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The NOAA-NPS Ocean Noise Reference Station Network (NRS) is a passive acoustic monitoring effort to record the low-frequency (<2 kHz) sound field throughout the U.S. Exclusive Economic Zone. Data collection began in 2014 and spans 12 acoustic recording locations. To date, NRS datasets have been analyzed to understand spatial variation of large-scale sound levels, however, assessment of specific sound sources is an area where these datasets can provide additional insights. To understand seasonal patterns of blue whale, Balaenoptera musculus, and fin whale, B. physalus, sound production in the eastern North Pacific Ocean, this study explored data recorded between 2014 and 2020 from four NRS recording sites. A call index (CI) was used to quantify the intensity of blue whale B calls and fin whale 20 Hz pulses. Diel and seasonal patterns were then determined in the context of their migratory patterns. Most sites shared similar patterns in blue whale CI: persistent acoustic presence for 4–5 months starting by August and ending by February with a CI maximum in October or November. Fin whale patterns included persistent acoustic presence for 5–7 months starting by October and ending before April with a CI maximum between October and December. The diel patterning of blue whale song varied across the sites with the Gulf of Alaska, Olympic Coast, Cordell Bank, and Channel Islands (2014–2015) exhibiting a tendency towards nighttime song detection. However, this diel pattern was not observed at Channel Islands (2018–2020). Fin whale song detection was distributed evenly across day and night at most recording sites and months, however, a tendency toward nighttime song detection was observed in Cordell Bank during fall, and Gulf of Alaska and Olympic Coast during spring. Understanding call and migration patterns for blue and fin whales is essential for conservation efforts. By using passive acoustic monitoring and efficient detection methods, such as CI, it is possible to process large amounts of bioacoustic data and better understand the migratory behaviors of endangered marine species.
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1 INTRODUCTION
Sound travels faster and farther through water than air, especially at low frequencies (Urick, 1983). This quality, paired with limited visibility underwater, makes sound an essential mode of communication for marine organisms (Au and Hastings, 2008). Passive acoustic monitoring (PAM) can be used to measure ambient sound levels and monitor animal sound production over long time periods and large spatial areas (Browning et al., 2017; Baumgartner et al., 2018). The U.S. National Oceanic and Atmospheric Administration (NOAA)-National Park Service Ocean Noise Reference Station Network (NRS) is an example of a long-term PAM study, in which 12 calibrated autonomous passive acoustic recorders have been deployed and maintained in all major regions of the U.S. Exclusive Economic Zone since 2014. This network provides multi-year, continuous recordings of low-frequency underwater sound between 10 Hz and 2 kHz (Haver et al., 2018). Data from this acoustic network have been analyzed to assess long-term patterns of the ocean soundscape across sites and to understand how bioacoustic activity, anthropogenic noise, and physical processes contribute to the ambient sound levels (Haver et al., 2018; Haver et al., 2019; Haver et al., 2020; Haver et al., 2021).
One common source of bioacoustic sound in marine environments is baleen whales. Baleen whales use sound to forage, communicate, avoid predators, and navigate (Clark, 1990; Tyack and Clark, 2000; Parks et al., 2014; Torres, 2017; Davis et al., 2020; Oestreich et al., 2020a; Cade et al., 2021). Blue (Balaenoptera musculus) and fin (B. physalus) whales produce the lowest frequency vocalizations among whales and it is believed that they use sound to communicate over very long distances. Although blue and fin whales are endangered, their vocalizations are quite ubiquitous (McDonald et al., 2006; Rankin et al., 2006; Gedamke et al., 2007; Stafford et al., 2009; Širović et al., 2009; Širović et al., 2015; Davis et al., 2020).
While on the feeding grounds, blue whales in the Northeast Pacific are acoustically active, producing at least three different types of vocalizations termed A, B, and D calls, which are linked to behaviors ranging from foraging to social interaction (McDonald et al., 2006; Oleson et al., 2007a; Širović and Hildebrand, 2011; Lewis et al., 2018; Lewis and Širović, 2018; Szesciorka et al., 2020). B calls are low frequency, long-duration tonal calls thought to be used primarily (and potentially exclusively) by males to communicate over long distances, suggesting reproductive utility (Oleson et al., 2007a). However, a recent study examining the ratio of B calls occurring at night compared to day along with tagging data determined that B calls can indicate behavioral transitions from foraging to migration (Oestreich et al., 2020a). Due to their intensity and prevalence, B calls are often used to detect blue whales acoustically.
