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Summary 

In Southern California, commercially produced explosive deterrents, commonly known 

as “seal bombs”, are used to protect fishing gear and catch from pinniped predation. 

Common U.S. made seal bombs usually contain about 2.3 g of an explosive flash 

powder mixture, with a waterproof fuse at one end and weighted with sand or silica at 

the other end to sink and explode approximately up to 4 m below the water surface. In 

1990 their use was banned for the tuna purse-seine fishery where they have been used 

to catch fish while their general use as a pinniped deterrent is still legal and 

unregulated. Using passive acoustic monitoring data collected between 2005 and 2016 

at 21 sites within the Southern California Bight and near Monterey Bay, it was shown 

that about 94% of explosions occurred at nighttime and at many nearshore sites high 

explosion counts were detected, up to 2,800/day. Due to similar spatio-temporal 

patterns and a strong correlation with market squid landings (Doryteuthis opalescens) 

at many sites, most recorded explosions likely come from seal bombs being used by 

the California market squid purse-seine fishery. To determine source levels of seal 

bombs, an experiment offshore off San Diego was conducted in which > 500 seal 

bombs were deployed and exploded underwater in different distances to a floating 

hydrophone system resulting in a peak source pressure level of 234 dB re 1 µPa and 

a sound exposure source level of 203 dB re 1 µPa2s. Taken those values as a basis, 

a local transmission loss model for seal bombs in Monterey Bay revealed that harbor 

porpoises (Phocoena phocoena) would experience permanent and temporary 

threshold shifts at ranges out to 150 and 650 m from a seal bomb explosion, 

respectively. A temporary threshold shift from cumulative exposure of 6 seal bomb 

explosions was estimated to occur within 2 km range. The passive acoustic monitoring 

data also revealed that Risso’s dolphins (Grampus griseus) were exposed to seal 

bomb noise for > 30 % of the hours they spent around certain sites, with mean received 

cumulative sound exposure levels of 160-170 dB 1 µPa2s and thus great potential for 

hearing damage and other physiological effects. Whereas Pacific white-sided dolphins 

(Lagenorhynchus obliquidens) showed much less overlap and seemed to avoid the 

noise, at least during times of high noise. Risso’s dolphins prey heavily on squids, 

sharing the same main target with the fishery using seal bombs, while Pacific white-

sided dolphins are more opportunistic feeders, which can explain the different overlap 

and effects. The results of this dissertation aim to support the implementation of 

regulations to protect cetaceans and other taxa from being harmed by seal bomb noise. 
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Zusammenfassung 

In Südkalifornien werden kommerziell hergestellte, explosive Vergrämungsmittel, 

sogenannte „seal bombs“, verwendet, um die Fischereiausrüstung und den Fang vor 

Fraß durch Robben zu schützen. Übliche, in den USA hergestellte seal bombs 

bestehen aus 2,3 g eines explosiven Blitzpulvergemisches, mit einer wasserdichten 

Lunte am einen und Sand bzw. Silica als Gewicht am anderen Ende, damit sie auf bis 

zu 4 m Wassertiefe sinken und explodieren. 1990 wurde ihr Gebrauch in der 

Ringwadenfischerei für Thunfische verboten, wo sie genutzt wurden, um zu fischen, 

wobei ihre Verwendung zur Vergrämung von Robben weiterhin legal ist und gesetzlich 

nicht reguliert wird. Mithilfe von Daten eines passiv akustischen Monitorings zwischen 

2005 und 2016 an 21 Standorten in der Südkalifornischen Bucht und in der Nähe von 

Monterey Bay konnte gezeigt werden, dass ca. 94 % aller Explosionen nachts 

stattfanden und dass an vielen küstennahen Stationen hohe Explosionsanzahlen von 

bis zu 2.800/Tag detektiert wurden. Aufgrund eines ähnlichen räumlich-zeitlichen 

Vorkommens und einer hohen Korrelation mit Anlandungen von Tintenfischen der Art 

Doryteuthis opalescens an vielen Stationen, stammen die meisten Explosionen 

wahrscheinlich von seal bombs, die von der kommerziellen Ringwadenfischerei für 

diese Tiere verwendet werden. Um Quellpegel von seal bombs zu bestimmen, wurde 

ein Experiment auf See vor der Küste San Diegos durchgeführt, bei dem > 500 seal 

bombs in verschiedenen Abständen zu einem schwimmenden Hydrophon-System zur 

Explosion gebracht wurden. Daraus resultierend wurde ein 

Quellspitzenschalldruckpegel von 234 dB re 1 µPa und ein Quellschallereignispegel 

von 203 dB re 1 µPa2s ermittelt. Basierend auf diesen Werten, hat ein lokales 

Transmissionsdämpfungsmodell für Monterey Bay ergeben, dass Schweinswale 

(Phocoena phocoena) eine dauerhafte bzw. temporäre Hörschwellenverschiebung 

durch seal bombs je in 150 bzw. 650 m erleiden würden. Eine temporäre 

Hörschwellenverschiebung durch kumulative Belastung von 6 Explosionen wird 

schätzungsweise in einem Radius von 2 km hervorgerufen. Die Daten des passiv 

akustischen Monitorings zeigten ebenfalls auf, dass Rundkopfdelfine (Grampus 

griseus) während mehr als 30 % der Stunden, welche sie in der Umgebung bestimmter 

Stationen verbrachten, Lärm durch seal bombs ausgesetzt waren. Pazifische 

Weißseitendelfine (Lagenorhynchus obliquidens) zeigten hingegen eine geringere 

Überlappung und schienen den Lärm, zumindest während Zeiten starken Lärms, zu 

meiden. Rundkopfdelfine ernähren sich vor allem von Tintenfischen, womit sie und 
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diejenige Fischerei, die seal bombs verwendet, dieselbe Beute haben. Pazifische 

Weißseitendelfine sind hingegen eher opportunistische Jäger, was die verschiedenen 

Überlappungen und Effekte erklären kann. Die Ergebnisse dieser Doktorarbeit sollen 

dazu beitragen, Regularien zu implementieren, um Wale und andere Arten vor 

Schädigung durch seal bombs zu schützen. 
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General Introduction 

Ambient noise in the marine environment results from both natural and anthropogenic 

sources. Natural sound is caused by geological or meteorological processes, like 

earthquakes, rainfall, and waves, or has biological origins, like communicating animals 

(Hildebrand 2009; Pijanowski et al. 2011). Anthropogenic noise, from shipping, pile-

driving, seismic exploration, sonar operations, acoustic deterrents, or explosions has 

strongly increased in terms of power and pervasiveness and has increased worldwide 

ocean ambient sound levels within the last century (Richardson et al. 1995). In the 

Southern California Bight (SCB), which is home to a diverse array of marine species 

and habitats, low-frequency ship noise has increased average ambient noise levels by 

about 2–3 dB per decade since the 1960s (Andrew et al. 2002; McDonald et al. 2006). 

While low-frequency ship noise affects both basin-wide and regional areas, other man-

made noise sources, such as naval sonar, acoustic deterrents and explosives, can 

have strong local impacts on marine life (Hildebrand, 2009). 

 

Effects of noise on cetaceans 

In the SCB and surrounding waters, at least thirty species of cetaceans and other 

marine mammals, like pinnipeds and sea otters, as well as four species of sea turtles 

can be found (Leatherwood et al. 1982). Especially cetaceans depend on hearing as 

their primary sensory mode. Odontocetes, or toothed whales, use high-frequency 

echolocation to orientate as well to track and capture prey, while mysticetes, or baleen 

whales, use long-range, low-frequency acoustic communication for mating and 

socializing (Au 2000; Au and Hastings 2008). Negative effects of anthropogenic noise 

on and the according responses by cetaceans depend on a variety of factors: 1. Sound 

characteristics, like sound type (e.g., impulsive, or non-impulsive), source and received 

level, peak frequency and bandwidth and exposure duration, 2. animal characteristics, 

like species (having different hearing ranges), sex, age, individual experience, 

physiological state, or motivation (Southall et al. 2007, 2019; Weilgart 2007). 

Accordingly, responses to noise can be behavioral, acoustic and/or physiological, 

which can have effects on individual and up to population level (Nowacek et al. 2007).  

 

Behavioral responses include, e.g., displacement, avoidance, or attraction as well as 

changes in diving, foraging, resting or other behavior (Weilgart 2007). Strong 

avoidance reactions were found in several baleen and toothed whale species in 
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response to naval sonar, for instance. Within controlled exposure experiments, killer 

whales (Orcinus orca), for example, avoided an area for several hours and responded 

with a prolonged cessation of feeding and vocal behavior, the strongest reaction was 

a calf getting separated from its mother in response to sonar (Miller et al. 2012). Within 

a similar experimental setup, a minke (Balaenoptera acutorostrata) and a bottlenose 

whale (Hyperoodon ampullatus) responded with high-speed, long-term area avoidance 

and cessation of feeding (Sivle et al. 2015). Blue whales (Balaenoptera musculus) 

responded with cessation of feeding in high depths or increased swimming speed to 

mid-frequency military sonar (Goldbogen et al. 2013). DeRuiter et al. (2013) showed 

that Cuvier’s beaked whales (Ziphius cavirostris) swam rapidly away and prolonged 

dive duration also in response to sonar. Strong, temporary avoidance reactions were 

also observed in harbor porpoises (Phocoena phocoena) during impulsive pile-driving 

as part of the construction phase of several offshore wind farms in the North Sea. 

Dähne et al. (2013) reported avoidance in up to 10 km and more in the first German 

offshore wind farm “alpha ventus”. Benhemma-Le Gall et al. (2021) detected porpoise 

avoidance in up to 12 km distance in response to pile-driving and in up to 4 km in 

response to construction vessel noise at two Scottish offshore wind farms. Wisniewska 

et al. (2018) reported bottom diving and interrupted foraging behavior leading to fewer 

prey capture attempts of harbor porpoises in response to high vessel noise. The cost 

of these avoidance and behavioral reactions resulting in lower intake of prey and 

energetic loss due to enhanced swim speed or change of diving behavior, may, if they 

occur often enough, have significant effects on health and fitness of individuals and 

populations (New et al. 2013).    

 

Acoustic responses include changes in amplitude, frequency, duration, or timing of 

vocalizations to account for masking of biologically important sounds by noise (Tyack 

and Janik 2013). Blue whales, for instance, were found to consistently call more often 

during days with seismic exploration, presumably to compensate for elevated ambient 

noise levels (Di Iorio and Clark 2009). North and South Atlantic right whales 

(Eubalaena glacialis and australis) produce calls with a higher frequency and at lower 

rates in response to masking from low-frequency ship noise (Parks and Clark2007), 

even on a long-term basis. Also, bottlenose dolphins (Tursiops truncatus) adjust 

frequencies of their whistles in response to vessel and other noise (Papale et al. 2015; 

Gospi´c and Picciulin 2016; Ginkel et al. 2017). Increasing the amplitude or intensity of 
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vocalizations is known as Lombard effect (Zollinger and Brumm 2011) and has been 

described for different cetacean species. Using passive acoustics, humpback whales 

(Megapetra novaeangliae) were shown to increase source levels (SL) of their songs 

by 0.5 dB per 1 dB increase in background noise levels (Guazzo et al. 2020), while 

others found higher increases of 0.9 dB per 1 dB increase of noise (Dunlop et al. 2014). 

