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Abstract 

Studies of the social behavior of Cuvier’s beaked whales (Ziphius cavirostris) are 

challenging because of their pelagic habitat and the limited time they spend at the surface. The 

sociality of these deepest diving mammals is of great interest, however, including how their 

social behavior might influence responses to anthropogenic disturbance, particularly as this 

species has a history of stranding in association with certain types of anthropogenic noise. 

Beyond conservation concerns, the beaked whales (Family Ziphiidae) are a valuable group for 

the comparative study of  ecological influences on mammalian social evolution because they are 

an “out group within an out group”, and include some of the most extreme diving mammals 

within the Cetacea, one of the few mammalian lineages to become fully aquatic. The beaked 

whales are also the second most speciose family in the cetaceans and so can lend statistical 

power to formal comparative analyses. A unifying characteristic of most beaked whale species is 

sexually dimorphic dentition, in which tusks erupt only in adult males. The tusks appear to be 

used as weapons in contests with each other as evidenced by the high level of scarring in adult 

males. Despite this, research to date suggests a substantial amount of variation in beaked whale 

social structure and mating systems. 

In my dissertation, I investigated the social behavior of a relatively accessible, high 

density population of Cuvier’s beaked whales off Cape Hatteras, North Carolina, USA. I used data 

from photo identification surveys from a longitudinal study and satellite-linked depth-recording 

telemetry tags to investigate within and between group behavior. In addition, I present a case 
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study and assessment of how I optimized the programming of telemetry instruments to increase 

their value in behavioral studies. 

I tested the stability of interactions between adult males over the medium term, using 

diving synchrony as a proxy for group membership.  I found that adult male-male pairs exhibited 

remarkable synchrony on the order of days to weeks, contrary to my expectation that 

individuals would quickly competitively exclude one another. Analysis of photo-identification 

records of whole groups did not provide strong evidence for sexual segregation and, instead, 

revealed a high level of fission-fusion behavior. In addition, I did not find strong evidence for 

long term stable group formation, although given a relatively small sample size, I may have 

missed infrequent but important bonds among individuals. Using a new programming regime to 

collect up to 14 days of continuous time-series depth data from an individual, I was able to 

confirm that diel differences in dive depth were almost entirely explained by bouts of shallow 

diving which occur only a night. These shallow dives appear to be a separate mode of diving 

behavior not previously well described in the literature and may have multiple functions. 

Finally, I argue that the application of methods similar to those used here, combining 

photo-identification and telemetry, could improve our understanding of social parameters in 

pelagic cetaceans, including other beaked whales, with a view toward building a comparative 

dataset. 
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1 

1 General Introduction 

The beaked whales (family Ziphiidae) include some of the least known cetaceans, and 

some of the most elusive mammals. Nevertheless, this taxon is particularly interesting for the 

study of mammalian evolution for a number of reasons. The first may be the cause of their very 

mysterious nature; the apparent specialization of many Ziphiidae to forage at extreme depths. 

In addition, this family appears to be an early and quite successful lineage within the Cetacea; it 

is the second most speciose family in the infraorder after the oceanic dolphins (Delphinidae). 

The Ziphiidae radiation is older and speciation events are more evenly spread out over the 

longer history of the lineage than for dolphins, which have experienced a more recent, explosive 

radiation (Berta, 2017).  

For any comparative study of the ecological influences on social behavior in cetaceans 

(or mammals in general) the Ziphiidae are a useful taxonomic group, given the dramatically 

different niche they occupy from most other marine vertebrates. In addition, a large sample size 

of species and the phylogenetic distance from other groups makes them suitable for 

comparison. There are some drawbacks to such an approach, however, particularly the difficulty 

in making repeat observations on the same individuals over time. Longitudinal studies are 

always difficult to maintain and fund, but these challenges are exacerbated in cetaceans. I 

believe there is high value to this endeavor, however, because beaked whales have invaded a 

relatively unique habitat among cetaceans and, therefore, represent a valuable comparative 

dataset. The cetaceans themselves are an outgroup among mammals, because they are one of 

only a small number of extant groups within the mammalian clade to transition from a 
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terrestrial to an aquatic existence. Therefore, cetaceans and beaked whales provide useful 

evolutionary replicates for phylogenetically controlled analyses of social structure.  

From first principles, we might expect the deep diving specialization to have an impact 

on sociality. Indeed, if a foraging specialization is time consuming it may lead to isolation ``or 

smaller social networks within populations (e.g., Tursiops aduncus beach foraging Sargeant et 

al., 2005; or sponge foraging Mann et al., 2008; 2012). Killer whale group size and social 

behavior appear to be influenced by specialization on either mammal, fish, or shark prey (Ford & 

Ellis, 2014).  

As Alexander (1974) cogently pointed out, “There is no automatic or universal benefit 

from group living… [but] there are automatic and universal detriments.” He enumerated some 

of these detriments (costs), including increased competition for food or mates, susceptibility to 

disease transfer, and sometimes, but not always, increased detectability by predators. Indeed, 

although there is substantial variation, many mammals are solitary or associate with others only 

during particular life history stages, perhaps due to some of these automatic costs that 

individuals in groups can incur (Kappeler et al., 2019; Lukas & Clutton-Brock, 2018; Lukas & 

Huchard, 2019). Nevertheless, several explanations have been proposed for why group living 

could be beneficial, including predator defense, cooperative foraging, and cooperative mate 

guarding (Connor, 2000). Here, I will briefly discuss these factors in the context of the beaked 

whales in to construct testable hypotheses regarding sociality in this ecologically extreme 

species.  

Cooperative foraging can provide an alternative to the scramble competition that 

mammalian groups may experience, especially if prey can be exploited more efficiently by 
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groups. Female humpback whales forage cooperatively in southeastern Alaska in stable groups 

using elaborate prey capture tactics (D’Vincent et al., 1985). In the northwest Atlantic, there are 

no such stable groups, but female humpbacks still associate with one another on the feeding 

ground more frequently than other age-sex classes and may maintain several close associations 

over multiple years (Ramp et al., 2010; Weinrich & Kuhlberg, 1991). Humpbacks equipped with 

Digital Acoustic Tags (DTags) in the Gulf of Maine have been observed coordinating benthic 

foraging (Parks et al., 2014). The opposite pattern is observed in fin whales on their northwest 

Atlantic feeding grounds, where males are more likely to be found in groups and presumed to 

cooperatively feed (Cioffi, 2015). Despite these multiple observations of sex-biased foraging 

groups, there is no general explanation for why they occur. Different energetic requirements for 

males and females (Weinrich & Kuhlberg, 1991), as well as the threat of male harassment (Cioffi, 

2015), have been proposed as explanations for these observed patterns.  

Amongst the beaked whales, Blainville’s and Cuvier’s beaked whales may forage 

separately even while in groups, by separating after descending to depth together (Aguilar de 

Soto et al., 2020; Thomas et al., 2015). Gouges on the seafloor in the Mediterranean and 

Atlantic and attributed to Cuvier’s beaked whales indicate that this species might ambush 

individual prey items on or very near the seabed (Auster & Watling, 2009; Woodside et al., 

2006). Analysis of stomach contents suggests that Cuvier’s beaked whales feed primarily on 

meso- and bathypelagic cephalopods and benthic fish (Nishiwaki & Oguro, 1972; West et al., 

2017). The individual capture of these types of prey may not lend itself to high level of 

cooperation in coordinated foraging, especially in the case of benthic fish which may be widely 

spaced and cryptic. It is possible that groups of animals are more efficient at locating general 
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areas of high prey density or schooling cephalopods may sometimes be herded. Indo-Pacific 

bottlenose dolphins which use sponges, a benthic feeding strategy, seldom forage in groups and 

tend to be less social overall when compared to other individuals in the population (Mann et al., 

2008, 2012). Benthic feeding bottlenose dolphins in the Bahamas, however, have been observed 

to forage in groups, but not cooperatively (Rossbach & Herzing, 2006). Cooperative foraging 

tactics have been observed in the mid and upper water columns in several dolphin species, but 

typically on schooling prey which can be effectively corralled by a group (Benoit-Bird & Au, 

2009; Gazda et al., 2005). 

The high levels of male-male competition assumed for most Ziphiidae would also 

suggest that access to mates is the critical limiting resource for males. Most species of beaked 

whales exhibit sexually dimorphic dentition, in which a specialized set of teeth erupt only in 

males and no other teeth are present in either sex. These teeth appear to be used in contests 

among males and result in high levels of scarring (Heyning, 1984; McCann, 1974; Rosso et al., 

2011). These structures have been suggested to function in male-male contests, presumably 

over mating opportunities (Gowans & Rendell, 1999; MacLeod, 1998). In addition, many beaked 

whales have lower than average mass-specific testes size when compared to other cetaceans, 

which indicates differential investment in precopulatory, versus postcopulatory, male-male 

competition (Dines et al., 2015). 

Predation has been suggested as an important determinant of beaked whale behavior. 

Reducing the risk of predation may be the reason Cuvier’s beaked whales lack of frequency 

modulated whistles and other sound types, which are within the range of hearing for mammal-

eating killer whales (cf. Morisaka & Connor, 2007), and a reason for their silence in shallow non-



 

5 

foraging dives (Aguilar de Soto et al., 2012).  A single tagged female Blainville’s beaked whale in 

the Bahamas exhibited directed horizontal avoidance behavior when exposed to a playback of 

mammal eating killer whale vocalizations (Allen et al., 2014). The behavioral responses to mid-

frequency active tactical sonar have been hypothesized to be analogous to predator responses 

in some species (Harris et al., 2018). Cuvier’s beaked whales have been observed responding to 

simulated sonar playbacks and real sonar exposure by lengthening dives and increasing intervals 

between deep foraging dives (DeRuiter et al., 2013; Falcone et al., 2017). This evidence suggests 

that the main anti-predator strategy of beaked whales is avoidance and crypsis, rather than 

predator inspection or mobbing. Indeed, grouping behavior may be disadvantageous to cryptic 

strategies if larger groups are proportionally easier for predators to detect (Inman & Krebs, 

1987; Norris & Schilt, 1988). A mathematical model of Cuvier’s and Blainville’s beaked whale 

detectability, however, suggested that larger groups were not easier to detect if acoustic 

periods were synchronized when animals were inaccessible (on deep foraging dives) and group 

members were silent when near the surface (Aguilar de Soto et al., 2020). In this case, a simple 

dilution effect might be enough to tip the balance in favor of grouping if grouped individuals are 

not more detectable than alone. 

There has already been at least one test of the constraints of deep diving on social 

structure. Gowans, Whitehead & Hooker (2001) used deep diving bottlenose whales 

(Hyperoodon ampullatus; family: Ziphiidae) to challenge the notion that deep diving species 

necessarily display strong female bonding, as in the case of sperm whales (Physeter 

macrocephalus; family: Physeteridae). Surprisingly, these authors found more similarity with 

some populations of coastal bottlenose dolphins (Tursiops truncatus): a fission-fusion society 
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with stronger intra- than inter-sexual bonds and with the longest lasting bonds among males. In 

addition, the related Indo-Pacific bottlenose dolphin (Tursiops aduncus) has a similar fission-

fusion society and some populations are characterized by high levels of intergroup cooperation 

as well as competition (Connor & Krützen, 2015; Hamilton et al., 2019). Indeed, based on a few 

well studied species of beaked whales and preliminary data from others (Baird, 2019; Claridge, 

2013; Fedutin et al., 2015; MacLeod & D’Amico, 2006) there appears to be a great diversity of 

social organizations among the beaked whales. These results suggest that deep foraging could 

be irrelevant to the evolution of social structure, but there are still many unanswered questions 

about how animals maintain social relationships. We also do not understand when and where 

beaked whales find time to interact with each other amidst the significant physiological 

challenges of multiple daily commutes between oxygen at the surface and forage up to several 

thousand meters below. It is important to note, however, that relative to time spent actually 

foraging these commutes are long, but the entire foraging behavioral mode only comprises 

approximately 50% of the total daily time budget for Cuvier’s beaked whales, for example 

(Shearer et al., 2019). Therefore, there may be ample time to devote to the rest of the daily 

functions necessary for life at less extreme depths. 

1.1 Research Objectives 

In this work I focus on the Cuvier’s beaked whale (Ziphius cavirostris), which occurs at 

unusually high densities off Cape Hatteras, North Carolina, USA (McLellan et al., 2018). These 

animals are relatively inaccessible, especially compared to coastal dolphins, but the closer 

proximity of the 1000-meter shelf break contour and high density of animals in this area make it 

a good choice for field observations. There are two primary objectives for my work. First, I 
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wanted to learn something of the social organization and mating system in this population of 

Cuvier’s beaked whales, with a view toward contributing these findings to a growing database of 

comparative information. Second, I hoped to increase the quality of inference by applying a 

mixture of telemetry techniques and traditional longitudinal photo-identification methods. 

All behavioral studies are handicapped to some degree by the limitations and biases of 

the observer model. For instance, rain forest canopies remained inaccessible for decades until 

researchers began using climbing gear. This is the same case in the marine environment, in 

which many airbreathing vertebrates spend little time in view. Terrestrial studies have employed 

various technologies including GPS (Strandburg-Peshkin et al., 2015) and radio-frequency 

identification (RFID; Bandivadekar et al., 2018; Farine et al., 2014) to measure unseen 

interactions. Conceptually similar techniques can be applied to aquatic organisms (e.g., in sharks 

Guttridge et al., 2010), but radio frequencies do not penetrate water, so other communication 

modalities, such as acoustic signals must be used. Some acoustic signals are often undesirable 

for marine mammals, which themselves rely heavily on acoustic cues and have impressive 

frequency response ranges and sensitivity in their own hearing. Instead, here I used depth 

recorders to infer group membership and, therefore, patterns of social behavior, by 

instrumenting individuals both initially in the same group and different groups. This is not a 

unique technique, but it has not been widely used in the study of cetaceans and may offer 

considerable merit for species in which longitudinal studies are difficult or take a very long time 

to amass a large enough database for inference. 

In Chapter 2, I used depth-recording tags, which returned dive summary information, to 

compare the extent and degree of synchrony among animals tagged in the same group, 
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compared to animals in different groups. I compared behavior of adult male-male pairs, whose 

associations I expected to be short-lived and unstable due to competition, with pairs consisting 

of one adult male and one animal of another age-sex class. 

In Chapter 3, I used traditional photo-identification techniques from our longitudinal 

study on Cuvier’s beaked whales to investigate group composition, sexual segregation, and 

association patterns and compared to the higher-resolution, but shorter, records of pair 

behavior derived from telemetry data in Chapter 2. 

In Chapter 4, I devised, tested, and assessed an alternative sampling regime for the tags 

we had available in which we were able to record approximately 2 weeks of a true depth time-

series sampled at five-minute intervals. I discuss an iterative approach to match research 

questions to sampling protocol given the constraints of existing equipment and software 

commercially available and how I balanced trade-offs between data resolution, instrument 

longevity, and completeness of continuous data records. 

Finally, in Chapter 5, I used our new time-series sampling regime to generate a large 

dataset of multiday, nearly continuous diving behavior records for 16 individual Cuvier’s beaked 

whales. I used this dataset to construct models to test predictions about the correlates and 

purpose of diel patterning in diving behavior. 

