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Eastern South Pacific southern right whales (ESPSRW) are a subpopulation of southern right whales (Eubalaena australis) off the coasts of Peru and Chile recognized by the International Union for the Conservation of Nature (IUCN) as critically endangered as a result of heavy whaling efforts in the late 18th to 20th centuries. Most recent population estimates put their numbers around 50 individuals. To test for the efficacy of passive acoustic monitoring of this population, we recorded 5 months of continuous acoustic data (January 2012-June 2012) off the southwestern tip of Isla de Chiloé. To test for trends in occurrence, we identified 11,313 individual ESPSRW upsweep calls, which have been associated with maintaining contact with conspecifics. Call occurrence increased over the course of the deployment and peaked between April and June, indicating an increase in use of this area. A clear diel pattern in which upsweep calls were predominately detected during dusk and night hours was identified, indicating ESPSRW are likely foraging during daylight hours, as upsweep calls are inversely related to foraging behavior. We quantified noise levels in the frequency range of their communication (100 Hz third octave) to understand the change in active space whales may be experiencing. We measured noise levels from 90 dB re 1 μPa to 111 dB re 1 µPa (5th and 95th percentile), a 21 dB fluctuation that results in an order-of-magnitude decrease in active space area. We identified sources of high noise at or above the 75th percentile as predominately blue whale calls (occurring in 71.6% of total sampled minutes) and ship noise (occurring in 69.4% of total sampled minutes). Ship noise was responsible for outliers in excess of 140 dB re 1 µPa. In a population as diminished as ESPSRW, such disruptions of their communication range could result in significant barriers to maintaining contact with conspecifics. Passive acoustic monitoring is a powerful tool for monitoring populations as rarely sighted as ESPSRW. Understanding trends in presence and behavior as well as potential sources of disruption to their calling behavior is vital to determining conservation measures that will be most effective toward helping this critically endangered population.
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INTRODUCTION
Eastern South Pacific southern right whales (Eubalaena australis; henceforth, ESPSRW) are a subpopulation off the coasts of Peru and Chile recognized by the International Union for the Conservation of Nature (IUCN) as critically endangered. One population estimate places their numbers at no more than 50 individuals, with the number of reproductive females as low as eight as of 2014 (Galletti Vernazzani et al., 2014). ESPSRW are thought to be distinct from other nearby populations of southern right whales and do not show the same signs of recovery from heavy whaling efforts of the late 18th to 20th centuries as do these other populations (Galletti Vernazzani et al., 2014). Known to range from the Chilean Golfo de Penas, at 47°S, to the coast of Chorrillos in Lima, Peru, at 12°S (Aguayo and Torres, 1986; Orihuela and Cortegana-Arias, 2013), habitat use within that range remains largely unknown. We used passive acoustic monitoring to gain information about the presence and behavior of ESPSRW in this area, while at the same time examining changes in active space that could affect their communication patterns. Our goal was to better understand why there have been fewer than 200 total sightings of this population since the early 1960s (Galletti Vernazzani et al., 2014). Documenting and monitoring their presence and movement patterns is vital for promoting population recovery through conservation efforts.
The most common type of vocalization in the southern right whale repertoire is thought to be the upsweep call, which is most likely used to keep in contact with conspecifics (Clark, 1982), and has been used in passive acoustic monitoring of North Atlantic right whales (Eubalaena glacialis) (Mussoline et al., 2012). Knowledge of trends in calling behavior has direct application to conservation efforts, such as imposing a seasonal speed limit on the East Coast of the United States to minimize ship strikes during times that North Atlantic right whales are known to be in an area (Laist et al., 2014), as well as providing critical insight into broad-scale movements and abundance in North Pacific right whales (Eubalaena japonica) (Munger et al., 2008, 2011).
Prior to this study, it was unknown whether ESPSRW calls exhibited diel patterning. Some cetacean species are known to call more at night, such as those who call to maintain contact with conspecifics when visual cues are not available (common dolphins, Delphinus delphis: Goold, 2000; blue whales, Balaenoptera musculus: Redaelli et al., 2022; Wiggins et al., 2005), while others are known to call more during daylight hours, such as those who socialize during the day and feed during night hours (sei whales, Balaenoptera borealis: Baumgartner and Fratantoni, 2008).