The same was found for killer whales (Holt and Noren 2009), minke whales (Helble et 

al. 2020), right whales (Parks et al. 2011) and bowhead whales (Balaena mysticetus) 

(Thode et al. 2020), for example. The costs of such vocal compensation mechanisms 

are difficult to estimate, but could include energetic costs for increasing vocal intensity, 

degraded communication among animals or stress (Holt et al. 2015).  

 

Physiological responses include, e.g., tissue damage, hearing damage, like 

temporary or permanent shifts of auditory thresholds (TTS and PTS), releases of stress 

hormones and changes in metabolism, heart and respiration rates (Nowacek et al. 

2007). Most studies on physiological effects are limited to hearing studies conducted 

with small odontocetes in captivity. In harbor porpoises, e.g., TTS was observed after 

a single air gun pulse with a sound exposure level (SEL) of 164 dB dB re 1µPa2s with 

recovery after approximately 55 hours (Lucke et al. 2009). Repetitive exposure to 

playbacks of pile-driving strikes (> 2,700 strikes/h) with single strike SELs of ~145 

dB re 1µPa2s also resulted in TTS of a harbor porpoise, pointing out the effect of 

exposure duration (Kastelein et al. 2016). Belugas and bottlenose dolphins 

experienced TTS in response to playbacks of mid-frequency active sonar (Mooney et 

al. 2009; Schlundt et al. 2000). Naval sonar has been shown to be lethal for several 

species, especially beaked whales, as they can lead to mass strandings (e.g., Balcomb 

and Claridge 2001). The most extreme source of noise are detonations, which can lead 

to internal bleeding, embolism, disruption of tissues and cells and hearing damage, 

even at greater distances depending on charge weight (Koschinski 2012). In 2019, 

mines from World War II were cleared by blasting by the military within a marine 

protected area in Germany with 24 harbor porpoises found dead afterwards, multiple 

of them with blast injuries as cause of death (Siebert et al. 2022). Physiological 

responses to noise other than hearing damage are not well documented for marine 

mammals. A beluga whale (Delphinapterus leucas) showed a neural-immune 

response, with enhanced levels of stress hormones, such as dopamine, 

norepinephrine and epinephrine, after suffering from a TTS due to seismic air gun 
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noise (Romano et al. 2004), while killer whales respiration rate changed in response 

to shipping noise (Williams et al. 2014). In another study, a beluga exhibited increased 

heart rate due to exposure to mid-frequency sonar (Lyamin et al. 2011) and right 

whales were shown to have increased levels of stress-related hormone metabolites 

when exposed to ship noise (Rolland et al. 2012). 

 

If noise levels are high or duration of exposure is prolonged, effects are mostly a 

combination of the described responses, which is important to consider for assessing 

full impact, as well as cumulative effects caused by multiple stressors in the marine 

environment.  

 

Effects of noise on other marine taxa 

Besides cetaceans, noise represents a serious threat for other marine animals as well 

and effects have been described for taxa up and down the food chain, from pinnipeds 

to different fish species as well as invertebrates, from cephalopods to zooplankton. 

Although other taxa are not the focus of this dissertation, a summary with some 

examples of the variety of responses to noise is given in the following. TTS in response 

to simulated pile-driving noise was experienced by harbor seals (Phoca vitulina), but 

only after prolonged exposure (Kastelein et al. 2018). During pile-driving at an offshore 

windfarm in England they showed strong avoidance, with a decrease in abundance of 

20-80 % in up to 25 km distance (Russel et al. 2016). However, recovery in both studies 

occurred quickly. Caged green (Chelonia mydas) and loggerhead sea turtles (Caretta 

caretta) displayed an alarm response in about 2 km and avoidance reactions in about 

1 km distance to an approaching air-gun (McCauley et al. 2000). However, studies on 

effects of noise on sea turtles are rare (Popper et al. 2014). Teleost fish don’t have an 

outer or middle ear, but an inner ear with main hearing through the otolith end organs, 

receiving both particle motion and acoustic pressure when close to gas-filled 

structures, like the swim bladder (Popper and Fay 2011). E.g., pink snapper (Pagrus 

auratus) suffered from long-term physical damage of the sensory cells of the inner ear 

due to air gun noise (McCauley et al. 2003). However, effects of noise are highly 

variable depending on species. Pile-driving can lead to stress responses, like 

enhanced oxygen uptake in juvenile European seabass (Dicentrarchus labrax; Spiga 

et al. 2017), or even severe barotrauma after prolonged exposure in striped bass 

(Morone saxatilis; Casper et al. 2013). 
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Most invertebrates “hear” by detecting the particle motion component of a sound field 

through the sensory organs’ statocysts (André et al. 2016). Studies have shown that 

anthropogenic noise can physically harm and change the behavior of squid. In Jones 

et al. (2020) longfin inshore squids (Doryteuthis pealeii) showed increased alarm 

responses such as escape and firing ink sacs in response to noise. Near seismic 

surveys, strandings of Architeuthis dux (giant squid) have been reported (Guerra et al. 

2004) and Solé et al. (2013) described statocyst lesions in four squid species from the 

Mediterranean after exposure to low-frequency noise (Sepia officinalis, O. vulgaris, 

Loligo vulgaris and Illex condietii). Blue mussels (Mytilus edulis) increased clearance 

rates in response to pile-driving noise, which was interpretated as a stress response 

(Spiga et al. 2016). Palinurid rock lobsters (Jasus edwardsii) showed impaired righting 

reflexes and damage to the sensory hairs of the statocyst after exposure to air-gun 

noise; recovery did not occur after one year (Day et al. 2019). McCauley et al. (2017) 

showed that the abundance of zooplankton in Australian waters decreased by 50 % in 

response to simulated air-gun noise in up to 1.2 km distance, with negative effects 

mainly for small copepods. 

 

Acoustic deterrents in fisheries 

Sources of noise have changed little within the last decades, but noise from pile-driving 

of offshore wind farms as well novel acoustic deterrent (ADD) and harassment devices 

(AHD) represent a noteworthy addition (Nowacek et al. 2007). Noise-generating ADD 

and AHD are used within fisheries and aquaculture to minimize interactions with marine 

mammals that prey on the catch or stock, damage fishing gear or become fatally 

entangled in nets as by-catch (Jefferson and Curry 1996; Shapiro et al. 2009; Schakner 

and Blumstein 2013). They are also used for mitigation purposes, e.g., to deter marine 

mammals outside a zone of potential hearing damage prior to pile-driving or 

detonations (e.g., Dähne et al. 2017; McGarry et al. 2020). These high-frequency 

acoustic alarms are mainly differentiated by source level with ADD, like pingers, having 

lower (<150 dB re 1 µPa) and AHD, like seal scarer, with higher power (> 180 dB re 1 

µPa) (Dawson et al. 2013). While pingers are often deployed on passive fishing gear 

such as gill or drift nets to prevent cetacean by-catch, seal scarers are classically used 

to keep pinnipeds away from static structures such as fish farms, for instance 

(Nowacek et al. 2007; Dawson et al. 2013).   
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Despite their positive effects to reduce by-catch for several cetacean species (Barlow 

and Cameron 2003; Dawson et al. 2013; Mangel et al. 2013), they also have been 

shown to cause habituation (Cox et al. 2001) or "dinner bell" effects (Carretta and 

Barlow 2011) in some cases, large-scale noise exposure, and habitat exclusion for 

target and non-target species (Götz and Janik 2013). Even TTS may be induced by 

deterrents, which has been shown for harbor porpoises and seal scarers (Schaffeld et 

al. 2019; Findlay et al. 2021). Especially AHD have the potential to cause marine 

mammal displacement over distances of multiple kilometers and far beyond the 

intended or needed deterrence distance. Strong avoidance reactions in response to 

seal scarers have been shown for harbor porpoises being deterred in varying degree, 

but up to 12 km distance (Brandt et al. 2013; Mikkelsen et al. 2017; Dähne et al. 2017).  

Permanent or repeated exclusion of animals from critical habitat and the corresponding 

costs are therefore of great concern when it comes to the use of acoustic deterrents, 

which need to be carefully weighed against potential benefits.    

 

Seal bombs and other explosive deterrents 

A special case of AHD used in fisheries is the use of small charges of explosives.  Two 

main types of explosive deterrents can be differentiated: so-called cracker shells and 

seal bombs or seal control devices. Cracker shells, which are fired from a pistol and 

detonate in air or at the water surface, usually produce less energy than seal bombs 

(Awbrey and Thomas 1987). The more commonly used seal bombs consist of 2–6 g 

(depending on type and fabrication origin) of explosive flash powder mixture (mostly 

with potassium perchlorate as an oxidizer, pyro-aluminum powder and sulfur fuel as a 

fire starter) in a sealed cardboard tube. Fitted to the tube is an 8-second waterproof 

fuse at one end. The tube is weighted with sand or silica at the other end so that it will 

sink and explode approximately 1–4 m below the water surface. Common U.S. made 

seal bombs usually contain about 2.3 g explosive charge mixture and are similar to M-

80 firecrackers (Myrick et al. 1990a).  

 

Both types of explosive deterrents have been used in California fisheries, an important 

sector of Southern California’s economy, to keep pinnipeds, like California sea lions 

(Zalophus californianus) and Pacific harbor seals (Phoca vitulina richardsii; Beeson 

and Hanan 1996; Scordino 2010) away from fishing activities. Recently, they have also 

been used in combination with vessel hazing to prevent California and Steller sea lions 



17 

 

(Eumetopias jubatus) from feeding on endangered salmon species in the Colombia 

River (Brown et al. 2008, 2013). Most studies or reports, which describe the 

effectiveness of explosives as deterrents, have low data coverage, are solely based 

on interviews with fishermen and/or are non-peer reviewed. As an overall result, 

explosive deterrents appeared effective initially, but to be ineffective in the long-term. 

Pinnipeds were deterred for at least a short period of time, but it was common for 

habituation to occur and pinnipeds learned to avoid or tolerate the noise (e.g., Geiger 

and Jeffries 1987; Scholl and Hanan 1987; Brown et al. 2013). They were also 

ineffective in keeping cetacean species away from fishing activities or preventing 

entanglement of killer whales (Dahlheim 1988) and harbor porpoises (Hall et al. 2002). 

However, studies on explosive deterrents as a noise pollutant or on their behavioral 

and physiological effects on marine mammals are either absent or very scares.  

 

Seal bombs have been used in the yellowfin tuna purse-seine fishery since at least the 

1970s to catch schooling fish, and since the 1980s to control the swimming behavior 

of dolphins and catch the tuna following them (so called "porpoise fishing"). Cassano 

et al. (1990) reported no significant effect of seal bomb use on dolphin mortality during 

this type of procedure, but Myrick et al. (1990b) tested a variety of seal bombs and 

determined, based on extrapolated impulse pressures and tests with dolphin 

carcasses, that seal bombs can cause severe to moderate injury (tissue damage) to 

dolphins when detonated within a 0–4 m distance. Due to these potentially adverse 

effects, a complete ban of seal bombs for the tuna purse-seine fishery was declared in 

March 1990 (55 Federal Register 11588), while their general use as a pinniped 

deterrent is still legal. Kerr & Scorse (2018) described the lethal injuries of two sea 

lions that were found by staff of the Marine Mammal Center in Monterey Bay, which 

were most likely caused by seal bombs, questioning their legal use. 

