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The Jinwan Offshore Wind Farm project in the Pearl River Estuary (PRE) is a new stressor for the resident marine mammals there, especially for the Indo-Pacific finless porpoise. A broadband recording system was deployed in the Jinwan Offshore Wind Farm, before and during the construction period, in order to determine how the finless porpoise responded to pile driving activity. The results showed that the wind farm area was an important habitat for the finless porpoise during the monitoring period. The finless porpoise also showed avoidance behavior of pile driving activity. There was a significant negative correlation between porpoise detection and pile driving detection, and the time between porpoise’s acoustic detections increased during pile driving compared to periods without pile driving. Our results indicated that acoustic protection measures are strongly recommended in future offshore wind farm developments in order to protect finless porpoises.
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1 Introduction

Anthropogenically accelerated climate change as a consequence of burning fossil fuels has led to many governments investing heavily in renewable energy sources (Gallagher, 2013; White et al., 2013; Dwyer and Teske, 2018; Johnsson et al., 2019; Sharif et al., 2019). This has been particularly noticeable in China, where the government has been rapidly constructing offshore wind farms with a potential total output of 600 GW (Yang et al., 2017). Installed wind energy capacity in China is said to be increasing at a rate of 9.56% through to 2025, including both on- and offshore wind farms (Yang et al., 2017). However, while the global benefits of offshore wind farms are not in question, the potential effects on marine mammals locally do need to be considered. This is because offshore wind farms are often constructed in shallow environments with high biodiversity and cover large areas. As such, there is often considerable physical overlap between offshore wind farms and core marine mammal habitats around China, particularly in the Pearl River Estuary (PRE)—leading to a range of potential impacts (Gill, 2005; OSPAR Commission, 2008; Bailey et al., 2014; Bergström et al., 2014). Public and stakeholder concerns about the potential impacts of the construction, operation and maintenance of offshore wind farms on marine mammals are therefore warranted.

Underwater noise from construction activities is well documented, and is a commonly listed contributor to habitat-use changes by marine mammals (Tyack, 2008; Richardson et al., 2013). Noise impacts relating to offshore wind farms are predominately associated with their installation, while increased vessel activity in the area, pile driving, dredging, blasting, and vibrations are the main sources of noise potentially impacting marine mammals (Madsen et al., 2006; Thomsen et al., 2006; Matuschek and Betke, 2009; Bailey et al., 2010; Thompson et al., 2010; Cheesman, 2016). Marine mammals are sensitive to underwater noise because they are heavily reliant on sound for communication, prey detection and capture, group cohesion, and navigation, and have evolved highly sensitive hearing to enable these diverse biological functions(Au et al., 2000; Au and Hastings, 2008). Therefore, underwater noise pollution can often affect the behavior, communications, acute physiology (such as hearing loss), and habitat-use of marine mammals(Weilgart, 2007a; Weilgart, 2007b).

The Indo-Pacific finless porpoise (Neophocaena phocaenoides) is a small and timid cetacean, occurring mainly in the shallow coastal waters (less than 50 m depth) of the Persian Gulf eastward to the Taiwan Strait and southward to Indonesia (Wang and Reeves, 2017). However, since it is difficult to survey this species in the wild by visual means, it has only been studied in a few areas (Wang and Reeves, 2017). The Pearl River Estuary (PRE) is an important habitat for the Indo-Pacific finless porpoise; however, nearly all of the surveys in the wild have been carried out in the waters around Hong Kong, which is located within the Pearl River Delta (Jefferson et al., 2002; Jefferson and Moore, 2020). The status of the finless porpoise population in the PRE is still controversial. Recently, a study of the abundance and population trends of this cetacean in the waters around Hong Kong suggested that there has been no significant change in population over the past 23 years (Jefferson and Moore, 2020), whereas an analysis of the population dynamics of the same species in the PRE region suggests that the population is fluctuating, which relates to the changing of fishery management (Lin et al., 2019). Offshore wind farm development in the PRE might therefore prove to be a new and serious challenge to finless porpoises in this area. Thus, it is critical to determine how the finless porpoise responds to underwater noise during wind farm construction.