On a larger temporal scale, seasonal patterning of calls can provide insight into habitat usage. Many cetacean species exhibit migrations, sometimes up to thousands of kilometers (Mate et al., 1999; Rugh et al., 2001; Rasmussen et al., 2007; Olsen et al., 2009; Stevick et al., 2011), so a habitat area might only be in use by a species at certain times of the year.
Another aspect of ESPSRW communication that is not well understood is the active space of calls—the effective range over which a communication signal can be detected by a conspecific (Marten and Marler, 1977). The active space of a given call depends on call parameters such as frequency and source level, but also the background noise through which a call travels, the extent of sound attenuation over distance, and the critical ratio of signal-to-noise necessary for a sound to be audible to an individual. Changes in background noise can have significant effects on the active space of a call, leading to order-of-magnitude changes in the distance at which a call is audible to conspecifics (e.g., Janik, 2000). Detection of an acoustic signal is dependent on the difference between the source level of the signal and the ambient noise levels in that frequency band, so increasing noise will decrease the chance of signal detection and potentially mask the signal from the receiver (Richardson, et al., 1995; Bradbury and Vehrencamp, 1998). In a population as diminished as ESPSRW, changes to active space due to variation in background noise, particularly that attributable to anthropogenic sources such as ships (Jensen et al., 2009), could have implications for the ability of individuals to communicate, as has been documented in other cetacean species (Richardson, et al., 1995; Nowacek et al., 2007).
Jacobs et al. (2019) described the first known acoustic detections of ESPSRW upsweep calls, defining parameters of both individual calls and call bouts based on a small subset of continuous acoustic recordings. The current study built upon these data to identify temporal trends in upsweep call use both on diel and deployment-long (5 months) time scales. We then characterized the ambient noise environment of ESPSRW by quantifying noise levels in the frequency range of their calls and identifying sources of that noise. Understanding temporal trends in call production can provide important insight into the behavior of ESPSRW, allowing for more targeted conservation efforts.
METHODS
Five months of continuous recordings at a sampling rate of 2 kHz were made with a Marine Autonomous Recording Unit (MARU; Cornell University) from 29 January 2012 to 17 June 2012. The MARU was placed offshore of the southwestern tip of Chiloé Island in the Corcovado Gulf, part of the Chiloense ecoregion (43.53°S, 74.44°W; Figure 1). The Chiloense Ecoregion receives both continental freshwater and oceanic subantarctic water, creating a rich ecosystem with high levels of primary productivity and calanoid copepods, which are potential prey species for right whales (Arcos, 1974; Baumgartner et al., 2011).
[image: Figure 1]FIGURE 1 | Map of Chiloé Island and the Corcovado Gulf in southwestern Chile. Red diamond indicates location of the MARU device (43.53°S, 74.44°W), deployed from 29 January to 17 June 2012.
Temporal Trends in Upsweep Call Rates
The full dataset was visually and aurally audited for presence of right whale upsweep calls using Raven Pro 1.5 with the following display settings: 3 min time axis, 500 Hz frequency axis, 2,048 sample DFT, 1,400 sample window, and 50% overlap. A total of 11,313 individual upsweep calls were identified and exported for further analysis. Temporal trends in call detection were analyzed using R version 3.4.1 (R: R Core Team, 2020; tidyverse package: Wickham and RStudio, 2021 gridExtra package: Auguie and Antonov, 2017; viridis package: Garnier et al., 2021; ggpubr package: Kassambara, 2020).
Seasonal trends were not possible to evaluate due to the relatively short duration of the deployment. However, to look at changes in call detection over the course of the deployment, total number of calls per week was calculated and qualitatively compared over the 20 weeks of deployment.
In order to quantify the relationship between call production rates and light regime, call times were classified by light regime (dawn, day, dusk, or night as determined from daily sunrise, sunset, and nautical twilight times according to the United States Naval Observatory). On average, the dawn period lasted 1.10 (SD ± 0.04) hours, day lasted 10.52 (SD ± 1.27) hours, dusk lasted 1.08 (SD ± 0.08) hours, and night lasted 11.33 (SD ± 1.28) hours. Clock time of the start of each light phase shifted by about 3 hours over the course of the deployment (e.g., night began at 01:36 UTC on 02-02-2012 and at 22:36 UTC on 15-06-2012).