 

The issue of seal bombs as a potential threat for marine wildlife has been largely 

overlooked since their ban from the tuna fishery, until Baumann-Pickering et al. (2013) 

published a first report on very high numbers of explosions recorded via passive 

acoustic monitoring (PAM) in the SCB, pointing out the connection to purse-seine 

fisheries. Afterwards, the issue moved back into the focus of scientists, journalists, and 

authorities in California. This dissertation has its origin within the above-mentioned 



18 

 

report and aims to fill into a broad knowledge gap on the current use of seal bombs in 

fisheries as well as their effects on cetaceans in Southern California by using PAM.  

 

Passive acoustic monitoring 

The disadvantages of traditional visual observations from ships or airplanes of 

cetaceans are that they only represent a snapshot in time and can only be conducted 

during daylight hours and relatively good weather conditions. Cetaceans spend most 

of their time underwater and can only be observed once they are close to the surface. 

The results are therefore often highly variable (Mellinger et al. 2007). Acoustic 

monitoring, however, does not have these restrictions, but is sometimes more limited 

in terms of spatial coverage, while detection radii depending on species-specific 

features of the produced sounds, e.g., frequency bandwidth, SL, directionality, or the 

vocal behavior of the animal (Mellinger et al. 2007, Zimmer 2011). Additionally, 

information on some specific behaviors, on exact group size or the presence of calves 

can often not be obtained. Within the last decade though, considerable progress in 

estimating abundance, densities, or population size of cetaceans by the means of 

acoustic monitoring has been made (Marques et al. 2013; Amundin et al. 2022).    

 

Acoustic monitoring can be either active or passive. During active acoustics sound is 

transmitted while information is drawn from the returning echo, which is often used, 

e.g., for analysis on densities and distribution of zooplankton, fish, or the deep 

scattering layer (Mellinger et al. 2007). Active acoustic methods have also been used 

to detect cetaceans and analyze their occurrence in connection to prey fields (Benoit-

Bird et al. 2019). More commonly used for cetacean research are passive acoustics 

capturing all kinds of sounds from the surrounding environment. PAM can either 

happen by the means of mobile or static acoustic sensors. In the first case 

hydrophones have been fixed to gliders, are towed from ships, are floating (e.g., 

sonobuoys) or are integrated into tags, e.g., DTAGs which can record movement and 

diving patterns as well as acoustics signals (Johnson and Tyack 2003; Klinck et al. 

2015; Todd et al. 2015). Mobile methods have the advantage that they can cover larger 

areas and can be more easily combined with visual observations or behavioral data. 

During static PAM, autonomous recorders, like High-frequency acoustic recording 

packages (HARPs; Wiggins and Hildebrand 2007, 2016) used for this dissertation, are 

left in place and moored to the seafloor, with the actual sensor deployed a few meters 
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above the seafloor using cables or ropes and buoys. The advantage here is that 

recording can span over much longer time spans, e.g., multiple months or sometimes 

even a year at a time, also in remote places, like far offshore, in the deep-sea or in 

polar regions, and that this method is quite cost-effective (Mellinger et al. 2007; Todd 

et al. 2015; Zimmer 2011). Additionally, they are non-invasive and there is little 

interference with the animal’s natural behavior (Zimmer 2011). Depending on storage 

capacity and sampling duration recording can either be continuous or duty-cycled, with 

pre-defined on and off periods.  

 

Static PAM is widely used with more than 40 different instrument types of fixed 

autonomous acoustic recording devices in use for marine mammal research worldwide 

(Sousa-Lima et al. 2013). Data from static PAM can be used for a wide range of 

different purposes; to analyze diel patterns, seasonal occurrence or distribution ranges 

of species, spectral features of calls, whistles, and clicks, to estimate the abundance 

of species, analyze behaviors (e.g., by detection of feeding buzzes or mating calls) or 

to track animals by using hydrophone arrays or multi-channel hydrophones and using 

time-of-arrival differences for localization (Mellinger et al. 2007; Zimmer 2011). It is 

also essential for analyzing effects of underwater noise on cetaceans (Todd et al. 2015; 

Zimmer 2011), especially behavioral and acoustic responses, with the advantage that 

noise types and levels as well as cetacean reactions (e.g., decreased acoustic activity) 

can be recorded by the same instrument. Sometimes, unexpected findings are 

discovered within recordings, which was the case with the high numbers of explosions, 

the subject of this dissertation, recorded by HARPs in Southern California, which were 

originally deployed to monitor occurrence of cetaceans and effects of navy sonar.              

 

 

Aims of Chapters 

Chapter 1 

To develop and evaluate sustainable management and mitigation measures for the 

protection of the marine environment and to assess impacts on different taxa and 

species, detailed information on the origin, extent and occurrence of a potential threat 

needs to be determined. Chapter 1 therefore aims to provide detailed insights into (1) 

the spatio-temporal occurrence, distribution, counts and sound exposure levels 

(SELs); (2) long-term trends; and (3) the origin of underwater explosions, recorded at 
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21 long-term passive acoustic monitoring (PAM) sites distributed throughout two 

important commercial fishing areas, the Southern California Bight (SCB) and Monterey 

Bay, California, United States of America. We hypothesized that most underwater 

explosions originate from seal bombs used within purse-seine fisheries (Baumann-

Pickering et al. 2013). To test this hypothesis, we compared and investigated potential 

similarities in spatial and temporal patterns as well as correlation of recorded 

explosions and reported landings and receipts of three major commercial purse-seine 

fleets in California for (1) market squid, (2) coastal pelagic fish (4 species) and (3) 

highly migratory species (5 species).  

The results of chapter 1 are presented in a published paper “Long-term patterns of 

noise from underwater explosions and their relation to fisheries in Southern California” 

(Krumpel et al. 2021). 

 

Chapter 2 

Infliction of hearing damage, such as temporary (TTS) or permanent threshold shift 

(PTS), and behavioral responses especially of protected marine mammals (e.g., 

Southall et al. 2007, 2019) are primary concerns with the use of seal bombs. To 

successfully manage and mitigate noise effects of seal bombs, providing the 

corresponding acoustical metrics are of great importance. Therefore, chapter 2 aims 

to provide (1) seal bomb sound source (source level, SEL etc.) and (2) propagation 

characterization. To determine these metrics an experiment offshore of San Diego, 

CA, USA was conducted, in which seal bombs were deployed and exploded 

underwater in different distances to a floating hydrophone system. The results were 

also used for comparison with TTS/PTS thresholds of different marine mammal 

hearing groups (NMFS, 2018). 

The results of chapter 2 are presented in a published paper “Seal bomb explosion 

sound source characterization” (Wiggins et al. 2021). 

 

Chapter 3 

Harbor porpoises have been shown to be particularly sensitive to anthropogenic noise 

(Dähne et al. 2013; Wisiniewska et al. 2018 etc.) and their TTS threshold has been 

measured for different impulse sounds (e.g., Lucke et al. 2009; Kastelein et al. 2016). 

The harbor porpoise stock in Monterey Bay might be particularly vulnerable to local 

impacts as it is limited in distribution, is non-migratory and the population is small 
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(Forney et al. 2017). Monterey Bay is an important fishing area, where seal bomb use 

has been shown (Ryan 2019; Krumpel et al. 2021). Therefore, chapter 3 aims to 

assess potential impacts of seal bomb noise on harbor porpoises by (1) reviewing 

anthropogenic noise effects on harbor porpoises, (2) estimating seal bomb noise 

propagation in Monterey Bay via a local transmission loss model and (3) calculating 

distances for PTS and TTS onsets and behavioral responses of harbor porpoise in 

reaction to seal bomb noise based on results from the experiment described in 

chapter 2. 

The results of chapter 3 are presented in a published review paper “Seal bomb noise 

as a potential threat to Monterey Bay harbor porpoise” (Simonis et al. 2020). 

 

Chapter 4 

Responses to anthropogenic noise by cetaceans depend on a variety of factors; one 

of them is the motivation of an animal to be in a certain area exposed to noise e.g., for 

feeding, mating, socializing, migrating, or resting (Weilgart 2007). In chapter 1, seal 

bomb explosions have been shown to mostly occur at night, a time when various 

cetacean species focus their foraging effort, in the SCB e.g., Risso’s and Pacific white-

sided dolphins (Soldevilla et al. 2010a, b). Chapter 4 aims to describe (1) the general 

acoustic activity and diel patterns of the two dolphin species throughout the SCB, (2) 

investigate if areas of seal bomb use and fisheries overlap with dolphin foraging habitat 

and (3) assess the extent of noise exposure and (4) effects of seal bomb noise on their 

acoustic behavior. Risso’s dolphins feed heavily on squid (e.g., Cockcraft et al. 1993), 

in the SCB especially on market and jumbo squid, while Pacific white-sided dolphins 

are more opportunistic feeders (e.g., Stroud et al. 1981). Therefore, we hypothesized 

that habitat overlap is more pronounced for Risso’s dolphins and effects of seal bomb 

noise differ between the two species, because Risso’s dolphins might not leave a 

crucial foraging area. To test these hypotheses, we compared the occurrence of 

dolphins, seal bombs and market squid landings as well as the influence of explosions 

counts and cumulative SEL on dolphin acoustic activity at 12 PAM sites within the SCB. 

The results of chapter 4 are presented in a manuscript “Opposite effects of seal bomb 

noise on two dolphin species in Southern California”, which is prepared for submission 

(Krumpel et al., in prep.). 
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Supplementary Material Chapter 1 

Supplementary Table 1. Location, deployment depth (average over all deployments), years and total number 
of days with acoustic recording effort for the 21 passive acoustic monitoring sites in the Southern California 
Bight and the Monterey Bay area. 
 

Site Latitude (N) Longitude (W) Depth (m) Years 
Total 
days 

Southern California Bight 
A 33° 15.1' 118° 15.4' 340 2005 – 2007 419 
A2 33° 13.7' 118° 16.1' 1130 2008 – 2009 419 
B 34° 16.4' 120° 01.5' 590 2006 – 2015 2504 
C 34° 19.0' 120° 48.0' 780 2005 – 2015 2657 
E 32° 39.1' 119° 28.9' 1310 2006 – 2009 802 
G 32° 55.6' 118° 38.1' 440 2007 – 2008 397 
G2 33° 08.4' 118° 52.8' 1120 2009 265 
H 32° 50.8' 119° 10.6' 1000 2007 – 2016 2424 
J 34° 08.4' 119° 59.3' 260 2008 – 2009 365 
K 33° 50.2' 120° 07.3' 300 2008 124 
K2 34° 00.0' 120° 32.5' 560 2008 – 2009 137 
K3 33° 54.8' 119° 33.9' 990 2009 133 
LJP 32° 53.4' 117° 24.0' 700 2015 – 2016 389 
M 33° 30.8' 119° 14.9' 910 2009 – 2015 1907 
N 32° 22.2' 118° 33.8' 1280 2009 – 2016 2006 
P 32° 53.6' 117° 22.9' 480 2009 – 2010  127 
Q 33° 49.2' 118° 37.7' 680 2009 – 2010  266 
R 33° 09.6' 120° 00.5' 1200 2009 – 2011 484 
S 32° 29.1' 118° 16.3' 1380 2009 – 2011 356 

Monterey Bay area 
M1 36° 45.6' 122° 01.4' 890 2015 – 2016 352 
PS 36° 17.9' 122° 23.6' 1120 2009 – 2012 837 
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Supplementary Table 2. Overview of explosion counts per site and season: % of EPD, median explosion counts per EPD and maximum daily explosion 
counts. 
 

