monitoring period (DD MMM) Total days monitored 

2017 27 April–25 May 28 
05 July–27 July 22 
29 July–17 Aug. 19 
06 Nov.–11 Dec. 35 

2018 25 Jan.–09 March 43 
03 April–10 May 37 
27 Aug.–05 Sep. 9 
07 Sep.–05 Oct. 28 
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Supplementary Fig. S5 shows the 24-hour spectrogram de- 
picting the two types of chorusing, the waveform, and the 
power spectrum of the individual calls composing the cho- 
ruses (Siddagangaiah et al. 2021 , Siddagangaiah et al. 2022a ).
The acoustic features of the two call types, such as duration of 
the call, number and duration of pulses, time interval between 

pulses, and peak frequency, are tabulated in Supplementary 
Table S1 (Siddagangaiah et al. 2022 a). 
coustic analysis 

he acoustic data was stored in.wav format and processed 

sing the PAM Guide toolbox in MATLAB (Merchant et al.
015 ). We computed long-term spectrograms based on the 
ower spectral density (PSD) and sound pressure levels (SPLs).
SD was calculated in the frequency range 10–10 000 Hz by
etting a 1 s Hanning window, 50% overlap, and 60 s time-
veraged. The SPLs were computed in the frequency range 
0–250 Hz with a 1 s Hanning window, 50% overlap, and
ime-averaged every hour. Similarly, the 1/3rd octave band SPL 

as evaluated for the various frequency bands ranging from 

0 to 1600 Hz. 

ermutation entropy-based automatic detection of 
sh chorusing 

e used the permutation entropy (H) to measure the degree
f randomness or periodicity using the concept of symbolic 
ynamics or permutation patterns (Bandt and Pompe 2002 ,
anin and Olivares 2021 ). The H method translates the rela-

ive amplitudes of an acoustic time series in the selected win-
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ow of a certain length M into their symbolic representation
o recover the patterns (Siddagangaiah et al. 2020 ), thus en-
bling the evaluation of temporal causality in the acoustic
ata. This enables the assessment of the dynamical charac-
eristics, such as periodicity and randomness, induced by the
sh chorusing and noise in the acoustic data (Siddagangaiah et
l. 2019 ). The H technique is data-driven, simple, and robust
or evaluating several noises occurring in the PAM acoustic
ecordings (Siddagangaiah et al. 2019 , Siddagangaiah et al.
020 ). 
For a given time series { x (t ) } N 

t=1 , we assume a pat-
ern length of M and divide the time series into
 = N − [ M − 1 ] overlapping windows. The elements of
ach M -window x s = ( x s , x s +1 , . . . , x s +( M −1 ) ) of x (t ) are
rranged by increasing amplitude to capture their indexes
 0 , i 1 , . . . , i ( M −1 ) , such that x s + i 0 ≤ x s + i 1 ≤ . . . ≤ x s + i ( M −1 ) .
ence, words π = ( i 0 , i 1 , . . . , i ( M −1 ) ) are symbols represent-

ng all possible M ! permutations of { 0 , 1 , 2 , . . . , M − 1 } , and
his procedure of encoding the relative amplitude is done for
ach M -segment. The associated probability density function
 (π ) relates the occurrence frequency of permutation patterns
in the data, satisfying 

∑ 

π P(π ) = 1 . 
The H measures the abrupt changes and dynamical regime

ransition from the data and is defined as follows: 

H [ P ] = 

−1 

S max 

∑ N 

π=1 
P ( π ) log ( P ( π ) ) 

Here, H measures the level of the disorder of the system
nd is given by the ratio of the entropy of P (π ) to the maxi-
um entropy of the system modeled by a uniform probability

 P e | S max ) = log ( M ! ) . Therefore, 0 ≤ H[ P] ≤ 1 for a periodic
H = 0) or uncorrelated random system (H = 1), respectively .
he H is shown to detect fish chorusing with an accuracy of
95%, and it is robust to anthropophony and geophony, such

s sound originating from shipping activity or natural sources,
uch as wind and tides (Siddagangaiah et al. 2019 ). Further,
he H was applied to the five-year passive acoustic monitored
ata to derive the fish vocalization phenology (Siddagangaiah
t al. 2021 ). H works on the principle of detecting the peri-
dic dynamical structures induced by the fish chorusing in the
cean ambient noise. Because of the periodicity caused by the
sh chorusing amidst the ambient noise results in a lower H
0–0.5), and in the absence of fish chorusing, just the ambient
oise and other noise sources will enhance the randomness,
he resulting H will be higher and fall between 0.7 and 1. In
his study, H is evaluated hourly for each acoustic file, for the
attern length M = 6 in R v4.1.1 , using the command global-
omplexity from the statcomp package (Sippel et al. 2016 ). 