To correct for variability in call presence over time scales greater than a single day and make distribution of calls between light periods comparable between days with different overall call production rates, hourly call rates were adjusted by dividing the average hourly call rate within a light phase by the hourly call rate within that 24-h period. Higher relative call rates indicate that a larger shift in the calling rate occurred during a given light phase. This method incorporates changes in the absolute number of calls while taking into consideration variable call rates on each day.
Ambient Noise Levels
Ambient noise levels in the recordings were determined using a Third Octave Level analysis (TOL) in MATLAB version 2017b (MATLAB, 2017). TOLs were calculated as the RMS level over 1 minute for each third octave band over the course of the deployment (197,280 min) using a custom MATLAB script. Further analysis was done on the 100 Hz frequency band, which was identified as most relevant for the noise environment of ESPSRW, given that their upsweep calls range from 68 ± 17 Hz to 136 ± 25 Hz (Jacobs et al., 2019). 5th and 95th percentile noise levels were calculated to determine the communication range reduction experienced by ESPSRW in this area due to fluctuations in background noise.
Sources of High Noise
In order to identify the loudest sources of noise in the 100 Hz frequency band, minutes were sorted from lowest to highest noise level. The noise level at the 75th percentile was identified, and minutes were then randomly subsampled to include 10% of the data at or above the 75th percentile (4,932 min subsampled from 49,320 min). These periods are hereafter referred to as “high noise.” The source of noise for each of those minutes was identified by visual inspection of spectrograms in MATLAB by a skilled observer, with the same spectrogram display settings as those used in Raven.
Noise sources were classified as either ship, blue or humpback whale, a combination of ship and blue or humpback whale occurring concurrently, or environmental sources such as rain. Percentages of the total subsample containing each noise source and their average received levels were calculated to characterize the most common sources of loud noise and determine the relative importance of each source in the soundscape experienced by ESPSRW. These minutes of high noise were then classified by the time they occurred into light regime categories using the same method as for call rates, so that the proportional amount of each light phase taken up by high noise could be calculated and the importance of each source in each light phase evaluated.
RESULTS
Temporal Trends in Upsweep Call Rates
On a deployment-wide scale, there was a general upward trend in number of detections from beginning to end of the deployment, peaking between April and June (late fall to early winter; Figure 2A). Relative call production rate was significantly higher at dusk than dawn, day, or night (Figure 2B; Kruskal Wallis H = 130.22, df = 3, p = < 1e-10, pairwise-comparison test p = 8.7e-07, < 1e-10, and < 1e-10 for dusk with dawn, day, and night, respectively). Compared to an even 24-h distribution of calls, call production rates were lower than would be expected at dawn and daytime and were approximately equal to what would be expected at nighttime (Figure 2B). This trend of higher call production rates during dusk and lower call rates during the dawn and day was consistent over the course of the deployment.
[image: Figure 2]FIGURE 2 | (A) Total call detections per day between 02-02-2012 and 16-06-2012. No calls were recorded between 29-01-2012, the day on which the MARU was deployed, and 02-02-2012. (B) Relative call rate by light phase. Relative call rates were calculated by dividing the light phase’s average hourly call rate by the overall day’s hourly call rate, so a higher value indicates a larger shift in the calling rate occurred in a light phase, while taking into consideration variable call rates over the course of the deployment.
Ambient Noise Levels
TOLs calculated in the 100 Hz band for the full recording ranged from 90 dB re 1 μPa to 111 dB re 1 µPa (5th and 95th percentile), with a value of 105 dB re 1 μPa at the 75th percentile (Figure 3A). Combining this fluctuation of up to 21 dB in the noise environment over the course of the deployment with an assumption of spherical spreading, the degree to which the communication range is reduced can be calculated using Equation 1, a modification of transmission loss in the passive sonar equation (Møhl, 1981a; Urick, 1983; Jensen et al., 2009):
[image: image]
Where TOLhigh and TOLlow are the TOLs at the highest and lowest noise conditions, respectively. This results in an active space that is (10(111-90)/20 = ) 11 times smaller at the highest versus lowest noise conditions. Between the 25th and 75th percentiles of noise, there was a fluctuation of about 8 dB (96 dB re 1µPa to 104 dB re 1 µPa) in the 100 Hz band, resulting in an active space (10(104-96)/20 = ) 2.5 times smaller at the 75th percentile than at the 25th percentile level.
