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Anthropogenic underwater noise has been identified as one of the main pressures on the marine environment. Considerable research efforts have been made to quantify acoustic soundscapes on different spatial and temporal scales in order to identify trends and investigate how this may impact the marine environment. Measures to reduce noise input into the seas from anthropogenic sources are under discussion, including the reduction of vessel speed or re-routing of shipping lanes. The decline in maritime transport as a consequence of the Covid-19 pandemic provides an opportunity to examine the associated extent of noise reduction. Here, we present the results of a “Before-After-Control-Impact” study where we analyzed acoustic data sets from two monitoring stations in the German Baltic Sea. Data were collected between 2013 and 2020. As part of an international initiative, coordinated by the International Quiet Ocean Experiment, monthly statistics (20 average sound pressure levels per 1/3 octave bands) were calculated from acoustic data collected during the pre-pandemic period (2013–2019), and were compared with data from the year 2020, during the Covid-19 pandemic. To account for varying natural conditions the measurements were sorted into categories of same prevailing sea state. Through this approach, measurements with equivalent natural noise impact are compared and any resulting differences are likely due to the variability in the anthropogenic noise. A decline in sound pressure of 13% (1.2 dB) for low frequencies (10 Hz–1 kHz) was observed at both stations, which corresponds to the reduced level of shipping activity.
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INTRODUCTION

Since its global onset in 2020, the Covid-19 pandemic has led to exceptional developments around the world. Efforts, taken to slow down the outbreak have led to shutdowns in public life and economic activity and a reduction in human mobility (Gibney, 2020). This change in anthropogenic activities provides a rare opportunity to study man-made stressors on the environment on a global scale. Maritime shipping, one of the stressors on the marine environment, was directly affected by the pandemic due to travel restrictions and the decline of commercial shipping. The sharpest decline in maritime mobility was observed from March to June 2020, when severe restrictions were in place globally (Millefiori et al., 2020). Vessel traffic decreased in nearly 44.3% of the global ocean and in 77.5% of national waters during April 2020 (March et al., 2020). Consequently, the pressures associated with shipping, such as greenhouse gas emissions and underwater noise, were widely expected to decrease (Leaper, 2019).

Anthropogenic underwater noise has long been identified as one of the main pressures on the marine environment, with shipping noise mainly contributing to the ambient soundscape at lower frequencies; up to 500 Hz (Hildebrand, 2009) or up to 1 kHz (Merchant et al., 2012). Sounds in this frequency range experience little transmission loss due to a low absorption rate and can thus propagate over long distances, potentially affecting marine life over a wide area (Urick, 1983).

We show that the maritime mobility has also decreased in the Baltic German coastal waters. Further, we investigate whether the soundscape has changed correspondingly and thus sound pressure levels (SPLs) have decreased in lower frequency bands (<1 kHz).

Recordings from two underwater sound monitoring stations were used to assess the acoustic effects resulting from the economic impact of Covid-19. Both stations were initially set up as part of the Baltic Sea Information on the Acoustic Soundscape (BIAS) project from December 2013 to spring 2015. From 2017 to 2018, measurements were resumed as part of the BSH (Bundesamt für Seeschifffahrt und Hydrographie) project PIMO (“Pilot-Monitoring von Unterwasserschalleinträgen in die deutschen Meere”) funded by the Federal Environmental Agency (UBA). Within the PIMO project, the concept of a long-term acoustic monitoring of the German EEZ in the context of the implementation of the Marine Strategy Framework Directive (MSFD) was developed (Fischer et al., 2019).

Since 2018, both stations have been are operated as part of the German national monitoring of underwater noise, required by the MSFD and conducted by the BSH.

As one of the MSFD’s descriptors of Good Environmental State (GES), Descriptor 11 (D11) considers the energy introduced into the marine environment, which includes underwater sound. This sound shall not be at levels, that adversely affect the marine environment (European Commission (EC), 2008). The Technical Sub-Group on Underwater Noise (TSG Noise) has provided guidance on how the underwater sound should be monitored, indicating, that at least the two one-Third-Octave Bands (TOB) with center frequencies at 63and at 125 Hz need to be recorded (Dekeling et al., 2014). The two TOBs were chosen as a good proxies for the low-frequency sound generated by shipping activities, although this decision has led to disputes in the past (e.g., Hermannsen et al., 2014).