tatistics 

ll statistical analyses were computed in R using the agricolae
ackage (de Mendiburu and de Mendiburu 2019 ). The non-
arametric Kruskal–Wallis test, followed by posthoc Bonfer-
oni’s multiple comparisons, was used to assess statistical dif-
erences of SPL, wind speed, and H in spring (March, April),
ummer (May–August), autumn (September–November), and
inter (December–February). For the comparison of seasonal
sh chorusing and operational noise levels, the 24-hour H and
PL in the frequency range of 20–250 Hz were time-averaged
o produce a single value of H and SPL for each day, thus
esulting in 41, 81, 34, and 89 days in spring, summer, au-
umn, and winter, respectively, in 2017 and 2018. To evaluate
he influence of the wind farm operational noise on the fish
horusing, and the influence of the wind speed on the opera-
ional noise, the Pearson correlation coefficient was evaluated
etween each hourly H and wind speed with corresponding
ourly SPL in the frequency range 20–250 Hz. The correlation
oefficient and significance were computed using the corrcoef
unction in MATLAB. The logarithmic mean and standard de-
iation of the SPL were calculated using the meandB and sddB
ommands included in the seewave package in R (Sueur et al.
008 ) , and the standard error was evaluated by dividing the
tandard deviation by the square root of the sample size. 

esults 

ong-term spectrogram and annual variation of 
ind speed during 2017 and 2018 

tronger wind speeds (10 −20 m/s) occurred from autumn un-
il early spring, while 2 −8 m/s were recorded for the rest of the
ear . However , during typhoons and storms, the wind speed
eached up to 10 −12 m/s even in summer ( Fig. 2 a and b). As
xpected, when higher wind speeds occurred higher sound lev-
ls were observed at low frequencies due to an increased ac-
ivity of the wind turbine ( Fig. 2 c–f, Label W). In particular,
SD reached 120 −140 dB re 1 μPa 2 Hz −1 , and SPL in the fre-
uency range 20–250 Hz was 130–150 dB re 1 μPa ( Fig. 2 c–
, Label ON, Label W). The vertical striations appearing in
ight yellow on the spectrogram in the frequency band 500–
500 Hz show the diurnal fish chorusing with PSD reaching
00–120 dB ( Fig. 2 c and d, Label F). 

perational sound levels of the wind farm 

igher wind speeds caused the wind turbines to produce
igher sound pressure levels in the frequency range of 20–
50 Hz, occurring as continual tonal sounds with harmonic
omponents (as shown in the spectrogram in Fig. 2 a and b,
abel ON). The 1/3rd octave band SPL from 25 to 1600 Hz re-
ealed that the higher sound levels were witnessed at three fre-
uency bands, namely 32 Hz (mean ± SE = 135.7 ± 0.61 dB
e 1 μPa), 40 Hz (133.3 ± 1.4 dB re 1 μPa), and 160 Hz
137 ± 1.1 dB re 1 μPa) ( Fig. 3 a). 

nnual variation of fish vocalization during 2017 

nd 2018 

he evaluation of the seasonal fish chorusing at the wind
arm site showed that fish chorusing was not observed from
ecember to March, with H falling over than 0.6 ( Fig. 2 h).
uring later spring and summer (May–August) till early au-

umn (October), the fish chorusing was consistently observed
etween 06:00 p.m. and 03:00 a.m. ( Fig. 2 g and h; labeled
C). The blue contours (H < 0.5) represent the fish chorus-

ng hours ( Fig. 2 g and h; labeled FC). This is consistent with
he elevated sound levels from May till early October with
PL (500–2500 Hz) varying between 125 and 145 dB re 1 μPa
Supplementary Fig. S6a and b, Label FC). During later au-
umn until early winter (December), fish chorusing continu-
lly diminished in duration ( Fig. 2 g; trapezoid marked FC).
imilarly, from November until early December, a consistent
educing of the SPL (500–2500 Hz) from ∼130 dB re 1 μPa
o ∼125 dB re 1 μPa was recorded (Supplementary Fig. S6a,
rapezoid marked FC). 
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Figure 2. (a, b) Annual variation of the wind speed during 2017 and 2018; the color label represents the mean wind velocity (V m 