[image: Figure 3]FIGURE 3 | (A) Cumulative third octave received levels calculated over the full deployment in the 100 Hz band. 75% of the total third octave received levels were less than 105 dB re 1 µPa (75th percentile; indicated by red line) and all third octave received levels above this level were regarded as high noise. (B) Third octave received levels in the 100 Hz band by day, 02-02-2012 to 16-06-2012. Yellow indicates each day’s 25th percentile noise levels, green indicates 50th percentile noise levels, and purple indicates 75th percentile noise levels. Red trend line is fitted over 75th percentile noise levels.
Noise levels gradually increased from February to April, then gradually decreased from May to June (Figure 3B). Interestingly, this roughly corresponds with trends in right whale upsweep call detection (Figure 2A).
Sources of High Noise
Predominant sources of noise in the high noise subsample (above the 75th percentile) were ships (21.4%), blue and humpback whales (23.6%), a combination of ships and blue and humpback whales (48.0%), and other environmental sources (6.9%; Figure 4A). Thus, ship noise was present in 69.4% of this high noise subsample. Similarly, blue and humpback whale calls were present in the communication band of right whales in 71.6% of this subsample. Although some of the large whale noise was from humpbacks, the vast majority came from blue whale calls.
[image: Figure 4]FIGURE 4 | Sources of high noise. (A) Percentage of high noise (TOL above the 75th percentile, 105 dB re 1 µPa) produced by each source. Yellow indicates both ships and whales, green indicates ships, blue indicates whales, and purple indicates other environmental noise sources, such as rain. Ships and whales were present in the majority of high noise minutes. (B) TOLs of each source of high noise. Minutes containing ship noise contained the highest outliers, with some minutes over 140 dB re 1 µPa. (C) Percentage of each light phase containing high noise. Total height of each bar indicates the percentage of each light phase that contains high noise. Shading in each bar indicates the percentage of total high noise minutes that during that phase from each source. Red line at 25% indicates the level of noise expected if high noise was evenly distributed over each phase. Values greater than 25% indicate disproportionate levels of high noise, such as occurs during day and dusk, whereas lower amounts of high noise were seen during dawn and night. Ship noise and combined ship and whale noise occurred most frequently during dusk.
Median values of each category of high noise were found to be significantly different (Kruskal Wallis p = 9.03e-18; Figure 4B), with pairwise comparisons showing that only whale noise and the combination of whale and ship noise were not different (Wilcoxon pairwise comparison test p = 0.20, all others less than 0.05). Ship noise contained higher outliers than the other categories, with values in excess of 140 dB re 1 μPa; in some instances, high ship noise may have masked blue whale calls, biasing high noise towards ships as the source when blue whales may have been present.
In some light phases, a disproportionate amount of the recorded noise was classified as high noise. Of the total noise recorded during each light phase, 26% during the day and 37% during dusk were classified as high noise, whereas only 20% and 23% were classified as high noise during dawn and night respectively (Figure 4C). The level of noise expected if high noise was evenly distributed over each phase is 25%. While environmental and whale noise remained largely constant over the diel cycle, ship noise and both ship and whale noise were disproportionally present at higher levels during day and dusk than at dawn or night.
DISCUSSION
The ESPSRW subpopulation is thought to be resident to the lower South American coast, ranging from Peru to Chile, but habitat use within that range remains unclear due to the paucity of sightings (Galletti Vernazzani et al., 2014). In this study, we sought to understand trends in the detection of right whale upsweep calls and the ambient noise conditions in which they occur using passive acoustic monitoring data from the Corcovado Gulf. We found a gradual increase in call detections over the course of the February to June deployment, with a higher proportion of calls during dusk compared to dawn, day or night hours. Using a third octave level analysis, we measured ambient noise in the 100 Hz frequency band and determined that the 75th percentile noise level is 105 dB re 1 µPa. We then identified sources of noise in the upper 75th percentile range, and found that the majority of these high noise levels come from ships, with blue whale calls also contributing strongly to the ambient noise conditions.