Fehmarnbelt (FEB), one of 36 monitoring stations contributing to the BIAS project, was the station which experienced the heaviest shipping traffic. It recorded the highest SPLs of all stations in 2014. Although Arkona (ARK) recorded substantially lower SPLs, it also lies in an area influenced by intense shipping pressure (Mustonen et al., 2019).

Due to changing responsibilities, funding opportunities and challenges of underwater sound monitoring, the data time series at both stations is interrupted. Nevertheless, the available acoustic data sets, collected between2013 and 2020, present an opportunity for a Before-After-Control-Impact (BACI) study on how the Covid-19 pandemic has affected the soundscape in the German Baltic Sea. It is conceivable that the averaged low-frequency SPLs at these two stations, which are dominated by vessel noise, may show decreases as the prevalence of shipping decreased during the pandemic.

In spring 2020 the International Quiet Ocean Experiment (IQOE) commenced an initiative to convene all underwater acoustic measuring institutions around the globe to contribute to a coordinated research effort on the effects of Covid-19 on the soundscape of the global ocean (Tyack et al., 2021). The study presented here is a contribution to this overall research effort.

Here, we examine whether maritime mobility decreased in the Baltic German coastal waters following the onset of the pandemic in 2020. Then, we used acoustic recordings from two underwater sound monitoring stations, recorded before and after March 1, 2020 to investigate whether the soundscape changed correspondingly and whether SPLs have decreased in lower frequency bands (<1 kHz) resulting from the economic impact of Covid-19.

We discuss how our findings relate to the results of an earlier BACI study, which investigated the change of the soundscape during the first weeks of the Covid pandemic at the Pacific coast of Canada (Thomson and Barclay, 2020) with a BACI study on the impact of Covid-19 on the soundscape at Montery Bay National Marine Sanctuary (Ryan et al., 2021); and with a BACI study that analyzed the acoustic effects of a voluntary commercial vessel slowdown trial in the Haro Strait (Joy et al., 2019).



MATERIALS AND METHODS


Measurement Stations

Data were collected at two locations in the German Baltic Sea: The FEB station and the ARK station. Figure 1A shows the position of the measurement stations and typical traffic conditions for this part of the Baltic Sea (AIS data provided by EMODnet Human Activities (EHA), 2019). The FEB station is located in a coastal area, only 6 km north of the island of Fehmarn in the center of the busy traffic separation scheme “Fehmarnbelt.” The ARK station is located northeast of the island of Rügen—an area with less shipping activity. Both stations belong to the MARNET measuring network, managed by BSH, that measures temperature, salinity and surface currents in the German Bight and the western Baltic Sea (BSH, 2021). The Baltic Sea is a semi-enclosed basin, separated from the North Sea and the wider North Atlantic Ocean by the Kattegat and Skagerrak and the islands of Denmark (or Danish Straits). There is little tide, and wave action is limited, which tends to result in highly stratified physical oceanographic conditions with strong vertical salinity and temperature gradients (Dargahi et al., 2017). In summer stratification is strongest. Due to stronger solar radiation, warmer air temperatures and less wind-induced mixing a thermocline develops, separating the warm upper layer from the colder lower layers (Elken and Matthäus, 2008). In winter, the thermocline vanishes due to mixing processes induced by stronger winds, buoyancy loss from heat exchange with colder air temperatures and less solar radiation. The stratification in summer leads to stronger refraction and reflection of sound waves. Sound travels further during winter periods, when the water column is homogeneously mixed.
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FIGURE 1. Position (A) and station design (B) of FEB and ARK Measurement Station with AIS total density for May 2020 (A). Ship density is expressed as time (in h) that ships have spent per km2-grid cell per month (AIS data provided by EMODnet Human Activities (EHA), 2019). Black areas indicate no data availability.


The autonomous recorder at FEB is installed ca. 100 m from the MARNET oceanographic buoy, which is also one of the navigational buoys marking the “Fehmarnbelt” traffic separation scheme. The ferry connection from Puttgarden to Rødby is ca. 14 km away, with usually three to four operating ferries and departures from both harbors every 30 min. The recorder, together with the hydrophone, is positioned 3 m above the seafloor in approximately 25 m depth. The mooring is attached to an achor weight and orientated vertically in the water column using appropriate buoyancy (Figure 1B). Typical measurement durations for these stations are 3–6 months, after which the device needs to be recovered for data download. In the BIAS project it was found that, on average, two vessels were present in a 5 km radius at any given time and more than eleven vessels (including ferries) were present in a 20 km radius (Mustonen et al., 2019). Due to the narrow Danish straits connecting the Baltic Sea and the North Sea the tidal influence is negligible. Although wind-driven surface currents can reach current speeds above 1.2 m/s, currents near the seabed rarely exceed 0.4 m/s (Brøker et al., 2014). This can cause significant flow noise impact on very low frequency bands up to 50 Hz, but was not further taken into account in this study (e.g., Haxel et al., 2013).