) in units of m/s. (c, d) 
Annual spectrogram at the turbine #28 site during 2017. The color label represents the power spectral density (PSD) in units of dB re 1 μPa 2 Hz −1 ; the 
label F represents the Types 1 and 2 chorusing activity occurring in the frequency band 500–2500 Hz; the label ON shows the sustained noise originating 
from the turbine in the frequency band 20–250 Hz. (e, f) Annual variation of the sound pressure level (SPL) in the frequency band 20-250 Hz during 2017 
and 2018. The color label represents the SPL in dB re l μPa. The label W represents the periods of the increased SPL corresponding to the ele v ated wind 
speed (a, b) and PSD (c, d) caused due to the operational noise from the turbine. (g, h) Annual distribution of the hourly permutation entropy (H) during 
2017 and 2018. The color label represents the H and the label FC highlights the blue contours (H < 0.5) representing the periods of the fish chorusing. 
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Influence of seasonal wind speed on operational 
sound levels 

The SPL (20–250 Hz) during winter 
(mean ± SE = 137.5 ± 0.82 dB re 1 μPa) was significantly 
higher and during summer (130.4 ± 0.65 dB re 1 μPa) was 
significantly lower compared to other seasons ( P < 0.001) 
( Fig. 3 b, Table 2 ). Similarly, the wind speed was significantly 
higher in winter (10.4 ± 0.2 m/s) than in other seasons 
( P < 0.001) ( Fig. 3 c, Table 2 ), and there was a significantly 
positive correlation between the hourly wind speed and SPL 

(20–250 Hz) ( r = 0.76, P < 0.001) ( Fig. 3 d). 

Wind turbine operational noise and seasonal fish 

chorusing 

Because of the absence of fish chorusing in the winter, the H 

(mean ± SE = 0.51 ± 0.01) was significantly higher than that 
in other seasons ( P < 0.001), and the consistent fish chorus- 
ing in summer resulted in significantly lower H (0.26 ± 0.01) 
compared to the other seasons ( P < 0.001) ( Fig. 3 e, Table 
2 ). No correlation was found between the hourly SPL (20–
250 Hz) and H ( r = −0.17, P ≈ 1) ( Fig. 3 f) or between fre- 
quency bands of fish chorusing (500–2500 Hz) and wind tur- 
bine noise (20–250 Hz) when evaluated in different seasons 
(Supplementary Fig. S7a–d). 

Discussion 

In this study, we investigated the influence of offshore wind 

farm operational noise on seasonal fish chorusing. Results re- 
vealed operational noise measured in 2017 and 2018 seemed 
o not significantly influence the seasonal fish vocalization pat- 
ern, which still followed the well-established phenology of the 
wo chorusing types previously studied in the Taiwan Strait,
hus maintaining silence in winters and significantly increas- 
ng in summer (Siddagangaiah et al. 2021 , Siddagangaiah et al.
022 b). Furthermore, we showed that wind speed and sound
ressure levels were highly correlated over the monitoring du- 
ation, with higher wind speeds in winter causing faster rota-
ion of the turbines and thus producing higher sound levels. 

The Taiwan Strait is severely influenced by the Northeast- 
rly monsoon in winter and storms in summer, with mean
ind speeds reaching 18–20 m/s. The hourly annual wind 

peeds were positively correlated with the SPL ( r = 0.71,
 < 0.001) in the frequency range of 20–250 Hz ( Fig. 3 d),

nduced by the operation of the turbine with 4 MW capac-
ty, installed on the monopile foundation. Similar results were 
bserved on the steel monopile foundation in Belgium, where 
he SPL and wind speeds were highly correlated (Norro and
egraer 2016 ). Underwater noise levels from the operational 
ind farm are mostly limited to frequencies below 1 kHz