Temporal Trends in Upsweep Call Rates
Upsweep call detection rates increased over the course of the deployment, suggesting an increase in usage of this habitat by ESPSRW in late fall to early winter. Further study of this area should include year-round acoustic monitoring to determine the full duration of ESPSRW presence beyond this study’s 5-month deployment. However, knowledge that there is an increased presence of ESPSRW in the late fall to early winter could begin to inform conservation efforts.
Our observed trend of lower calling rates at dawn and daytime and higher rates at dusk is consistent with trends found for North Atlantic right whales (Mussoline et al., 2012), which are known to forage during the day, taking advantage of surface aggregations of Calanus finmarchicus (Parks et al., 2012) or deeper layers below a depth of 90 m (Baumgartner and Mate, 2003). During this active foraging time they do not vocalize (Parks et al., 2012). Diel trends in ESPSRW upsweep calling rate were also consistent with diel patterns of ‘D’ call production by sympatric Chilean blue whales (Balaenoptera musculus; Redaelli et al., 2022). Redaelli et al. (2022) found that D calls are more numerous during dusk and night than dawn or daytime hours, suggesting that the whales might be foraging at depth for denser aggregations of prey during daylight hours and producing D calls to maintain contact with conspecifics more at dusk and night.
Upsweep calls are produced mainly during twilight hours when maintaining visual contact with conspecifics may become difficult (Mussoline et al., 2012). If the observed lower call rates during dawn and daylight hours indicate that ESPSRW are spending daylight hours foraging near the surface, this could put them at increased risk of ship strike, as has been documented in North Atlantic right whales (Parks et al., 2012). This could even be a factor in the population’s inability to recover from decimation by the whaling industry.
Clark (1982) proposed that, in addition to serving as contact calls, upsweep calls were related to changes in behavioral state or when individuals join groups. After foraging during the day, whales may use upsweep calls during dusk to locate other individuals to transition to their night-time behavioral states. In small populations like ESPSRW, sparse population density could make locating conspecifics difficult. Visual contact may be even harder to maintain at dusk and during the night, so they may increasingly resort to acoustic contact to locate conspecifics.
As with any passive acoustic monitoring study, it is impossible to know whether increased numbers of calls over seasonal or diel scales come from individual whales calling more often or an increased number of calling whales, and likewise whether an absence of calls indicates an absence of vocal behavior or of whales. Previous studies comparing visual and acoustic detections of North Atlantic right whales found that vocal behavior remains consistent across time scales greater than a day (Mussoline et al., 2012), so we believe that the increasing number of calls found in later weeks of the deployment is indicative of more whales rather than an increase in calling behavior. Conversely, we assume that habitat usage remains uniform on a diel scale, so an increasing number of calls in later hours of the day indicates more vocal behavior from individual whales rather than small-scale changes in habitat use (Clark et al., 2010).
Ambient Noise Levels
We found that changes in ambient noise in this region have the potential to greatly influence the active space of ESPSRW communication, with an order-of-magnitude change in active space between the quietest and loudest (5th and 95th percentile) ambient noise conditions at 100 Hz. Even between the 25th and 75th percentiles, the most common noise levels experienced by ESPSRW, the active space decreases by a factor of 2.5. This indicates that ESPSRW regularly experience large differences in the detectability of their calls. In a population as reduced as ESPSRW, such reductions in active space could severely jeopardize their ability to communicate with one another, decreasing the effectiveness of upsweeps as contact calls and inhibiting social activities that increase fitness. For example, even if a call is still detectable, the information content might not be properly conveyed (Jensen et al., 2009) if some features are masked by noise.