Arkona station is located between the Danish island of Bornholm and the German island of Rügen. Although compared to FEB, this station is located in a rather low-traffic location, it was still among the noisiest stations monitored during the BIAS project, and data at this site were clearly influenced by ship noise. ARK’s station setup is identical to the setup at FEB (Figure 1B). Water depth at this station is about 45 m. Compared with FEB, the ARK monitoring location represents a more remote location of the open Baltic Sea. Open sea conditions occur more prevalently here, including higher sea states and stronger winds. During the monitoring in 2014, at least one vessel was found to be within a 10 km radius at all times (Mustonen et al., 2019). The construction and operation of offshore wind farms as well as the construction of gas pipelines are additional anthropogenic contributions to the ambient soundscape in this area. Flow noise is not considered to strongly influence sound recordings at ARK. Currents near the seafloor rarely exceed 0.1 m/s (Outzen, 2021).

Seasonal variations in SPLs are expected at both stations due to variability in physical oceanography and meteorology.



Acoustic Recordings

The acoustic data were collected using SM2M recorders (Wildlife Acoustics) fitted with “Low-Noise” hydrophones (HTI) from 2013 to 2015, and SM3M recorders (Wildlife Acoustics) fitted with “Standard” hydrophones (HTI) after 2016. The choice for low-noise hydrophones (from 2013 to 2015) instead of standard hydrophones (since 2016) had a considerable effect on the measurements, as the noise floor of low-noise hydrophones is substantially lower for high frequencies.

The difference in sensitivity can be up to 10 dB for frequencies higher than 1 kHz (Wildlife Acoustics (WA), 2017). Therefore, in this study, the comparison at high frequencies is associated with increased uncertainties. Far lower SPLs are measured at high frequencies using low-noise hydrophones instead of standard hydrophones. Since high frequencies are less relevant for ship noise comparisons, in this study the focus is on lower frequencies (<1 kHz). A comparison of the low frequencies (dominated by ship noise) remains possible, as these are less affected by the choice of hydrophone.

All data were recorded using duty cycles of 15/45 min on/off and the sample rate was set at 32,000 samples per second, covering the frequency range up to 12.5 kHz. The hydrophones were mounted directly on the recorder body, so the system sensitivity was prone to effects such as body resonance and scattering from the flat surface (Crawford et al., 2020). However, since the housing of the instrument is only 91 cm long and has a diameter of 16.8 cm, these effects are not expected to significantly influence the beam pattern below 1 kHz (wavelength of 1.5 m). Instead, bottom reflections and scattering should have much larger effects.

Before each deployment, the systems were calibrated using an acoustic calibrator at 125 Hz (IEC, 2019). A laboratory calibration of the full spectrum could not be performed, although this would have been preferred since the frequency response curves of both the low-noise and the standard hydrophone are not flat (Wildlife Acoustics (WA), 2017). Given the strong roll-off in the sensitivity curve below 100 Hz SPLs in this frequency range are likely to be higher than those presented in this study, for both hydrophone types.

All recordings were processed to mean-square SPLs for TOBs—1/3-octave levels (TOLs)— using the tool “BSoundH” developed by Fraunhofer IDMT during the BSH project “Sound Mapping.” The TOLs were computed with an integrated filter bank over time windows of 20 seconds.

To make the comparison more independent of natural changes due to seasonal variations, we compared the same calendar months from the pre-Covid (before March 2020) and during-Covid (March 2020 onward) period. If fewer than 14 days of data were available for a particular month, that month was not considered to be representative and was excluded from the analysis.

As a consequence, fewer months were available for comparison at the two stations (due to the lack of completeness of monthly data), but the resulting statistics are more robust. In total 13,329 individual recordings are available for FEB and 15,257 recordings are available for ARK (see Table 1).


TABLE 1. Available recordings before/and after the onset of the Covid-19 pandemic per calendar month and station; N/A indicates months, where no comparison was possible due to lack of data (2013–2020).