. 
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2 Adult male Cuvier’s beaked whales (Ziphius cavirostis) engage 
in prolonged bouts of synchronous diving1 

2.1 Introduction 

The beaked whales (family Ziphiidae) are the second most speciose family of cetaceans, 

but little is known about their social structure or mating systems. Their pelagic lifestyle and 

short surfacing windows present challenges for gathering high resolution longitudinal data on 

individuals and their companions. Beaked whales include the deepest diving mammals (Schorr 

et al., 2014; Shearer et al., 2019; Tyack et al., 2006) and their foraging dives often exceed an 

hour in duration and are followed by very short periods at the surface, so it is difficult to apply 

traditional behavioral sampling methods to these animals. 

Beaked whale social structure is of particular interest for at least two reasons. First, the 

beaked whales may be a fruitful group for the study of the evolution of social structure, 

especially given the extreme ecology exhibited in this clade. In addition, the family is speciose 

and diverged early from other toothed whales, perhaps 30 million years ago (Geisler et al., 

2011), so the comparative method may be particularly applicable. In addition to comparisons 

with other mammals, within the cetaceans parallels can be drawn to the well-studied 

Delphinidae, the most speciose family of toothed whales. Hence the diversity and ecological 

drivers of sociality in the toothed whales, and of the ecological drivers of these traits, can 

 

1 A version of this chapter is in revision as: Cioffi WR, Quick NJ, Foley HJ, Waples DM, Swaim ZT, Shearer JM, Webster 
DL, Friedlaender AS, Southall BL, Baird RW, Nowacek DP, Read AJ. Adult male Cuvier’s beaked whales (Ziphius 
cavirostis) engage in prolonged bouts of synchronous diving. Marine Mammal Science. Author contributions are as 
follows: AR, BS, DN, RB initially conceived the satellite tag deployment design which generated these data and DLW, 
DMW, HF, NQ, WC, ZS provided additional input. DLW, DMW, HF, ZS lead the field work and data collection; AR, BS, 
DN, JS, NQ, WC provided additional assistance. WC conceived of the current study, analyzed the data, and wrote the 
first draft of the manuscript. 
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benefit from examination of the beaked whale lineage. Indeed, data are steadily becoming more 

accessible due to ongoing photo-identification studies (Baird, 2019) as well as advances in 

tagging and tracking technology (Baird, 2019; Schorr et al., 2009). 

Beaked whale social behavior also has practical importance in terms of the conservation 

and effective management of these species. Some beaked whales, particularly Cuvier’s beaked 

whales (Ziphius cavirostris), are particularly susceptible to disturbance from anthropogenic 

noise, most notably tactical military mid-frequency active sonar systems (DeRuiter et al., 2013; 

Falcone et al., 2017; Simonis et al., 2020; Southall et al., 2016; Tyack et al., 2011). Several 

species of beaked whales have mass stranded following exposure to naval training exercises 

(D’Amico et al., 2009). Social factors may play a role in the response of these species to such 

stimuli, and the susceptibility to disturbance of individuals within a social group may influence 

the behavior of others, but to date these connections have not been well studied (Brakes et al., 

2019). 

The Cuvier’s beaked whale is one of the most widely distributed beaked whales, 

although individual populations often occur in restricted ranges (Baird 2019; Forney et al., 2017; 

McSweeney et al., 2007; Stanistreet et al., 2017). This species is also the most common of all 

beaked whale species to mass strand following exposure to tactical sonars (D’Amico et al., 

2009). In the present study we investigated social aspects of the diving behavior of Cuvier’s 

beaked whales off Cape Hatteras, North Carolina, USA, where they occur year-round in high 

densities offshore of the continental shelf break (McLellan et al., 2018; Stanistreet et al., 2017). 

Previous research on Cuvier's beaked whales in this area using photo-identification and 

telemetry suggests a high degree of individual residency (Baird et al., 2018; Foley, 2018; Foley et 
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al., 2018). Like most species of beaked whales, Cuvier’s beaked whales exhibit sexually 

dimorphic dentition, with a single pair of tusks erupting only in adult males. These tusks are 

believed to be used during competitive bouts with other males, and perhaps in sexual displays 

or other signalling (MacLeod, 1998). Adult males are often extensively scarred, presumably as a 

result of high levels of male-male competition (Heyning, 1984; McCann, 1974; Rosso et al., 

2011). Multi-age-sex class groups with multiple adult males are not uncommon though (Falcone 

et al., 2009) and the males are often observed on the outskirts in these groups separated from 

one another (Baird, 2016). These observations contrast somewhat with studies of Blainville’s 

beaked whales (Mesoplodon densirostris), which have similar sexual dimorphism and heavy 

adult male scaring, and appear to exhibit female defense polygyny with one-male units 

(Claridge, 2013; McSweeney et al., 2007; Schorr et al., 2009; Baird, 2019). 

Based on presumed high levels of competition among males, we predicted that multi-

adult male groups of Cuvier’s beaked whales would be relatively unstable, with one male 

competitively excluding potential challengers. To test this prediction, we examined data from 

pairs of Cuvier’s beaked whales instrumented with satellite-linked depth-recording tags in the 

same and different groups and used precise synchrony of diving behavior as a proxy for 

continued group membership (e.g., Sakai et al., 2011). 

  

2.2 Methods 

2.2.1 Satellite tag deployment and data validation 

We deployed satellite-linked depth-recording SPLASH10-292 tags with the extended-

depth-range option (Wildlife Computers, Redmond, WA) on Cuvier’s beaked whales off Cape 
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Hatteras, North Carolina from May to September 2017 (Figure S1). During tagging, we defined a 

group as all animals in close spatial and temporal proximity at the surface, typically surfacing 

within 100 meters of one another. 

In addition to producing positions estimated from the Argos satellite system, the 

satellite-linked tags recorded and transmitted summaries of diving behavior, including beginning 

and end time, duration, and maximum depth of each dive. The beginning and end of each dive 

was determined by a conductivity sensor on the tag, which detected submersion events. We 

programmed the tags to archive only submergences of greater than 50 meters in depth and 33 

minutes in duration (Quick et al., 2019). Periods during which dives did not pass this threshold 

were recorded as inter-long-dive intervals. We selected these thresholds to focus our data 

collection on long dives, presumed to be primarily for foraging and which typically last more 

than 33 minutes to depths of more than 800 meters off Cape Hatteras (Shearer et al., 2019). 

We validated data using on-board diagnostics of the pressure transducer, a speed filter, 

and visual inspection of patterns of corrupt and missing data (see Appendix A). 

We deployed these tags as part of a behavioral response study to evaluate the effects of 

experimental exposure to naval mid-frequency active sonar (3-5 kHz; MFAS). In the present 

analysis, we truncated tag records to include only data before the first known experimental 

exposure to MFAS signals to focus on baseline behavior. The local acoustic environment was 

monitored continuously throughout the deployment period of all tags using bottom-mounded 

broad-band acoustic recorders (Hildebrand et al., 2017). A single event of 31 minutes from 

distant naval operations were detected during the deployment period of three tags. Given the 

short duration, considerable distance, and relatively low amplitude of this signal we did not 
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truncate the data further and we assumed the data records analyzed here represent baseline 

behavior not influenced by responses to MFAS (see Appendix A for details). 

Table 1: Deployment information for each satellite-linked depth-recording tag. Tags were 
truncated if they malfunctioned (see Appendix A for details) or to immediately preceding any 
experimental treatments. AM = adult male, Other = other age and/or sex (likely not adult 
male). * = Tag 67 experienced pressure transducer drift shortly after deployment and so was 
excluded from depth analysis (see Appendix A for details).  

Tag ID Sex Group Group 
Size 

Deploy Date Truncation date Days of 
dive 
data 

Truncation 
reason 

Tag54 AM A 6-7 2017-05-10 2017-05-28 17.6 last status 
Tag55 AM A 6-7 2017-05-10 2017-05-17 6.3 unknown 
Tag56 AM A 6-7 2017-05-10 2017-06-27 47.5 last status 
Tag57 Other B 2 2017-05-16 2017-06-14 28.7 pressure 
Tag58 Other C 1 2017-05-16 2017-06-23 37.8 last status 
Tag60 AM D 3 2017-08-17 2017-08-22 4.9 experiment 
Tag61 Other D 3 2017-08-17 2017-08-22 4.9 experiment 
Tag62 Other E 3 2017-08-17 2017-08-22 4.9 experiment 
Tag63 AM F 4 2017-08-20 2017-08-22 2.0 experiment 
Tag64 Other F 4 2017-08-20 2017-08-22 2.0 experiment 
Tag66 AM H 3-4 2017-09-04 2017-09-12 7.9 experiment 
Tag67 AM I 6-8 2017-09-04 2017-09-12 7.8 experiment* 
Tag68 AM I 6-8 2017-09-04 2017-09-12 7.8 experiment 

 

2.2.2 Photographic identification and sex identification 

We attempted to photograph all animals in each group for individual identification and 

sex determination (Foley et al., 2018). In this population only adult males can be consistently 

and unambiguously sexed from photographs. Adult females were assigned if sighted with a 

dependent calf, but are otherwise difficult to differentiate from juveniles. I classified all 

individuals with erupted teeth and/or with heavy linear scarring on their heads and bodies as 

adult males (Baird, 2016; Coomber et al., 2016; Falcone et al., 2009; McSweeney et al., 2007). 

For this analysis I conservatively assigned all other animals to an age-sex class of “other.” This 
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latter class is very unlikely to include any adult males and we do not believe it included any 

dependent calves, based on their size and behavior. I use the term age-sex class loosely 

throughout to refer to these two broad demographic categories. 

2.2.3 Synchrony and null model 

I set a threshold of 60 seconds for two events (e.g., the beginning or end of a dive or 

inter-long-dive interval) to be considered synchronous, due to the on-board accuracy of the tag 

(see Appendix A). I then compared each pair of dive records by searching for time differences 

that met this threshold between the nearest events and then identified continuous stretches of 

synchrony. Cuvier’s beaked whale ventilation (surface) periods are typically short relative to 

their long dives, but they are often greater than 60 seconds in duration. For example, in a 

previous analysis conducted on this population, we estimated the median ventilation duration 

to be 2.2 minutes, with slightly longer durations before deep dives (median = 4.0 minutes) 

(Shearer et al., 2019). Therefore, a 60-second threshold for synchrony should ensure that most 

events scored as synchronous would in fact represent times when both animals were at the 

surface. 

I constructed a null model of diving behavior to determine the probability at which 

synchrony might occur at random using the R programming language (R Core Team, 2019). I 

generated simulated behavior records for each pair of animals by re-sampling dives and inter-

long-dive intervals (Figure A34). I generated a set of random diving behavior for each pair 999 

times and calculated the proportion of synchronous beginnings and ends of dives.  Finally, I 

calculated one sided p-values (including the real observed value for a total n = 1000) and 

assessed significance with an alpha of 0.05. 
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2.2.4 Pairwise horizontal distance 

Argos positions for this study site and species are too imprecise to determine group 

membership, as errors routinely range from several to tens or hundreds of kilometers (see 

supplementary information for details). I did, however, test whether our best estimates of 

pairwise distances were smaller for synchronously diving animals than asynchronous pairs. I 

used a continuous-time state-space model implemented in the R package foieGras to estimate 

locations, which incorporates the error-ellipses calculated in the Kalman filtered Argos positions 

(Jonsen & Patterson, 2020). I used the older location quality classes to exclude class Z, which 

represents invalid positions. Model estimated locations were calculated at 6-hour intervals and 

distances between each pair were calculated from the WGS84 longitude and latitude using the 

haversine formula. I tested for significant differences in median pairwise distances among 

synchronously and non-synchronously diving pairs using an asymptotic Wilcoxon-Mann-Whitney 

test implemented in the R package coin (Hothorn et al., 2008). To control for network effects, I 

also employed a Mantel test implemented in the R package vegan for a subset of pairs (Oksanen 

et al., 2019).   

In all analyses, I only considered pairs for which transmitted data overlapped for more 

than a day (n = 21 pairs). 

 

2.2.5 Ethics, data accessibility, and reproducibility 

Satellite tags were deployed under National Marine Fisheries Service scientific research 

permit numbers 17086 and 20605 to Robin W. Baird. The tagging protocol was approved by the 

Institutional Animal Care and Use Committee at Cascadia Research Collective.  Photo-
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identification was conducted under National Marine Fisheries Service general authorization 

letter of confirmation number 19903 to Andrew J. Read and approved by the Institutional 

Animal Care and Use Committee at Duke University.  

All analyses were conducted using R version 3.6.2 (R Core Team, 2019). Data and scripts 

to reproduce these analyses and figures are available at github.com/williamcioffi/zc_sync.  

2.3 Results 

2.3.1 Satellite tag deployment and data validation 

During 9 sightings of Cuvier's beaked whales we deployed tags on 9 adult males and 5 

animals of another age and/or sex (Table 1). On four occasions we tagged multiple individuals in 

the same group (A, D, F, I). 

A single tag was truncated to less than a day of data due to an experimental treatment 

and therefore was excluded from the present analysis. After filtering and truncation, the median 

length of behavior data collection was 7.8 days (n = 13, range = [2, 47.5]). Three of the thirteen 

tags had a single period of missing data each ranging from 7.7 to 12.6 hours. 

2.3.2 Synchrony 

All of the adult male Cuvier’s beaked whale pairs tagged within the same group showed 

high levels of synchrony for days to weeks, while the pairs consisting of one adult male and one 

animals of another age and/or sex showed very low levels of synchrony (Figures 1, S6).  

Three adult males tagged together in group A (tags 54, 55, and 56) were all highly 

synchronous for 6.3 days until tag 55 suffered an unknown onboard failure and its data were 

truncated. The two remaining tags from this group continued to show synchronous dives for 

17.6 days at which point tag 54 ceased transmitting (Figure 1). In this group 76-89% of events 
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were within 60 seconds of each other. Photographs obtained in subsequent sightings three 

weeks after deployment demonstrated that 55 had separated from 54 and 56 (see Appendix A 

for details), but the exact time of separation was unknown due to the tag failure. The two adult 

males tagged together in group I (tags 67 and 68), dove synchronously for 4.7 days before 

becoming asynchronous (Figure 1). In group I, 46% of events were within 60 seconds of each 

overall, and 86% during the first 4.7 days of deployment. 

 In addition, I observed continuous stretches during which every dive event for a 

particular pair was within 60 seconds of each other. For groups A and I, maximum duration of 

uninterrupted synchronous events were 36.9 and 34.2 hours respectively (Figure 1).  