Two blue whale populations are present in the data examined in this study: the Northeast Pacific and North Pacific populations. However, the vocalizations of the North Pacific populations do not include B calls (Stafford et al., 2001; McDonald et al., 2006). The blue whale population in the Northeast Pacific migrates seasonally from waters off the Gulf of Alaska to Central America (Mate et al., 1999; Burtenshaw et al., 2004; Calambokidis et al., 2009). The majority of the population can be found in the feeding grounds of the highly productive California Current Ecosystem from May to December (Abrahms et al., 2019; Szesciorka et al., 2020). The population then migrates south to the breeding grounds in the Costa Rica Dome, Pacific coast of Mexico, and the Gulf of California (Mate et al., 1999; Burtenshaw et al., 2004; Bailey et al., 2009; Širović et al., 2015). In the Gulf of Alaska, both Northeast Pacific and North Pacific blue whale calls have been recorded suggesting both populations use this area (Stafford, 2003).
In the Northeast Pacific Ocean, fin whales are present from at least 70°N (Chukchi Sea) to 32°N (off the California coast) with seven distinct productive feeding areas concentrating the species in the summer (Mizroch et al., 2009). In the winter, fin whales have been documented from 60°N (Bering Sea and Gulf of Alaska) to 23°N (off Baja California coast), with regular observations off southern California and sightings and acoustic detections north of 40°N (Mizroch et al., 2009). Of a variety of call types, fin whales are thought to produce 20 Hz and 40 Hz pulse calls, with 40 Hz calls associated with foraging and 20 Hz pulses potentially serving a reproductive function (McDonald and Fox, 1999; Croll et al., 2002; Širović et al., 2009; Širović et al., 2017; Romagosa et al., 2021).
The objective of this study was to quantify blue B calls and fin whale 20 Hz pulses, using an energy index, from previously collected NRS data across four sites in the Pacific Ocean to document diel and seasonal patterns. Such temporal patterns in call detections provide insight into foraging and migratory behaviors, which are key to informing effective conservation measures.
2 MATERIALS AND METHODS
This project analyzed data from four passive acoustic moorings from the NRS project (Haxel et al., 2013; Haver et al., 2018). Each mooring contained a single omnidirectional, autonomous underwater hydrophone (AUH) with an approximate sensitivity of −192 dB re 1 V/μPa and flat frequency response (±1 dB) between 10 Hz and 2 kHz. Each NRS AUH collected acoustic data at a sample rate of 5 kHz with a 2 kHz low-pass cutoff. Multiple years of data were collected across the Channel Islands, Olympic Coast, Gulf of Alaska, and Cordell Bank NRS sites between 2014 and 2020 (Figure 1; Table 1). The location of each NRS was determined in partnership with NOAA National Marine Fisheries Service, NOAA Office of National Marine Sanctuaries and NOAA Pacific Marine Environmental Laboratory (Haver et al., 2018). The sites examined here are considered baleen whale feeding grounds (Calambokidis et al., 2015).
[image: Figure 1]FIGURE 1 | Locations of the NOAA-NPS Ocean Noise Reference Station Network (NRS) recording sites used for this study: Gulf of Alaska (NRS02), Olympic Coast (NRS03), Cordell Bank (NRS11), and Channel Islands (NRS05).
TABLE 1 | Deployment details at each recording site, including location, recorder and seafloor depth, deployment start and end, and number of days and percentage of the deployment with usable data.
[image: Table 1]Some NRS deployments (Olympic Coast 2014–2015 and Channel Islands 2014–2015) were accessed from the NOAA National Centers for Environmental Information passive acoustic archive (NOAA OAR Pacific Marine Environmental Laboratory et al., 2014). The remaining deployments (Gulf of Alaska 2019–2020, Olympic Coast 2019–2020; Cordell Bank 2015–2017, and Channel Islands 2018–2020) were provided directly from NRS personnel. Data gaps are present due to equipment failure, data redacted by the U.S. Navy for national security concerns, and incomplete temporal coverage of deployments (Figure 2). Olympic Coast and Channel Islands sites contain two deployments. Each are analyzed separately due to interannual variability.
[image: Figure 2]FIGURE 2 | Duration of each deployment’s audio data. Gray indicates data used in this study. Black indicates data collected during the deployment that were not used in the study. White indicates data gaps. See Table 1 for the start and end dates of each deployment.