[image: Table 1]To analyze the possible changes in the ship noise levels, two broadband levels—one below (10 Hz–1 kHz) and one above 1 kHz (1–12.5 kHz) are compared within the defined time periods before and after the Covid-19 onset. This frequency separation is based on the premise that vessel-emitted noise dominates in the lower frequency range. The limit for frequency bands, dominated by vessel noise, was set to 1 kHz in accordance with (Merchant et al., 2012). All frequencies from 1 to 12.5 kHz are expected to be mostly dominated by natural wind-driven noise (Hildebrand, 2009). To obtain these two broadband levels, the TOLs are computed for 20-s blocks and summed up in the respective frequency range, using quantities as described in Merchant et al. (2014). The monthly median broadband levels are compared in the following.

For a more detailed analysis in the frequency and time domain, the TOLs and the percentiles of the lower frequency band (10 Hz–1 kHz) for each month after March 2020 were compared with previous years.

To minimize the wind noise effects on our comparisons we additionally compared noise levels of the same sea state in the same calendar month across years. In this way only periods with the same natural conditions were compared with each other.



Wave Data

While comparing the same calendar months has the effect of removing some artifacts of seasonal variability, sea conditions during calendar months from different years may still differ due to finer scale variability in natural conditions. To consider this, the study compared periods of identical sea states within the same calendar month, before and after the Covid-19 onset. Wave height information for both stations was extracted from the European Wave Model (EWAM; WAMDI Group, 1988). This is an ocean wave forecast model for Europe based on the atmospheric model Icosahedral Non-hydrostatic Weather and Climate Model (ICON; Reinert et al., 2021). Data from both EWAM and ICON, were provided by the German Meteorological Service (DWD). The EWAM model was chosen as it provides comprehensive and continuous data coverage from 2013 to 2020. All hourly wave heights were sorted into sea state categories according to the Beaufort Sea State Code, ranging from 0 to 12 (The National Meteorological Library and Archive (NMLA), 2010). Periods with the same sea state were compared per calendar month, to compare equivalent levels of natural background noise and to identify changes in the anthropogenic noise levels. Due to small sample size, periods of sea state 5 or higher (significant wave height higher than 2 m) were excluded from the comparisons. For each sea state (0–4) the same calendar months before and during Covid-19 were compared.



Data on Marine Traffic

To verify the assumption that the Covid-19 outbreak led to a decrease in marine traffic, we compiled and examined monthly statistics of unique Maritime Mobile Service Identity (MMSI) numbers and International Maritime Organization (IMO) numbers within a 50 km radius around each respective measurement station. These data were sourced from the vessel tracking service provider (VesselFinder®, 2020). These simple statistics are not an accurate measure of total traffic in an area; nevertheless, they provide a low-cost proxy for the relative trend in traffic levels. It remains impossible to separate individual ship types or ship passages solely from these data.

Unique MMSI numbers are assigned to all Automatic Identification System (AIS) on board ships. AIS systems have become more accessible during recent years and are not constrained to commercial shipping, but also are widely used among recreational vessels.

In contrast, IMO numbers are assigned to all propelled, sea-going, commercial vessels with a minimum of 100 GT (gross tonnage) and minimum length of 12 m—excluding most recreational vessels (IMO, 2014).

Consequently, unique MMSI numbers per area include all vessels carrying IMO numbers, but the IMO number statistics provide a focused overview of commercial shipping activities. Differences between MMSI numbers and IMO numbers per time period and area can be conditionally interpreted as a measure of recreational boating (although not all recreational vessels have AIS systems).



RESULTS


Analysis of Ship Traffic

To determine the effect of the pandemic on the levels of shipping activity at the two measurement stations, data on marine traffic were examined. For each year 2013–2020, monthly mean values of unique MMSI numbers (Figure 2) and unique IMO numbers (Figure 3) were compared and evaluated.
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FIGURE 2. Monthly mean of unique MMSI numbers per year within a 50 km radius around FEB-station (A) and ARK-station (B), note the different scales in panels (A) and (B).
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FIGURE 3. Monthly mean of unique IMO numbers per year within a 50 km radius around FEB-station (A) and ARK-station (B), note the different scales in panels (A) and (B).