Pairs of whales tagged in group D and F were both comprised of an adult male and a 

whale of another age and/or sex. These pairs were observed to be in the same group at the time 

of tagging but did not remain synchronous. Overall, only 5% and 10% of beginning and ends of 

dives were within 60 seconds, respectively (Figure 1). Among pairs that were not tagged in the 

same group, but for which I had more than one day of temporally overlapping data, only 1-6% of 

events occurred within 60 seconds of each other (Figures A35-A37). 
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Figure 1: Pseudo-dive profiles based on behavior data summaries for pairs tagged in the same group (A, I, D, F) measured from deployment. 
Filled circles indicate events which are synchronous to within 60 seconds; open circles indicate asynchronous events. Gray blocks indicate 
periods of missing data. Only dives over 33 minutes in duration were recorded. Inter-dive intervals are indicated at zero depth, though they 
include all dives under 33 minutes in addition to any time spent at the surface. Only a general shape of each dive is indicated (for details on 
shape calculation, see Wildlife Computers, Inc., 2017, p. 10). Numbers in y-axis labels indicate tag ID pairs, AM = adult male, other = other age 
and/or sex. For pairs tagged in different groups see Figures A35-37.
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Figure 2: Null model results for all pairs of tags which overlapped more than one day. Grey 
histograms show null distributions of the simulated proportion of dive and surface period 
events within 60 seconds of each other (999 simulations per pairs). Observed proportion for 
each pair shown with a broken purple line. All plots are drawn at the same scale. Number 
codes indicate specific pairs, Same grp = animals were initially tagged initially in the same 
group (a-f), diff grp = animals were initially tagged in separate groups (g-u), AM = adult male, 
Other = other age and/or sex, but not adult male, * = significant (alpha = 0.05). 
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Figure 3: Pairwise horizontal distance distributions for all pairs of tags which overlapped for more than one day of deployment. Shading 
indicates pairs of individuals which were synchronous. Brackets above indicate age-sex class if animals were initially tagged in the same or 
different group. The broken horizontal line is the grand mean, horizontal black lines are pair means, and dots indicate individual data points. 
Figure constructed using R package beanplot (Kampstra, 2008). AM = adult male, Other = other age and/or sex, but likely not adult male. 
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2.3.3 Null model 

I used a null model to test if pairs of tagged whales were significantly more synchronous 

than expected by chance over the course of the study (Figure 2). The median proportion of 

events less than 60 seconds apart ranged from 0.0-2.1% in the random simulations (n pairs = 21, 

simulations = 999 each). All pairs of adult males tagged in the same group were significantly 

more synchronous than random (in all cases, p = 0.001). Both pairs consisting of a single adult 

male with an animal of another age and/or sex tagged in the same group were also significantly 

more synchronous than expected by chance (tags 60 and 61, p = 0.022; tags 63 and 64, p = 

0.003), though as noted above the absolute size of the effect was small and most of these 

synchronous effects occurred in the first dives of the records. Interestingly, one pair tagged in 

different groups was also significantly more synchronous than expected by chance (tags 60 and 

62, p = 0.003). Again, this effect was small; only 6% of events were within 60 seconds of each 

other and were concentrated during the first day of the data record. These animals were tagged 

on the same day in the same general area (~7 km apart), so this could possibly represent a brief 

period of synchronous behavior after we ceased to observe these animals directly from the 

tagging vessel. 

2.3.4 Pairwise horizontal distance 

The estimated positions of individuals in synchronous pairs tagged in the same group 

were closer together than other pairs (Wilcoxon-Mann-Whitney test, z = 2.76, p =  0.006), but 

these positions did not provide enough spatial resolution to determine group membership with 

certainty (Figure 3; see supplementary information for details). To reduce missing data to which 

Mantel tests are sensitive, I performed separate tests based on tag deployment month. For tags 
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deployed in May (n = 5), synchronous pairs (all tagged in the same group) had significantly 

smaller median pairwise distances (range of medians = [5.6, 8.4] km) than pairs not tagged in 

the same group (range of medians = [21.7, 111.3] km; Mantel test, permutations = 119, r = -

0.60, p = 1). In August (n = 5), no pairs were synchronous for more than a day, but two pairs 

were tagged in the same group: Tags 60 (adult male) and 61 (other) had a median pairwise 

distance of 33.4 km, while Tags 63 (adult male) and 64 (other) had a median pairwise distance of 

5.9 km. Finally, in September (n = 3), tags 67 (adult male) and 68 (adult male), which were 

synchronous for more than 4 days, did not have significantly smaller median pairwise distances 

(10.6 km) than the two non-synchronous pairs (13.3 km, 6.8 km; Mantel test, permutations = 5, 

r = 0.11, p = 0.67). 

2.4 Discussion 

All pairs of adult male Cuvier’s beaked whales tagged in the same group displayed 

periods of synchrony in foraging dives that lasted from days to weeks (Figure 1). This finding 

contrasts our prediction that groups including multiple adult males would be unstable due to 

high levels of male-male competition. Cuvier’s beaked whales typically engage in multiple, 

relatively short, shallow dives between long foraging dives, which we recorded simply as bouts, 

and therefore I was unable to investigate the synchrony of these non-foraging dives. We also did 

not tag multiple adult females in the same group, so were unable to test for synchrony among 

adult females or make inferences about the duration of female-female bonds. Our sample size is 

limited (two groups with multi-adult male deployments out of nine groups), but the consistency 

and magnitude of the effect were large (Figure 2). Therefore, I interpret this result as an 
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indication that adult males may spend longer durations with other adult males closely 

synchronizing their behavior than they do with animals of another age and/or sex. 

2.4.1 Synchrony as a proxy for group membership 

I found that synchronously-diving animals tended to be in closer spatial proximity than 

asynchronous pairs (Figure 3), but the substantial error in Argos-derived positions prevents us 

from diagnosing group membership based on position alone. Individuals in some species do 

appear to coordinate movements even when separated by kilometers (e.g., sperm whales, 

Christal & Whitehead, 1997; Whitehead, 2016; false killer whales, Pseudorca crassidens, Baird, 

2016; Baird et al., 2008a; Baird et al., 2010). Indeed, we often observe concentrations of Cuvier’s 

beaked whales in the same general area scattered amongst discrete clusters (groups) all within 

several kilometers of one another. Simple spatial autocorrelation could be driving the similar 

pairwise distances I found for synchronous pairs if animals tagged in the same area are likely to 

persist on a nearby resource for some time or are otherwise coordinated at distance. Higher 

resolution positional measurements will be required to test this further. Nevertheless, due to 

the very high levels of synchrony (many events over days occurring within 60 seconds of each 

other), I conclude that our synchrony observations represent animals that are in close spatial 

proximity at the surface. This conclusion is further supported by recent observations we have 

made over multiple re-sightings of synchronous animals instrumented with telemetry tags and 

confirmed to be in the same surface groups visually (unpublished data).  

Finally, it is important to note that close spatial proximity while at the surface is the 

most salient feature of grouping to boat-based human observers, but this may not be the only 

or even the most relevant social unit to animals that spend most of their time submerged and 
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may have the ability to be in acoustic contact over much larger distances. In this analysis I do 

assume that this definition of group is at least somewhat meaningful, as is a common 

assumption in cetacean studies, but recognize that there may be higher order interactions or 

confounds, if important social units are obscured from our observation methods. 

2.4.2 General explanations for group synchrony 

2.4.2.1 Cooperative foraging 

Synchrony may be beneficial in cooperative foraging (e.g., Benoit-Bird & Au, 2009; Parks 

et al., 2014). There is some evidence, however, that Cuvier’s beaked whales which surface in 

groups may split up at the bottom of foraging dives before rejoining before or during ascent 

(Aguilar de Soto et al., 2020; see also sperm whales, Irvine et al., 2017; Watkins et al., 1985). 

Even if animals don’t coordinate during prey capture attempts, maintaining overall synchrony in 

diving pattern may be beneficial if individuals use eavesdropping to find areas of high prey 

concentration (e.g., Barclay, 1982, Gannon et al., 2005, Götz et al., 2006). 

2.4.2.2 Anti-predator strategies 

Many species of beaked whales spend very little time at or near the surface and are 

silent during shallow dives, probably as anti-predator strategies (Aguilar de Soto et al., 2012; 

Baird, 2019; Baird et al., 2008b; Harris et al., 2018; Schorr et al., 2014; Shearer et al., 2019; Tyack 

et al., 2006). Grouping behavior can impart protection from predators in a variety of ways 

including with the dilution effect, encounter effect, increased vigilance or predator inspection, 

and mobbing or other defensive behavior (reviewed in Connor, 2000). One key function here is 

how relative detection probability changes with increasing group size. A mathematical model 

presented in Aguilar de Soto et al. (2020) suggests that detection probability may be decoupled 
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from group size in beaked whales with synchronizing dive times and therefore vocalization 

periods. 

2.4.3 Male-male synchrony 

The drivers of synchronous group formation above do not, on their own, offer strong 

explanations for the degree of synchrony I observed amongst adult male Cuvier’s beaked whales 

off Cape Hatteras. Below I consider several hypotheses which are rooted in socio-sexual 

behavioral theory and, therefore, could explain these observations. Three other possible 

explanations are segregation among age-sex classes, extended male-male competitive bouts, 

and the existence of male-male alliances. I do not take a strong position on which of these 

explanations is most likely and recognize that they may be not be mutually exclusive, but I do 

provide some background and offer specific predictions that could be tested in the field. 

2.4.3.1 Sexual segregation 

Perhaps the most basic explanation for our observations of synchrony amongst adult 

males is that sexual dimorphism drives differences in behavior, including, for example, foraging 

or anti-predator behaviors and this leads to sexual segregation. In Hawaiʻi, although there have 

only been 13 pairs of Cuvier’s beaked whales sighted where the age-sex class was known, none 

were pairs of adult males, and no larger groups exclusively composed of adult males have been 

documented (Baird, 2019).  Intraspecific competition and aggression could also directly produce 

sexual segregation if it is beneficial for females and juveniles to avoid adult males (e.g., in 

dolphins; Galezo et al. 2018). This explanation assumes that group formation and synchrony are 

often beneficial, for one or more of the reasons posited above, so that sexual segregation could 

lead to the pattern I observe here. If this segregation is present, I would predict that there 
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would be differences in male and female activity budgets or habitat usage, and that sightings of 

groups composed exclusively of adult males would not be uncommon. 

2.4.3.2 Extended bouts of competition 

The The linear scarring observed on adult male Cuvier’s beaked whales indicates that 

they interact antagonistically with other adult males (Heyning, 1984; compare Gowans & 

Rendell 1999). When animals interact in such a manner, they must be in close spatial proximity 

and, to some degree, coordinate their movements. In some ungulates (e.g., red deer, Cervus 

elaphus, Clutton-Brock, & Albon, 1979) males walk side by side in synchrony, known as parallel 

walks, which has been proposed as a type of contest. Some of these contests are decided by 

parallel walks alone, with the loser veering off, but others escalate to fighting, especially if the 

competitors are evenly matched (but see Jennings et al., 2003). 

Nevertheless, if such interactions are costly, I expect the contests to be settled quickly in 

beaked whales. Competition costs might be prohibitively high if contests continue during long 

foraging dives unless animals take time out during dives and resume later. Even so, additional 

opportunity costs might arise from especially long contests, because neither the defender nor 

the challenger would be able to completely restrict access to mates during this period. 

If extended competitive bouts are the primary driver of male synchrony, I predict that a 

significant investment of time will be required for males to switch to new groups after such 

contests perhaps due to the logistics of aligning in three dimensions and time while diving long 

and deep. In this case, then the potential costs of staying in a competitive group may be 

outweighed by the costs of searching for a new group and potentially failing to find one quickly. 

In addition, males exhibiting this type of synchronous behavior should acquire new scars during 
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synchronous bouts. Finally, we should be able to identify contest winners and losers (the latter 

being ejected from the group) and, if there are consistent winners, such individuals should have 

higher long-term reproductive success. 

2.4.3.3 Male alliances 

It is possible that males exhibit alliances or coalitionary behavior in this population, at 

least over the short term. Male alliances are a prominent feature of the social structure of two 

species of bottlenose dolphin (Tursiops spp.) (Connor & Krützen, 2015; Ermak et al., 2017; 

Smolker et al., 1992), which engage in synchrony (Connor, Smolker, & Bejder, 2006; McCue et 

al., 2020), and which also tend to display high levels of male-male aggression, resulting in scars 

(Scott et al., 2005; Tolley et al., 1995). In general, alliances are useful for acquiring or defending 

resources from other individuals. Access to receptive females is usually the most important 

resource for adult males, as it is the most direct route to increased fitness (Wrangham, 1980). In 

Indo-Pacific bottlenose dolphins (Tursiops aduncus), male alliances engage in herding behavior 

of reproductive females, which has been proposed as a tactic for coercing mating and mate 

guarding (Connor et al., 1996). 

Encounter rate may be a key factor in the formation of bottlenose dolphin alliances, as 

females are likely to be usurped by other males if density is high and the operational sex ratio is 

skewed (Connor & Whitehead, 2005). Ermak et al. (2017) demonstrated a link between density 

and male alliance complexity in some populations of bottlenose dolphins. Cuvier’s beaked 

whales near Cape Hatteras occur in one of the highest densities (17 animals per 1000 km2; 

McLellan et al. 2018) reported for any ziphiid population, surpassed only by populations of 

Baird’s beaked whales off Japan (40-68 animals per 1000 km2; Barlow et al., 2006). These 
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densities are notably high for beaked whales but substantially lower than for some populations 

of alliance-forming bottlenose dolphins (Ermak et al., 2017). 

High levels of pre-copulatory competition among males have been assumed for many 

beaked whale species because of their sexually dimorphic dentition, small testis size, and 

patterns of acquired scars. For these reasons, and supported by observations of one-male social 

units, female defense polygyny has been proposed as the likely mating system in Blainville’s 

beaked whale (Baird, 2019; Claridge, 2013; McSweeney et al., 2007; Schorr et al., 2009). Male 

northern bottlenose whales do not have prominent tusks and do not appear to accumulate scars 

at a high rate, although they can be aggressive towards one another (Gowans & Rendell, 1999). 

Photo-identification data of northern bottlenose whales suggest that males may maintain 

relationships over multiple years, while females form less strong intrasexual bonds (Gowans et 

al., 2001). In contrast, Cuvier’s beaked whales do have prominent tusks and males likely 

compete for access to mates, but they also have relatively larger testes than other Ziphiidae 

(Dines et al., 2015) and a relatively low degree of sexual size dimorphism (Mead, 1984). These 

observations suggest that females might mate with multiple males and that post-copulatory 

competition could occur among males, perhaps favoring mate guarding and, therefore, the 

formation of alliances (Connor et al., 2000). Note, however, that the few existing photo-

identification studies of Cuvier’s beaked whale generally suggest a fission-fusion social structure 

without stable groups (Falcone et al., 2009; McSweeney et al., 2007; Foley et al., 2018; but 

compare Baird, 2019).  

If synchronous bouts among males are reflective of male alliances in this population, I 

would predict repeated interactions among male pairs, members of which are possibly, but not 
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necessarily, close kin. Putative alliance members should not scar each other at a high rate, 

especially during cooperative behavior and would be likely to share reproductive success in 

some way. 

A related strategy worth noting that could explain the patterns seen here are leader-

follower dynamics like those seen in Hamadryas baboons (Papio hamadryas, Pines et al., 2011). 

In this serially polygynous society, the ‘leader’ male of a one-male unit (OMU) may sometimes 

tolerate a ‘follower’ male. Followers are typically younger and/or pre-reproductive, but may 

gain social access to the females in the OMU and thereby be more successfully in the future in 

taking over the OMU or establishing their own OMU. Though there is not strong evidence for 

these type of long term OMUs in Cuvier’s beaked whales, this type of relationship might still be 

a beneficial strategy for young males over shorter term associations with groups of females. We 

could support this notion by identifying if there are often age imbalances among synchronous 

males, assessed perhaps by scaring rates, morphometrics, or molecular age markers. 

2.4.4 Key questions and future directions 

I was unable to test predictions about patterns of synchrony among females and 

juveniles due to the difficulty in identifying these age-sex classes in the field. Additional photo-

identification studies utilizing genetic sex determination from biopsy samples, together with 

focused tagging efforts on females and juveniles would address these questions. Additionally, 

our study focused on long dives, but future work should investigate levels of synchrony during 

shorter dives as well. 