Passive acoustic monitoring (PAM) of cetaceans is now a widely used and continuously evolving method due to its economic viability in providing detailed information on whale and dolphin activity (Zimmer, 2011; Sousa-Lima et al., 2013). The technology is also widely used in assessing the impacts of offshore wind farms on marine mammals (Brandt et al., 2009; Thompson et al., 2010; Scheidat et al., 2011; Brandt et al., 2018) and general habitat use by humpback dolphins within the PRE (Wang et al., 2015; Munger et al., 2016; Pine et al., 2016; Pine et al., 2017; Munger et al., 2018; Fang et al., 2020). Through the use of PAM, this study investigated the Indo-Pacific finless porpoise’s presence in response to pile driving activity during the construction of the Jinwan Offshore Wind Farm. The results of our study and the recommendations outlined below are also relevant to the future management of offshore wind farm developments elsewhere globally.




2 Methods



2.1 Study area and acoustic measuring device

The Jinwan Offshore Wind Farm is the second wind farm to be constructed in the PRE, located to the southeast of Zhuhai Jinwan Airport and northeast of Gaolan Island, a distance of 10.5 km to the nearest point of land (Figure 1A). The wind farm consists of 55 5.5 MW wind turbines arranged in five rows, with spacings of 1912 m between the rows and 512 m between the wind turbines. The wind farm covers an area of 44.5 km2, with the water depth ranging from 14 to 22 m. The foundations for the wind turbines were installed between August 2019 and May 2020. The turbine foundation piles are 7.5 m in diameter and 93.2 m in length. The pile driving for constructing the foundations was performed using an IHC S-3000 (IHC IQIP, USA) hydraulic hammer for steel piles.




Figure 1 | (A) Locations of the Jinwan Offshore Wind Farm turbine and the acoustic monitoring station; (B) Schematic of porpoise detection, pile driving detection, interval time of porpoise detection, and porpoise waiting time to pile driving.



To determine how the Indo-Pacific finless porpoise responded to the pile driving activity, a broadband acoustic recording system, Soundtrap 300 HF (Ocean Instruments Ltd, New Zealand), was used to record the sounds from the finless porpoises as well as the pile driving activity. The Soundtrap 300 HF is a compact autonomous unit with a frequency range between 20 Hz and 150 kHz. The duration of each deployment was dependent on the unit’s battery and memory, as well as the weather conditions prevailing at the time of measurement, but usually lasted between 40 and 60 days. The series number and sensitivities of soundtraps, gain setting and recording time were show in Table 1.


Table 1 | The information of the recording instruments, including the series mumber of soundtrap, sensitivities, gain setting and recording time of each period.



During recording, the anemometer tower was used as the passive acoustic monitoring station (N21°52′33.17″, E 113°26′1.97″), where the distances were 780 m to the nearest and 6800 m to the furthest wind farm foundation (Figure 1A). The Soundtrap HF 300 was tied to the leg of the anemometer tower, 4 m below the water surface. The acoustic equipment was set to record for 5 min per hour, and the sampling rate was set at 288 kHz with high gain. The acoustic equipment was changed nearly two month once time to download data by diver.




2.2 Data analysis

All acoustic data were analyzed manually using Adobe Audition 3.0 (Adobe, Inc) digital audio workstation software. Finless porpoises emit narrow-band and high-frequency echolocation clicks, with a peak frequency higher than 120 kHz and barely have energy distributed less than 70 kHz. These special characteristics allow the clicks of finless porpoises to be easily distinguished in spectrograms from the background ocean noise (Li et al., 2005; Fang et al., 2015).

To better understand the effects of the offshore wind farm construction on the habitat used by the Indo-Pacific finless porpoise, several parameters were defined, including porpoise detection, pile driving activity detection, waiting time, and interval time. Porpoise detection was defined as the detection of echolocation clicks by finless porpoises in the acoustic file containing 5 min of recording time per hour, and pile driving detection was defined as the detection of pile driving sounds in the acoustic file of 5 min recording time. The detection rates in each month for finless porpoises and pile driving were calculated from the number of detections and the total number of recorded files (Fang et al., 2020). Waiting time was defined as the time interval between a pile driving detection and the first time of an acoustic occurrence from a finless porpoise, which is an important piece of data to show how long of the porpoise occurrence after the wind farm pile driving activity. The interval time was defined as the time between adjacent porpoise detections without the pile driving detection (Figure 1B).

The porpoise clicks and pile driving were analyzed visually. The peak-to-peak sound pressure level (SPL) of pile driving detected by the acoustic measuring equipment was expressed as a peak-to-peak level given by Eq. (1):



Where SPL is the highest observed peak to peak sound pressure level from the acoustic recorder and P0 is the reference sound pressure, which is 1µPa. An example of pile driving activities with the waveform and spectrum of a single pulse was presented on Figure 2.