Site Category 

Winter Spring Summer Fall 

% 
EPD 

Median/EPD 
Daily 
Max. 

% 
EPD 

Median/EPD 
Daily 
Max. 

% 
EPD 

Median/EPD 
Daily 
Max. 

% 
EPD 

Median/EPD 
Daily 
Max. 

Southern California Bight 
G2 

High 

79.2 116 2,798 66.7 36 2,077 93.5 208 1,718 68.6 74 1,007 
Q 85.7 150 1,825 64.1 8 219 80.4 8 153 98.2 640 2,041 
A 73.2 120 1,169 NA NA NA 81.6 17 272 84.9 49 759 

A2 80.7 35 1,134 79.9 29 1,186 96.7 60 305 54.5 3 81 
K3 NA NA NA 100 30 46 22.9 10 253 92.0 556 1,815 
M 

Medium 

28.6 19 1,076 26.3 10 867 52.1 64 700 43.2 73 1,493 
B 25.0 53 992 26.9 13 511 42.6 42 709 47.7 35 2,153 
H 36.2 15 2,620 41.2 14 1,557 79.6 65 1,521 67.2 40 1,508 
J 92.6 263 1,518 75.0 21 22 25.3 5 149 28.9 4 1,770 
E 27.5 4 740 29.0 5 1,122 48.0 12 570 25.5 4 215 
G 48.6 25 361 16.3 3 81 48.4 3.5 40 78.2 65 667 
P 80.0 15 594 51.9 7 37 NA NA NA 77.4 4 50 
N 25.1 2 223 27.8 2 69 45.3 9 347 39.2 33 559 
S 

Low 

36.0 14 240 22.1 6 63 84.1 18 338 11.5 2 6 
LJP 34.1 5 96 49.1 5 95 67.3 6 206 70.6 11 124 
R 7.1 3 163 9.2 1 7 14.3 2 49 34.3 5 893 
C 1.5 3 16 1.4 3 103 17.6 19 212 4.8 20 238 
K2 13.1 7 81 NA NA NA NA NA NA NA NA NA 
K NA NA NA NA NA NA 0 0 0 0 0 0 

Monterey Bay area 
M1 

Low 
4.4 2 9 29.3 3 10 46.2 16 162 46.2 25 279 

PS 4.8 7 57 6.3 4 11 34.9 12 191 18.8 16 69 
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Supplementary Table 3. Results for parameters included in the GAMs for explosions counts, squid, 
CPF and HMS landings. The smooth term (calendar week) with a cyclic cubic regression spline is 
shown with estimated degrees of freedom and categorical factors (year and site) are indicated with 
standard error. Significance of predictors is indicated as following *p<0.05, **p<0.01, ***p<0.001. The 
Tweedie power parameter (Tweedie), AIC, R-squared adjusted and deviance explained are provided 
as well for each model. Only estimates from the best models are presented here. 
 

Model Explosions Squid CPF HMS 

Tweedie 1.80 1.68 1.62 1.53 

Week 7.41*** 7.78*** 7.61*** 9.97** 
Intercept 0.41*** 0.22*** 0.22*** 50.26 

Year     
2006 0.51    
2007 0.50    
2008 0.52*    
2009 0.51***    
2010 0.52***    
2011 0.52***    
2012 0.52*    
2013 0.53    
2014 0.52    
2015 0.55    
2016 0.68    
Site     
A2 0.48* 0.40 0.36  
B 0.41*** 0.25 0.32***  
C 0.40*** 0.27*** 0.50***  
E 0.43*** 1.15*** 0.63***  
G 0.49*** 0.40** 0.40**  
G2 0.51*** 0.48 0.57***  
H 0.41*** 0.38*** 0.41***  
J 0.49*** 0.36 0.61***  
K NA 0.65 1.30***  
K2 0.81*** 0.58 1.61***  
K3 0.59*** 0.48 0.95***  
LJP 0.59*** NA NA  
M 0.42*** 0.29*** 0.41***  
M1 0.62*** 0.66* 0.58  
N 0.43*** 0.30*** 0.42***  
P 0.63*** 0.96*** 1.92***  

PS 0.51*** 0.35*** 0.45***  
Q 0.51* 0.42 0.48  
R 0.54*** 0.81*** NA  
S 0.54*** 0.45*** 0.73***  

AIC 
R-sq. adj. 
Dev. expl. 

23,868 
0.18 
32.6 % 

29,266 
0.20 
41.0 % 

16,166 
0.18 
58.4 % 

4,959 
0.03 
41.2 % 
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Supplementary Table 4. Statistics of Theil-Sen regression model (slope) and Daniel’s Trend test 
(Spearman rank correlation coefficient rho) with significance level (*** <0.001, ** <0.01, * <0.05, x not 
significant) per site for weekly explosions vs. market squid, CPF and HMS landing receipts. NA 
indicates no fishing effort or insufficient data for analysis. 

Site Category 
squid CPF HMS 

slope rho slope rho slope rho 

Southern California Bight 

G2 

High 

97.45*** 0.83*** 30.60* 0.16x 2,968x 0.63x 

Q 36.25*** 0.66*** 2.75x 0.19x NA NA 

A 16.30*** 0.77*** -0.45* -0.01x 82.50x 0x 

A2 32.52*** 0.68*** 2.16*** 0.19x 0.25x 0.21x 

K3 31.80*** 0.88*** 
-

0.83*** 
-0.18x NA NA 

M 

Medium 

33.60*** 0.34** 4.50x 0.13x NA NA 

B 10.12*** 0.46*** 0.00x -0.06x -11.50* -0.39x 

H 266x 0.21x 50.00x 0.05x 407.4*** 0.55x 

J 9.43*** 0.46** -15.75x -0.24x 64.33x 0.15x 

E NA NA 
230.00

x 
0.00x 171.50*** 0.57x 

G 0.15x 0.18x 
-

2.00*** 
-0.26x 22.00x 0.50x 

P NA NA NA NA NA NA 

N 6.18* 0.26x 3.75x 0.13x 2.71x 0.30x 

S 

Low 

213.5x 0.63x 60.25x 1.00x NA NA 

LJP NA NA NA NA NA NA 

R NA NA NA NA NA NA 

C 10.86*** 0.53*** NA NA NA NA 

K2 0x -0.02x NA NA NA NA 

Monterey Bay area 

M1 
Low 

13.08*** 0.76** 0.00x -0.09x NA NA 

PS 0x 0.01x 0.00x 0.00x NA NA 
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Supplementary Figure 1. Example of explosions on January 6, 2009 at site J in a (A) 1-h long-term 
spectral average, (B) 5-s spectrogram with 500-point fast Fourier transform length and 90% overlap, 
and (C) 5-s waveform.  
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Supplementary Figure 2. (A) Amplitude normalized waveform of the template explosion signal used 
for explosion detection. (B) Example of manual verification stage of explosion detection process. 
Concatenated spectrograms of detected explosions are shown at site J on October 29, 2009. Green 
along the bottom evaluation line indicates true detections and red indicates false detections. 
Detections are shown with 1 sec. padding time before and after the signal, resulting in 60 sec depicted 
in sum by the figure.  
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Supplementary Figure 3. Timeseries of daily explosion counts (black) and daily squid landings (grey) 
at sites with high explosion occurrence. Grey shading denotes periods with no recording effort.  
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Supplementary Figure 4. Timeseries of daily explosion counts (black) and daily squid landings (grey) 
at sites with medium explosion occurrence. Grey shading denotes periods with no recording effort. 
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Supplementary Figure 5. Timeseries of daily explosion counts (black) and daily squid landings (grey) 
at sites with low explosion occurrence. Grey shading denotes periods with no recording effort. 
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Chapter 2: Seal Bomb Explosion Sound Source 

Characterization 

 

This paper was published in the Journal of the Acoustical Society of America in 2021. 

The experiment was planned by me together with my advisor Dr. Simone Baumann-

Pickering. The field experiment at sea was carried out by me together with Dr. Sean 

Wiggins, Dr. Simone Baumann-Pickering and Dr. LeRoy Dorman. Dr. Sean Wiggins 

analyzed the data and wrote most of the manuscript. I co-authored the manuscript. 
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Chapter 3: Seal Bomb Noise as a Potential Threat to 

Monterey Bay Harbor Porpoise 

 

This review paper was published in Frontiers in Marine Science (section Marine 

Megafauna) in 2020. Scientific ideas were mainly developed by Dr. Anne Simonis, Dr. 

Simone Baumann-Pickering and me. Presented results on explosion occurrence in 

Monterey Bay were analyzed by Dr. John Ryan and me. Dr. Anne Simonis wrote the 

manuscript and I co-authored it. 
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Chapter 4: Opposite Effects of Seal Bomb Noise on Two 

Dolphin Species in Southern California 

 

This manuscript is currently prepared for submission. I designed the study, conducted 

the signal detection (for dolphins and explosion signals), analyzed and interpretated 

the data and wrote the manuscript. Manual dolphin signal detection was partly also 

carried out by Ella B. Kim (as part of her summer internship and Bachelor thesis, that 

I both supervised), and other members of the lab (prior to the beginning of my Ph.D. 

thesis research).  
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Abstract 

Explosive deterrents, so called “seal bombs”, used by the commercial market squid 

fishery have been revealed to occur thousandfold throughout the Southern California 

Bight, yet effects on cetaceans are unexplored. Therefore, passive acoustic monitoring 

data from 2005-2011 from 12 sites in the Southern California Bight were analyzed 

regarding occurrence, habitat overlap, noise exposure and effects of seal bomb 

explosions on the acoustic behavior of two dolphin species, Risso’s (Grampus griseus) 

and Pacific white-sided dolphins (Lagenorhynchus obliquidens). Risso’s dolphin 

echolocation encounters were most frequently detected at night while diel patterns of 

Pacific white-sided dolphins were more variable and different between sites. Overlap 

with noise from explosions was stronger for Risso’s dolphins. Around Santa Catalina 

Island, Santa Cruz Island and Santa Monica Bay the animals were exposed to seal 

bomb noise for more than 30 % of the hours they spent around these sites, with mean 

cumulative sound exposure levels per hour of 160-170 dB re 1 µPa2s and mostly more 

than 50 % of hours exceeding 170 dB re 1 µPa2s. For Pacific white-sided dolphins, 

only one site north of San Clemente Island showed considerable overlap with 

explosions (18 %) and considerable dolphin presence at the same time, while the 

dolphins were occasionally exposed to high levels of seal bomb noise. Generalized 

additive models revealed effects of seal bomb noise on both species to be opposite. 

Risso’s dolphins seemed to tolerate the noise, while Pacific white-sided dolphins 
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seemed to avoid it, at least during times of high noise exposure. During these days, 

Pacific white-sided dolphins were more frequently encountered during the day, when 

seal bomb noise is mainly absent, while Risso’s dolphins were still more often detected 

during the night. The different effects can be explained by their feeding preferences. 