Daily long-term spectral averages (LTSAs) with a 1 Hz/1 min resolution were created from the calibrated sound files for each deployment. The documentation for Scripps Institution of Oceanography Triton software package contains detailed information on the creation of LTSAs1. LTSAs were then visually scrutinized to remove time periods with persistent noise artifacts resulting from recovery efforts or equipment failure. Periods of redactions, which can span a whole day or part of a day, were set to NaN. Leveraging established methods focused on acoustic power (Mellinger et al., 2009; Širović et al., 2009; Širović et al., 2015; Haver et al., 2020; Oestreich et al., 2020a), a call index (CI) approach was applied to the LTSAs to quantify blue whale B calls and fin whale 20 Hz pulses (Figure 3). CI calculates a signal-to-noise ratio using the target frequency range (signal) and nearby background frequencies (noise) for a given call type. The blue whale signal was calculated as the average of 43 Hz and 44 Hz (associated with the 3rd and strongest harmonic of the B call) while the fin whale signal was calculated as the average of 20 Hz and 21 Hz (associated with fin whale pulses). Noise was determined as the average of two background frequencies, one band below and one above the signal frequencies. For blue whale CI, the background frequencies were 37 and 50 Hz. For fin whale CI, 12 Hz and 34 Hz were used. CI for both blue and fin whales was aggregated from minute to daily and then to monthly resolution, represented as a statistical summary with percentiles (10th, 25th, 50th, 75th, 90th) and the mean. Results are presented as a single average seasonal cycle for each site, even if portions of the seasonal cycle were recorded in different years or if parts of the cycle were recorded across multiple years. Table 2 outlines the year usable data were collected aggregated by month to show the occurrence of non-consecutive data in each deployment. The two deployments for Olympic Coast and Channel Islands are discrete monitoring events separated by multiple years, and are kept separate for this analysis. For deployments that spanned multiple years (Channel Islands and Cordell Bank), the results for each separate year are reported in the supplementary section. The seasonal pattern results were confirmed by visual inspection of daily LTSAs for all sites. Acoustic presence of blue and fin whales is defined as a monthly median CI value exceeding 1.01. Oestreich et al. (2022) previously identified 1.01 as a robust threshold for presence vs. absence of B calls when applied to a 15-day running mean of call index in 6 years of recordings from Monterey Bay. For the monthly bins used here, a 1.01 CI threshold is potentially more conservative but minimizes the chance of false positives.
[image: Figure 3]FIGURE 3 | Spectrogram of (A) blue whale call types, including A, B, and D calls and (B) fin whale song pulses, produced near 20 Hz. Note the differences in scale. Spectrograms were created with the following parameters: 8,192 FFT window size, 50% overlap for blue whale; 4,096 FFT window size, 95% overlap for fin whale. The recording displayed in the top panel was taken on 18 June 2015 at the Channel Islands site. The recording in the bottom panel was taken on 3 October 2014 at the Olympic Coast site.
TABLE 2 | Matrix of the year(s) in which each deployment had usable data for that month.
[image: Table 2]To examine diel patterns, CI values were categorized by day, night, and dusk/dawn. The Matlab SolarAzEl function (Koblick, 2020) was used to compute solar elevation for each minute of data using the location at the ocean surface above the NRS hydrophone. Solar elevations < −12° determined nighttime hours, −12° to 0° determined dusk/dawn hours, and >0° determined daytime hours. Categories for each 1-min CI measurement were binned to a daily resolution to calculate the ratio of CI values associated with nighttime to those associated with daytime (CInight:CIday). These daily values were then aggregated by month for statistical summary. CInight:CIday values above 1.0 indicate song detection was greater at night whereas values below 1.0 indicate song detection was greater during the day. Monthly CInight:CIday values were excluded from the data visualization when the corresponding monthly CI median was below 1.01.
To distinguish when CI signal and its diel patterns were caused by whale calling, the monthly spectrum levels associated with the target frequency bands and the background frequency bands were plotted for blue and fin whales overall (Supplementary Figures S1, S2) and separated by day and night (Supplementary Figures S3, S4). Note that the target frequency bands also contain background noise since the noise level was not subtracted. The monthly CI results were extracted and plotted for the individual years comprising the Cordell Bank 2015–2017 (Supplementary Figure S5) and Channel Islands 2018–2020 (Supplementary Figure S6) deployments.
All processing and plotting were completed using Matlab 2020a (Mathworks, Inc.). Custom scripts adapted from previous research (Oestreich et al., 2020a) were used to calculate CI and CInight:CIday.
3 RESULTS
Each deployment’s LTSA depicts the overall soundscape for that site during the respective recording period (Figure 4). Blue whale B calls are visibly apparent in a narrow band slightly above 40 Hz for portions of every LTSA. Fin whale pulses are also apparent as a more broadband contribution around 20 Hz across the sites.
[image: Figure 4]FIGURE 4 | Calibrated 1 min/1 Hz LTSAs of (A) Gulf of Alaska 2019–2020, (B) Olympic Coast 2014–2015, (C) Olympic Coast 2019–2020, (D) Cordell Bank 2015–2017, (E) Channel Islands 2014–2015, and (F) Channel Islands 2018–2020 depicting each site’s overall soundscape. LTSAs were calculated using Welch’s Method (FFT length = 5,000 points, Hann window length = 5,000, FFT overlap = 50%). Blue whale B call 3rd harmonic frequencies (43 and 44 Hz) and fin whale 20 Hz pulse frequencies (20 and 21 Hz) used in the call index (CI) calculation are annotated in black. Additional B call harmonics are also visible at some sites. Background noise frequencies used in the CI calculations for blue whale (37 Hz and 50 Hz) and fin whale (12 and 34 Hz) are shown in white. Vertical white bars show time periods where data were redacted. See also Supplementary Figures S1, S2.