Many other important behavioral and demographic parameters remain unknown for 

this and other populations of Cuvier’s beaked whales, including group stability, distribution of 
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kin, interbirth intervals, and seasonality of reproductive behavior. Such information is necessary 

for testing predictions based on our possible explanations of adult male synchrony and, more 

broadly, to examine their social structure.  Behavioral response studies to disturbance, such as 

the study that produced the data analyzed here, will benefit from an understanding of the social 

context of disturbance in individual species and whether this context might mitigate or 

exacerbate certain types of stimuli. These data will take time to acquire because they require 

repeated observations of the same individuals over many years. In parallel, some inference can 

be made for these parameters based on genetic and other molecular evidence, if sufficient 

biopsy samples are acquired and well-distributed across the population. 

Our use of satellite-linked depth-recording tags helped us to overcome some of the 

challenges of observing a long-diving, pelagic cetacean species for meaningful lengths of time. 

Further, by deploying multiple tags in the same group I was able to investigate social 

interactions for weeks at a time. These methods have long been employed in terrestrial systems, 

and I suggest that such a hybrid approach, pairing traditional behavioral observations and 

photo-identification with modern sensor packages, may be particularly advantageous for long-

diving, pelagic cetaceans. When these approaches are combined with molecular techniques that 

allow the determination of sex, reproductive state, kin, and population structure, it will be 

possible to conduct robust tests of social structure in these species. 

 

 



 

31 

3 Social structure in Ziphius cavirostris; insights from photo-
identification 

3.1 Introduction 

Studies of social structure in pelagic cetaceans have been hampered by the difficulty in 

obtaining repeated observations of the same individuals over time. Beaked whales (family 

Ziphiidae) are a particularly challenging taxonomic group due to their long submergence times 

and short surface periods (Shearer et al., 2019). Direct social interactions have rarely been 

observed in these taxa and much of their ecology remains unknown. Nevertheless, longitudinal 

studies of several species of beaked whales have started to yield information on their social 

structure. In particular, photo-identification studies have revealed some aspects of the social 

organization of several species, including northern bottlenose whales (Hyperoodon ampullatus) , 

Cuvier’s (Ziphius cavirostris), Baird’s (Berardius bairdii), and Blainville’s beaked whales 

(Mesoplodon densirostris) (Baird, 2016, 2019; Claridge, 2006, 2013; Falcone et al., 2009; Fedutin 

et al., 2015; Gowans, Whitehead & Hooker, 2001; McSweeney, Baird & Mahaffy, 2007). These 

long-term studies of individual beaked whales are just starting to yield enough information to 

allow researchers to test predictions about bonding patterns, although resolution of sampling is 

often an issue (Croft et al., 2011; Davis et al., 2018; Whitehead, 2008). 

In most species of beaked whale, tusks erupt only in males and individuals of both sexes 

are otherwise edentulous. Males also possess sexually dimorphic crania which may be used in 

male-male competition (e.g., Gowans & Rendell, 1999) or perhaps displays (Gol’din, 2014). 

Tusks are likely used in male-male competition and scaring rates in males are much higher than 
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females in many species (Macleod, 1998). Males likely compete for access to receptive adult 

females, as a direct route to increase their fitness (Wrangham, 1980).  

In addition to male weaponry, many beaked whale species exhibit relatively small testes 

mass (corrected for body size) compared to other cetaceans, which suggests a heavy investment 

in pre-copulatory, rather than post-copulatory, competition (Dines et al., 2015). In some species, 

female defense polygyny has been suggested as a likely mating strategy. Indeed, putative single 

males are observed frequently in one population of Blainville’s beaked whales (Mesoplodon 

densirostris) and there is evidence that female bonds may persist longer than among other age-

sex classes (Claridge, 2006, 2013). In Hawaiʻi, McSweeney et al. (2007) suggested that both 

Cuvier’s and Blainville’s beaked whales display female-defense polygyny. Analyses of association 

data from Hawaiʻi indicate that Cuvier’s beaked whales have no long-term companions, with the 

longest association between a mother and calf, which lasted at least 747 days (McSweeney, 

Baird & Mahaffy, 2007). 

In contrast, there is some evidence for persistent social bonds in Baird’s beaked whales, 

but detailed age-sex class information is lacking (Fedutin et al., 2015). Interestingly, in Baird’s 

beaked whales, both males and females have erupted teeth and large groups are more common 

than in other species, such as Cuvier’s and Blainville’s (MacLeod & D’Amico, 2006). 

In the well-studied population of northern bottlenose whales that occurs in the Gully, 

off Nova Scotia, males and females have strong associations within their own age and sex 

classes, and some males associate with each other over multiple years (Gowans, Whitehead & 

Hooker, 2001). Females in this population do not show preferred associations and, instead, 

comprise a loose network. These authors were surprised to observe that the social structure of 
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this species appears to most closely resemble populations of coastal dolphins, such as the Indo-

Pacific bottlenose dolphins (Tursiops aduncus) of Shark Bay, Western Australia (Smolker et al., 

1992). In Shark Bay male dolphins are simultaneously cooperating and competing by forming 

coalitions to guard females during consortships (Connor & Krutzen 2015), similar to what has 

been seen in chimpanzees (Mitani, 2009) and lions (Packer & Pusey, 1982). 

Despite the early suggestion that Cuvier’s and Blainville’s beaked whales share a 

common pattern of mating system, some important differences have become apparent, 

including the fact that groups with multiple adult males are relatively common in Cuvier’s 

beaked whales (Falcone et al., 2009). In Hawaiʻi, Baird (2016) noted that some groups of this 

species contained two adult males, but in groups with more than one adult male, males are 

typically separated from each other. Interestingly, among all beaked whale species, Cuvier’s 

have proportionally larger testes for their body size (Dines et al., 2015), which may also indicate 

a greater investment in a post-copulatory mating strategy (MacLeod, 2010). 

In the present study, I used 12 years of sightings and photographs of Cuvier’s beaked 

whales to investigate their social structure and mating system off Cape Hatteras, North Carolina, 

USA. I used photographic data to make individual identifications, assign sex, and code 

individuals for the presence of ectocommensal barnacles, which provide information on 

movements and space use. Previous research in this area has identified our study site as 

supporting a year-round presence of Cuvier’s beaked whales (Stanistreet et al., 2017) in one of 

the highest densities anywhere yet studied (McLellan et al., 2018). Our dataset provides a useful 

new point of comparison for variation in social structure at the family and population level.  
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3.2 Methods 

3.2.1 Survey and photo-identification 

We conducted photo-identification surveys off Cape Hatteras, North Carolina from 2006 

to 2018 on a variety of platforms. Most surveys were conducted either from chartered diesel-

powered sport-fishing vessels or a dedicated 9-m aluminum research vessel with two four-

stroke gasoline outboard engines. Our surveys were non-systematic in their spatial coverage and 

concentrated on an area of known high density of Cuvier’s beaked whales. Whenever we 

encountered a group, we confirmed species identification using visual field marks and 

attempted to photograph all individuals within a group. Photographs are graded on qualities 

such as focus, exposure and lighting, angle, and size of animal in frame (Urian et al., 2015). We 

defined groups as all animals at the surface at the same time, with coordinated movement, 

occurring within 100 meters of each other. In total, we encountered 145 groups of Cuvier’s 

beaked whales on 66 survey days. 

In 2018 we changed our survey strategy in a significant manner and located many 

groups by radio tracking individual animals instrumented with telemetry tags. For this reason, 

we omitted this year from some analyses to avoid bias caused by an inflation of re-sightings. In 

all years other than 2018, we encountered 83 groups on 44 separate days. 

3.2.2 Sex determination 

Adult male Cuvier’s beaked whales are the only age and sex class that can be 

consistently and unambiguously sexed in the field. I considered all animals with a high level of 

scarring (Coomber et al., 2016) or erupted teeth to be adult males. I assumed that all other 

animals were not adult males, but this category could include juveniles of both sexes as well as 
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adult females. I will use the term age-sex class throughout to indicate these broad demographic 

categories. 

I used three variant age-sex class schemata depending on analysis for inferring sexes of 

non-adult-males.  In the first and simplest case (1), I considered any animal not an adult male to 

belong to an ‘other’ age-sex class. We have identified several animals as adult females from 

their proximity to a dependent calf and therefore in schema (2), I assumed that these animals to 

be females of reproductive age for the duration of the study if they were seen with a calf at any 

point. Due to the small sample size of this age-sex class, I made no distinction between lactating 

(accompanied by a calf at the time of sighting) and non-lactating individuals (not accompanied 

by a calf). I classified all remaining animals as unknown in this schema. Finally (3), I combined 

adult females seen with a calf with several females of unknown age sexed by genetic samples. 

Again, the remaining animals were classified as unknown. I removed dependent calves from all 

analyses. 

I determined genetic sex by Polymerase Chain Reaction (PCR) on skin samples collected 

by remote biopsy (see Appendix B for detailed sampling, DNA extraction, and PCR methods). 

3.2.3 Age-sex class distribution in groups 

To investigate the distribution of different age-sex classes across groups, I generated a 

set of permuted groups in which all individuals were photographed and sexed (n = 57 groups). 

For this analysis I considered three age-sex classes: adult males, known reproductive females, 

and other. I carried out permutations using curveball, an unbiased matrix randomizing algorithm 

which preserves marginal sums (Strona et al., 2014). For our application, this procedure ensured 

that the number of individuals, groups, and the size of groups remained the same among 
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permutations (Figure 4). I conducted permutations (n = 999 + 1 real observation) to generate a 

null distribution of group membership. 

I used this set of null matrices and binomial generalized linear models to test if (1) total 

group size predicted male presence, or (2) whether the present of reproductive females 

predicted the presence of males. I compared coefficients and coefficients standardized to the 

standard error calculated from the real data to a null distribution of coefficients. 

I also tested whether the proportion of males and reproductive females in different 

group sizes (n = {1, 2, 3, 4, 5, >5} were over- or under-represented in the observed data 

compared to our null distribution.  

Significance was tested at the 0.05 level with two sided tests on the null distribution. 
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Figure 4: Cuvier’s beaked whale group composition by sex (a) and example permuted groups 
(b-d). F = known reproductive adult female, AM = adult male, O = other age-sex class. 
Permuted groups created using the curveball algorithm, which generates unbiased random 
permutations of a matrix while maintaining the marginal (Strona et al., 2014). 

3.2.4 Sex ratio and age structure 

I compared expected ratios for adult males versus other age-sex classes to data from the 

Blainville’s beaked whales in the Bahamas, using age-sex class specific abundances calculated 

using a mark recapture model assuming an open population (Claridge, 2013). I assumed all 

animals not identified as adult males in our sample were either juveniles or adult females. I used 
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median total yearly abundance estimates for age-sex classes (excluding calves) from Claridge 

(2013) and calculated an expected proportion of approximately 41.6% (10/24) of adult males. 

3.2.5 Network and lagged association rate 

I produced a binary network graph and calculated degree using the R package igraph 

version 1.2.4.1 (Csardi & Nepusz, 2006). I used a linear model to test for a relationship between 

the number of sightings of individuals and their degree. Only individuals seen on at least two 

survey days were included in this analysis. 

To look for sustained relationships, I calculated lagged association rates for all 

individuals over the study period using a 400-association rolling average using SOCPROG 2.9 

(Whitehead, 2009). In addition, I calculated lagged association rates between and within age-sex 

classes. In this analysis, I used two simple age-sex classes, one consisting of adult males, and the 

other comprising all others, to generate a sample size sufficient for a calculation. Nevertheless, I 

were still able to only calculate lagged association rates over a maximum lag of 20 days. I used a 

20 sighting rolling average for this calculation. I estimated error using the built-in jackknifing 

function. 

3.2.6 Ethics, data accessibility, and reproducibility 

Photo-identification activities were conducted under the National Marine Fisheries 

Service general authorization letter of confirmation numbers 808-1584-01, 16185, and 19903 to 

Andrew J. Read. Biopsy sampling was conducted under NOAA/NMFS permits 14809 to Douglas 

P. Nowacek and 14241 to Peter L. Tyack. All protocols were approved by the Institution Animal 

Care and Use Committee at the respective institutions. 
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All data were prepared with and most analyses conducted within the R programming 

language, version 3.6.2 (R Core Team 2019). I used the uncompiled version of SOCPROG 2.9 

(Whitehead, 2009) for the lagged association rate interpreted in MATLAB R2019b (Mathworks; 

Nadick, MA). Data and scripts to reproduce the analyses and figures are archived online in a 

private GitHub repository and are available upon request. 

3.3 Results 

3.3.1 Photo-identification and group size 

I calculated mean group size from the 2006-2017 dataset to avoid inflation due to 

multiple re-sightings of groups in 2018. Group size ranged from 1-8 (mean = 3.22, SD = 1.87, n = 

87) excluded dependent calves (Figure 5).  

From 2006-2018, I made 342 identifications of 242 unique individuals, excluding calves. 

The 100 re-sightings were distributed among 51 unique individuals. Omitting 2018, we made a 

total of 177 identifications comprising 150 unique individuals. The 27 re-sightings were 

distributed among 20 individuals (Figure 6 ). 

I calculated the proportion of adult male and the other age-sex classes at each photo 

quality score . Adult males were slightly over-represented in high (43.2% of adult males vs. 

40.6% of other) and medium quality photos (42.0% of adult males vs. 40% of other), but the 

other category was over-represented in the photographs of the lowest quality (14.8% of adult 

males vs. 19.4% of other), but the absolute magnitude of these differences was small (Figure 7). 

I also compared group size to sea state, as a proxy for sighting conditions, and noted that small 

groups were still observed at our highest sea state (Beaufort 4 = 11-16 knots of wind), although 
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sea state may have impacted our estimates of group size as well as sighting probability (Figure 

8).  

 

Figure 5: Distribution of Cuvier’s beaked whale group sizes from 2006-2017. Purple arrow 
shows mean group size (3.2; sd = 1.87, n = 83 groups). Dependent calves were not included in 
this dataset. 
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Figure 6: Discovery curve for individually identified Cuvier’s beaked whales cataloged between 
2006-2017. Solid line indicates a 1:1 line; broken line indicates observed trajectory. 
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Figure 7: Sex comparison of the proportion of identifications made from photographs at each 
of three photo qualities (1-3) from 2006-2018. Photographs which receive a 1 are of the 
highest quality. Photographs are graded on qualities such as focus, exposure and lighting, 
angle, and size of animal in frame (Urian et al., 2015). 
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Figure 8: Observed group size (n = 81 groups) at increasing sea state (as measured by the 
Beaufort wind force scale). Points jittered for clarity. The scale increases in intensity with 
larger numbers: 0 = no wind, 1 = 1-3 knots, 2 = 4-6 knots, 3 = 7-10 knots, 4 = 11-16 knots. 
Surveys are typically not made above a Beaufort 4, and no Cuvier’s beaked whales were 
observed. 

3.3.2 Group composition 

I used a null model to compare group composition to random assortment in 57 groups 

observed from 2006-2018 in which all individuals were identified. I used binomial generalized 

linear models and a null model to test for a relationship between group size and the presence of 

adult males in groups (Figure 9) as well as between the presence of adult female(s) in a group 

and the presence of adult males (Figure 10). In neither case did I find a significant relationship. 