Madsen et al. 2006 , Pangerc et al. 2016 , Tougaard et al.
020 ), usually originating at the nacelle of the wind turbine
y the rotating parts, resulting in strong tonal and harmonic
omponents. Our findings are consistent with previous lit- 
rature, with the operational noise resulted in strong tonal 
nd harmonics in the 1/3rd octave frequency bands at 32,
0, and 160 Hz ( Fig. 3 a). Other studies suggested that higher
ind speeds produce louder sound levels, resulting in newer 
armonics and tones (Kastelein et al. 2008 , Kikuchi 2010 ,
ougaard et al. 2020 ), and a strong correlation was found
etween the underwater noise generated and the tower’s me- 
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Figure 3. (a) Variation of 24-hour SPL (20–250 Hz) (in units of dB re 1 μPa) during the turbine operation ( n = 24) at different 1/3-octa v e band frequencies. 
(b) Comparison of SPL (20–250 Hz) during spring ( n = 41 da y s), summer ( n = 81 da y s), autumn ( n = 34 da y s), and winter ( n = 69 da y s) of 2017 and 2018. 
(c) Comparison of wind speed (in units of m/s) during spring ( n = 97 da y s), summer ( n = 188 da y s), autumn ( n = 1 0 1), and winter ( n = 165 da y s) of 2017 
and 2018. (d) Scatter plot representing the Pearson correlation between hourly SPL and wind speed during 2017 and 2018; n = 5075 pair of hourly 
SPL(20-250 Hz) and wind speed. The fitting line (in red) and r and p represent the values of the correlation and statistical significance. (e) Comparison of 
fish chorusing index H (H < 0.5 represent the presence of the fish chorusing) during spring ( n = 41 da y s), summer ( n = 81 da y s), autumn ( n = 34 da y s), 
and winter ( n = 69 da y s) of 2017 and 2018. (f) Scatter plot representing the Pearson correlation between hourly SPL (20–250 Hz) and H during 2017 and 
2018; n = 5400 pair of hourly SPL and H. The fitting line and r and p represent the values of the correlation and statistical significance. In each box, the 
center red and gray lines depict the median and mean, and the top and bottom edges of the box represent the 25th and 75th percentiles. The maximum 

and minimum values are marked in black at the extreme ends. The + symbol represents outliers. Each box with a superscript letter represents the 
results from post-hoc multiple comparison tests. Different superscript letters indicate significant differences ( P < 0.05), with the letter “a” at the top and 
subsequent statistical differences represented at a lo w er le v el. 
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hanical vibration (Yang et al. 2018 ). Thus, the underwater
oise levels and the tonal frequencies that originate during the
ormal operation of the wind farm determine an increase in
he sound levels and newer harmonics introduced because of
he excessive vibrations, which are induced by the wear and
ear of the rotating mechanical parts inside the nacelle (Gu et
l. 2021 ). 

The underwater sound originating from an operational
ind farm can spread out a few kilometers; however, the low-

requency tonal components can be detected at distances be-
ond tens of kilometers (Bergström et al. 2014 ) lasting over
he 20–30 years of their operational phase, which makes the
ind farms a unique and highly localized acoustic noise source

Mooney et al. 2020 ) at which the marine species in the re-
ion will inevitable be exposed in the long-term period. The
levated underwater noise levels caused by the wind farm op-
ration can potentially influence psychological and behavioral
hanges in fish (Svendsen et al. 2022 ). 

The results of this study regarding the seasonal vocalization
attern of two chorusing types (Types 1 and 2) are consistent
ith the long-term vocalization pattern previously observed

t the Taiwan Strait (Siddagangaiah et al. 2021 ). The elevated
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PLs in the frequency range of 20–250 Hz caused by the op-
rational noise from offshore wind turbines did not exhibit to
e influenced on the seasonal vocalization pattern ( r = −0.17)
 Fig. 3 f). Few studies have examined the influence of offshore
ind farm operational noise, indicating a varied response in 

ifferent fish species (Svendsen-Erquiaga et al. 2022 ), mainly
bserved over a short period (10 to 40 days). Bluefin tuna
n semi-free conditions exhibited altered movement patterns 
hen exposed to recordings of wind farm operational noise 
easured ∼50 m from the turbine (Puig-Pons et al. 2021 ).
he wind farm harmonics at 125 Hz, with sound levels reach-

ng 96 dB re 1 μPa, can potentially interfere with the hearing
hresholds of the Marbled rockfish (Zhang et al. 2021 ). Simi-
arly, when the black sea bass in the lab was exposed to tones
f varying frequencies from 80 to 1000 Hz, the acoustics were
ithin the detection window of the species and could cause

coustic masking with subsequent influence on their behavior 
nd physiology (Stanley et al. 2020 ). When exposed to con-
inual operational noise in the laboratory for three days to a
eek, the milkfish showed elevated mRNA levels of hydrox- 
steroid dehydrogenase (Wei et al. 2018 ). 