There was an observed reduction in marine traffic in 2020 (Figure 3). In the Fehmarnbelt, fewer unique MMSI numbers were registered between March and May 2020 than on average during the previous years (up to 21% fewer in April 2020), while more MMSI numbers than on average were registered from June to October (up to 21% more in August 2020). In the same area, the count of unique IMO numbers was below the average of the previous years during all months from March until October (up to 12% less commercial shipping during June 2020). From these data, a large-scale reduction in marine traffic could be observed between March and May 2020. Whilst the commercial shipping only slowly recovered to average levels during the second half of the year, more recreational boating (MMSI-IMO) than ever before was recorded in late 2020 at FEB. This effect can be explained by international travel restrictions that may have led to more national recreational boating than during previous years. Notably, the reduction of commercial traffic (from March to October 2020) coincides with the onset of the Covid-19 pandemic, followed by an increase in recreational boating from July to October 2020.

This observed pattern can only partially be seen in the vicinity of the ARK station. The lowest monthly mean of unique IMO numbers occurred during March to October 2020 (maximum difference of 12% compared to the average of previous years). The count of MMSI numbers was lower in 2020 than in previous years during the months March to August (up to 11% fewer in May compared to previous years), and a small increase (4% more compared to previous years) was observed during the autumn months. ARK is located further from the coast and is probably less attractive to recreational boating than the FEB; however, more commercial vessels are operating in this area. The data suggest an overall decrease in commercial shipping, but illustrate an increase in number of unique MMSI numbers for September and October. This increase in recreational boating might again be a reaction to international travel restrictions during summer and autumn 2020.



Analysis of Wave Data

Model results from months with available acoustic data show a long-term mean significant wave height of 0.7 ± 0.2 m at FEB and 1.1 ± 0.4 m at ARK. In comparison with previous years, the 2020 mean significant wave heights at ARK and FEB follow a similar seasonal pattern (Figure 4). During May and July 2020, exceptionally high sea states were modeled at both stations compared to previous years. The sea states during August and September 2020 were the lowest during the whole investigation period, also at both stations.
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FIGURE 4. Boxplots of significant wave height per month before (2013–2019; blue) and during (2020; red) Covid-19 pandemic at the CWAM’s nearest grid points to FEB-station (A) and ARK-station (B). Only months with available acoustic data were represented at both stations.


As anticipated, due to its proximity to shore, the sea states at FEB are considerably lower than at the ARK station. Thus, high-frequency SPLs (above 1 kHz) were observed to be higher at the ARK station.



Monthly Comparison for Low-Frequency and High-Frequency Bands

Since the start of the measurements at FEB in 2013, the lowest low-frequency SPLs were recorded in 2020, with an absolute minimum in July 2020 (Figure 5A). Although the number of unique MMSI numbers in July was 17% above the average, the number of unique IMO numbers was still 7% below the average of previous years. In August 2020, the decrease in the low-frequency band levels was not as pronounced as in previous months and at the same time an increase in marine traffic (both MMSI and IMO numbers) is evident. Low-frequency band levels (10 Hz–1 kHz) from January to March 2020 were in the range of previous measurements, but this period was before the most stringent measures against the spread of the pandemic came into effect. From April to August the low-frequency band levels were on average 1.2 dB below the mean of previous years—indicating a general decrease in low-frequency noise. This decrease corresponds to a decrease in sound pressure of 13%. For high-frequency band levels (1–12.5 kHz) such a clear decrease compared to previous years cannot be identified (Figure 5B). This meets our expectations, since a decrease in traffic should mainly affect the lower frequencies. In fact, the measurements from 2013 to 2015 show much lower high-frequency SPLs than all other years. The reason for this is most likely the different instrumentation that was being used during the BIAS project.
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FIGURE 5. Available monthly median broadband levels per year at FEB, medians of low frequency bands (10 Hz–1 kHz) (A); Medians of high frequency bands (1–12.5 kHz) (B); bars indicate percentage of marine traffic reduction after Covid-19 outbreak (mean 2013–2019 vs 2020), % reduction of unique MMSI numbers (light blue) and% reduction of unique IMO numbers (dark blue); average broadband levels of years before Covid-19 (dashed purple line), note the different scales for the broadband levels in panels (A) and (B).