I also tested for over- and under-representation of adult males across a range of group 

sizes (n = {1, 2, 3, 4, 5, > 5}). Adult males tended to be slightly over-represented as singletons, 
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but the difference was not significant for any group size (Figure 11). I performed the same test 

for the representation of adult females and again found no significant differences from the null 

distributions (Figure 12). 

Finally, I estimated the expected ratio of adult males to other age-sex classes, assuming 

an age and sex structure similar to that of Blainville’s beaked whales in the Bahamas (Claridge, 

2013). In this exercise, out of our 242 individuals (excluding calves), I expected 100 (41.6%) 

individuals to be adult males, compared to the observed 81 (33.5%).  If I assume a 50:50 adult 

male to adult female sex ratio in our population, I estimate that approximately 2/3 of individuals 

are adults. 
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Figure 9: Influence of overall Cuvier’s beaked whale group size on the probability of adult male 
presence from 2006-2018. Histograms represent null distributions (n = 999 simulations + 1 
observed) of coefficients for intercept (β0) and group size (βgrpsize) in a binomial generalized 
linear regression (a-b). In (b-d) coefficients are standardized to standard error. Only groups in 
which all individuals were photographed were included. 
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Figure 10: Influence on presence of an adult female on the probability of adult male presence 
in a group of Cuvier’s beaked whales from 2006-2018. Histograms represent null distributions 
(n = 999 simulations + 1 observed) of coefficients for intercept (β0) and female presence 
(βfemale) in a binomial generalized linear regression (a-b). In (b-d) coefficients are standardized 
to standard error (SE). Only adult females known to be reproductive are considered. Values 
calculated from observed data are indicated by purple broken line. Only groups in which all 
individuals were photographed were included. 
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Figure 11: Null distributions (n = 999 simulations + 1 observed value) of proportion of adult 
males in groups of Cuvier’s beaked whales in groups of difference sizes (n = {1, 2, 3, 4, 5, >5}) 
from 2006-2018. Values calculated from observed data are indicated by purple broken line. 
Only groups in which all individuals were photographed were included. 
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Figure 12: Null distributions (n = 999 simulations + 1 observed value) of proportion of adult 
females in groups of Cuvier’s beaked whales in groups of difference sizes (n = {1, 2, 3, 4, 5, >5}) 
from 2006-2018. Values calculated from observed data are indicated by purple broken line. 
Only adult females known to be reproductive are considered. Only groups in which all 
individuals were photographed were included. 

3.3.3 Network and lagged association rate 

I constructed a binary network for individuals seen in 2006-2018 (Figure 13). I restricted 

the network to animals seen on at least two separate days, producing a graph with 41 

individuals seen across 66 groups. Most individuals comprised a connected network (34/41), but 

there were two small isolated clusters. Only two females passed our filtering, one known to be 

reproductive and the other known to be female from genetic sexing. Figure 13 needs to be 

interpreted cautiously because of the relatively small number of re-sightings of individuals and 

the very small sample of confirmed females. Centrality metrics, such as degree, are heavily 

influenced by the number of sightings of individuals when sample sizes are small. In a linear 
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model, an increase of one in sighting frequency produced an estimated increase of 1.2 (SE = 

0.23) in degree (figure 14; t = 5.18, p < 0.001, n = 41, R2 = 0.39). 

I used lagged association rate estimates to investigate temporal patterns in association. 

Again, because of the paucity of repeat sightings in our dataset, caution is warranted in the 

interpretation of these data. Overall, I only recorded one repeat association among any animals 

across years; a dyad of an adult female (the most frequently sighted animal overall) and an adult 

male. These animals were not continuously associated, as the female was sighted several times 

without the male in the intervening interval. As expected, lagged association rates decreased 

sharply with time (Figure 15), so I focused on short-term (20 days) lagged association rates 

among different age-sex classes (Figure 16). To garner a large enough sample size, I used only 

two age-sex classes (adult males and other). Adult male intra-sexual association lags appeared 

slightly higher than other groups over the first 5 days, but estimated errors were highly 

overlapping. 
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Figure 13: A binary network of individually identified Cuvier’s beaked whales from 2006-2018 
(n = 41 individuals; n = 66 groups). Nodes represent individuals seen on at least two different 
days; edges connect individuals who were seen in the same group at least once. Node color 
indicates adult males (red), females (blue; known from presence of calf or genetic sample), 
and unknown age-sex class (green). The unknown age-sex class is likely comprised of juveniles 
of both sexes and adult females which have not been seen with a calf or sampled genetically 
(see text for details). 
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Figure 14: The relationship between number of sightings (n = 66 from 2006-2018) of an 
individually identified Cuvier’s beaked whale and its degree in a binary network graph. Color 
indicates adult males (red), females (blue; known from presence of calf or genetic sample), 
and unknown age-sex class (green). The unknown age-sex class is likely comprised of juveniles 
of both sexes and adult females which have not been seen with a calf or sampled genetically 
(see text for details). 
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Figure 15: Lagged association rate for Cuvier’s beaked whales plotted against null from 2006-
2018 (195 individuals; 61 sampling days). 400 association moving average; bars represent 
jackknifed error. Calculation performed with SOCPROG 2.9 (Whitehead , 2009). 
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Figure 16: Lagged association rate among age-sex classes for Cuvier’s beaked whales plotted 
against null from 2006-2018 (195 individuals; 61 sampling days). 20 association moving 
average; bars represent jackknifed error. Calculation performed with SOCPROG 2.9 
(Whitehead 2009). AM = adult male; O = other age and/or sex. Females and juveniles were all 
combined into other in this analysis to garner a large enough sample size. 

3.4 Discussion 

I found support for a high degree of fission-fusion in associations of Cuvier’s beaked 

whales off Cape Hatteras, but cannot rule out additional subtle structuring within our field site. I 

did not find any evidence for long term social bonds in our sample. Either such relationships are 

uncommon, or our sample was too small in relation to the total population size to capture many 

repeat associations among individuals. Additional resolution in age and sex classes possibly 

obtained from more concerted genetic sampling efforts could help elucidate some of these 

unanswered questions alongside continued photo-identification surveys. Additional surveys and 
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telemetry instrument deployments during the winter could also be important to determining 

the bounds of the population and any season differences. 

3.4.1 Photo-identification and group size 

The mean group size in our study area was slightly larger than other well studied 

populations of Cuvier’s beaked whales in Hawaiʻi and the Ligurian Sea. The modal group size in 

our area was two, in contrast to several other study sites where the mode was 1 (Baird, 2019). 

Our group size distribution was comparable to that Blainville’s beaked whales and Northern 

bottlenose whales, but much lower than the large group sizes reported for Longman’s beaked 

whales (Indopacetus pacificus) or Baird’s and Arnoux’s beaked whales (Beradius spp.) (MacLeod 

& D’Amico, 2006). 

The photo-identification discovery curve for our area does not show an asymptote, 

suggesting that this population may be substantially larger than our current catalog size. The 

large catalog of identified individual whales is also consistent with the very high density 

observed from aerial surveys (McLellan et al., 2018). This effect could also be caused by 

emigration and immigration patterns, rather than a large, incompletely sampled population. Our 

evidence for site fidelity in this population might still miss seasonal effects, though we have seen 

individuals of both sexes within and between years and six animals have been re-identified 

across four or more years. Likewise, observations of the movements of whales monitored by 

satellite-linked telemetry tags demonstrate a restricted core range for almost all animals over 

weeks to months (Foley, 2018). Almost all these whales, however, were monitored only during 

the summer and fall with very little data coverage in the winter (when we also lack photographic 

effort). Most cetacean telemetry tags can only transmit for a maximum of several months, so 
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long-term movement patterns can be difficult to detect, especially if individual animals exhibit 

multiple strategies in one area. 

3.4.2 Group composition and age-sex class ratios 

Overall, males and other age-sex classes were represented in groups in the same 

proportion as predicted by a null model of completely random assortment. Our sample size is 

relatively small and I have limited resolution on age-sex class ratios, but these findings indicate a 

society with a high degree of fission-fusion. This finding is consistent with previous work in other 

study areas on Cuvier’s beaked whales (Baird, 2019; Falcone et al., 2009; McSweeney, Baird & 

Mahaffy, 2007). Many species of cetaceans live in fission-fusion societies, including other 

beaked whales (e.g., northern bottlenose whales, Gowans, Whitehead & Hooker, 2001), but 

truly random assorting is not particularly common. I recognize that these tests are insensitive to 

subtle structuring due to a small sample size.  

I compared our observed ratio of adult males to age-sex class ratios calculated for 

Blainville’s beaked whales in the Bahamas. Our observations of proportion of adult males were 

broadly similar to those made in the Bahamas (Claridge, 2013). If I assume a 50:50 sex ratio, I 

observed a high proportion of adults when compared to sub-adults (approximately two-thirds 

adult), although not quite as high as the proportion Claridge (2013) found in Blainville’s beaked 

whales. High levels of male-male competition and inter-sexual conflict were suggested by 

Claridge (2013) as a possible explanation for age class segregation which might produce this 

observed pattern. This is also possible for Cuvier’s beaked whales, which may associate more 

randomly than Blainville’s, but also may experience similarly intense male-male competition, 

based on the qualitatively similar degree of scarring in males of both species. 
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Our observations may be biased toward males because they are often lighter colored 

and slightly larger than other age-sex classes of Cuvier’s beaked whales and, therefore, may be 

easier to detect at a distance. It is also possible that females are more likely to avoid boats if 

they are more risk adverse than males in general due to the differential parental investment 

common in mammals (Trivers, 1972). Our assumption of a 50:50 sex ratio may also not be valid; 

Baird’s beaked whales captured off the coast of Japan were found to have a sex ratio skewed 

toward males (Nishiwaki & Oguro, 1971; Omura, Fujino & Kimura, 1955). These two studies of 

Baird’s beaked whales suggested that males and females might differ in their ranging patterns, 

leading to the skew, as the small number of fetuses examined showed a 50:50 sex ratio. A 

similar pattern was seen in Cuvier’s beaked whales captured in some of the same locations 

(Nishiwaki & Oguro, 1972). In addition, if females are warier of catcher boats, or more adept at 

avoiding them (McKnight & Ligon, 2017), then the capture could be skewed toward males. 

3.4.3 Network and lagged association rate 

I calculated several network measures for our dataset of Cuvier’s beaked whales. These 

must be interpreted with great caution because of the small number of sightings. Many network 

properties are susceptible to sample size bias, as evidenced by the pattern I see in centrality 

(Figure 9). Nevertheless a binary network shows that most animals seen on at least two 

separate days comprise a continuous graph. This is consistent with observations of Cuvier’s 

beaked whales in Hawaiʻi (Baird, 2019) and other fission-fusion odontocetes (Lusseau et al., 

2006).  

Lagged association rates confirmed that there is no evidence for long-term bonds 

among individuals. Based on diving synchrony (see Chapter 2) I might expect male-male 



 

57 

associations to last longer than those between males and females, and it appears there is a 

small effect observed in the lagged association rates  over the short term (Figure 11). However, 

with small sample sizes, error estimates are large and conclusions must be drawn cautiously. 

Additional sighting data and higher resolution information on sex could help resolve some of 

these questions. Interestingly, there is no strong evidence for strong bonds among individuals in 

a longer-term study of Cuvier’s beaked whales in Hawaiʻi (Baird, 2019; McSweeney, Baird & 

Mahaffy, 2007). This contrasts with observations of northern bottlenose whales (Gowans, 

Whithead & Hooker, 2001) and other fission fusion cetacean societies in which long-term bonds 

exist, such as bottlenose dolphins (Tursiops spp.; Connor & Krützen, 2015; Ermak et al., 2017; 

Smolker et al., 1992). 

3.4.4 Conclusions 

Despite limited sample size, most of our findings support a highly fission-fusion society 

in Cuvier’s beaked whales without strong long-term bonds at least in the form of groups of 

animals often present in the same group with each other. Though I find no support for long term 

alliances among males, these findings do not necessarily rule out the possibility of short-term 

cooperation and I may have simply not sampled enough groups to discover longer term 

relationships or repeat interactions among long-lived individuals in a large population. I can be 

fairly certain that the types of relationships as found in some populations of bottlenose dolphins 

among males which spend the majority of their time together are not present here. Additional 

sampling effort on groups is highly desirable to further investigate these questions, but genetic 

sampling to identify sex would also be crucial especially in further resolving the other age-sex 

class. The grouping behavior of adult females is a key missing component thus far. 
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4 Trade-offs in telemetry tag programming for diving behavior 
data longevity, resolution, and continuity in deep-diving 
cetaceans 

4.1 Introduction 

Satellite-linked bio-loggers (satellite tags) are an important component of the telemetry 

toolbox because they can uplink data during deployments, and in some cases in near real time, 

rather than waiting for the recovery of archival instruments. In addition, the recovery of archival 

bio-loggers can be challenging on some species, including many cetaceans. Limited resources, 

uncertain detachment times, strong ocean currents, and battery life on radio beacons can all act 

to decrease the probability of recovery of archival devices. Nevertheless, bandwidth limitations 

are a serious drawback of current satellite-linked tags, especially those that employ the Argos 

system. Bandwidth is limited in at least two fundamental ways. First, the maximum bitrate such 

systems can support is often constrained by the hardware or software of the system and the 

orbiting characteristics and number of satellite receivers. Second, the behavior of the animal 

and placement of the transmitting device can be a limiting factor (e.g., Mul et al. 2019). In 

cetaceans, this limitation is described by the frequency and duration of tag emergence into air, 

because successful uplinks can occur only when the tag is out of the water. Unfortunately, many 

of the species that are most difficult to observe directly, and therefore of the greatest interest 

for biologging, are those that spend the least amount of time at the surface. 

A variety of methods have been employed to maximize the amount of data obtained 

from satellite-linked tags. Data can be compressed or summarized, and sampling rate and/or 

resolution can be lowered to meet bandwidth restrictions (Quick et al., 2019). In addition, 

instruments can be designed to archive data, release, and float to the surface where they can 
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transmit at a higher rate (Musyl et al., 2011). Finally, ultra-high frequency (UHF) antennas 

stationed on nearby land or vessels can receive data during periods of low satellite coverage 

(e.g., Jeanniard-du-Dot et al., 2017; Argos Goniometer, Woods Hole Group, 

clsamerica.com/argos-goniometer). Specific solutions depend on the behavior of the species of 

interest, as well as the specific data needed to address research questions [Andrews et al., 

2019]. 

In the present study, I analyzed data collected between 2014 and 2016, when we 

deployed Argos-linked satellite telemetry tags to collect baseline data on Cuvier’s beaked 

whales (Ziphius cavirostris, family: Ziphiidae). I also included data collected from 2018-2019 

when tags were programmed and deployed within the Atlantic behavioral response study (BRS), 

which included a strategic experimental design to quantify behavioral responses of these whales 

to naval sonar signals. The specific aim of this BRS is to collect dive data before, during, and after 

known exposures to mid-frequency (3-4 kHz) active sonar (MFAS) signals using controlled 

exposure experiments (CEEs). Argos systems are limited to 32 bytes per data message and, 

although several messages can be sent per minute, typically only one message is sent during 

each surfacing of a Cuvier’s beaked whale. In addition, given the polar orbit of Argos satellites, 

at the latitude of our study area off the coast of Cape Hatteras, North Carolina (35-36° N), there 

is only approximately 9% temporal coverage. Nevertheless, in our study the greatest bandwidth 

bottleneck is caused by the behavior of the animal itself. Cuvier’s beaked whales show a 

bimodal diving pattern, performing extremely long foraging dives, shorter non-foraging dives 

and very short surface periods. Shorter dives have a median duration of approximately 19 

minutes, and the median duration of foraging dives is a remarkable 59 minutes (Shearer et al., 
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2019). The median duration of each surface period is only 2.2 minutes (Shearer et al., 2019), 

during which time the animal will break the water’s surface several times. 