Risso’s dolphins prey heavily on squids, while Pacific white-sided dolphins are more 

opportunistic feeders. Risso’s dolphins and the fishery mainly using seal bombs, share 

squids as their main target, which leads to the observed strong overlap. However, a 

lack of response should not be interpretated as a lack of impact, as Risso’s dolphins 

may suffer from physiological effects with biological costs of avoiding crucial foraging 

areas simply being too high.      

 

Introduction 

Effects of anthropogenic underwater noise on cetaceans depend on a variety of 

factors, like sound type, source and received level, frequency bandwidth, exposure 

duration but also on species, sex, age, individual physiological state, experience and 

motivation or activity, thus, if the animal is currently feeding, mating, socializing, 

migrating, or resting (Southall et al. 2007, 2019; Weilgart 2007). Accordingly, 

responses to noise can be behavioral (vigilance, avoidance, attraction, change in 

diving or foraging behavior etc.), acoustic (changes in level, frequency, duration, or 

timing of vocalizations to account for masking) and/or physiological (stress hormones, 

auditory threshold shifts) (Tyack and Janik, 2013; Nowacek et al. 2007; Dolman et al. 

2004).   

 

In Southern California waters, studies have focused on the effects of shipping noise 

(Croll et al. 2001; McDonald et al. 2006, 2008; McKenna 2011) and mid-frequency 

active sonar operations (Melcón et al. 2012; DeRuiter et al. 2013; Goldbogen et al. 

2013) on cetaceans. However, in recent years the issue of so called “seal bombs” 

(Figure 1.C) has come into focus of scientists, agencies, and the public. Seal bombs 

are explosive deterrents commercially produced and used within commercial fisheries 

especially along the North American west coast to keep pinnipeds away from the nets 

and catch. U.S. made seal bombs usually contain about 2.3 g of an explosive flash 

powder mixture and are designed to explode a few meters below the water surface 

(Myrick et al. 1990; Wiggins et al. 2021). Wiggins et al. (2021) conducted a field 
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experiment off San Diego with seal bombs and calculated peak source pressure levels 

of 234 dB re 1 µPa m and sound exposure source levels (SEL) of 203 dB re 1 µPa2s 

over a 100 ms window. As these high source levels (un-weighted) exceed threshold 

levels (weighted) for permanent and temporary auditory thresholds shifts (PTS/TTS) 

for different marine mammal hearing groups (NMFS 2018), seal bombs likely cause 

permanent or temporary hearing damage to cetaceans within close range. Although 

weighted and un-weighted metrics can of course not be compared one to one, auditory 

injury is especially likely when effects of multiple exposures are considered (Kastelein 

et al. 2016). Using long term passive acoustic monitoring data (2005-2016), Krumpel 

et al. (2021) revealed high numbers of seal bomb explosions of up to 2,800/day during 

periods of peak occurrence at sites off Southern California. Due to a significant 

correlation and similar spatio-temporal patterns of market squid landings (Doryteuthis 

opalescens) and explosions, Krumpel et al. (2021) conclude that the California market 

squid purse-seine fishery, one of the largest fisheries in the state both in terms of 

volume and value, is a major source of recorded seal bomb explosions, while no 

correlation for purse-seine fisheries for other coastal pelagic species, like sardines, 

mackerels or anchovies was found. The described persistence of reoccurring 

explosions in combination with high source levels present a threat for cetaceans. 

Simonis et al. (2020) described potential effects of seal bomb noise to the Monterey 

Bay harbor porpoise (Phocoena phocoena) stock. While harbor porpoises are known 

to be sensitive to acoustic disturbance, the limited distribution, non-migratory nature, 

and small population size of the Monterey Bay stock make them particularly vulnerable 

to local impacts. Based on a local transmission loss model for seal bombs in Monterey 

Bay, Simonis et al. (2020) estimated that harbor porpoises would experience a PTS 

and TTS at ranges out to 150 and 650 m from a seal bomb explosion, respectively. A 

TTS from cumulative exposure of 2 seal bomb explosions was estimated to occur 

within 1 km or for 6 explosions within 2 km range, while the potential range of 

behavioral responses of > 50 km is much more far reaching.  

Aside from physical injury, there is growing concern that interruption of essential 

behavior, like foraging, may pose a serious threat also on the population-level 

(Nowacek et al. 2007; Wisniewska et al. 2018). The vast majority of recorded seal 

bomb explosions in Southern California occurred at nighttime (Krumpel et al. 2021) - 

the time when deep scattering layers rise and various dolphin species focus their 

foraging effort (for the Southern California Bight (SCB) e.g., Soldevilla et al. 2010a, b; 
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Simonis et al. 2017), two of them are Risso’s (Grampus griseus, RD) and Pacific white-

sided dolphins (Lagenorhynchus obliquidens, PWSD; Figure 1.A and B).  

 

 
Figure 1  (A) Risso’s dolphin, (B) Pacific white-sided dolphin during a research cruise (December 2009) 

on R/V Robert Gordon Sproul (photos: Micheal H. Smith) and (C) a seal bomb (Stoneco Energetics 

System, LLC Seal Cracker Device) during a field experiment on R/V Saikhon (May 2017) in the Southern 

California Bight (photo: Anna Krumpel). 

 

RD are distributed worldwide in tropical and temperate ocean waters. They prefer 

temperatures between 15 and 20 °C (Henderson et al. 2014a) and usually don’t occur 

within waters colder than 10 °C and therefore not in polar regions (Jefferson et al. 

2013). They represent the fifth largest member of the family Delphinidae with up to 4 

m length. RD in the Eastern pacific are distributed between the Gulf of Alaska in the 

North and Tierra del Fuego in the South (Leatherwood et al. 1980). Animals along the 

U.S. West coast probably belong to a single population (Caretta et al. 2004). Most 

studies based on stomach content analyses suggest that they are teuthivores, thus, 

almost exclusively preying on a broad variety of cephalopods (Cockcroft et al. 1993; 

Blanco et a. 2006; Luna et al. 2021), in the SCB mainly on market and jumbo squid 

(Dosidicus gigas) (Orr 1996; Kruse 1989). However, Benoit-Bird et al. (2019) pointed 

out using active acoustic methods, and tagging data, that RD in the SCB also switch 

from squid to more generalist feeding throughout the day.  

 

PWSD is a cold-temperate, pelagic species, which is endemic to the North Pacific 

(Leatherwood et al. 1984). Along the U.S./Mexican West coast two distinct populations 

of PWSD exist, a northern California/Washington/Oregon population and a southern 

Baja California population (Lux et al. 1997); both occur in the SCB and are probably 

distinguishable by different click types and seem to have different diel patterns 

(Soldevilla et al. 2010b). They are opportunistic feeders, preying on small schooling 

fish, like Northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax), 
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Pacific whiting (Merluccius productus), Pacific herring (Clupea pallasii), Pacific saury 

(Cololabis saira), and cephalopods, like market, boreal clubhook (Onychoteuthis 

borealijaponica) and armhook squids (Gonatidae); both during day and night (Stroud 

et al. 1981; Black 1994; Heise 1996). 

 

Both, RD and PWSD, are understudied species (Smith 2017) compared to other 

odontocete species, e.g., bottlenose dolphins (Tursiops truncates) or harbor porpoises. 

Information on hearing abilities and especially on effects of anthropogenic noise for 

both species is very scarce.  

 

A PWSD was tested for underwater hearing sensitivity by Tremel et al. (1998). The 

dolphin had a typical U-shaped audiometric curve with best hearing at frequencies 

between 2 and 128 kHz. Lowest sensitivity was observed at 100 Hz and 140 kHz. For 

RD three published audiograms exist, one from an older individual with high-frequency 

hearing loss (Nachtigall et al. 1995) and another from a stranded cup suffering from a 

viral infection (Nachtigall et al. 2005), showing sensitive hearing range of up to 

150 kHz. Mooney et al. (2015) showed most sensitive hearing at 11 kHz and from 40 

to 80 kHz and a decrease in sensitivity above 100 kHz while hearing limits for this 15 

years old RD individual were detected at 128 kHz. In general, the hearing abilities of 

these species are comparable to other dolphins, e.g., bottlenose dolphins. 

 

Effects of noise on PWSD and RD so far, have only been investigated within less than 

a handful of studies. Henderson et al. (2014b) reported that 9 out of 10 sighted groups 

of PWSD near San Clemente Island responded either acoustically and/or by changing 

their surface behavior in response to mid-frequency active sonar with dolphins usually 

stopping to vocalize and often leaving the area. Groups of PWSD also split in response 

to sonar with a mother-calf pair getting separated from the group. As no groups of RD 

were present during sonar exposure, no conclusions on their reaction to noise could 

be drawn. Visser et al. (2011) described that the abundance of whale watching vessel 

off the Azores had a strong influence on daily resting patterns of RD and concluded 

that their reaction is likely induced by vessel noise. RD also showed negative 

responses to different engine sounds in Scotland (Evans 1987). A pre-study conducted 

by Gatto (2020) in the Gulf of Taranto indicated that emitted signals of RD varied in 

terms of rate and characteristics when anthropogenic noise was present.  
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If and how both species are affected by seal bomb noise in unknown. Due to different 

feeding preferences, we hypothesize that reactions to seal bomb noise might differ 

between the two species in the SCB. RD most likely depend on squids as primary prey 

and might not leave a crucial foraging area although exposed to seal bomb noise, with 

seal bombs especially used within the market squid fishery (Krumpel et al. 2021), while 

PWSD as opportunistic feeders might respond with avoidance. This study therefore 

aims to describe (1) the general acoustic activity and diel patterns of the two dolphin 

species throughout the SCB, (2) investigate if areas of seal bomb use and market squid 

fishing overlap with dolphin foraging habitat, (3) assess the extent of noise exposure 

and (4) effects of seal bomb noise on their acoustic behavior.  

 

Materials and Methods 

Acoustic recordings 

Between 2005 and 2011, autonomous High-Frequency Acoustic Recording Packages 

(HARPs) collected long-term passive acoustic data at twelve different sites throughout 

the SCB (Figure 2). HARPs were all set to a sampling frequency of either 200 or 320 

kHz with 16-bit quantization (effective bandwidth 10 Hz–100 or 160 kHz, respectively). 

For further technical specifications of HARPs see Wiggins and Hildebrand (2007, 

2016). Recorders were all bottom-moored at average seafloor depths between 260 

and 1,280 m. Of the 79 deployments in total, most sampled continuously, but 16 

deployments had duty-cycled recordings (with 5 min of recordings occurring at 7 to 15 

min intervals, Figure 3). The analyzed periods varied strongly between sites, from 

about four months at site K to over five years at site C. Cumulatively, 5,159 days of 

data were analyzed in total for this study (Figure 3, Table 1). 
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Figure 2  Locations of 12 HARP sites (red circles) deployed between 2005 and 2011 in the Southern 

California Bight (SEATURTLE.ORG Maptool. 2002. SEATURTLE.ORG, Inc. 

http://www.seaturtle.org/maptool/ (2022/04/15). 
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Figure 3  Overview of acoustic recording periods with effort for dolphin click encounter analysis between 

2005 and 2011 at 12 HARP sites (A to Q) in the Southern California Bight. Black (continuous recordings) 

and colored areas (duty-cycled recordings; recording duration (min)/recording interval (min): 

orange=5/7, grey=5/10, blue=5/15) represent times of effort for dolphin click encounter and seal bomb 

analysis. 