3.1 Blue whale calling patterns
Patterns in CI and associated night:day ratios (Figure 5) are supported by examination of the underlying signal and noise bands (Supplementary Figures S1, S3). Most recording sites shared similar patterns in blue whale CI: 1) persistent acoustic presence during a contiguous portion of the year (4–5 months), 2) rise in acoustic presence by August and absence by February, and 3) maximum CI in October or November (Figure 5; the maximum is indicated by the monthly median of daily values). The exceptions to these patterns were Olympic Coast 2019–2020, which indicated acoustic presence for only 2 months in December and January with December having the maximum CI (Figure 5C); Channel Islands 2014–2015 where data missing from September resulted in four non-contiguous months with CI values above 1.01 (Figure 5E), and Olympic Coast 2014–2015 where data missing in August and September precluded knowing which month blue whale CI values first exceeded 1.01 (Figure 5B). CI levels varied greatly across sites, with the strongest call signal at Cordell Bank (Figure 5D) and the weakest in the Channel Islands (Figure 5F). The two deployments recorded at Olympic Coast show a general presence of blue whale B calls in this area from as early as October to as late as January but also document interannual variability (Figures 5B, C). The two Channel Islands deployments (Figures 5E, F) also capture interannual variability. Median CInight:CIday values never fell below 1 for the Gulf of Alaska (Figure 5A), both Olympic Coast (Figures 5B, C), Cordell Bank (Figure 5D), and the Channel Islands 2014–2015 (Figure 5E) deployments, which suggests a tendency for greater intensity of blue whale song during the night compared to day. In addition to having the strongest CI signal, Cordell Bank is distinguished by the highest CInight:CIday values (Figure 5D). Along with having the lowest CI signals, Channel Islands 2018–2020 is distinguished by the lowest CInight:CIday values, with median values in all months below 1 (Figure 5F). The Channel Islands 2018–2020 median spectrum levels for the signal during the day were higher than those during the night from May to December (Supplementary Figure S3F). However, the high amount of overlap between day and night spectrum levels makes it difficult to distinguish a strong diel pattern for this deployment (Supplementary Figure S3F).
[image: Figure 5]FIGURE 5 | Call index (CI) and CInight:CIday associated with blue whale B calls across (A) Gulf of Alaska 2019–2020, (B) Olympic Coast 2014–2015, (C) Olympic Coast 2019–2020, (D) Cordell Bank 2015–2017, (E) Channel Islands 2014–2015, and (F) Channel Islands 2018–2020 sites. CInight:CIday values were only included if the monthly mean CI value was above 1.01. Months that did not meet this threshold are shown in gray. Periods of no data are noted in red. The dotted line in the top plots denotes the threshold for monthly mean CI (1.01). The dotted line in the bottom plots denotes the threshold for daytime song tendency (below than 1) and nighttime song tendency (greater than 1) calling. Boxplots show the 25th, 50th, and 75th percentiles of daily CI values from each month. Black dots indicate means. Gray bars indicate 10th-90th percentiles. Note the data shown are not necessarily chronologically. See also Supplementary Figures S1, S3.
3.2 Fin whale calling patterns
Patterns in CI and associated night:day ratios (Figure 6) are supported by examination of the underlying signal and noise bands (Supplementary Figures S2, S4). With the exception of Channel Islands 2018–2020, recording sites shared similar patterns in fin whale CI: 1) persistent acoustic presence during a contiguous portion of the year (5–7 months), 2) rise in acoustic presence by October and absence by April, and 3) maximum CI between October and December (Figure 6). Channel Islands 2018–2020 indicates 3 months of acoustic presence between December and February with a maximum CI in December (Figure 6F). CI levels varied across sites, with the strongest monthly median call signal at Olympic Coast (Figure 6C) and the weakest in the Channel Islands (Figure 6F). Similar to blue whale CI, inter-annual variability was observed at the two Olympic Coast (Figures 6B, C; peaks in November and December, respectively) and two Channel Island deployments (Figures 6E, F; peaks in October and December, respectively). The majority of months showed a median CInight:CIday value approximately equal to 1 indicating an even distribution across day and night. Gulf of Alaska (Figure 6A) and Olympic Coast (Figures 6B, C) showed a winter increase in median CInight:CIday from values below one to values above 1 as corresponding CI values declined while Cordell Bank (Figure 6D) showed CInight:CIday above one at the start of the calling period (September) followed by a continual downward trend in values falling down to and below 1.
