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The Guishan Offshore Wind Farm is the first offshore wind power facility located

within the habitat of Indo-Pacific humpback dolphins (Sousa chinensis) in

Guangdong province of China. To assess the Indo-Pacific humpback dolphin’s

response to wind farm construction, this study deployed a broadband passive

acoustic monitoring system to investigate the acoustic behavior of humpback

dolphins during pile driving activities. Results indicate that Indo-Pacific dolphins

were acoustically detected at the wind farm site both pre-construction and

during construction in an area previously identified to provide critical habitat to

this population. However, temporal presence patterns differed compared to

previous studies. While multiple environmental factors influence the habitat

selection of Indo-Pacific dolphins, the result from this study confirmed that

Indo-Pacific dolphins altered their occurrence following construction initiation.

Pile driving exhibited a minor adverse effect on dolphin presence, though

statistically insignificant. This persistence may stem from the area's ecological

importance as a core habitat, compelling the dolphins to continue utilizing these

waters despite construction disturbances. These findings enhance the

understanding of marine engineering impacts on marine mammal habitat

ecology and provide a scientific basis for formulating habitat conservation

strategies and management measures.
KEYWORDS

passive acoustic monitoring, pile driving, offshore wind farm, Indo-Pacific humpback
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1 Introduction

Offshore wind power, as an important form of renewable energy,

has received increasing attention frommany countries and regions in

recent years, particularly due to its potential to address climate

change impacts and promote sustainable development (Higgins

and Foley, 2014; Soares-Ramos et al., 2020). Over the past decade,

offshore wind energy technology has made tremendous progress,

with advancements in the design, manufacturing, installation, and

maintenance of wind turbines. These technological improvements

have not only enhanced the electricity generation efficiency of wind

power but also reduced construction and operational costs, making

offshore wind projects increasingly economically competitive (Chen,

2011; Erlich et al., 2013). Additionally, offshore wind farms are

typically located near densely populated coastal areas, facilitating

energy transmission and further advancing offshore wind

development. However, the development of offshore wind energy

has also raised widespread concerns about marine ecological issues

(Gill, 2005; Bailey et al., 2014; Galparsoro et al., 2022). Currently,

offshore wind farms are categorized into two types: fixed-bottom and

floating, with the majority of installed offshore turbines utilize fixed

foundations (Rezaei et al., 2023). During construction, pile-driving

noise poses the greatest threat to marine mammals, as high-intensity

sound can cause direct mortality, hearing damage, or displacement

from habitats (Dähne et al., 2013; Amaral et al., 2020). Moreover,

increased vessel traffic increases collision risks and noise exposure for

marine mammals (Bailey et al., 2014; Thompson et al., 2020;

Benhemma-Le Gall et al., 2021). During operation, noise from both

fixed-bottom and floating turbines, along with maintenance vessel

activity, constitutes the primary impact on marine mammals.

Although operational noise intensity is significantly lower, the

long-term cumulative effects on marine animals require greater

attention (Risch et al., 2024; Tougaard et al., 2020; Stöber and

Thomsen, 2021).

The Guishan Offshore Wind Farm is one of China’s projects,

located in the Pearl River Estuary (PRE) of the South China Sea.

Approved in 2012, construction began late September 2016, and

once completed, will provide a total capacity of 196 MW from 66

turbines covering 32.6 km2. The Guishan Offshore Wind Farm

exemplifies the increasing number of projects overlapping

important marine mammal habitat, as the farm is located within

a core habitat of the Indo-Pacific humpback dolphin, Sousa

chinensis (Chen et al., 2010; Wang et al., 2015; Man, 2017; Pine

et al., 2017). The species ranges somewhere east of India to the

Indo-Malay Archipelago, north to east Asia and south to northern

Australia (Jefferson and Smith, 2016). As one of the world’s most

severely human-impacted inshore cetaceans, the species is listed as

Vulnerable by the IUCN (IUCN, 2018). The humpback dolphin

population in focus in this study, is a resident group in the PRE,

with an estimated size of approximately 2,500 individuals. Dolphins

in this population exhibit relatively small home ranges (average 99.5

km2), ranging from 24 km2 to 304 km2 (Hung and Jefferson, 2004;