 

Signal detections and metrics 

Dolphin click encounters 

For manual detection of RD and PWSD click encounters, acoustic data were analyzed 

with TRITON (https://github.com/MarineBioAcousticsRC/Triton), a custom MATLAB 

program (Mathworks, Natick, MA). For visual detection, full bandwidth data were 

compressed by creating long-term spectral averages (LTSAs; Wiggins and Hildebrand 

2007).  LTSAs are created using the Welch algorithm (Welch 1967) by averaging 500 

spectra created from 2000-point, 0% overlapped, Hann-windowed data and aligning 

those averages over time, to create effective long-term spectrograms. Hourly LTSAs, 

with a 5 s time and 100 Hz frequency resolution, were scanned from 0 to 100 kHz for 

RD and PWSD click bouts. Echolocation clicks from RD and PWSD have unique 

species-specific spectral characteristics with distinct spectral peaks and notches first 

described by Soldevilla (2008), which make them easily identifiable within the LTSA. 

RD clicks have four peaks at about 22, 25, 31 and 39 kHz (Soldevilla et al. 2010a), 

while for PWSD two click types exist; type A with three peaks at about 22, 27.5 and 39 
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kHz and type B with three peaks at about 22, 26 and 37 kHz (Soldevilla et al. 2010b). 

For subsequent analyses we did not account for PWSD click types. Example LTSAs 

with click bouts from RD (Supplementary Figure 1) and PWSD (Supplementary Figure 

2) from this study can be found in the supplement. Start and end times, as well as 

frequency of spectral peaks were identified and logged by trained analysts and finally 

stored in the Tethys metadata database (Roch et al. 2016). Click encounters were 

logged as distinct when they were separated by at least 30 minutes.  

 

Explosions 

For automated detection of explosions, data were decimated by a factor of 20 to create 

an effective acoustic bandwidth from 10 Hz to 5 or 8 kHz, respectively. Explosion 

signals were automatically detected using a MATLAB-based matched filter detector 

algorithm. It cross-correlated the Hilbert envelope of a template explosion signal, which 

is a filtered composite set of recorded example explosions, with the envelope of 75 s 

recording segments to capture similarities. Afterwards it was digitally filtered with a 10th 

order Butterworth band-pass filter, with a band-pass between 200 Hz and 2 kHz. Once 

potential matches were found, specific empirically established detection thresholds (for 

duration and for dB differences during vs. before and after the signal) were applied to 

the timeseries waveform containing the potential explosion signal. For more details on 

the detection algorithm see Krumpel et al. (2021). As the algorithm can produce >85% 

false-positive detections, each automated explosion detection was manually reviewed 

and verified by trained analysts. For details on the verification process also see 

Krumpel et al. (2021). Afterwards, metadata of all positive detections were again stored 

in the Tethys database (Roch et al. 2016). 

 

SEL was calculated via custom MATLAB scripts for each detected explosion signal by 

integrating the sum-of-square pressures over the duration of the pulse (see equation 

5 in Southall et al. 2007) using undecimated and unfiltered raw data as a basis. 

Calculated SEL values are received, not source values, from explosions with unknown 

distance to the hydrophones and are therefore influenced by various distance and 

surrounding noise effects. Cumulative SELs (SELcum) per hour were calculated using 

the following equation: 
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𝑆𝐸𝐿𝑐𝑢𝑚 = 10 × log10  ∑  × 10(𝑆𝐸𝐿𝑘 10)⁄  [𝑑𝐵 𝑟𝑒 1 μPa2s]𝑛=𝑡𝑜𝑡𝑎𝑙 𝑛𝑜.𝑒𝑥𝑝𝑙𝑜𝑠𝑖𝑜𝑛𝑠 ℎ⁄
𝑘=1  

 

Fishery data 

Information on commercial market squid landings and receipts were provided by the 

California Department of Fish and Wildlife (CDFW). Only squid caught as target 

species (≥ 50 % of the weight recorded on landing receipt) with purse-seine and other 

encircling nets were chosen for analyses. CDFW data included daily amounts of 

landings and number of landing receipts per fishing block (11 x 9 nm, except for blocks 

along the coast). The distances between the center of each fishing block and each of 

the 12 HARP sites were calculated, and only squid landing and receipt data from 

fishing blocks with up to a maximum distance of 20 km and within the recording period 

of the HARP sites were included for subsequent analyses on potential habitat overlap 

with dolphin forging habitat. A maximum of 20 km was chosen to only include fishing 

blocks with HARPs located inside as well as directly adjacent blocks.  

  

Statistics 

All statistical analyses were done using R 4.2.0 (R Core Team 2022). Dolphin 

echolocation activity is described using detection positive time units, like % of detection 

positive days (DPD) per recording period. DPD are days with at least one dolphin 

encounter. Using finer time resolutions, % of detection positive hours (% DPH/d) and 

minutes per day (% DPM/d) were calculated as well. For assessing diel patterns 

% DPM per hour was used. For each site, daily sunrise and sunset data were obtained 

from the National Oceanic & Atmospheric Administration Earth System Research 

Laboratory website (NOAA solar calculator). A Kruskal-Wallis rank sum test was used 

to examine whether differences were significant between day and night, in total and 

per site. 

Habitat overlap was described by calculating the number of hours with concurrent 

dolphin and explosion presence relatively to the total number of recorded hours and to 

the count of DPH, per site. The extent of explosion noise exposure during dolphin 

presence was described using means of SELcum per site as well as the corresponding 

proportion of SELcum >170 dB re 1µPa2s. 170 dB was used to describe exposure, that 

has the potential to physically harm dolphins. This is considered the threshold for TTS 
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onset in mid-frequency cetaceans for impulsive sounds (NMFS, 2018); while NMFS 

threshold is based on weighted SELs cumulated over 24 hours, using it during this 

study can still provide an important basis for estimation of potential physical harm.    

Effects of explosions on RD and PWSD acoustic activity per hour were analyzed via 

generalized additive modelling (GAM) testing SELcum (as variable uniting information 

on amplitude of individual explosions and explosion counts per hour) as linear 

predictor, Julian day (as proxy for seasonal development throughout the year) and 

normalized time of the day in relation to sunset (as proxy for diel patterns), both as 

cyclic cubic smooth functions, as well as year and site as categorical factors to account 

for spatial and annual variability. Only sites with considerable dolphin presence (> 15% 

DPD) were chosen for modelling (RD: all, but site N; PWSD: site A, C, G, K, K2). 

Beforehand, all potential explanatory variables were tested for multicollinearity using 

the Variance Inflation Factor (VIF). A VIF > 5 indicates that an independent variable is 

highly collinear with other variables in the model. Therefore, variables with VIF > 5 

were removed one at a time, recalculating VIF values and only keeping non-correlated 

ones in the model. Within this process, the variables season, day/night-time, DPM/h of 

explosions and median SEL were excluded from the analysis.  

We accounted for zero-inflation of the response variable (DPM/h) by selecting a 

compound-gamma distribution model, a member of the Tweedie family, which are 

specifically appropriate to handle zero-inflation, especially under variable sampling 

effort by site. A logit link function was used. We simplified the GAM structure through 

a bottom-up, stepwise procedure, selecting the best model with the minimum Akaike 

Information Criterion (AIC) that retained significant predictors. Removed insignificant 

variables were hours since last explosion and explosion counts. Basic residual plots 

were used for model validation. Important packages in R were mgcv (v.1.8-36; Wood 

2021) for GAM and statmod (v.1.4.36; Smyth et al. 2021) to calculate parameters of 

Tweedie distributional family. 

Squid data were not considered as explanatory variable within the GAM for two 

reasons. First, fishery data is not available on an hourly basis. Second, information on 

landings is only available on a daily not hourly basis. Second, the presence of landings 

confirms the presence of squid, but the absence of landings does not necessarily mean 

that squids are absent, as squid vessels will operate close to Los Angeles port 

whenever possible (Brady 2008). The low numbers of squid landings at site K2 for 

example, could therefore be potentially explained by either the absence or low 
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numbers of squid or the higher distance to major ports in comparison with other sites. 

Therefore, landings are not a straightforward proxy for prey availability. 

The ratio between echolocation activity (DPM) per photoperiod (night vs. day) was 

compared between days with no or low explosion counts (<100/d) and days with higher 

explosion counts (>100/d) for all sites combined per species to evaluate if they might 

alter their foraging focus during high explosion noise exposure, which is known to 

mainly occur during the night (Krumpel et al. 2021). A Kruskal-Wallis rank sum test 

was used to examine whether differences were significant. 

 

Results 

Dolphin echolocation activity 

RD click encounters were detected at all 12 sites on 40 % of all recording days, in total. 

PWSD encounters were identified at 11 sites (not at site A2). They were less frequent 

with 15% of days having at least one acoustic encounter, in total.  

RD click encounters were most often detected at island-associated sites, especially at 

the southern sites of the Channel Islands (site K, K3) and at Catalina Island (site A, 

A2) with % of DPD ranging between 67-85% and 57-74%, respectively per region. At 

those sites, DPH/d ranged between 12-15%. RD clicks were detected least frequent at 

site B within the Santa Barbara Channel (16 % DPD) and at site N (8% DPD), an 

offshore site in the southern part of the SCB (Figure 2, Table 1).  

Click encounters of PWSD were most often identified around the Channel Islands (K, 

K2) with 39-55% DPD and north of San Clemente Island (site G) with 51 % DPD. 4-

10% DPH/d were recorded at those locations. They were least frequent at site A2 

(absent), site B, as well as site K3, Q, M (central/northern-central part of the SCB) and 

N with 2-8% DPD, per site (Figure 2, Table 1). 

 

A significant (Kruskal-Wallis test p<0.001) diel pattern was evident for RD click 

encounters with 75% of total DPM occurring at night. In total, PWSD clicks were also 

significantly (p<0.001) encountered more often during the night with 64% of all DPM 

(Figure 4). For RD this pattern was significant (p<0.001) at all 12 sites with 58-88% of 

DPM per site occurring at night. However, for PSWD this pattern was not consistent 

among sites. At four sites no significant differences were found (sites A, B, K, M), at 
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four sites dolphin activity was significantly (p<0.001) higher during the night (sites C, 

G, K2, N) and at 3 sites (J, K3, Q) significantly higher (p=0.02) during the day (Table 1). 

Overall, for RD most DPM were detected between 20:00 and 04:00, with a strong 

decrease within the early morning hours. After a slight increase around 10:00-12:00, 

values decrease steadily until the late afternoon. A steep increase was evident at 19:00 

(Figure 4.A). For PWSD, differences between hours were not as pronounced as for 

RD, but the overall pattern was comparable with highest values between 19:00 and 

06:00, a slight decrease with the early morning followed by a slight increase around 

10:00-12:00 and lower values again until late afternoon (Figure 4.B).  

 

 
Figure 4  Diel pattern of (A) Risso’s (RD) and (B) Pacific white-sided dolphins (PWSD) echolocation 

activity in % of detection positive minutes per hour (% DPM/h) combined across the 12 HARP sites. 