We employed Wildlife Computer’s SPLASH10 tags, which consist of a package of sensors 

including pressure, temperature, and conductivity, and an onboard computer and storage 

system that records and archives data. In the case of cetaceans, these tags are commonly 

attached in configurations that do not allow recovery of the full archived record. In such cases, 

the sensor data returned by a tag is entirely in the form of various programmable data streams 

that are uplinked to the Argos satellite system, where they can be downloaded and decoded. A 

very commonly utilized data stream consists of dive summary records (termed behavior) for any 

dives which meet a predetermined threshold based on pressure, duration, and conductivity 

(user-definable within a certain range). Other gross metrics are available in data streams, for 

example depth histograms over a given time span (e.g., daily). Finally, true time-series of depths 

or temperatures can be recorded at one of five supported sampling periods. 

I identified three key axes which represent tradeoffs in satellite tag configuration for 

collecting dive data: overall data record length (longevity); data detail and sampling rate 

(resolution); and the number of gaps in the data (continuity). The relative importance of these 

three tradeoffs depends on the research question(s) being addressed, and an equal 

maximization function may not always be desirable. For example, prior to the start of the 

Atlantic-BRS off Cape Hatteras, we programmed satellite tags to prioritize longevity and data 

resolution (Figure 18) (Shearer et al. 2019). Specifically, we collected multiple data streams at 

relatively fine sampling rates, and duty cycled data collection to increase battery life and overall 

deployment length, which necessarily introduced data gaps. In 2017, when the BRS experiment 
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began, we wanted to determine whether MFAS disrupted deep foraging dives in known 

exposure conditions, so we chose settings that prioritized longevity and continuity at the cost of 

resolution. Thus, we employed a behavior-only configuration, in which shallow dives were not 

recorded (Quick et al., 2019). To address questions concerning potential behavioral responses 

over multiple behavioral states, we implemented a new programming scheme in 2018 to include 

the shallower dives.  

 

 

Figure 17: A conceptual framework for understanding the tradeoffs in bandwidth and battery 
limited biologging instrument programming. Here we highlight three axes: resolution of the 
data, longevity of the data stream (and battery), and completeness of the data record. 
Position of the icon indicates roughly the balance for each of three setting regimes discussed 
here (a) baseline settings (Shearer et al., 2019), (b) restricting data collection to only dives 
greater than 33 minutes in duration (Quick et al., 2019), and (c) recording only time-series 
data (present study). Whale illustration courtesy of Larry Foster. 

In the present paper, I report on our efforts within an experimental context to increase 

resolution and data continuity at the cost of longevity, given bandwidth limitations of Argos 

services. We tested and deployed a programming scheme that employed only time-series data 

(Figure 18). In this chapter, I report our programming optimization process, as well as a test of 

the efficacy of increasing bandwidth by employing an Argos Goniometer (Woods Hole Group, 

clsamerica.com/argos-goniometer), a vessel-based UHF antenna system that we employed to 
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intercept telemetry data. In addition, I provide practical insights for matching tag programming 

schema to specific research applications. 

4.2 Methods 

4.2.1 Satellite tag deployment and programming overview 

We deployed satellite-linked depth-recording SPLASH10-292 tags with the extended 

depth range option (Wildlife Computers, Redmond, WA) in the LIMPET configuration [Andrews 

et al. 2008] using a DAN-INJECT JM 25 pneumatic projector (DanWild LLC, Austin, TX). We 

deployed tags (n = 16) with two 6.8-centimeter surgical grade titanium darts with backward-

facing petals to the dorsal fin (n = 12), base of the dorsal fin (n = 2) or below the dorsal fin (n = 

2). 

I used two datasets in this analysis. The first dataset consists of 8 baseline tags deployed 

in 2014-2016 programmed to collect a variety of data streams including both dive behavior 

summaries and time-series data at a 2.5-minute sampling period (Table 2). These tags were also 

configured to duty cycle to maximize longevity. 

Table 2: Satellite tag deployment summary. Baseline tags are programmed to collect a variety 
of data streams including both dive summary and time-series data. Only adult males can be 
sexed consistently and unambiguously in the study area; all other age-sex classes are marked 
as unknown. 

Id age sex class date longitude latitude programming 
Tag29 unknown 2014-05-15 -74.78 35.55 baseline 
Tag30 adult male 2014-09-16 -74.71 35.66 baseline 
Tag38 adult male 2015-06-14 -74.74 35.6 baseline 
Tag40 adult male 2015-06-14 -74.69 35.63 baseline 
Tag41 adult male 2015-10-15 -74.77 35.61 baseline 
Tag42 adult male 2015-10-21 -74.75 35.62 baseline 
Tag48 unknown 2016-05-27 -74.74 35.59 baseline 
Tag51 adult male 2016-08-21 -74.69 35.61 baseline 
Tag69 adult male 2018-05-24 -74.78 35.69 time-series 
Tag71 adult male 2018-08-05 -74.78 35.73 time-series 
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Tag72 adult male 2018-08-05 -74.78 35.72 time-series 
Tag73 adult male 2018-08-05 -74.75 35.55 time-series 
Tag75 adult male 2018-08-06 -74.78 35.48 time-series 
Tag79 unknown 2018-08-07 -74.78 35.57 time-series 
Tag80 adult male 2018-08-07 -74.78 35.56 time-series 
Tag81 unknown 2018-08-07 -74.75 35.59 time-series 
Tag93 unknown 2019-07-30 -74.73 35.54 time-series 
zc19_218a unknown 2019-08-06 -74.75 35.58 DTAG 

 

The second dataset consists of 8 test tags deployed with all optional data streams 

disabled, except for time-series depth measurements collected at a 5-minute sampling period. 

Additionally, we programmed these tags to collect data only for the first 14 days of deployment, 

strategically selected during planned CEE windows, but continuously to transmit data (and 

therefore positions) for the remaining life of the tag (Table 2). We deployed these tags as a 

specific test of the efficacy of this sampling scheme. 

4.2.2 Baseline comparison 

I used the baseline tags to compare time-series and dive summary data records (Figure 

19). I employed a simple algorithm to convert depth time-series data into a similar format as the 

behavior data, in which I used the first derivative of the time-series to determine points nearest 

a given surfacing. I used a depth filter of 50 meters to exclude local maxima. Then I visually 

inspected time-series and manually edited them to correct any false negatives or positives. I 

interpolated surface times using a vertical velocity of 1.4 m/s based on Tyack et al. (2006), who 

found that ascent and decent rates varied little for Ziphius cavirostris within several hundred 

meters of the surface. I used these interpolations to calculate dive duration. Maximum depth 

was simply taken from the largest value recorded between the start and end of the dive. I 

calculated dive shape using the same categories as the behavior summary data stream, in which 
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square shaped dives were scored if >50% of the dive was within 80% of the maximum depth, 

“U”-shaped dives were between 20% and 50%, and “V”-shaped dives were <20% (see Wildlife 

Computers, 2019). 

Finally, I down-sampled time-series data on these tags from a 2.5-minute period to a 

5.0- and 7.5-minute period to investigate the impact of sampling frequency. I compared these 

converted data sets of time-series data to the simultaneously recorded dive summary data on 

duration, depth, and shape. The dive summary data are based on higher resolution sampling in 

the case of depth and shape, and a conductivity sensor reading in the case of duration (Wildlife 

Computers, 2019), so I considered the dive summary to be a truth data set, with which I could 

contrast the time-series derived values. 

I also compared depths from two different tag types deployed on different individuals in 

the same group in 2019, as animals in the same group at the surface are known to maintain high 

levels of synchrony at depth (Aguilar de Soto et al., 2020; Chapter 2). One of these tags was a 

time-series tag configured in the same manner as our test tags, and the other was a DTAG 

recording depths at 25 Hz, decimated from 250 Hz (Johnson & Tyack, 2003). 
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Figure 18: A representation of two types of diving data streams collected concurrently on a 
single tag deployed on a Cuvier’s beaked whale (Ziphius cavirostris). In blue is a pseudo-dive 
profile based on the summary dive behavior data stream which provides a maximum depth, 
start time, and end time for each dive. Note this is not a true dive profile as only maximum 
depth and approximate shape of the dive are indicated (see methods for details). In black are 
time-series depths with reported error bands indicated by purple segments. Top panel shows 
the native resolution of time-series data, while the middle and bottom panel show down 
sampled time-series data. 

4.2.3 Additional data collected by UHF antenna 

To aid in the tracking and data collection from individuals we used the Argos 

Goniometer (Woods Hole Group Inc., Lanham, MD; henceforth Goniometer) to localize tagged 

whales and receive data from their transmitters. I developed a visualization software in the form 

of an R package to assist in real time tracking of individual tags 

(github.com/williamcioffi/monitorgonio). In addition, I used data messages downloaded by the 
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Goniometer to supplement data messages received only via satellite. I converted Goniometer-

received hexadecimal data into a format that could be inputted into Wildlife Computer’s 

message decoding utilities using a custom R function (github.com/williamcioffi/parsegonio). 

4.2.4 Assessment of test deployments of time-series only configured tags 

I assessed performance of time-series only test tags (n = 8). These tags were 

programmed with a 5.0-minute sampling period to balance tradeoffs with data resolution and 

longevity. I checked for mechanical or software failures in our data streams. Status messages 

periodically report the pressure transducer reading at a presumed zero depth (when the 

conductivity sensor reads dry). I used these readings and manual inspections of the dive record 

to identify periods of excessive pressure transducer drift or failure. I defined unacceptably high-

pressure transducer drift as two or more consecutive zero depth readings of greater than +/- 10 

meters (Baird et al., 2018). 

I measured the overall life of the tag from deployment to the final uplink, and the 

number of data messages successfully transmitted to satellite from the 14 days of time-series 

collection, and the number of consecutive messages without a data gap. 

4.2.5 Ethics, data accessibility, and reproducibility 

Satellite tags were deployed under National Marine Fisheries Service scientific research 

permit numbers 17086 and 20605 to Robin W. Baird, 14809-03 to Douglas P. Nowacek, and 

16239 to Dan Engelhaupt. Photo identification was conducted under National Marine Fisheries 

Service general authorization letter of confirmation number 19903 to Andrew J. Read. All 

activities were approved by Institution Animal Care and use committees at the respective 

institutions. 
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All analysis was carried out in the R programming language (version 3.6.1; R Core Team,  

2019) and all scripts and data used to produce these analyses and figures are archived in a 

private Github repository available up request. 

4.3 Results 

4.3.1 Baseline comparison 

I extracted a total of 645 dives for the 2.5-minute sampling period time-series data, 

compared to 598 and 457 for the 5.0- and 7.5-minute sampling periods respectively. Mean 

difference between time-series extracted dive duration and the true dive duration (error) 

increased as sampling period increased, although the maximum error was similar (Table 3). 

Most dive duration errors were within the theoretical maximum of twice the sampling period 

(Figure 20). Time-series data tended to underestimate maximum depth, probably due to short 

forays to depths missed by the relatively coarse sampling. Mean depth error increased only very 

slightly with increasing sampling period, but the maximum depth error increased more 

substantially (Table 3). Correct assignment of dive shape also decreased with increasing 

sampling period from approximately 76% correct at 2.5 minutes to 65% and 63% at 5.0 and 7.5 

minutes respectively. V-shaped dives were the most often miscategorized by the time-series 

data, but this type of dive was also the rarest. Square-shaped dives were the best identified at 

76-79% correct for all sampling periods (Figure 20). 

I also compared dive depths between the two whales tagged in the same group, one 

with a high-resolution DTAG and the other with a time-series (5-minute period) SPLASH10 tag 

(Figure 21). DTAG depth calibration error was 2.3 meters. Depths were highly correlated 

between the two instruments (n = 56 samples, R2 = 0.99) with a mean depth difference of 30 
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meters. Note that this difference would include both measurement error (of both tags), as well 

as any difference in the behavior of the two animals. 

Table 3: Differences among time-series data (sampled at a 2.5-minute period and resampled 
to a 5.0-minute and a 7.5-minute period) and concurrently collected dive summary data. Dive 
summary data includes a dive duration calculated from submergence to emergence in air (as 
measured by a conductivity sensor) and maximum depth of each dive (as measured from an 
onboard 1 Hz pressure transducer). Values in brackets indicate ranges. 

 2.5 min period 5.0 min period 7.5 min period 
n dives extracted 645 598 457 
mean absolute value 
duration difference 
(seconds) 

69 (0 – 1338) 182 (0 – 1589) 293 (0 – 1589) 

mean absolute value 
depth difference, all 
dives (meters) 

30 34 43 

mean absolute value 
depth difference, 
dives < 33 minutes in 
duration (meters) 

18 (1 – 95) 21 (1 – 101) 27 (1 – 152) 

Mean absolute value 
depth difference, 
dives >= 33 minutes 
in duration (meters) 

81 (2 – 147) 82 (16 – 147) 83 (16 – 234) 

 

4.3.2 Test deployments of time-series only tags 

We deployed eight time-series only tags to test the real-world performance of this 

setting regime. We programmed these tags to collect 14 days of dive data, before transitioning 

to a transmit-only phase. One tag was deployed below the dorsal fin and never successfully 

transmitted any data (Tag71). A second tag suffered an unknown malfunction, apparently 

restarting at random intervals, which diminished the amount of transmitted data (Tag79). Of the 

remaining 6 tags, 2 experienced significant pressure transducer drift, resulting in truncation of 

the reliable data. These tags were still analyzed for data completion and transmission statistics, 
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because these aspects of tag performance were unaffected by the pressure transducer 

malfunction. 

From the six tags which uplinked data normally, there were 3 data gaps across 3 

different tags. Two of these gaps were 8 hours (2 data messages), while the last was only 4 

hours (1 data message). Most data messages were received by satellite or both by satellite and 

Goniometer. Only 5 dive data messages (across 2 tags) were only received via Goniometer in the 

field (Figure 22). Nevertheless, the Goniometer lead to more messages received in total, 

including additional status messages, although there was a higher rate of corrupt messages 

received in the field via the Goniometer than via satellite (Figure 23). Daily rate of successfully 

decoded Goniometer messages was approximately 5 to 25 times greater than from satellite, 

while the corrupt rate ranged from 9 to 36 times greater
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Figure 19: Comparison of dive metrics calculated from time-series depths recorded at a native sampling period of 2.5 minutes and 
downsampled to 5.0 and 7.5 minutes compared to concurrently collected dive summary data derived from conductivity sensor detected 
dives. Column one and two show the distributions of the difference in dive duration between the two data collection methods for each 
sampling period (row). Purple broken lines indicate a theoretical error bound based on sampling period. Column three and four show the 
distributions of difference in dive depth between the two data collection methods for each sampling period. Purple broken lines indicate the 
recorded error bounds for the behavior summary data maximum depth. Column five shows a confusion matrix of dive shapes calculated by 
the two data recording methods for each sampling period.
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4.4 Discussion 

I describe an iterative process to determine the best programming regime for a 

biologging tag, given specific research questions in the Atlantic-BRS to quantify responses to 

MFAS. The experimental design of this study called for an uninterrupted stream of data before, 

during, and after exposure to the experimental stimulus, so we placed a very high value on 

complete data records without gaps. Quick et al. (2019) outlined an effort to focus tag 

configuration on questions pertaining to deep foraging dives. Here I describe a strategic data 

acquisition scheme implemented within the constraints of a commercially available instrument 

designed to quantify relatively fine-scale behavioral changes in the number, shape, and pattern 

of foraging dives before, during, and after controlled MFAS exposure. 