[image: Figure 6]FIGURE 6 | Call index (CI) and CInight:CIday associated with fin whale 20 Hz pulses across (A) Gulf of Alaska 2019–2020, (B) Olympic Coast 2014–2015, (C) Olympic Coast 2019–2020, (D) Cordell Bank 2015–2017, (E) Channel Islands 2014–2015, and (F) Channel Islands 2018–2020 sites. CInight:CIday values were only included if the mean CI value was above 1.01. Months that did not meet this threshold are shown in gray. Periods of no data are noted in red. The dotted line in the top plots denotes the threshold for monthly mean CI (1.01). The dotted line in the bottom plots denotes the threshold for daytime song tendency (below than 1) and nighttime song tendency (greater than 1) calling. Boxplots show the 25th, 50th, and 75th percentiles of daily CI values from each month. Black dots indicate means. Gray bars indicate 10th-90th percentiles. Note the data shown are not necessarily chronologically. See also Supplementary Figures S2, S4.
4 DISCUSSION
In this project, four NRS recording sites located in the eastern Pacific Ocean were analyzed for the presence and timing of blue and fin whale song using call energy indices. While analyses have been previously conducted to assess specific regions and associated blue and fin whale populations (Širović et al., 2015; Haver et al., 2020; Oestreich et al., 2020a; Rice et al., 2021; Oestreich et al., 2022), this study expanded the application to a broader spatial scale.
4.1 Seasonal variation
The presence of blue whale B calls, as proxied by CI, varied across the sites and seasons. The late fall and early winter peak in blue whale CI at the Gulf of Alaska and Olympic Coast recording sites (Figure 5) is supported by the presence of blue whale B calls documented from October to February at sites off Oregon, Washington, and Vancouver Island (Burtenshaw et al., 2004). Burtenshaw et al. (2004) did not show discernable peaks. This could reflect a real change in blue whale distribution and/or behavior through time due to changes in ocean conditions that drive prey availability (Bailey et al., 2009; Calambokidis et al., 2009; Derville et al., 2022). Alternatively, this could result from differences in measurement locations and metrics.
Patterns detected at Gulf of Alaska and Olympic Coast during 2019–2020 (Figures 5A, C) show a lag in the disappearance of blue whale CI signal at the Olympic Coast (February) compared to the Gulf of Alaska (January). This could indicate southward movement of at least part of the NE Pacific population from the Gulf of Alaska down the eastern margin of the North Pacific as part of the expected winter migration, but could also arise from changes in vocal behavior rather than movement. Increased background noise, particularly at 50 Hz, in November for the Olympic Coast 2019–2020 deployment resulted in masking of a rise in signal during that month thereby driving down the CI value. It is likely the noise masked a rise in blue whale signal but it also reduced the detection area so the precise timing of peak calling is not known (See Supplementary Figure S1C). The onset of CI values above 1.01 in the summer at Cordell Bank (Figure 5D) and Channel Islands (Figures 5E, F, with the 2018–2020 deployment having a very slight trend) aligns with previous studies that observed blue whale B calls from approximately June to January off Southern California (Burtenshaw et al., 2004; Širović et al., 2015; Szesciorka et al., 2020) and July to January off Central California (Oestreich et al., 2020a; Oestreich et al., 2022). B calls recorded at these sites could capture 1) the northward migration of blue whales during late spring and early summer as well as the southward migration during late fall and early winter or 2) a single, extended migration period that spans late spring to early winter.
Cordell Bank is notable for the high magnitude of blue whale CI values relative to other recording sites (Figure 5), which could be a byproduct of one or multiple factors. For one, Cordell Bank and the nearby Gulf of the Farallones are critical foraging areas for the NE Pacific blue whale population (Calambokidis et al., 2015), meaning that higher CI values could result simply from a large number of singing individuals occupying this region during the summer-fall foraging season. However, the Channel Islands are also a notable foraging ground for this population (Calambokidis et al., 2015), yet relatively low CI values were recorded in this region (Figures 5E, F), indicating that differences in abundance between sites alone likely does not fully explain the high CI values documented at Cordell Bank. A more likely explanation is the relative proximity of singing individuals to each hydrophone, which can influence received levels in the target frequency bands used in the CI calculation. More specifically, the Cordell Bank hydrophone (NRS11) is located near the southern border of Cordell Bank National Marine Sanctuary close to Greater Farallones National Marine Sanctuary. The hydrophone is exposed to the open ocean and is likely well positioned to record the songs of blue whales foraging in both sanctuaries as well as offshore (Haver et al., 2020). In contrast, the Channel Islands hydrophone (NRS05) is located south of Santa Cruz Island that may block sound propagating from north of Santa Cruz Island, which has previously been observed as the most-frequented by blue whales via visual (Calambokidis et al., 2015), biologging (Bailey et al., 2009), and passive acoustic (Širović et al., 2015) methods. Therefore, the Channel Islands results are likely influenced by the placement of the hydrophone and surrounding bathymetric structure, which limits the detection range, as opposed to a true lack of blue whales producing B calls in this region (Helble et al., 2013).