Black vertical bars represent % DPM per hour of the day, horizontal bars indicate photoperiod 

(black=night, white=day, grey=day or night depending on time of year). 
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Table 1 Overview of Risso’s (RD) and Pacific white-sided dolphin (PWSD) echolocation activity in % of detection positive days and hours per day (%DPD, %DPH/d) 

and percentage of day- and night-time activity, explosion occurrence (in %DPD, average counts/d), landings of market squid (in average lbs/d) with catch origin 

within 20 km radius and during recording period of the corresponding HARP (rounding to tens for values <100, to thousands for >1,000) and days with recording 

effort (* for recordings of dolphins) for the twelve monitoring sites within the Southern California Bight. 

Site 
RD PWSD Explosions Squid landings Effort 

%DPD %DPH/d % day % night %DPD %DPH/d % day % night %DPD counts/d lbs/d Days effort* Recording period 
A 73.5 15.3 28.2 71.8 17.1 3.1 55.2 44.8 80.9 105.0 103,000 569 08/2005-12/2007 
A2 56.5 11.7 32.7 67.3 0.0 0.0 NA NA 78.6 87.6 52,000 230 02/2008-06/2009 
B 15.6 1.6 39.1 60.9 2.1 0.2 26.1 73.9 21.6 11.2 0 436 08/2005-10/2007 
C 33.8 4.8 12.1 87.9 20.2 2.7 18.8 81.2 1.1 0.04 60 1,315 08/2005-02/2011 
G 35.2 3.8 26.7 73.3 50.9 9.8 40.5 59.5 51.6 41.4 0 267 01/2007-12/2007 
J 47.0 6.8 37.8 62.2 8.9 1.1 64.2 35.8 39.5 75.5 56,000 281 07/2008-10/2009 
K 84.7 15.4 17.4 87.6 54.8 9.5 50.0 50.0 0.0 0.0 6,000 124 07/2008-12/2008 
K2 55.0 8.1 7.1 92.9 38.6 3.8 3.0 97.0 7.9 1.7 2,000 140 12/2008-05/2009 
K3 66.9 12.8 42.4 57.6 6.6 0.7 75.7 24.3 50.0 229.4 70,000 136 05/2009-11/2009 
M 49.2 6.3 24.1 75.9 7.7 1.3 58.5 41.5 40.1 58.4 6,000 727 01/2009-04/2011 
N 8.4 0.9 18.3 81.7 6.9 0.6 15.8 84.2 42.4 11.2 0 666 01/2009-04/2011 
Q 41.4 6.7 34.6 65.4 1.9 0.1 78.2 21.8 81.0 252.6 5,000 268 09/2009-07/2010 
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Habitat overlap and noise exposure 

RD echolocation activity overlaps more often with explosion noise than PWSD, both in 

terms of total hours of overlap and relative proportion of overlap compared to hours of 

dolphin presence. Consequently, RD are more often exposed to higher SELcum, 

whereas PWSD for most sites are only occasionally exposed to seal bomb noise 

(Table 2, Figure 5).     

 

Table 2  Overview of noise exposure and habitat overlap of dolphin echolocation activity of Risso’s (RD) 

and Pacific white-sided dolphins (PWSD) and explosions with % of total recording hours with 

overlapping dolphin and explosion occurrence (hOverlap), % of detection positive hours (DPH) for 

concurrent dolphin echolocation and explosion occurrence relative to total DPH of dolphins 

(DPH_Overlap), mean cumulative sound exposure level (SELcum) of explosions during overlapping 

hours and % of those hours with SELcum>170 dB re 1µPa2s relative to all SELcum overlapping with 

dolphin occurrence. 

Site 

RD PWSD 

hOverlap 
% 

DPH_ 
Overlap % 

SELcum 
dB 

SELcum 

>170dB % 
hOverlap 

% 
DPH_ 

Overlap % 
SELcum 

dB 
SELcum 

>170dB % 
A 5.3 30.0 160 13.0 0.3 15.9 167 42.9 
A2 4.4 37.7 168 55.0 0 0 NA NA 
B 0.08 7.1 164 0 0 0 NA NA 
C 0 0 NA NA 0 0 NA NA 
G 0.9 21.8 155 0 2.1 17.6 159 0 
J 1.7 24.4 174 68.5 0.09 7.8 160 33.3 
K 0 0 NA NA 0 0 NA NA 
K2 0.09 1.1 148 0 0.06 1.6 145 0 
K3 4.5 34.5 170 56.9 0.03 4.3 165 0 
M 0.7 10.8 153 1.9 0.2 14.2 153 3.0 
N 0.08 7.3 140 0 0.02 3.8 138 0 
Q 2.7 39.4 165 46.3 0.05 33.3 159 0 
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Figure 5  Distribution and frequency of received cumulative sound exposure level (SELcum) per hour in 

dB re 1µPa2s during hours of (A) Risso’s (RD) and (B) Pacific white-sided dolphin (PWSD) presence 

with mean (dashed line). 

 

For RD, overlapping hours with explosion occurrence were highest at site A, A2 as well 

as site K3 and Q (Figure 6.A, B and Supplementary Figure 3). For certain times, an 

overlap with market squid fishing activity was visible there as well. At those sites, more 

than 30 % of all DPH overlapped with explosion occurrence while RD were exposed to 

mean SELcum of 160-170 dB re 1µPa2s during overlapping hours. For a considerable 

number of hours high SELcum of over 170 dB re 1µPa2s have been recorded while RD 

were present. However, at site B, C, K, K2 and N overlap was marginal or absent 

(Table 2, Supplementary Figure 4).  

For PWSD, concurrent dolphin presence and overlap with explosions, both in 

considerable amounts, has only been detected at site G (Figure 6.C). There, PWSD 

have been exposed to mean SELcum of 159 dB re 1µPa2s. At most other sites overlap 

has been marginal or absent or dolphin activity has been low (Table 2, Supplementary 

Figure 5-6). 
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Figure 6  Timeseries examples showing 
overlap between dolphin and explosion activity 
in % of detection positive minutes per day 
(%DPM/d) and market squid fishing activity 
(landings within 20 km radius in lbs): (A), (B) 
for Risso’s dolphins (RD) at site K3 and Q, 
respectively, and (C) for Pacific white-sided 
dolphins (PWSD) at site G with white 
bars=dolphins, red bars=explosions, orange 
bras=landings. Similar figures for other sites 
can be found in the supplement 
(Supplementary Figure 3-6).  
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Effects of explosions on dolphins 

A comparison of the ratio for DPM/photoperiod (night vs. day) during days with no or 

relatively low explosion counts (0-100/d) and days with higher explosion counts 

(>100/d) revealed significant differences with reduced night-time activity during high 

explosion occurrence for both species (Figure 7). This effect was much more 

pronounced for PWSD (Figure 7.B), reducing their mean night-time activity from 67% 

to 45%, while a reduction for RD was lower with 76% to 70% on average (Figure 7.A). 

However, sample size (n) for days with high explosion occurrence and dolphin 

presence was much lower compared to days with no or low explosion counts. 

 

 
Figure 7  Ratio (%) of night vs. day-time echolocation activity in detection positive minutes (DPM) per 

photoperiod on days with <100 to zero explosions/d and on days with >100 explosions/d for all sites 

combined for (A) Risso’s (RD) and (B) pacific white-sided dolphins (PWSD) with number of days (n) for 

each case. Significance is indicated with **p<0.01 and ***p<0.001(Kruskal-Wallis rank sum test). 

 

A GAM for all sites with DPD > 15 % combined revealed highly significant effects of 

Julian day and normalized time of the day on RD and PWSD acoustic presence per 

hour. For RD, a peak in DPM/h was evident during fall and during night-time hours, 

whereas drops were detected in summer and in the afternoon. For PWSD, a peak was 

shown during late spring/summer and winter as well as during the night. Overall, year 

and site were significant predictors as well. SELcum for explosions was a significant 

predictor for both species, with a positive effect on RD and a negative on PWSD. 

However, confidence intervals for SELcum were large, making the overall predictive 

power of this variable low (Figure 8, 9, Supplementary Table 1). Additionally, deviance 
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explained for best model fits were relatively poor, with 12.7% for RD and 13.7% for 

PWSD, indicating that other parameters affecting the occurrence of both dolphin 

species were missing in the models. Also, strong site-specific differences may have 

led to the low explained deviance. 
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Figure 8  GAM results for detection 
positive minutes per hour (DPM/h) of 
Risso’s dolphins (RD) using a Tweedie 
(compound Poisson-gamma) distribution 
with Julian day and normalized time of day 
relative to sunset (with sunset=0) as cyclic 
cubic smooths, SELcum as linear predictor 
and site and year as categorical factors. 
Deviance explained 12.7%. 
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Figure 9  GAM results for detection positive 
minutes per hour (DPM/h) of Pacific white-
sided dolphins (PWSD)  using a Tweedie 
(compound Poisson-gamma) distribution with 
Julian day and normalized time of day relative 
to sunset (with sunset=0) as cyclic cubic 
smooths, SELcum as linear predictor and site 
and year as categorical factors. Deviance 
explained 13.7%. 
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Discussion 

Both dolphin species were mostly detected at island-associated sites, like the Channel 

Islands (both species), Santa Catalina Island (RD) and San Clemente Island (PWSD).  

Especially RD showed a strong diel pattern with most echolocation activity during the 

night, whereas patterns of PWSD were more variable (Table 1, Figure 4). That RD 

forage primarily at night, has been shown in several studies (e.g., Au et al. 2013; 

Smultea et al. 2018; Soldevilla et al. 2010a). However, foraging has also been 

described to occur during the day, while foraging behavior and depth seems to follow 

the diel vertical migration of the deep scattering layer, depending on time of the day 

(Benoit-Bird et al. 2019; Visser et al. 2021). Therefore, seal bomb noise occurring in 

almost 95 % of all cases at night (Krumpel et al. 2021), might have a different impact 

on these animals than other noise sources, which are more pronounced during the 

day, e.g., vessel traffic. 

 

For RD, considerable habitat overlap with explosions has been shown, with dolphins 

being exposed to seal bomb noise for more than 1/3 of the time they spent around 

certain sites, like sites at Catalina Island or at Santa Cruz Island within the eastern part 

of the Channel Islands, sites where RD have been recorded frequently. Especially 

those areas are known hotspots for commercial market squid fishing in the SCB 

(Maxwell et al. 2004; Table 1), which makes an overlap with mainly squid eating RD 

and seal bomb noise likely (Krumpel et al. 2021). Despite, the limited numbers of 

available studies, other authors have described overlap or interactions with RD and 

squid fisheries as well. Mussi et al. (1999) described RD to prey on squids caught by 

the illuminated handline-fishery in the Tyrrhenian See. There, RD were reported to wait 

near fishing boats until larger amounts of squid had assembled due to light attraction 

and then preyed on them. Around the Azores, RD were reported to interact with the 

local hand-jig squid fishery with the species being responsible for >90 % of all 

depredation events within this fishery. RD depredated on squid about 1.5 hours after 

fishing activity started and remained around the fishing boats for about 1.5-2 hours. 

The use of pingers to reduce these interactions was ineffective. Depredation by RD did 

not change with pinger brand or condition and no change in dolphin behavior was 

documented (Cruz et al. 2014). Thus, pinger noise did not prevent RD from getting an 

easy meal. However, no published interactions with RD and the market squid fishery 
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in the SCB exist. Therefore, overlap with seal bombs used within this fishery might not 

necessarily mean that the animals actively interact with the fishery but that both share 

a main target and occur where squid is abundant and/or easily accessible.  