I used baseline data already collected in 2014-2016 to investigate tradeoffs between 

different types of data streams: a true time-series with limited temporal and depth resolution, 

and a dive summary log consisting of maximum dive depth, dive duration, and dive shape. When 

I compared three candidate sampling periods for time-series data, I found a decrease in 

accuracy at longer sampling periods for dive depth and correct assignment of shape, but the 

greatest differences were in dive duration. This difference was largely driven by increasing 

aliasing of dive cycles at the coarser data resolution. 
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Figure 20: Comparison of dive depths between a satellite tag configured to collect time-series 
depth data and a DTAG deployed on different individuals in the same group. Top panel shows 
depth comparison with the broken line indicating 1:1 and blue segments indicating the 
reported error bounds for time-series reported depths. Bottom panels show the DTAG dive 
profile (zc19_218a) overlaid with 5.0-minute time-series depth sampling from the satellite tag 
(Tag93). 
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Figure 21: Time-series message reception for 8 test tags in the time-series only programming 
configuration. Each block represents 48 time-series data points (= 4 hours of data at our 
sampling period of 5 minutes). Colors denote if message was received in the field only (via 
Argos Goniometer), from the Argos satellite system only or from both sources. Only 
successfully decoded messages are included in this plot. Tag71 never transmitted a 
successfully decoded time-series message. Note that total length of record varies as tags are 
programmed to record for 14 calendar days as opposed to 14 x 24 whole hours. 
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Figure 22: Comparison of tag message capture rate between the Argos satellite system (sat) 
and Argos Goniometer (field) for 8 test tags in a time-series programming configuration. The 
proportion of messages successfully decoded indicated by darker bars. Rates were calculated 
using the time from the first message received from a particular tag on a given day to the last 
message received that day. 

4.4.1 Sampling rate and data record length 

We chose a 5-minute sampling period for deployment of a time-series only tag 

configuration. The trade-offs with this choice were maximizing the temporal length of data, 

while reducing aliasing effects and minimizing gaps due to limited uplink bandwidth. At the 5-

minute sampling period, we estimate about twice as many data messages are generated per day 

than can be uplinked to satellite. We solved this problem by truncating data collection to 14 

days, and then transitioning the tags to transmit only, enabling the tag to uplink the backlog of 

messages. 
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This scheme of relying on a post-data collection period to complete data transmissions 

also creates the risk that a tag could fail before the data uploading is complete. Our sampling 

length of 14 days was largely dictated by this concern, because we estimated it would take 

approximately another 14 days to uplink a complete data record for a total of approximately 28 

days. This total length was within the calculated battery life of the instrument, given our 

programming, and commensurate with average deployment life observed in our study area 

[Shearer et al. 2019]. In addition, 14 days was sufficient to conduct several experimental 

treatments including adequate baseline and post exposure periods. 

4.4.2 Additional data collected by UHF antenna 

To decrease the risk associated with this programming regime, we utilized a Goniometer 

to download additional data. Fortunately, by the end of our test deployments almost all 

messages that were obtained with the Goniometer had also been transmitted to satellite, but 

the Goniometer provided additional security by collecting the most crucial messages 

(concurrent in time to the experimental exposures) earlier and therefore guarding against 

potential future tag failure. Near real-time monitoring of received messages from experimental 

animals was possible in the field as well increasing our ability to capture complete records. In 

the future, vessels with extended endurance (overnight capabilities) could greatly increase the 

potential data reception bandwidth, allowing for finer scale sampling or longer duration of 

sampling. 

4.4.3 Iterative approach 

There are clear trade-offs in this process, including the comparability of data among 

research efforts and the more limited time over which dive data are collected than would be 
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possible at lower temporal resolution. Although I have focused on data resolution, longevity, 

and continuity, there are additionally important factors to consider when deploying tags. These 

considerations include: weighing the risk of harm to the animal with the value of data collected 

(Andrews et al., 2019); the cost and time expenditure in deployment and analysis; how sample 

size is affected by programming regimes; species behavior; and the probability of success in 

achieving the experimental objectives during critical data collection periods selected (Bodey et 

al., 2017, Horning et al., 2019).  

Perhaps the major downside to tailoring tag programming regimes to each question or 

experiment is the complication of creating non-comparable datasets. For instance, if tags are 

deployed in the context of a long-term study, year-to-year comparisons may be of interest. For 

that reason, it is often more beneficial to collect data in a fashion such that it can be compared 

to historical samples, even as new questions and protocols are added to a project. Nevertheless, 

in our case, the baseline data collection paradigm was not suitable to meet the experimental 

objectives from the BRS, given the relatively focused (1 hour or less) nature of the exposures. 

4.4.4 Added value of time-series data 

Onboard data processing can increase the efficiency of biologging devices immensely, 

especially when bandwidth is limited. For instance, when using the dive summary data to 

capture only long foraging dives, each data message comprises approximately 9 hours of animal 

behavior. In contrast, a time-series data stream set to a 5.0-minute sampling period only 

comprises 4 hours of data in a message. In return, a true time-series even at relatively coarse 

resolution allows the calculation of activity budgets based on depth, spectral densities, custom 

shape parameters, and vertical velocity. Our tags also sample using the real-time clock, which 
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means that concurrent tags sample almost simultaneously, allowing for direct comparison of the 

diving behavior of animals tagged within and between groups. 

Another major consideration in our experiment was the depth resolution loss in the 

time-series only configuration. The lower depth resolution in the time-series was partially 

compensated by the fact that multiple depths were sampled during each dive, as opposed to a 

single depth in the dive summary data stream (maximum depth) albeit at a finer resolution, but 

this could be an important consideration depending on the application. 

4.4.5 Species-specific behavior 

The sampling resolution and depth accuracy to resolve, for example, individual dives is 

highly taxon-dependent, as is the degree to which the animal’s diving behavior creates 

bandwidth bottlenecks. Cuvier’s beaked whales create a significant bandwidth bottleneck by 

virtue of the small amount of time they spend at the surface, but the fact that their dives tend 

to be long and deep offsets this challenge by permitting the use of coarser sampling resolutions. 

Even the shorter dives of Cuvier’s beaked whales average 19 minutes [Shearer et al. 2019], so a 

sampling period of 5 minutes does not typically cause aliasing, which could obscure dive events 

in the time-series record. Considering sample period alone, it should be possible to detect any 

dive of 10 minutes or greater. Due to the limitations in depth accuracy, however, short and 

shallow dives may sometimes be unobserved. As the shorter dives of Cuvier’s beaked whales 

also tend to be relatively deep (>100 meters), this is typically not a problem for this species. In 

comparison, in the sympatric short-finned pilot whales (Globicephala macrorhynchus), 

maximum dive durations only reach 26 minutes (unpublished data) and are typically shallower 

(maximum 1360 meters, unpublished data) than for Cuvier’s beaked whales. Therefore, a 5-
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minute sampling period would be insufficient to capture the same percentage of dives for this 

species.  

4.4.6 Instrument failures 

Finally, in the assessment of tag performance it is important to note that we 

experienced multiple failures during the deployments of the time-series test tags. Three of the 8 

tags suffered catastrophic failures rendering most of the return data unusable, and a fourth tag 

was deployed too low on the animal to break the surface and transmit data messages. 

Equipment failures are unavoidable in small-run electronics, especially when exposed to 

extreme conditions such as those deployed on deep-diving cetaceans, but failure rate (both 

caused by malfunction or variation in deployment success) must also be incorporated into the 

risk assessment of any programming scheme and, indeed, any tagging program. Further 

hardware development for deep diving species is clearly needed to minimize this risk. In this 

case, earlier failure could lead to dramatic reductions in completeness of the data record, so we 

took steps to mitigate this using the Goniometer. 

4.4.7 Future development 

There is a need for purpose-built bio-logging instruments to answer many of the current 

and pressing questions in large marine vertebrate research, especially within the context of 

expanding applications of and increasing complex experimental BRS. In addition, there are 

specific requirements for instruments that are pushed to extreme environments, such as the 

significant pressure ranges visited by beaked whales. Hardware development is expensive and, 

therefore, not feasible for many specific use cases, although in the case of deep diving cetaceans 

at conservation risk, such research appears to be neccessary. 
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In our study, new hardware development was not possible, but we were able to 

optimize the sampling regimes of existing instruments. Through this process it became clear to 

us that there is a need for more flexible software in commercially available tags. Additional 

control of setting sampling rates and regimes could lead to more creative solutions in difficult 

bio-logging problems that would in turn enable data collection for a greater array of biological 

questions. 

4.4.8 Conclusions 

Lessons from our deployment and programming strategies in this study are 

generalizable to similar problems in other taxa. Our recommendations follow the logical thought 

process of any complex field experiment. Start with the research questions, and design analyses 

to address specific components and optimize data collection for those questions. Testing data 

collection methods with pilot data or real deployments provides added value and allows for 

protocol refinement. Extensive testing, as presented here, is expensive and sometimes 

infeasible given the constraints of research budgets – we are grateful that our sponsors allowed 

us to strategically and systematically evaluate tag settings to determine optimal solutions given 

the specific research objectives of the Atlantic-BRS. Computer simulations and bench tests can 

be a viable alternative, but in the case of biologging at the intersection of animal behavior, 

weather, deployment location, and satellite coverage can be difficult to model or reproduce in 

the lab. A hybrid approach using simulation or modeling based on similar species and 

deployments can increase the likelihood of success in field tests. 
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5 Is diving behavior in Cuvier’s beaked whales (Ziphius 
cavirostris) trimodal? 

5.1 Introduction 

Beaked whales are exquisitely adapted for deep diving. Many of these adaptations come 

in the form of maximizing oxygen stores and minimizing oxygen expenditure (Pabst, McLellan & 

Rommel, 2016; Velten et al., 2013). Cuvier’s beaked whales (Ziphius cavirostris), in particular, 

spend most of their time at depth and spend only vanishingly brief periods at the surface 

(Shearer et al., 2019). Nevertheless at least the life sustaining activity of ventilation must be 

performed at the air-water interface. While we do not have a good grasp on the relative costs of 

being at depth versus near the surface for these animals, some basic functions such as digestion, 

defecation, mating, or fighting may be difficult at great pressures and/or while undergoing a 

dive response. Cuvier’s beaked whales have many physiological and behavioral adapations for 

foraging at depth and these adaptations may therefore produce tradeoffs which make other 

activities (such as fighting or mating) more expensive during these times. At the present time, 

we do not understand how and when beaked whales accomplish many essential behaviors and 

functions for a mammal. 

Cuvier’s beaked whale diving behavior has generally been described as highly bimodal, 

characterized by deep foraging dives (generally > 800 meters and > 33 minutes at our study site 

off the coast of Cape Hatteras, USA; mean = 1500 meters and 59 minutes), followed by a series 

of shorter shallower dives. These shorter submergences, sometimes termed ‘bounce dives’ 

average 19 minutes in our area and to depths of several hundred meters. Ventilation periods at 

the surface only last several minutes (Shearer et al., 2019). Similar behavior has been recorded 
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in other populations of this species, although average dive depths vary with local bathymetry 

(Baird et al., 2008b; Schorr et al., 2014; Tyack et al., 2006). The evolution of this extreme 

behavioral pattern is often interpreted as an anti-predator strategy, in which time at or near the 

surface is minimized to avoid large visual predators such as killer whales (Orcinus orca) (Aguilar 

de Soto et al., 2012; Baird et al., 2008b). 

The activity of Cuvier’s beaked whales is split nearly evenly between deep foraging dives 

and inter-deep-dive intervals. Bounce dives have been interpreted variously as recovery periods 

or as a means of avoiding decompression sickness (Tyack et al., 2006; but see Zimmer & Tyack, 

2007). Beaked whale echolocation clicks are not heard on shallower dives (Aguilar de Soto et al., 

2012; Aguilar de Soto et al., 2020), so foraging is thought to be restricted entirely to deep dives. 

Diel patterns in shallow diving behavior have been observed in Cuvier’s beaked whales (Baird et 

al., 2008b; Shearer et al., 2019) in which relatively shallow dives are more common at night than 

during the day. This pattern has again been generally interpreted in the context of avoiding 

visual predators during the day. 

Most terrestrial mammals exhibit diel patterns of activity and have evolved specific 

sensory adaptations to either nocturnal or diurnal lifestyles (Halle & Stenseth, 2012; Kronfeld-

Schor & Dayan, 2003). Cetaceans may be more likely to engage in cathemeral patterns of 

activity given their unihemispheric sleep and, in particular, the ability of odontocetes to forage 

using echolocation. Some cetaceans show diel behavior, including changes in group size (e.g., 

pantropical spotted dolphins, Scott & Cattanch, 1998, diving behavior, e.g., sperm whales, Aoki 

et al., 2007, and echolocation, e.g., harbor porpoises Carlström, 2005). Several species engage in 
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foraging at night to access the rising deep scattering layer and then rest during the day (e.g., 

spinner dolphins Norris et al., 1994; pantropical spotted dolphins Baird et al., 2001). 

Here I examined the diving behavior of Cuvier’s beaked whales using near continuous 

time series of five-minute depth samples collected using animal-borne telemetry tags deployed 

on whales Cape Hatteras, North Carolina, USA. I specifically tested for the existence of diel 

patterns in diving behavior, by delineating three diving modes rather than the usual two. I 

defined deep dives are as activity at any depth greater than 800 meters, bounce dives are 

between 800 and 75 meters, and shallow dives are less than 75 meters.  

I tested several hypotheses of the drivers of a diel shallow diving behavior (with more 

shallow diving occurring at night) including: (1) physiological recovery; (2) predator avoidance; 

and (3) a possible social function. If shallow diving represents periods of recovery, it should be 

correlated with preceding daytime activity levels, which I measured as horizontal displacement 

and the proportion of time spent on deep foraging dives. However, if avoidance of visual 

predators drives the diel pattern, beaked whales should spend less time near the surface on 

nights that are calmer and better lit by the moon. Lastly, if nighttime shallow dives are a result 

of social coordination or behavior, I expected more shallow night intervals for larger groups, and 

little or none for lone individuals.  

Understanding how and why beaked whales allocate their near-surface time will provide 

further insights into the tradeoffs between mitigating predation pressure and acquiring food 

resources in an extremely deep-diving species of odontocete cetacean. 
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5.2 Methods 

5.2.1 Satellite tag deployment and data validation 

We deployed satellite-linked depth-recording SPLASH10-292 tags with the extended 

depth range option (Wildlife Computers, Redmond, WA) in LIMPET configuration (Andrews et 

al., 2008) using a DAN-INJECT JM 25 pneumatic projector (DanWild LLC, Austin, TX). The tags (n 

= 24) were attached with two 6.8-centimeter surgical grade titanium darts with backward-facing 

petals to the dorsal fin (n = 13), base of the dorsal fin (n = 7) or below the dorsal fin (n = 4). 