Similar effects could be identified at the ARK station. In contrast to the FEB station, the mean of unique MMSI numbers only increases to 4% above the pre-Covid-19 average in September and the mean of unique IMO numbers remains below pre-Covid-19 conditions until October 2020 (Figure 6). In the second half of the year commercial shipping recovered. Similar to the FEB station the low-frequency band noise after March 2020 was lower than during all previous years at ARK—indicating lowest received SPLs since the begin of recordings (Figure 6A). On average, the low-frequency noise was also 1.2 dB below the mean of the previous years, which corresponds to a reduction of sound pressure of 13%. Investigating the high-frequency band level (1 kHz to 12.5 kHz) (Figure 6B), the high SPLs in July and relatively low SPLs in August are obvious. This corresponds well with the high sea states modeled in July 2020 and the low sea states modeled in August 2020 (Figure 2). No divergent pattern for the period during Covid-19 from previous years can be identified. The high-frequency band levels are within the same range. Again, the high-frequency band levels from 2013 to 2015 were substantially lower compared to all years, probably due to the usage of Low-Noise hydrophones during the BIAS project.
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FIGURE 6. Available monthly median broadband levels per year at ARK, medians of low frequency bands (10 Hz–1 kHz) (A); Medians of high frequency bands (1–12.5 kHz) (B); bars indicate percentage of marine traffic reduction after Covid-19 outbreak (mean 2013–2019 vs 2020), % reduction of unique MMSI numbers (light blue) and% reduction of unique IMO numbers (dark blue); average broadband levels of years before Covid-19 (dashed purple line), note the different scales for the broadband levels in panels (A) and (B).


A Wilcoxon rank sum test was used to test if the differences of the monthly medians are significant. The test was chosen because none of the sets of recordings (for each month before and after the pandemic’s onset) were distributed normally. Shapiro–Wilk tests were used to test for normality. At a 95% confidence level, it was found that all compared medians of SPLs differ significantly.



Monthly Comparison of Third-Octave Levels and Low Frequency Percentiles

Monthly medians per TOB were compared before and after the Covid-19 outbreak (Figure 7). For data before Covid-19 the medians per TOB were calculated for concatenated same calendar months. Comparisons for TOBs higher than 1 kHz do not consider data from 2014, since the instruments’ sensitivities differ significantly in this frequency range and comparisons would not be meaningful. This leads to a sparser data coverage for the period before the pandemic for high frequencies. Excluding data from 2013 to 2015 data mainly affects high-frequency TOBs, reducing the positive deviation of 2020 data compared to data from previous years.
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FIGURE 7. Change of monthly median TOLs after outbreak of Covid-19 pandemic compared with previous years at FEB (A) and at ARK (B). Light gray area indicates no data availability.


At FEB (Figure 7A) TOBs up to 100 Hz are distinctly lower than the median of previous years (up to 5 dB). The obvious decrease at the 200 Hz TOB of 4–5 dB can be explained by the installation of solar panels on the nearby FEB buoy, which made the use of a generator on the buoy almost redundant during 2020. TOLs for TOBs above 1 kHz from the years 2013 to 2015 were substantially lower than during other years. From April to August 2020 all low-frequency median TOLs (<100 Hz) as well as most high-frequency median TOLs (>100 Hz) are lower than before the pandemic. Reduction generally increases gradually with decreasing TOBs, except for the 200 Hz TOB. Highest reduction of up to 5.6 dB can be found in the 10 Hz TOB in July 2020.

The monthly TOL comparison for ARK (Figure 7B) indicates a distinct reduction in low-frequency SPLs. In contrast to FEB, a reduction is obvious for all TOBs up to 160 Hz. The highest reduction of SPL can be found for the 20 Hz band in May (-5.4 dB). The July measurements show higher TOLs (max. +3 dB at 1.6 kHz), which agrees well with the higher sea states during this month (Figure 4B). The smaller positive deviations in May and September cannot be explained by exceptional weather conditions or different instrumentation (deviations are present when including or excluding data from 2013 to 2015). As before, a Wilcoxon rank sum test was applied to test if observed differences in medians per TOB and month are significant. Only the difference at the 630 Hz TOB for May at ARK was found to be not statistically significant (at 95% confidence level).

Since a noise reduction is most evident for low frequencies, we further analyzed the temporal distribution of noise level changes in the low-frequency band (10 Hz–1 kHz). Therefore, the monthly differences of percentiles were compared (see Figure 8). Both stations show a general reduction of noise levels for the observed months. At FEB the strongest noise reductions are apparent in April and May 2020 (up to 5 dB) for low percentiles—indicating a reduction of background noise. The percentage of time with decreased noise levels increased from March to July to almost 90% and reduces to less than 50% in August (see Figure 8A). At ARK the strongest noise reduction is also observed in May (up to 2 dB) for low percentiles. The percentage of time with reduced noise levels decreases in July, but stays above 70% during the whole assessment period. Small increases in noise levels at high percentiles can be observed in April at FEB and from May to August at ARK, indicating an increase of intermittent noise during these periods in 2020 compared with previous years.