Fin whale movement in the California Current System varies from established baleen whale patterns due to the high potential for individual variation, greater localized residency, and a shift offshore during the summer and onshore during the winter (Scales et al., 2017; Derville et al., 2022). Fin whale CI documented across the four sites aligns with established patterns of strong presence between September and March from the Gulf of Alaska to California (Mizroch et al., 2009; Stafford et al., 2009; Oleson et al., 2014; Haver et al., 2020; Rice et al., 2021). Fin whales regularly winter off the coast of California, and in the Southern California Bight, a common habitat, their 20 Hz pulses were previously detected year-round with greatest sound production occurring from September to December with a peak in November (Mizroch et al., 2009; Širović et al., 2015). Year-round use of the Southern California Bight by fin whales has also been documented by tracking via satellite tags (Scales et al., 2017). Here we observed consistently longer seasonal duration of fin whale vocalizations across all sites compared to blue whales with the exception of the Channel Islands 2018–2020 deployment. Similar to seasonal patterns observed for blue whale CI, concurrent (2019–2020) deployments documented a 1-month lag in the fin whale CI signal disappearance between Gulf of Alaska (March; Figure 6A) and Olympic Coast (April; Figure 6C). This could reflect seasonal latitudinal movements of this fin whale population progressing southward in the late fall and early winter months. It should be noted that the values between November and December at Gulf of Alaska are very close and a slight increase in the noise level was recorded in December. Visual observation surveys of fin whales in the nearshore waters of Oregon identified a similar seasonal peak spanning October to February (Derville et al., 2022). The seasonality documented both visually (Derville et al., 2022) and acoustically (outlined here) could point to latitudinal or longitudinal seasonal movements (Scales et al., 2017). Longitudinal dispersion, especially away from the Channel Islands recording site, could be a driving factor behind the relatively short duration of acoustic presence identified here.
4.2 Diel variation
Distinct diel patterns of blue whale B call production have previously been linked to regional population-level foraging and migration behaviors. Wiggins et al. (2005) observed a strong tendency toward nighttime B call production in the Southern California Bight during summer and fall, which was hypothesized to result from a tradeoff between blue whales’ singing and foraging, which occurs primarily during daytime at depth. More recently, Oestreich et al. (2020a) confirmed this hypothesis using a combination of passive acoustic and bio-logging analyses. Further, the transition from more intense nighttime song detection to more even diel distribution of song detection (i.e., a drop in CInight:CIday from values greater than 1.0 to near or below 1.0) has been linked to the transition from foraging to southward migration (Oestreich et al., 2020a) and was observed in the Monterey Bay region every year from 2015 to 2021 (Oestreich et al., 2022). These links between diel patterning in blue whale song detection (as measured via CI) and other behaviors make CInight:CIday a useful tool for further exploring the seasonal patterns in behavior described in the preceding section. While similar links between diel patterning of song and other behaviors have not been established for fin whales, we also explore CInight:CIday for fin whales in the present study to establish a baseline understanding that can provide a foundation for future investigations of the behavioral context of fin whale call production. For both blue and fin whale call types evaluated here, a wide spread of CInight:CIday values was recorded at all sites. As such, the trends outlined below should be interpreted cautiously and the differences between CI values at night and day likely depend on many factors.
For blue whales, seasonal patterns of CInight:CIday varied across sites though all but the Channel Islands 2018–2020 deployment showed a consistently higher intensity at night compared to day for months where CI was above 1.01 (Figure 5, Supplementary Figure S3). This pattern is supported by Oestreich et al. (2020a) where blue whale B calls in Monterey Bay tended toward nighttime song detection (CInight:CIday > 1) during the summer onset and fall peak in song intensity. Oestreich et al. (2020a), Oestreich et al. (2022) also noted a decrease in CInight:CIday toward 1 during the fall-winter drop in song intensity and associated this combination of seasonal and diel patterning to the regional population-level transition to migration, but noted that their findings from Monterey Bay might or might not apply to other foraging locations along the west coast of North America. The present study does not provide strong evidence of similar patterning for a drop in preferential nighttime song intensity as CI decreases in the fall-winter at the four recording sites. This lack of a clear acoustic indication of the transition from foraging to migration might result from one or multiple factors. For one, monthly variation in noise contributions including across day and night influence the CI and CInight:CIday patterns. This is particularly evident at the Olympic Coast 2019–2020 site. In addition to the influence of noise levels, the Channel Islands in particular are at a more central point along the migratory pathway of this blue whale population, and therefore are likely occupied simultaneously by animals foraging in, moving northward, and migrating southward through this region. This mix of behavioral modes across the singing individuals effectively sampled by this hydrophone would likely obscure clear diel patterns previously associated with distinct foraging and migratory behavioral states. Further, as noted previously, this Channel Islands hydrophone is not well-positioned to record the typical foraging habitat of blue whales in this region. This might result in a bias toward recording non-foraging, transiting blue whales that typically produce calls with a more even diel distribution (e.g., CInight:CIday near 1.0), which is consistent with our results for the Channel Islands (Figures 5E, F). This finding suggests that further individual-level investigation of diel patterning in blue whale singing and foraging behavior (Oestreich et al., 2020a) is warranted across foraging locations.