In other populations of right whales, changes in call production such as decreases in call rate have been suggested as responses to high noise from vessel traffic (Parks et al., 2007). While our study is limited by the constraints of passive acoustic data collection, it is possible that ESPSRW also exhibit behavioral responses to high noise. In our dataset, ship noise may have masked any right whale calls made during high noise periods, precluding our ability to evaluate changes in call production rate in response to high noise. Right whales have also been known to exhibit a Lombard response, increasing the amplitude of their calls in response to increased amplitude of background noise, potentially counteracting the reduction in active space in moderate noise conditions (Parks et al., 2010). However, our estimated 11-fold range reduction in high noise conditions still provides a good estimate of the degree to which the active space of these whales may be reduced by noise (Møhl, 1981b; Clark et al., 2009; Jensen et al., 2009; Hermannsen et al., 2014), regardless of any behavioral responses to mitigate masking effects. Even at the noise levels in the middle of the range, there is a reduction in active space that likely decreases their ability to communicate effectively.
Sources of High Noise
Ship noise is a major contributor to the ambient noise experienced by ESPSRW. Unlike blue whale calls, ship noise is relatively new in the habitat. Ship noises encompass a wider range of frequencies and are longer lasting, so they are likely to have a more significant effect on the acoustic environment than blue whale calls (Nowacek et al., 2007). While many blue whales calling at once can be a significant addition to the acoustic environment, ship noise typically occurs without pause for greater durations. Brief pauses in loud blue whale calls may provide an opportunity for right whales to communicate, whereas pauses are less likely in persistent ship noise.
Increased levels of ship noise during day and dusk could be due to fishing activity during those light phases, with ships traveling through the area where the recording device was located during the day and potentially returning to shore at dusk. In an analysis of a larger data set from the Chiloense ecoregion that included the data analyzed for this study, Redaelli et al. (2022) found that blue whale D calls were produced primarily in dusk and night hours while songs (SEP calls) did not exhibit diel patterns. In our dataset, SEP calls were extremely common in minutes classified as high noise. With no diel pattern found for SEP calls, ships may then be the main driver of the diel pattern in the “Both Ships and Whales” noise source category. While high noise occurred most frequently during both day and dusk, right whale upsweeps occurred most frequently during dusk and night. This suggests that trends in call production are likely influenced more by behavior than by the ambient noise environment.
Ship noise is known to cause an increase in stress in North Atlantic right whales (Rolland et al., 2012). Ships accounted for 69% percent of high noise in our data set, corresponding to 17% of the overall recording time. Thus, ship noise has the potential to cause long-term negative effects on the overall health of the population. Additionally, as higher incidence of ship noise, and therefore vessel traffic, occurs during the day when ESPSRW are likely foraging near the surface, the probability of ship-strike is even greater than if whales were spending time at the surface during periods of low vessel activity. This could have significant consequences on population recovery depending on the role this habitat plays in the life histories of this population of right whales. Mother-calf pairs were identified in multiple sightings in this area, suggesting it may be used as a nursing area (Galletti Vernazzani et al., 2014), and thus high levels of stress or communication obstruction might endanger calf survival. In other populations of right whales, mother-calf pairs engage in acoustic crypsis, reducing the amplitude of communication calls and decreasing the use of long-range calls to potentially avoid detection by predators (Nielsen et al., 2019; Parks et al., 2019). Further decreases in active space due to ship noise could thus jeopardize mother-calf communication, either by masking calls or necessitating the use of higher amplitude calls that may render the pair more vulnerable to predation. In a population suffering from low population growth, the loss of even one calf can have large consequences for the population.
Conclusion
Our analysis is among the first to provide insight into the occurrence, vocal patterns, and communication space of ESPSRW. Knowledge of diel and seasonal trends can direct conservation efforts towards times of day and year that the habitat is in use by the population, and an understanding of the anthropogenic contributors to ambient noise levels can inform effective mitigation measures. For example, vessel speed limits could be implemented to reduce ship strikes, as has been done for North Atlantic right whales (Laist et al., 2014). Although it is unlikely that ship strikes are as frequent with this population as with their North Atlantic cousins (Kraus et al., 2005), some instances of ship strike deaths have been documented for this population (Galletti Vernazzani et al., 2014). In addition, a speed limit would decrease the magnitude of ship noise (Hermannsen et al., 2014) and thus likely also reduce stress levels and increase communication space. Overall, our study is a step toward gaining a better understanding of the acoustic environment of this critically endangered population of whales.
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