[image: image]

FIGURE 8. Monthly differences of percentiles in the low-frequency band (10 Hz–1 kHz) for acoustic data measured before (2013–2019) and during Covid-19 pandemic (2020) at FEB (A) and at ARK (B). Light gray area indicates no data availability.




Comparison for Periods of Same Sea State

Comparing noise levels of same sea state in same calendar months across years altered the observed noise reductions. At FEB, the mean difference (before and during Covid-19) in the low-frequency band is 1.1 dB and at ARK it is 1.9 dB. It appears, that including the sea state had a greater impact on the comparison at ARK, than it did for the comparison at FEB. The count of individual recordings, which have been compared per sea state and calendar month is summarized in Tables 2, 3. For each calendar month and sea state a Wilcoxon rank sum test was performed in order to test whether the medians of the low-frequency band levels (before and after the pandemic’s onset) are equal. The Wilcoxon rank sum test was chosen because none of the compared noise level sets were distributed normally. This was checked by performing a Shapiro-Wilk test for each set of noise levels per calendar month and sea state. At a 95% confidence level only the compared medians in March at FEB for sea state 4 did not differ significantly. For all other calendar months and sea states the differences between the medians are statistically significant. In Figure 9, the averages of the comparisons per sea state are shown for each calendar month (purple). Additionally, as a reference the monthly noise reductions as explained in section “Monthly Comparison for Low Frequency Bands and High Frequency Bands.” are shown (green).


TABLE 2. Available recordings at FEB before/and after the onset of the Covid-19 pandemic per calendar month and sea state; N/A indicates months, where no comparison was possible due to lack of data (2013–2020).
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TABLE 3. Available recordings at ARK before/and after the onset of the Covid-19 pandemic per calendar month and sea state; N/A indicates months, where no comparison was possible due to lack of data (2013–2020).
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FIGURE 9. Differences of medians of low frequency (10 Hz–1 kHz) sound pressure levels per calendar month (before and after March 1, 2020) at FEB (A) and at ARK (B); all recordings per calendar month are compared (green); only periods of same sea state within same calendar month are compared with each other (purple).


At FEB, considering the different sea states only altered the observed noise reduction in the low-frequency band by 0.1 dB. The pattern of the monthly differences is also not changed much when the sea states are included in the comparisons. The greatest difference between both methods is visible in March. The low sea states in March 2020 (see Figure 4) may have led to an overestimation of the observed noise reduction. In contrast to that the sea states in July 2020 were lower than during previous years, which might have led to an underestimation of the noise reduction. Although one would expect to also see an overestimation of noise reduction in August (very low sea states in 2020 compared with previous years), such a relation cannot be observed.

Comparing only time periods of equal sea states had a profound effect on the observed noise reduction at ARK increasing the median noise reduction (in the low-frequency band) by another 0.7–1.9 dB. For May, the noise reduction even increased by 1.5–3.5 dB, which corresponds well with observed high sea states during May 2020 (see Figure 4) and the low point of maritime traffic in 2020 (see Figure 6). For the other months no clear relations are apparent between the differences of sea states (between 2020 and previous years) and the differences of noise. It is notable, that differences between the two methods of comparison (considering sea states or not) are greatest during spring and autumn and smaller during summer months.



DISCUSSION

Monthly median TOLs for low frequencies (up to 1 kHz) were the lowest in 2020 since the start of the recordings in 2013 for both measurement stations. This coincides well with the onset of measures against the spread of the Covid-19 pandemic and the related decrease in commercial shipping. Analysis of our data has shown, that recreational boating also decreased during the first months of the pandemic, but increased significantly during the summer months at both stations. This increase might be associated with international travel restrictions and may have inhibited an even greater reduction of low frequency noise.

At the FEB station, the monthly SPLs for the low-frequency band (10 Hz–1 kHz) were on average 1.2 dB below the median levels of previous years of measurement. This corresponds to a reduction of the sound pressure of 13%. At the ARK station, a decrease of 1.2 dB in the low-frequency band was also observed, which is again equivalent to a decrease of 13% in sound pressure.

This is slightly less than the 1.5 dB reduction at 100 Hz (weekly power spectral density), which Thomson and Barclay (2020) described for the Pacific coast of Canada during the first weeks of the Covid-19 pandemic. Obviously, the observed metrics differ regarding their bandwidth and observation period so reductions are not directly comparable.