For fin whales, CInight:CIday values were consistently near 1.0 across most recording sites and seasons (Figure 6), indicating a relatively even distribution throughout the day and night across the year. The Olympic Coast sites were notable outliers to this trend, with elevated monthly median CInight:CIday values during the winter (Figure 6B) and early spring (Figure 6C), indicating greater fin whale song intensity at night compared to day during these periods. While less is currently known about the behavioral context of song detection diel patterns in fin whales relative to blue whales, Stimpert et al. (2015) previously showed that fin whales typically produce song on shallow non-foraging dives, including during the daytime. Combined with the lack of clear diel patterning in song detection shown here (Figure 6), this suggests that fin whale foraging behavior is not quite as diurnally-biased as blue whale foraging.
These findings on the lack of seasonality in diel song patterning by fin whales provide a foundation for future studies to further refine understanding of the behavioral context of fin whale song detection, likely via bio-logging analyses (Stimpert et al., 2015; Oestreich et al., 2020a).
4.3 Additional parameters to consider
PAM provides an opportunity to analyze soundscapes and soniferous species present over long periods of time (Au and Hastings, 2008). PAM stationary recording systems, such as the ones used here, support high temporal resolution (with continuous coverage in one area) while mobile PAM platforms have increased spatial coverage but record for a short window in a single location. The combination of both stationary and mobile recording systems would provide complimentary information that covers change in a single place as well as snapshots of a broader area during that time. This additional coverage could help to elucidate patterns that are potentially muted (or otherwise influenced) due to the placement of a stationary hydrophone.
The CI method applied here was previously developed to efficiently extract specific call types (B calls and 20 Hz pulses) simultaneously to maximize the chance of detecting whales in large volumes of passive acoustic data. Missed detections may occur when the selected background frequencies and/or the signal frequencies are overwhelmed by sounds from other sources. The influence of anthropogenic sound sources such as vessel noise is prevalent at the Olympic Coast, Cordell Bank, and Channel Islands recording locations, with large container ships being particularly dominant and producing sound at frequencies that overlap with blue and fin whale calls (McKenna et al., 2013; Haver et al., 2018; Haver et al., 2020; Haver et al., 2021). Therefore, the potential for masking could be high in these locations resulting in an underestimate of call presence and reduced communication space for these species (Clark et al., 2009; Hatch et al., 2012; Cholewiak et al., 2018). However, we do not expect that such masking biases the broader temporal patterns in blue and fin whale song described here (Figures 5, 6) due to the coarse temporal binning applied and the relatively constant background levels when averaged across months and between night and day for each month (Supplementary Figures S1–S4). This is further supported by previous work showing that, when present, blue whale song as represented by the CI target frequency bands is discernable above the CI background frequency bands (Oestreich et al., 2020a, Supplementary Figure S1). However, changes in the intensity of the background frequencies will influence the detection area and potentially impact calling behavior through varying call intensity and/or calling rate as well as the perceived pattern of calling using CI. Therefore, the site-specific and seasonal levels in background noise need to be heavily considered when applying this technique to different sites and interpreting those results. Cross-referencing blue and fin whale vocalizations, and vessel noise frequency bands with vessel tracking data could assist in a broader understanding of the low-frequency soundscape drivers at the NRS sites (Haver et al., 2020; Haver et al., 2021).
While CI documents the acoustic presence of a specific call type for each species, capturing the arrival at a site when whales are not acoustically active or producing a different call type would require the inclusion of other observational methods, such as visual sightings, and expanding to acoustic detection of additional call types. Blue whale D calls, which have been associated with foraging, have been recorded earlier in the year (April/May to September/November) compared to B calls (June/July to December/January) and could help to document a more complete presence of this species in an area (Oleson et al., 2007b; Szesciorka et al., 2020). In addition to the 20 Hz pulse calls that are associated with reproductive or social behavior, fin whales produce a call at 40 Hz more frequently when foraging (Širović et al., 2013). Inclusion of these additional call types would support monitoring of foraging and migratory timing. Still, CI is an excellent tool to pair with long-term continuous data (e.g., NRS and the Monterey Accelerated Research System cabled observatory) to efficiently extract reproductive function call types that can provide important information about whale presence, and in some cases, more specific information on foraging and migratory behavior.