Chen et al., 2010, 2011). As such, substantial interaction between

these dolphins and the construction and operation of the Guishan
Frontiers in Marine Science 02
Wind Farm is expected, raising public concern about potential

negative impacts. These concerns are greater than in other parts of

China because the PRE is the country’s busiest embayment and has

already experienced dramatic development in recent years,

including the construction of the Hong Kong–Macau–Zhuhai

bridge, the Third Runway Project of Hong Kong International

Airport, and extensive maintenance dredging by three of the world’s

busiest ports. These dolphins are already facing habitat degradation,

high volumes of marine traffic, pollutant accumulation,

entanglement in fishing gear, and noise pollution (Karczmarski

et al., 2016). As a consequence, the PRE population is declining at a

rate of approximately 2.46% per year, which is projected to result in

a 74% loss of the current population (approximately 2,500

individuals) over three generations (Huang et al., 2012).

Passive acoustics is an effective tool for assessing the impact of

sound disturbances on vocalizing marine animals, as well as for

evaluating the use of key habitats by marine mammals (Mellinger

et al., 2007; Zimmer, 2011). Passive acoustics has also been widely

applied in studies investigating the effects of offshore wind turbine

pile driving on cetaceans (Carstensen et al., 2006; Thompson et al.,

2010; Brandt et al., 2011; Dähne et al., 2013; Benhemma-Le et al.,

2021; Fang et al., 2023; Holdman et al., 2023). This study

investigated the temporal presence of Indo-Pacific humpback

dolphins during the construction of the Guishan Offshore Wind

Farm and assessed their response to pile-driving noise and

construction-associated activities. The results are also relevant to

the future management of offshore wind farm developments in or

near humpback dolphin habitats in China and globally.
2 Materials and methods

2.1 Study site and recording system

The passive acoustic monitoring (PAM) station was deployed

near the Guishan Offshore Wind Farm construction site.

Specifically, it was located between Sanjiao and Chitan Islands,

approximately 690 m from Sanjiao Island (Figure 1). Sanjiao Island

lies 10.7 km east of Macau and 14.7 km west of Hong Kong’s Lantau

Island. The waters around Sanjiao Island are a core foraging area for

humpback dolphins (50% isopleths) in the PRE and, prior the

construction of the Guishan Wind Farm, were less developed than

other areas of the estuary (Man, 2017).

To investigate the acoustic occurrence of humpback dolphins

during wind farm construction, an autonomous passive acoustic

recorder (SoundTrap HF 300 model) was moored 1 m above the

seafloor on a 50-kg concrete platform, recording for 5 min per hour

at a sample rate of 288 kHz. The SoundTrap recorder is a compact

autonomous unit with a frequency range of 20 Hz to 150 kHz and

256 GB memory. The deployment duration depended on the unit’s

battery and memory, as well as weather conditions, and lasted

between 40 and 60 days. In this study, recordings were conducted

from July 2016 to March 2017, covering the baseline and piling

phases of wind farm construction.
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2.2 Data collection and analysis

All acoustic data were manually examined using Adobe Audition

3.0, and automated detectors were not used upon due to the high

background sound levels at the study site. Humpback dolphins are

highly vocal, emitting whistles and echolocation clicks, which makes

them easily identifiable in waveforms and spectrograms. In this study,

only the presence of echolocation clicks (Figure 2A) was used to

identify Indo-Pacific humpback dolphin occurrence. This was because

(1) Indo-Pacific humpback dolphins are the only odontocete in the

area that emit broadband echolocation clicks; (2) these dolphins rely

heavily on echolocation to navigate a turbid environment and therefor

echolocate frequently; and (3) whistles were sometimes masked by

higher background noise levels, reducing their reliability. The

identified click trains had a sufficient signal-to-noise ratio to be

detected above background noise levels, even when the clicks were

off-axis (a common occurrence given the bottom-mounted recorders).

To better understand the potential influence of offshore wind farm

construction on the temporal presence of humpback dolphins,

dolphin acoustic occurrences were quantified as hourly detection

probabilities, defined as the total number of 5-min recordings

containing echolocation click trains divided by the total number of

recordings in a given month. Percussive pile driving was an important
Frontiers in Marine Science 03
source of noise during wind farm construction and the most

concerning in terms of its impacts on marine mammals. Pile

driving noise was identified in the acoustic data manually by

examining the waveform and spectrograms, and the waveform of

pile driving in this study is presented in Figure 2B. Piling activity was

quantified as a detection probability in each hour. The method used to

calculate the hourly detection probability of pile driving was similar to

that used for humpback dolphins. The hourly detection probability of

pile driving was defined as the total number of recording hours

(represented by the 5-min recording on the hour of every hour during

a deployment) with pile driving activity detected, divided by the total

number of recording hours in each month.