Figure 2 | (A) Example of the high sound pressure level of pile driving activity; (B) waveform; (C) spectrum of a single pile driving pulse.



The data were analyzed by SPSS software (version 16.0; SPSS Inc., Chicago, Illinois). Significant difference between the waiting times and the interval times was tested using Mann-Whitney U-test with the given significant level P<0.01 and the relationship between the acoustic detection rates of finless porpoises and of pile driving in each month was described by Pearson correlation.





3 Results

From May 13, 2019 to May 31, 2020, a total of 13 months of continuous acoustic recording was conducted (Figure 3A) and a total of 8631 sound files were collected, including 1072 files of finless porpoise sounds and 92 files of pile driving activities.




Figure 3 | (A) The acoustic monitoring days of each month from May 2019 to May 2020; (B) histogram of detection rates of Indo-Pacific finless porpoises and pile driving activity in each month of monitoring.



Histograms of the finless porpoise and pile driving detection rates in different months throughout the entire monitoring period are presented in Figure 3B. The results indicate the occurrence of finless porpoises in the monitoring area throughout the entire monitoring period. The highest detection rate of finless porpoises was 23% in July 2019, and the lowest rate was 4.7% in March 2020. Pile driving activity was first detected in November 2019 and continued until May 2020. The greatest number of occurrences was in March 2020, with a detection probability of 3.8%, while the lowest number of occurrences was in November 2019, with a detection probability of 0.4%.

A histogram of the SPL values of pile driving is presented in Figure 4. The SPL values ranged from 141.3 to 183.1 dB, nearly 41% of the SPL values were distributed between 170 and 180 dB, 17.85% were higher than 180 dB, and 28.21% were distributed between 160 and 170 dB.




Figure 4 | Distribution of sound pressure level (SPL) values of pile driving (peak-to-peak) detected by the passive acoustic measuring equipment.



A significant negative correlation between the detection rates of finless porpoises and pile driving activity was also observed (Pearson correlations, P = 0.025, R2 = 0.69, Figure 5). The interval time of porpoise occurrence without pile driving activity is presented in Figure 6A. Nearly 89.2% of the interval times of porpoise occurrence were less than 20 h, and 73.9% of interval times were less than 10 h. The waiting times of finless porpoises to pile driving events are also presented in Figure 6A. A total of 45.9% of waiting times were distributed between 0 and 10 h and 29.7% between 10 and 20 h. The median interval time of porpoise occurrence and the average waiting time are presented in Figure 6B, and these showed a significant difference (P< 0.01).




Figure 5 | Relationship between the monthly detection rate of finless porpoises and pile driving activity (R2 = 0.69).






Figure 6 | (A) Histograms of waiting time and interval time; (B) median waiting time and average interval time.






4 Discussion

Our results for the detections of finless porpoises both before and during wind farm construction demonstrate for the first time that these waters are an important habitat for Indo-Pacific finless porpoises. However, there has been almost no consideration of the possible adverse effects of wind farm construction on the finless porpoise. Moreover, in recent years, offshore wind farm projects have been increasing rapidly in number in Pacific Ocean regions. Passive acoustic monitoring surveys, as a low-cost method, are strongly recommended for monitoring the activity of Indo-Pacific finless porpoises in the candidate areas for offshore wind farms, which has been found to be effective in numerous studies of the environmental impacts of wind farm construction on marine mammals (Brandt et al., 2009; Thompson et al., 2010; Brandt et al., 2011; Brandt et al., 2012; Graham et al., 2017; Graham et al., 2019).

Pile driving is one of the major activities taking place during wind farm construction, and the high noise levels created by it can result in a series of adverse impacts on marine organisms, especially marine mammals (Madsen et al., 2006). Over short distances, the loud noise from pile driving may cause a direct disturbance or a hearing injury, such as temporary damage to hearing thresholds (Finneran, 2015; Southall et al., 2019). The source level (SL) of pile driving activity was given by equation SL= SPL +TL=SPL+20log10(R)+ αR, TL is the transmission loss and R is the distance between pile driving site and acoustic equipment, α is the absorption coefficient of 0.0004dB (Bailey et al., 2010). In the present study, the highest peak-to-peak SPL received by the acoustic recorder was as much as 183.34 dB. Considering that the nearest turbine foundation was a distance of 780 m from the acoustic recorder, the actual noise level of the source pile driving activity was estimated to have been higher than 241.3 dB, which is much higher than the criterion 202 dB (unweight peak SPL) for the onset of permanent threshold shift (PTS) and 196 dB (unweight peak SPL) for the onset of temporary threshold shift (TTS) for very high-frequency cetaceans (Southall et al., 2019). The 241.3 dB pile driving sounds could induce the finless porpoise temporary and permanent hearing loss within range of 92.3 and 184.1 m. This means that there is quite a high risk of hearing damage to finless porpoises in close range to pile driving activities.