For deployments covering multiple annual cycles (Cordell Bank 2015–2017 (Figures 5D, 6D) and Channel Islands 2018–2020 (Figures 5F, 6F), average annual trends were similar to the individual years that contributed to the full deployment for both blue and fin whale (Supplementary Figures S5, S6). Overall seasonal patterns were similar but CI intensity varied across the years. A notable exception was interannual variability observed for fin whale results at Channel Islands between 2018 and 2019 (Supplementary Figure S6). Across disparate deployments, Olympic Coast blue whale results varied between 2014–2015 and 2019–2020, and Channel Islands fin whale results varied between 2014–2015 and 2018–2019. A potential cause for this interannual variability is the change in oceanographic conditions. Variation in (sub)mesoscale biophysical influences (e.g., upwelling and fronts that drive prey availability and aggregation) and large scale variations in the atmosphere and ocean (e.g., the Pacific Decadal Oscillation and El Niño Southern Oscillation) impact blue and fin whale migration patterns and arrival at feeding grounds, which further influence acoustic presence and behavioral observations (Burtenshaw et al., 2004; Calambokidis et al., 2009; Stafford et al., 2009; Scales et al., 2017; Benoit-Bird et al., 2019; Szesciorka et al., 2020; Cade et al., 2021). Inclusion of environmental parameters that quantify habitat suitability and prey abundance in the context of conditions that deviate from an anticipated norm (e.g., anomalies derived from climatological data) in addition to longer time series of whale behavior are needed to understand drivers behind the interannual variation in the CI measured for blue and fin whales.
4.4 Long-term monitoring
Long-term PAM is essential in assessing spatio-temporal patterns of soundscapes, ecosystems, and species (e.g., Davis et al., 2020; McKenna et al., 2021; Rice et al., 2021). As such it is an important tool for NOAA and similar agencies to address conservation needs (Gedamke et al., 2016), and analyses like this study provide important information for reporting on conditions and evaluating changes over time. For example, continued monitoring of low-frequency soundscapes and whale vocalization activity, especially during periods of anthropogenic noise fluctuation, provides insight into the effects of increasing levels of background noise on the acoustic habitat of blue and fin whales (Ryan et al., 2021). Analysis tools, such as CI for blue and fin whale monitoring, are an important data stream for NRS and related long-term sound projects due to their efficiency, and can be used in tandem with other methods for processing long-term continuous data to monitor conditions and trends. Centralized repositories and global access to soundscape data and data products will in turn facilitate future research and collaboration (Wall et al., 2021).
4.5 Broader impacts
This paper used efficient acoustic metrics to study the seasonality of blue and fin whale song along the U.S. west coast, and in doing so contributes to the scientific knowledge on the presence and behavioral patterns of these endangered species. By studying these aspects of blue and fin whale activity, scientists can provide information to managers and policymakers and help inform management of the ecosystems that these endangered species inhabit (Agardy, 2000; Scholik-Schlomer et al., 2009; Wiley et al., 2011; Calambokidis et al., 2015; Haver et al., 2020; Guan et al., 2021). The areas sampled acoustically in this study include a number of marine protected areas (MPAs) including national marine sanctuaries (NMS). Anthropogenic threats to blue and fin whales across the U.S. west coast ecosystems sampled in this study include the impacts of anthropogenic noise on these soniferous species’ effective communication space, collisions between vessels and whales, and entanglement in fishing gear. The present study provides insight on the regional-scale seasonal patterns of blue and fin whale presence and behavior required for cross-NMS coordination and effective management strategies to mitigate these varied threats. More specifically, vessel speed reduction programs (Abramson et al., 2011; Silber and Bettridge, 2012; Conn and Silber, 2013; Pine et al., 2018) provide a management tool to help mitigate anthropogenic threats to blue and fin whales. Seasonal and location-specific dynamic management approaches (Lewison et al., 2015; Maxwell et al., 2015; Oestreich et al., 2020b), which implement vessel speed reductions only during the times of year when interaction with endangered whale populations is most likely (Figures 5, 6) can further enhance the efficacy and adoptability of such programs. Coordination of these actions across NMS covering the broad range and migratory routes of blue and fin whales along the U.S. west coast can assist in the movement toward Marine Protected Corridors, which are critical to the conservation of migratory marine populations (Hyrenbach et al., 2000; Johnson et al., 2022).
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