The received sound pressure level (SPL) of pile driving,

recorded by the acoustic device, was expressed as a peak-to-peak

SPL according to the following equation:

SPL = Mj j − 20 ∗ log10(
Ppeak
P0

)

Where M is the hydrophone sensitivity of the acoustic

equipment, Ppeak is the peak-to-peak sound pressure, and the

reference P0 is 1 µPa. The SPL of each pile driving event (5-min

resolution) was calculated by averaging the SPL of all impulsive

signals within each 5-min file.
FIGURE 1

Map of location of the wind farm and passive acoustic listening station in the PRE (the turbine locations are presented by the blue circles and that
the listening station is represented by the star).
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Finally, we quantified the waiting time, defined as the interval

between the end of pile driving and the first detected acoustic

occurrence of a humpback dolphin afterward. Waiting time serves

as a bioacoustic metric for assessing anthropogenic noise-induced

avoidance or displacement behavior in cetaceans, including those

associated with offshore wind farm development. Difference in

waiting time between the pre-construction and construction

periods were tested using the Wilcoxon test for non-parametric

paired samples.
3 Results

Acoustic data were collected between July 2016 and March

2017. An overview of the monthly acoustic monitoring days is
Frontiers in Marine Science 04
presented in Table 1. The dataset, comprising 3,936 five-minute

acoustic recordings, was manually analyzed for dolphin

echolocation and pile driving activity. Of the 3,936 five-minute

recordings, 554 contained dolphin detections, while pile driving

activity was identified in 59. However, the persistent typhoon-

induced severe weather in August 2016 prevented replacement of

the acoustic recorder, resulting in missing data for that month.

Initial pile driving activities were detected in October 2016,

marking the start of construction operations that continued

intermittently until March 2017, with no detections recorded in

December 2016. Temporal clustering of pile driving events occurred

in two primary phases: October–November 2016 and February–

March 2017. Analysis revealed distinct temporal patterns in dolphin

occurrence: pre-construction monitoring showed peak detection

rates in July (24.1%), whereas during the active pile driving period,
FIGURE 2

Example of the waveform of click train from Indo-Pacific humpback dolphin (A) and the pulses of pile driving (B).
TABLE 1 Overview of the passive acoustic monitoring recording dates and setting parameters before and during the construction of Guishan Offshore
Wind Farm.

Date (year-month)
Number of total
five-minute files

Monitoring effort
(number of recording

days per month)

Dolphin acoustic
detection

Pile driving
detection

2016-07 336 14 81 0

2016-08 0 0 0 0

2016-09 360 15 47 0

2016-10 192 8 23 7

2016-11 720 30 65 16

2016-12 384 16 32 0

2017-01 744 31 151 1

2017-02 456 19 83 10

2017-03 744 31 72 25
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the maximum monthly detection frequency declined to 20.3% in

January 2017 and reached a minimum of 8.3% in December 2016. A

comparative visualization of monthly detection rates for dolphin

presence and pile driving intensity is presented in Figure 3,

highlighting the temporal overlap between construction activities

and cetacean acoustic occurrence.

A total of 57 pile driving noise events were recorded. As shown

in Figure 4, the received noise level distribution exhibited a

pronounced peak, with 40% of events (n = 23) occurring within

the 140 dB–145 dB re 1 mPa bin. While 87.7% of recorded events

(n = 50) remained below the 155 dB threshold, notable exceptions

were observed, with 12.3% of cases (n = 7) exceeding 160 dB.

Figure 5 illustrates the relationship between pile driving

activities and monthly acoustic detections of the Indo-Pacific

humpback dolphin. Linear regression analysis revealed a non-

significant inverse association (b = −2.7467, p >0.05), with

construction activity intensity accounting for 55.1% of the

variance in dolphin acoustic occurrence.
Frontiers in Marine Science 05
This study identified 29 occasions in which waiting time could

be calculated. Of these, 55% had a waiting time less than 5 h, and

93% had a waiting time of less than 10 h. The waiting times of Indo-

Pacific humpback dolphins in relation to pile driving events are

presented in Figure 6.