A significant negative correlation between the monthly detection rate of finless porpoises and pile driving activity was found, which suggests that finless porpoises reduce their use of their regular habitat in response to pile driving activity. In addition, the median waiting time 10 hour was significant longer than the median interval time 3 hour meant that harbor porpoises took more time to return to the wind farm habitat following completion of pile driving. This is probably because such a high-pressure level of pile driving noise can affect porpoises over a large spatial range. Pile driving can affect a quite large range of habitat for porpoises, which was observed in several studies. Brandt et al. (2011) found a clear negative effect on harbor porpoise acoustics at a distance of 17.8 km (Brandt et al., 2011). Dähne et al. (2013) showed a negative impact on harbor porpoise detection by pile driving at a distance of less than 10.8 km (Dähne et al., 2013). Even more, it has been reported as being more than 20 km by several studies (Tougaard et al., 2009; Thompson et al., 2010; Brandt et al., 2011). Our results show direct evidence for the porpoise avoidance of the pile driving activities and finless porpoise would reduce using this habitat in several months. It is unclear the effects of the porpoise away its habitat in several months, more work should be done during the construction, like monitoring the number of population and distribution of finless porpoise. In addition, continued concern for finless porpoises how to response and adapt the operation phase of off shore wind farm.




5 Conclusion and recommendations

Our results indicate that the waters surrounding the Jinwan Offshore Wind Farm are an important habitat for Indo-Pacific finless porpoises, which were found there both before and during the construction period. The frequency of finless porpoise detections was reduced after pile driving was detected, which correlated strongly with pile driving activity. Due to the noise level at the source of the pile driving being estimated to have been more than 240 dB, there was a high risk of temporary or even permanent hearing damage over short distances to finless porpoises according to the sound exposure criteria issued by the US Department of Commerce’s National Oceanic and Atmospheric Administration (NOAA). Offshore wind farms, as a new energy industry, are growing rapidly in China and Southeast Asia in general. However, little attention has been paid to their impact on marine mammals, especially the Indo-Pacific finless porpoise. The following recommendations are based on the lessons learned from this study, which are hoped will help to reduce the impact of further offshore wind farm developments on the finless porpoise in unsurveyed waters:

	Passive acoustic monitoring was successfully used to show the porpoise acoustic presence in response to pile driving activity. We strongly recommend the use of passive and stationary acoustic monitoring methods for surveying candidate waters for offshore wind farms where there is limited funding support. Such data are urgently required for assessing the impact of offshore wind farms on finless porpoises in order to take appropriate action to ease the effects on the porpoise population in these areas. Furthermore, to better know how the finless porpoise response to the pile driving activity, multiple acoustic recorders should be deployed before and during the construction period in different distances to the pile driving sites.

	Because of unknown the distance between the acoustic recorder and the pile driving sites, we can’t calculate the source level of pile driving. However, there is a need to monitor noise events and noise levels throughout the entire construction period, especially pile driving activities. The intensity of noise from pile driving is a key factor for evaluating the effects of offshore wind farm construction on marine mammals. Pile driving was always with multiple pulses. Analyzing the pile driving noise should also include the parameter of sound exposure level, which can provide the indication of pile driving energy with different number of pulses. Marine mammals show different acoustic activities to the pile driving noise in different distances, knowing the range of finless porpoise response to the pile driving noise can help the government making protect area for finless porpoies during the construction period.

	High pile driving noise pressure level was observed in present study. The high intensity noise could damage the porpoise hearing system directly (Richardson et al., 2013; Southall et al., 2019). Noise mitigation measures should be developed during offshore wind farm construction. The principal source of noise coming from offshore wind farms during construction is foundation installation, including pile driving. Numerous measures are recommended for reducing noise and acoustic disturbance during construction, including bubble curtains, isolation casings, cofferdams, pingers, soft-start pile driving, and the use of low-noise pile driving equipment.

	Until now, most studies of the noise from offshore wind farms have focused on construction activity, while the effects of noise from the actual operation of offshore wind farms has been ignored. Since the operating times of offshore wind farms are much longer than their construction periods, the short-term and long-term noise impacts on marine mammals during operation period of offshore wind farms should remain a concern.
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