However, studies have emphasized that species’ behaviors 
nd physiological changes associated with operational noise 
re usually difficult under semi-free and laboratory condi- 
ions (Puig-Pons et al. 2021 ) and cannot be extrapolated to
he species’ behaviors in their natural habitats (Wei et al.
018 , Svendsen et al. 2022 ). Thus, it is necessary to under-
tand the specific behavior of the species during the several
hases of the offshore wind farm project, which may help
dentify the specific stressors and the corresponding phases 
hat affect the species’ behaviors. For example, understand- 
ng the long-term vocalization pattern of the two chorusing 
ypes (Types 1 and 2) enabled us to evaluate the influence of
ile driving on these Sciaenidae species (Siddagangaiah et al.
022 a). 
The results in this study show that during the season when

he highest operating sound levels are in winter, spring, and
ater autumn, the fish chorusing is not as sustained as in the
ummer. Thus, it seems to limit the scope of evaluating the
nfluence of noise from the operating turbines on the peak
horusing activity. Nevertheless, no in-situ studies of the long- 
erm effects of wind farm noise on fish vocalization behavior
xist to date, and the information presented herein is, there-
ore, noteworthy. 

This study was conducted when the two foremost wind tur-
ines were operating, and at this wind farm site, the turbines
re expected to grow to 67 in total, spanning ∼80 km 

2 . Due
o the addition of these turbines in the wind farm area, the
tudy site may experience rapid changes in the habitat and the
oundscape (Dannheim et al. 2020 ), by causing an elevation
n the low-frequency sound levels. Additionally, turbines with 

 different capacity may introduce new harmonic components 
ompared to the harmonics observed in the 1/3rd octave fre-
uency bands (32, 40, and 160 Hz). 
Anthropogenic interference during construction, coupled 

ith the installment of new foundation structures, may alter 
he local ecosystem and produce habitat changes. Increased 

urbidity has been observed at the wind farm sites, poten-
ially affecting fish behavior (Wollschläger et al. 2021 ). How-
ver, the abundance of fish may increase at the wind farm due
o the enhanced microfauna accumulation on the foundation 

tructures and decreased fishing (Coates et al. 2014 ). These
ositive and negative premises regarding the expansion of the 
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ind farm further emphasize the need for hypothesis-driven
esearch to understand the influences and changes in the fish
ocalization behavior. The results derived in this study can
unction as a first baseline for the operational noise levels and
he fish vocalization behavior. 

Taiwan’s government is expected to rapidly develop off-
hore wind farms in the Taiwan Strait (Zhou and Guo 2023 ).
he accelerated offshore wind farm developmental projects,
hich are scheduled to achieve the expected power output at
 swift phase, provide a limited time window for the study
f the species living in the area and their physiological, phys-
cal, and behavioral characteristics, including seasonal occur-
ences, migration, movement patterns, feeding, and reproduc-
ion (Hawkins and Popper 2017 , Popper et al. 2022 ). This
nowledge may clarify the influence of the noise from dif-
erent phases of the offshore wind farm operation. In par-
icular, it would be essential to study the diverse influence
f short high-intensity noises originating from pile driving
uring construction and longer durations of sustained oper-
tional noise. Numerous studies have shown the impact of
ile-driving noise on fish, while fewer have studied the opera-
ional phase (Svendsen et al. 2022 ). Although fish exposed to
 continuous noise source, such as different frequency tones
nd playbacks of the operational noise, have shown physio-
ogical and behavioral changes under laboratory conditions
nd in short-term investigations (Kastelein et al. 2008 , Win-
er, Aarts et al. 2010 ), there is a lack of studies performed at
eal-world wind farms or investigating long-term operational
oise. 

onclusion 

his study aimed to assess the influence of wind farm noise on
he fish vocalization phenology during the operational stage,
hich is the longest phase of the offshore wind farm span-
ing most of its lifecycle. Our investigation revealed that two-
ear operational noise from a single turbine did not influence
he seasonal phenology of the fish chorusing. This study be-
an at the onset of the operational stage, when only two wind
urbines were operating at the wind farm; however, more tur-
ines were added in 2019. Studies have emphasized that the
valuation of the impact of noise from the offshore wind farm
annot be considered completed when based on the sound
evels originating from a single individual turbine (Degraer
t al. 2016 , Tougaard et al. 2020 ). More comprehensive in-
estigations observing the cumulative effect obtained when
ll the turbines are in place are therefore needed. Still, the
ndings of this study provide the first baseline knowledge
n wind turbine operational sound levels compared to wind
peed and vocalization phenology of two chorusing types at
he Taiwan Strait. The acoustic assessment presented herein
onstitutes a starting point from which changes can be mon-
tored along the successive advancements of the wind farm
roject. 
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