The first pile driving event was detected on 24 October 2016 at

18:00. The average waiting time for acoustic detection of humpback

dolphin before construction (prior to the first pile driving) was 4.39 h,

while the average waiting time of after the first pile driving (during

the construction period) was 5.68 h, as shown in Figure 7. No

significant difference was observed between waiting times prior to

and during construction, as revealed by the Wilcoxon test (p >0.05).
4 Discussion

Our findings demonstrate the continued presence of humpback

dolphins throughout the monitoring period, with detections
FIGURE 3

Histogram of hourly acoustic detection rates of Indo-Pacific humpback dolphin and pile driving activity in each month of monitoring.
FIGURE 4

The distribution of sound pressure level of pile driving.
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FIGURE 5

The relationship between the hourly detection rate of Indo-Pacific humpback dolphin and pile driving detection rate.
FIGURE 6

The waiting time of Indo-Pacific humpback dolphins to pile driving.
FIGURE 7

The average waiting time of acoustic detection of Indo-Pacific humpback dolphin before (A) and after (B) the first pile driving. Error bars indicate
standard deviation.
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occurrence during approximately 9%–24% of monitored time. This

indicates that the waters of the PRE maintained their ecological

significance as critical habitat for Indo-Pacific humpback dolphins

during the construction phase of the Guishan Offshore Wind Farm

(2016–2017). However, quantifiable shifts in temporal presence

patterns emerged after construction began (September 2016), with

dolphin acoustic detection rates decreasing as monthly piling

activity increased. In addition to known natural drivers of

dolphin distribution, many environmental factors may influence

the habitat use of Indo-Pacific humpback dolphins. For example,

Lin et al. (2013, 2015) suggested that tidal cycles and upstream

rainfall could affect the habitat use of humpback dolphins in

estuarine areas. Lee et al. (2016) suggested that dolphin

occurrence in the estuary was driven by the prey availability,

which was influenced by the temporal changes in freshwater

runoff. Similarly, Chen et al. (2010) found that the distribution of

humpback dolphins in the PRE shifted between the wet (summer

and autumn) and dry (winter and spring) seasons, likely in response

to seasonal movements of their prey. Pine et al. (2016) found a

positive relationship between fish chorus rates (representing prey

activity) and dolphin detection rates, but no relationship between

vessel presence and dolphin detection in PRE. Wang et al. (2015)

reported significant diurnal variation in humpback dolphin

echolocation clicks, along with changes in click behavior across

during different tidal phases and seasons at the Guishan Offshore

Wind Farm site prior to construction. Despite the natural variation

in humpback dolphin presence around the PRE, changes in

detection probability at the construction site were observed in this

study. The distribution of hourly detection rates in this study

differed from those reported in previous studies of the PRE. For

instance, the highest detection rates in our study occurred in spring

and winter, whereas in a previous study conducted at a nearby

location within the same wind farm, peak detection rates occurred

in summer and autumn (Wang et al., 2015). Such changes in fine-

scale habitat use due to offshore wind farm construction activities

have been reported in previous studies (Carstensen et al., 2006;

Thompson et al., 2010; Brandt et al., 2011; Dähne et al., 2013).

Underwater noise from the pile driving and associated activities

is widely accepted as a key factor causing potential disturbances in

marine mammals during the construction of offshore wind farms

(Carstensen et al., 2006; Bailey et al., 2010; Thompson et al., 2010;

Nedwell et al., 2012; Dähne et al., 2013). Pile driving generates high

levels of sound energy (sound pressure levels over 190 dB re 1 µPa at

1 m range; Tougaard et al., 2009; Bailey et al., 2010; Brandt et al.,

2011), to which range of marine mammal species are known to be

sensitive (Au, 2000; Au and Hastings, 2008; Li et al., 2012; Surlykke

et al., 2014). In this study, pile driving was detected in the

recordings and may have contributed to the observed changes in

dolphin detection rates, as the hourly detection rate of humpback

dolphins was negatively correlated with increased piling activity.