Ryan et al. (2021) have analysed the decrease in sound pressure in the 63 Hz TOB in the Monterey Bay National Marine Sanctuary following the Covid-19 pandemic onset. They report, that the mean TOL reduced by 1.9 dB re 1 μPa2 Hz–1 in June 2020. The highest reductions of median 63 Hz -TOLs at FEB and ARK are similar (up to 1.9 dB in July at FEB and in May at ARK). Although not the same quantities were compared (medians instead of geometric means), the levels of reduction are of same magnitude.

To further put the observed reduction into perspective, it is worth mentioning the broadband (10 Hz–100 kHz) noise reduction of 1.2 dB, that Joy et al. (2019) measured during a voluntary commercial vessel slowdown trial at the Lime Kiln listening station in the Haro Strait. Their decade band analysis even showed a 3.1 dB reduction in the 10–100 Hz band and a 2.3 dB reduction in the 100–1,000 Hz band. Although the given frequency ranges are again different, complicating direct comparisons, it is still noteworthy that similar or even higher rates of noise reduction were observed during the voluntary slowdown trial than during the extensive decrease in commercial shipping, that we have observed.

The reduction in sound pressure at FEB and ARK for some low TOBs was much higher than the average reduction at both stations. Considering all available data, at FEB a maximum reduction of 5.6 dB was recorded in July (at 10 Hz TOB). At ARK a maximum reduction of 5.4 dB in May (at 20 Hz TOB) was observed. Reductions of this magnitude correspond to a reduction of sound pressure of almost 50% for the respective TOB and month.

During the pandemic in 2020 the high-frequency band (1–12.5 kHz) at FEB was the lowest for all measurements taken after 2016. But this was not observed for the ARK station. The high-frequency band levels at ARK are within the range of the previous years. Data from before 2016 shows considerable low TOLs for high frequencies, which was associated with the lower noise floor at high frequencies of the used instrumentation. All measurements after 2016 were performed with the Standard hydrophone type, which has higher self-noise levels at high frequencies (up to 10 dB).

The analysis of the percentiles of the low-frequency band levels showed a noise reduction during most of the time after the onset of the Covid-19 pandemic at both stations. At FEB, the percentage of time with reduced noise levels increased from March to June and decreased thereafter, which corresponds with the increase of unique MMSI numbers in July. Whereas such a clear relation between traffic and noise reduction is not apparent at ARK, noise level reductions are evident during most of the time (up to 95% of the time).

To properly compare anthropogenic effects on the soundscape, it is necessary to ensure that time periods of same natural ambient noise were compared with each other. Monthly medians were compared to consider seasonal variations. To further consider variations within the same calendar months, periods of same sea state were compared. It was shown that this approach mainly altered results at the ARK station. The greatest effects of comparing only periods of same sea state could be observed during the windier autumn and spring months at ARK. At ARK, high sea states prevail more frequently compared to FEB. Therefore, it is concluded, that considering same sea states only is a method that is of less importance when analyzing coastal stations (like FEB), but becomes more relevant for offshore locations where higher sea states and stronger winds prevail.

The comparison of same sea states within same calendar months yielded a decrease in the low frequency band (10 Hz–1 kHz) of 1.1 dB at FEB and 1.9 dB at ARK (11 and 20% reduction of sound pressure, respectively). However, this method cannot be considered as more reliable than comparing only same calendar months. Although comparing periods of equal sea state may be a good proxy for identifying comparable natural conditions, this method does not necessarily contrast periods of comparable anthropogenic activity. Particularly with regard to the stations’ proximity to the coast ferry passages, wind farm servicing, recreational boating or other activities may occur more often during the day than during the night.

Both presented methods are subject to uncertainties. Either it cannot be ensured, that periods of comparable natural conditions are compared (when comparing same calendar months only) or it cannot be ensured, that periods of same anthropogenic activity are compared (when considering only periods of same sea states). However, both methods yield results that indicate a comparable reduction of low-frequency noise levels during the first months of the Covid-19 pandemic.

Both stations continue to be operated by BSH as part of national underwater noise monitoring. As such, future measurements will further help to interpret and classify the results in terms of the relation of low frequency noise and shipping and countermeasures tackling anthropogenic noise can be evaluated. This study might further serve as a starting point to investigate ecological effects of the decrease in shipping noise due to the Covid-19 pandemic. Seizing the opportunity, BACI -studies on the distribution of noise sensitive species (e.g., the critically endangered harbor porpoise) before and during the pandemic could potentially complement studies like ours.
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