 

GAMs used to explain occurrence of dolphin and effects of seal bombs explained only 

a small part of the deviance (13-14 %), while SELcum of seal bomb explosions was a 

significant but weak explanatory variable. The low explained deviances found in this 

study indicate that important variables needed to explain dolphin echolocation activity 

were missing. Soldevilla et al. (2011) revealed that sea surface temperature, 

chlorophyll concentration or upwelling were important habitat variables to explain RD 

and PWSD activity in the SCB. Croll et al. (2001) also found that cetaceans responded 

more to oceanographic changes or prey features, rather than to noise from low-

frequency sonar. Therefore, these models likely oversimplify the results, and 

responses to seal bomb noise are likely more complex and/or variable. However, 

having these limitations in mind, the results may still give first insights into responses 

of cetaceans to seal bomb noise. 

 

For RD, no changes in acoustic behavior due to seal bomb noise, like avoiding an area 

(less acoustic activity) or switching from preferably night- to more day-time activity was 

detected (Figure 7.A, 8). However, a lack of response should not, potentially 

incorrectly, be simply interpretated as a lack of effect.  If animals are strongly motivated 

to stay in certain areas because they are important for feeding or breeding, and 

therefore crucial for their survival and fitness, they might accept negative impacts, even 

to the point of potential hearing damage or other physiological effects (Beale & 

Monaghan 2004; Rolland et al. 2012; Weilgart 2007). At sites with strong overlap of 

RD and explosions, the animals were exposed to mean SELcum of up to 160-

170 dB re 1µPa2s. For some sites more than 50 % of recorded hours with concurrent 

RD and explosion occurrence had SELcum of more than 170 dB re 1µPa2s and up to 

>190 dB re 1µPa2s (Table 2, Figure 5.A). Onset of PTS for impulsive sounds in mid-

frequency cetaceans, like RD and PWSD, was estimated to begin at 185 dB re 1µPa2s 

(weighted SEL cumulated over 24h) while TTS onset was estimated to be 15 dB less, 

based on limited amount of available impulsive data for marine mammals (NMFS, 

2018). While SELcum calculated within this study are non-weighted and cumulated over 

a shorter period, the partly high number of hours RD spent at sites with 
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>170 dB re 1µPa2s, sometimes between 180-190 dB re 1µPa2s, still leads us to 

assume, that the animals may have endured TTS, at least at certain sites and times. 

Beside TTS, potential physiological effects can include changes in metabolism, 

respiration, food consumption or enhanced stress levels. For example, a beluga whale 

(Delphinapterus leucas) showed a neural-immune response with enhanced levels of 

stress hormones, after suffering from a TTS due to seismic air gun noise (Romano et 

al. 2004) while killer whales (Orcinus orca) respiration rate changed in response to 

shipping noise (Williams et al. 2014). To determine how such impacts contribute to 

reduced fitness and therefore effects on population-level is still challenging (Williams 

et al. 2020). However, cetaceans remaining in areas with high noise exposure despite 

potential negative impacts and responses depends on motivation or activity of the 

animals. Migrating humpback whales (Megapetra novaeangliae) in Australia avoided 

seismic air-guns at received levels of 157-164 dB re 1 μPa2s while resting pods with 

cows and calves already moved away from the source at 140-143 dB re 1 μPa2s 

(McCauley et al. 2000). Whereas migrating bowhead whales (Balaena mysticetus) in 

the Beaufort Sea responded with avoidance to air gun noise at received levels of 120-

130 dB re 1 μPa, while feeding animals during the summer responded not until 158-

170 dB re 1 μPa (Richardson et al. 1995, 1999). In the SCB, blue whales (Balaenoptera 

musculus) responses to simulated mid-frequency sonar were strongly influenced by 

their behavioral state with non- and deep-diving animals changing and surface-feeding 

animals not changing their behavior (Goldbogen et al. 2013). 

 

PWSD showed less overlap, both in terms of total and relative presence, with 

explosions compared to RD. At sites with considerable PWSD activity (A, G, M), they 

spent about 15 % of their time in the presence of explosions. There, they were exposed 

to mean SELcum of 153-167 dB re 1µPa2s and 3-40 % of hours with concurrent 

explosions and dolphin presence had SELcum> 170 dB re 1µPa2s (Table 2). During 

days with high explosions counts they were more active during the day than during the 

night, which could be a sign of avoiding night-time seal bomb noise (Figure 7.B). 

However, sample size for days with high explosion counts and concurrent PWSD 

presence was low and hence remains more anecdotal. The GAM, despite of its low 

explanatory power, showed decreased dolphin presence with increasing SELcum 

(Figure 9). Despite the methodical limitations, the results taken as a whole indicate that 

PWSD might at least avoid areas and times with high levels of seal bomb noise. 
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Overlap might also be smaller as hydrophones may not have been located within their 

preferred habitat or a combination of the two explanation possibilities. Behavioral 

changes, like avoidance, induced by noise, are well described for different cetacean 

species. As stated before, PWSD at San Clemente Island left the area due to mid-

frequency active sonar (Henderson et al. 2014b). Harbor porpoises reacted with 

avoidance (decreased detection rates) of up to 10 km distance and more as a response 

to impulsive pile-driving noise during construction of offshore wind farms in the North 

Sea (Dähne et al. 2013; Benhemma-Le Gall et al. 2021). To name a few, killer whales, 

sperm whales (Physeter macrocephalus), long-finned pilot whales (Globicephala 

melas), northern bottlenose whales (Hyperoodon ampullatus), humpback whales and 

minke whales (Balaenoptera acutorostrata) showed avoidance over a range of 

different distances due to naval sonar signals (Miller et al. 2012; Silve et al. 2015; 

Wensveen et al. 2019). 

 

The apparent opposite effects of noise from seal bomb explosions on RD, with strong 

overlap, severe noise exposure and potential physiological responses, and PWSD, 

with less overlap and possible avoidance at least during times of high explosion 

occurrence might in fact be explained by differences in feeding preferences: RD being 

specialized feeders and relying heavily on squids as their primary but not sole prey and 

PWSD as more opportunistic feeders. Thus, responses to seal bomb noise might be 

matter of weighting biological costs or in other words, a matter of existence versus lack 

of comparably good alternatives of foraging habitat and prey.   

 

Conclusion and Outlook 

To minimize noise impacts on dolphins and other marine animals the use of seal 

bombs needs to be regulated. In 2020, NOAA proposed the implementation of 

guidelines (NOAA 2020) regulating different acoustic deterrence devices including seal 

bombs. The regulations contain safe distances that are to be complied with (100 m for 

cetaceans, 20 m for phociids, 2 m for otariids) and a 180 second silent interval between 

consecutive seal bomb deployments. The results of this study strongly support NOAA 

in this objective. However, the guidelines mainly aim to reduce the risk of tissue and 

hearing damage. But even with a 180 second silent period, which does not consider 

that during peak times multiple squid vessel might be engaged in seal bomb usage 
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and silent periods can only be overseen per boat, 20 seal bombs per hour per boat 

would still be allowed. These amounts will likely induce behavioral and physiological 

effects in cetaceans. One way of reducing impacts is to take critical habitats into 

account. The results of this study show, that the Channel Islands National Marine 

Sanctuary e.g., is heavily used by both RD and PWSD. At the same time, noise from 

seal bombs propagates into the waters of the sanctuary. A buffer zone, for example, 

around such protected areas, where seal bomb use is further restricted or prohibited, 

or clear thresholds on how much seal bomb noise may reach the sanctuary zone, could 

minimize negative impacts. 

 

Researching effects of seal bomb noise on marine life still stands at the beginning. 

More research on effects on other species and taxa as well as on current extents of 

seal bomb use in more recent years are greatly needed to support sustainable marine 

management decisions. To deepen the knowledge of effects on RD and PWSD specific 

studies on their foraging behavior and success in relation to seal bomb use, e.g., 

additionally using tagging-data and observations from fishing vessels, would be 

helpful. Cooperation with fishermen to develop useful alternatives to seal bombs is a 

key aspect to reduce noise impacts and support sustainable fisheries on a long-term 

basis. 
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Supplementary Material Chapter 4 

 

 
Supplementary Figure 1  Example LTSA of a echolocation click encounter of a Risso’s dolphin with 

unique spectral peak and notch structure at 21, 24, 31 and 39 kHz recorded at site M on 01/19/2009. 

LTSA spectogramms with 100 Hz and 5 s resolution, represents coherent averages created using 2000-

point, 0%-overlapped, Hann-windowed data. 

 

 
Supplementary Figure 2  Example LTSA of a echolocation click encounter of a Pacific white-sided 

dolphin with unique spectral peak and notch structure at 22, 25 and 37 kHz recorded at site K3 on 

10/14/2009. LTSA spectogramms with 100 Hz and 5 s resolution, represents coherent averages created 

using 2000-point, 0%-overlapped, Hann-windowed data. 
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Supplementary Figure 3  Timeseries of Risso’s dolphin (RD) echolocation (white) and explosion (red) 

occurrence (% DPM/d) as well as landings of market squids (orange) (within 20 km radius in lbs) at site 

A, A2, B and C. 
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Supplementary Figure 4  Timeseries of Risso’s dolphin (RD) echolocation (white) and explosion (red) 

occurrence (% DPM/d) as well as landings of market squids (orange) (within 20 km radius in lbs) at site 

G, J, K, K2, M and N. 
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Supplementary Figure 5  Timeseries of Pacific white-sided dolphin (PWSD) echolocation (white) and 

explosion (red) occurrence (% DPM/d) as well as landings of market squids (orange) (within 20 km 

radius in lbs) at site A, A2, B and C. 
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Supplementary Figure 6  Timeseries of Pacific white-sided dolphin (PWSD) echolocation (white) and 

explosion (red) occurrence (% DPM/d) as well as landings of market squids (orange) (within 20 km 

radius in lbs) at site J, Q, K, K2,  K3, M and N. 
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Supplementary Table 1 Results for parameters included in the GAMs for Risso’s (RD) and Pacific 

white-sided dolphins (PWSD). The smooth terms (Julian Day and normalized time of the day) with a 

cyclic cubic regression spline (k=7) are shown with estimated degrees of freedom, linear terms (SElcum) 

and categorical factors (year and site) are indicated with standard error. Significance of predictors is 

indicated as following x insignificant, *p<0.05, **p<0.01, ***p<0.001. The Tweedie power parameter 

(Tweedie), AIC, deviance explained are provided as well for each model. Only estimates from the best 

models are presented here. 

Model RD PWSD 

Tweedie 1.36 1.38 

s(JD) 4.86*** 4.9*** 

s(norm_day) 4.99*** 4.99*** 
Intercept 0.07*** 0.17*** 
SELcum 0.001*** 0.001*** 
Year   
2006 0.08x 0.18*** 
2007 0.08x 0.17*** 
2008 0.10*** 0.20x 
2009 0.09* 0.19*** 
2010 0.09*** 0.17*** 
2011 0.12*** 0.25*** 
Site   
A2 0.11x  
B 0.12***  
C 0.07*** 0.13** 
G 0.11*** 0.14*** 
J 0.10***  
K 0.12* 0.20*** 
K2 0.12*** 0.20*** 
K3 0.11**  
M 0.09***  
Q 0.10***  
AIC 
Dev. expl. 

104,005 
12.7 % 

32,075 
13.7 % 

 

 

 

 

 

 

 

 

 

 