Additionally, the waiting time of acoustic detection for humpback

dolphin prior to piling was shorter than those recorded after piling

initiation, though the difference was not significant. Habitat
Frontiers in Marine Science 07
avoidance, or displacement, in response to pile driving noise has

also been observed in harbor porpoises (Phocoena phocoena). Aerial

surveys found lower porpoise densities during the construction of

an offshore wind farm in the North Sea compared to pre-

construction densities (Dähne et al., 2013). During construction,

aerial sightings revealed that porpoises maintained a distance of 20

km from the piling location, and acoustic monitoring showed lower

porpoise detections within 10.8 km of piling activity than beyond

this distance (Dähne et al., 2013).

High-intensity noise has been widely demonstrated to mask

communication signals, induce behavioral responses (e.g., habitat

avoidance), and cause temporary and permanent hearing damage

(Southall et al., 2008; Richardson et al., 2013; Nachtigall and Schuller,

2014). Unfortunately, the source level of pile-driving noise could not

be accurately quantified in the present study. Nevertheless, although

not investigated in the present study, high received sound levels could

cause hearing damage to Indo-Pacific humpback dolphins. Although

not directly comparable to our peak-to-peak SPL values, for ‘High-

Frequency species’ such as the humpback dolphin, the onset threshold

for permanent threshold shift (PTS) when exposed to impulsive noise

is 230 dB re 1 mPa (unweighted zero-to-peak SPL), and that for

temporary threshold shift (TTS) is 193 dB re 1 mPa (unweighted zero-
to-peak SPL) (Southall et al ., 2019; NMFS, 2024). Previous research

has confirmed that Indo-Pacific humpback dolphins possess

exceptionally acute auditory capabilities (Li et al., 2012; 2013). Given

that most offshore wind farms employ gravity hammer systems, which

generate extremely loud noise, the injurious effects of pile-driving

noise on this species warrants thus urgent attention.

Indo-Pacific humpback dolphins exhibited high fidelity in the

present study. The waiting time distribution indicated that

individuals returned to the monitoring location within 5 h after

piling cessation—a faster recovery time than the avoidance duration

observed in finless porpoises (Neophocaena phocaenoides) at the

adjacent Jinwan Offshore Wind Farm (Fang et al., 2023). Several

studies have confirmed that waters adjacent to Sanjiao Island and

Qingzhou Island constitute critical core habitat for humpback

dolphins in the Pearl River Estuary (Chen et al., 2010; Huang

et al., 2024; Tang et al., 2025). Despite anthropogenic disturbance

from piling, humpback dolphins rapidly returned to these critical

habitats once pile driving stopped. This quick return further

highlights the importance of this core area to the species and

warrants enhanced protective measurements and continued

monitoring throughout a development’s construction (i.e., pre-,

during, and post-construction) to minimize and assess impacts on

this conservation-priority species. Mitigation measures to reduce

noise outputs will help minimize masking and displacement of

dolphins. Although dolphins do return, displacement from, and

subsequent return to, a core area will have energetic consequences,

which will be amplified when the site is also an important foraging

area. As such, mitigation measures will be beneficial.

We aim to continue this study by investigating humpback

dolphin occurrence during the operational phase of the Guishan

Offshore Wind Farm.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1578855
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Fang et al. 10.3389/fmars.2025.1578855
5 Conclusion

Nine months of PAM were conducted before and during

construction of the Guishan Offshore Wind Turbine Farm in the

Pearl River Estuary, China. The data obtained provide valuable

insights into potential temporal presence changes during the

construction of large-scale coastal developments. Results suggest

that the study area remained an important habitat for humpback

dolphins both before and during the construction of the wind farm.

Despite many factors affecting the temporal presence of these

dolphins, the results presented of this study provide evidence that

humpback dolphins altered their temporal presence around the

Sanjiao Islands after construction commenced, compared with a

previous study (Wang et al., 2015). Underwater noise emissions

from construction and increased vessel traffic are expected to be the

key factors leading to these observations, with pile-driving noise

detections negatively correlated with dolphin detection rates. As the

Chinese government continues to increase their investment in

offshore wind farms that overlap with humpback dolphin habitat,

these data are crucial first steps toward justifying further regulation,

mitigation, and marine mammal monitoring. Continued research at

the Guishan Offshore Wind Farm will focus on impacts to

humpback dolphins during the remaining construction activities

and the post-construction operational phase. Collectively, these

results will inform government efforts to improve management

practices in China and beyond.
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