We programmed all tags to collect a time-series of depth samples every 5 minutes for a 

maximum of approximately 14 days (see Chapter 2 for details). I verified data mainly by 

confirming the operation of the pressure transducer. Periodic status messages are generated 

onboard the tags which report pressure transducer drift. If drift exceeded 10 meters in either 

direction for two consecutive status reports, I truncated the data to the last status message with 

drift under 10 meters. 

These tags were deployed as part of a behavioral response study on the effects of mid-

frequency active sonar on Cuvier’s beaked whales. Therefore, I removed 24 hours of dive data 

following any experimental exposure. This length of time is commensurate with the duration of 

dive responses observed in similar experiments to date (Pers. Comm., B. Southall). 

Several of the tagged individuals were either in the same group at the time of tagging, 

or later joined together. Individuals in the same group exhibit remarkably similar dive patterns, 

so in each case I removed one of the individuals from the analysis to avoid pseudo-replication. 

To identify periods of highly synchronous diving I calculated daily R2 values for all contemporary 

pairs of tags. Any pair with an R2 > 0.5 was considered synchronous and one of the pair was 
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removed from the analysis for that day. After all filtering, 16 tags remained with enough data for 

analysis, including a range of 48.1 to 325.8  hours of usable dive data (mean = 182.1 hours, SD = 

83.6). 

Table 4: Tag deployment summary and data lengths after filtering.  

Id 
Age-sex 
class date longitude latitude 

n days 
(after 
filtering) 

n hours 
(after 
filtering) 

Tag069 adult male 2018-05-24 -74.781 35.693 5 120.0 
Tag073 adult male 2018-08-05 -74.750 35.552 14 325.8 
Tag075 adult male 2018-08-06 -74.783 35.477 12 275.3 
Tag080 adult male 2018-08-07 -74.779 35.563 5 120.1 
Tag081 other 2018-08-07 -74.753 35.585 2 48.1 
Tag082 other 2019-05-11 -74.762 35.522 9 215.9 
Tag083 other 2019-05-11 -74.749 35.573 8 191.9 
Tag084 adult male 2019-05-23 -74.728 35.532 12 287.9 
Tag085 other 2019-05-27 -74.746 35.693 9 216.0 
Tag086 adult male 2019-05-28 -74.730 35.596 5 116.0 
Tag087 adult male 2019-06-02 -74.726 35.600 4 96.0 
Tag088 other 2019-06-02 -74.723 35.609 10 240.0 
Tag089 adult male 2019-06-02 -74.734 35.578 10 240.0 
Tag093 adult male 2019-07-30 -74.728 35.540 11 245.8 
Tag095 adult male 2019-08-12 -74.739 35.651 4 81.6 
Tag096 adult male 2019-08-12 -74.736 35.647 11 253.7 

 

5.2.2 Photo identification and sex determination 

Individuals were photo-identified using unique natural markings, as well as the 

placement of the tag on instrumented animals. WE used an Argos Goniometer to relocate 

tagged animals over subsequent days, download additional data from the tags directly, and 

confirm group membership and size. As previously described (see Chapter 1, 3), We identified 

adult males by the presence of erupted tusks or high levels of scarring on the body. I collapsed 

all other age-sex classes into an other category. We did not tag any dependent calves. 
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5.2.3 Diving modes 

I defined three diving modes a priori for this study. The deep diving mode consisted of 

time spent below 800 meters and is based on a quantitative analysis identifying two strong 

modes of dive depth, as described in Shearer et al. (2019). The bounce diving mode consisted of 

time spent between 800 meters and 75 meters. Finally, I created a new mode of shallow diving 

consisting of time spent above 75 meters. The depth of 75 meters was chosen based on time 

and depth resolution of the tags used to best capture time spent very close to the surface 

similar to when animals are in ventilation bouts. This value is also similar to the 100 meter 

threshold used by Baird et al. (2008b) and therefore broadly comparable. 

5.2.4 Diel calculations 

I defined periods of day and night from sunrise and sunset times calculated using the R 

package suncalc (Thieurmel & Elmarhraoui, 2019). I also calculated moon phase, moonrise, and 

moonset times using this package. Moon phase was transformed to range of [0, 1] so that 0 

represented a new moon and 1 represented a half (full) moon. A variable ‘moonshine’ was 

derived by multiplying the transformed moon phase by the proportion of nighttime between 

moonrise and moonset. 

5.2.5 Location and speed estimates 

The positions calculated by Service Argos for Cuvier’s beaked whales at our study site 

are relatively inaccurate, due to the short surface intervals of the animals and limited satellite 

coverage (see Chapter 1 and Appendix A). Therefore, I estimated positions from the raw Argos 

data using a continuous time state space model implemented in the R package foieGras (Jonsen 

& Patterson, 2020). Argos location quality ‘Z’ positions were filtered out, as were any positions 
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far outside of the study area and thus likely to be highly inaccurate. Within foieGras, I applied a 

simple speed (horizontal displacement) filter of 10 m/s to remove positions likely to have high 

error. For each 24-hour period I calculated a centroid using the 4 estimated positions. In 

addition, I calculated a horizontal displacement velocity for the daytime and nighttime of each 

day (calendar date). 

5.2.6 Analysis 

I constructed a linear mixed model implemented in the lme4 R package (Bates et al., 

2015) to explain the variation in proportion of the night that individuals spent in the shallow 

diving mode. I included the following predictors: the proportion of the preceding day spent in 

the deep and bounce diving modes; the proportion of time spent in the shallow diving mode 

during the preceding night; moonshine; average wind speed (2 minute average) over the course 

of the night measured at the Oregon Inlet weather station (station 8652587; position: 35.796 N, 

75.548 W; data courtesy of NOAA); maximum depth achieved during the day; sex of the tagged 

individual; the nighttime horizontal displacement velocity; the daytime horizontal displacement 

velocity; and the centroid of estimated latitude and longitude. All variables were centered and 

scaled except for the binary sex variable. I included a random intercept on individual 

identification to account for repeat observations on the same individuals. 

I implemented a second linear mixed model in lme4 to investigate whether group size 

impacted the proportion of nighttime spent in the shallow diving mode. Group size was only 

infrequently observed, so this required a separate model with a smaller data set. Similar to the 

previous model, I included a random intercept to account for individual identification. 
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I assessed the significance of fixed effects by calculating a profiling 95% confidence 

interval. Confidence intervals that did not cross 0 were interpreted as significant. I calculated 

marginal (fixed effect variance explained) R2
glmm (Johnson, 2014; Nakagawa, Johnson & 

Schielzeth, 2017; Nakagawa & Schielzeth, 2013) for both models using the R package MuMIn 

(Barton, 2019). 

5.2.7 Ethics, data accessibility, and reproducibility 

We deployed satellite tags under National Marine Fisheries Service scientific research 

permits numbers 17086 and 20605 to Robin W. Baird, 14809-03 to Douglas P. Nowacek, and 

16239 to Dan Engelhaupt. Photo identification was conducted under National Marine Fisheries 

Service general authorization letter of confirmation number 19903 to Andrew J. Read. All 

activities were approved by Institution Animal Care and Use Committees at the respective 

institutions. 

All data were prepared and analyzed within the R programming language, version 3.6.2 

(R Core Team, 2019). Data and scripts to reproduce the analyses and figures are archived online 

in a private GitHub repository and are available upon request. 

5.3 Results 

5.3.1 Diel patterns 

There was a strong diel pattern in shallow diving behavior (< 75 meters), which was 

much more common at night than during the day (Figures 24, 25). All individuals engaged in 

bouts of shallow diving on at least one night. I defined a bouts as 20 consecutive minutes (5 

samples) or greater spent in the shallow diving category, and some individuals engaged in this 

behavior for significant proportions of the night and almost every night (Figure 26).  
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Figure 23: An example dive profile with the three depth categories delineated by two solid 
lines (shallow: < 75 meters, bounce: between 75 and 800 meters, deep: >800 meters). 

 

Figure 24: Diel pattern in time spent in the shallow diving mode (< 75 meters) in Cuvier’s 
beaked whales (n = 16 tags) derived from 5 minute depth samples recorded on animal-borne 
tags. Nighttime and daytime are roughly demarcated using the mean sunrise and sunset times 
for the days tags were collecting data. 
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Figure 25: Variation in nightly shallow diving behavior. Open circles indicate mean for each 
tagged individual, segments show interquartile range. 

5.3.2 Synchrony 

Several pairs displayed high levels of synchrony and these animals were all visually 

observed to be in the same group during at least some point while synchronous. Chapter 2 

showed high levels of synchrony during deep dives and inter-deep dive intervals, but here we 

also observed synchrony during bounce diving as well as the shallow diving seen at night. As 

mentioned in the methods, only one animal of a synchronous pair (or trio) were considered in 

the models to avoid any pseudo-replication. 



 

91 

5.3.3 Models 

Overall our model did explain a sizable amount of variation with an estimated marginal 

(fixed effect) R2
glmm of 0.32. The previous night’s proportion of time spent at shallow depth 

(Figure 27) and mean wind speed (Figure 28) predicted the proportion of the night spent at 

shallow depths. Other environmental predictors including moonshine, latitude, and longitude, 

were not significant predictors. Daytime diving behavior (including the proportion of time spent 

in the deep or bounce diving modes) did not predict nighttime shallow diving behavior. Neither 

daytime nor nighttime displacement velocity predicted nighttime shallow diving behavior. 

Finally, age-sex class had no apparent influence (Tables 5,6; Figure 29). 

The previous night’s shallow diving behavior (time at shallow depth) was the strongest 

predictor of the current night’s diving behavior, with an effect size of 0.40 (Table 5, 6; Figure 27; 

variables scaled to [-1, 1]). 

Group size did not predict shallow nighttime behavior, although this model represented 

a much-reduced data set and therefore had less power (Table 7, 8). 

Table 5: Fixed effect estimates, standard error (SE) and 95% confidence intervals for a linear 
mixed model on the proportion of time spent in the shallow diving mode each night (n 
observations = 131). * = significant (95% confidence interval does not cross zero). 

 estimate SE 0.025 0.975 
intercept 0.04468 0.0987 -0.1274 0.2159 
pDeepday -0.33645 0.257 -0.799 0.1678 

pBounceday -0.35912 0.256 -0.8095 0.149 
pShallowt-1 * 0.40081 0.0857 0.2354 0.5883 

moonshine -0.0988 0.0805 -0.2402 0.057 
windnight * 0.22307 0.0785 0.0783 0.3737 

max(depthday) 0.03942 0.0819 -0.112 0.196 
age-sex class -0.15612 0.1931 -0.4912 0.1918 

speednight 0.00924 0.0923 -0.1618 0.1832 
speedday -0.11233 0.0928 -0.2902 0.0542 
latitude 0.01144 0.0815 -0.1441 0.1581 
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longitude -0.04545 0.0771 -0.1833 0.1063 
 

Table 6: Random effect (intercept) variance estimates and standard deviation (SD) for a linear 
mixed model on proportion of night in the shallow diving mode. 

 variance SD 
tag ID 0.017 0.132 

residual 0.686 0.828 
 

Table 7: Fixed effect estimates, standard error (SE) and 95% confidence intervals for a linear 
mixed model on the proportion of time spent in the shallow diving mode each night with 
group size as a predictor (n observations = 17). 

 estimate SE 0.025 0.975 
intercept -0.0787 0.342 -0.794 0.624 
group size -0.0396 0.216 -0.532 0.721 

 

Table 8: Random effect (intercept) variance estimates and standard deviation (SD) for a linear 
mixed model on proportion of night in the shallow diving mode with group size as a predictor. 

 variance SD 
tag ID 1.089 1.043 

residual 0.109 0.330 
 

5.4 Discussion 

As expected, I found a consistent diel pattern in diving depth of Cuvier’s beaked whales 

off of Cape Hatteras (Baird et al., 2008b; Shearer et al., 2019). These results are similar to those 

found in the population of this species off Hawaiʻi (Baird et al., 2008b) and in previous work off 

Cape Hatteras in which I used SPLASH10 tags to record dive summary information (Shearer et 

al., 2019). Diel differences in depth appeared to be exclusively driven by differences in time 

spent near the surface (defined as < 75 meters here) and most of that effect can be explained by 

bouts of shallow behavior during the nighttime, in lieu of the more typical bounce dives to 
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several hundred meters. Bouts of shallow behavior sometimes extended for hours at a time 

during the night, encompassing more than 50% of nighttime activity budget on some nights. In 

contrast, bouts of shallow diving were comparatively rare during the daytime. All individuals 

displayed periods of shallow behavior on at least one night, although there was substantial 

variation in the frequency of the behavior and both age-sex classes engaged in the behavior at 

similar rates. These results suggest that this shallow diving mode described here should 

probably be considered an additional type of diving behavior in addition to the previously 

described deep foraging and shallower bounce dives. 

 

Figure 26:  Influence of the previous night’s proportion of shallow diving behavior on the 
current night. Broken line represents the relationship with all other predictors held at their 
median values (see Table 5 for full model results). Note variables are transformed back to 
their natural [0, 1] scale here. 
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Figure 27: Influence of mean wind on proportion of shallow diving behavior at night. Broken 
line represents the relationship with all other predictors held at their median values (see 
Table 5 for full model results). Note variable are transformed back to their  natural scale here. 
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Figure 28: Coefficient estimates (circles) for a linear mixed model on the proportion of time 
spent in the shallow diving mode each night (n observations = 131). Segments show 95% 
confidence intervals. Purple symbols indicate significance. All variables were centered and 
scaled to [-1, 1] except for age-sex class which was considered a binary categorical predictor. 

5.4.1 Diel diving 

Previously, observations of diel variation in the diving behavior of this species has been 

hypothesized to be a strategy to minimize the risk of predation. Mammal-eating killer whales 

and large sharks are probably the most important predators of beaked whales and both of these 

predators rely on visual hunting and may experience decreased foraging efficiency at night or in 

low light (Baird et al., 2005; Baird et al., 2008b). Some other researchers have suggested, 

however, that killer whales at least may also hunt at night by tracking calling pinnipeds using 

acoustic cues (Newman & Springer, 2008). If Cuvier’s beaked whales remain quiet, they will be 

less susceptible to discovery by killer whales at night (Aguilar de Soto et al., 2020). 
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Watanabe et al. (2006) recorded diel vertical migrations to shallower waters (<100 

meters) in a variety of Pacific Oceans cephalopods some of which may be important forage for 

Cuvier’s beaked whales (West et al., 2017). However, Cuvier’s beaked whales have not been 

recorded echolocating at shallow depths, so foraging is an unlikely explanation for this behavior 

(Aguilar de Soto et al., 2012; Aguilar de Soto et al., 2020). No echolocation was recorded in the 

shallow diving mode during the night is evident in at least one published DTAG record for 

Cuvier’s beaked whales (DeRuiter et al., 2013), although this animal was exposed to an 

experimental sonar treatment some hours prior. To date, we have not deployed any overnight 

tags with acoustic capabilities on Cuvier’s beaked whales off Cape Hatteras. 

Finally, other disturbances may occur less frequently at night, including certain kinds of 

boat traffic. In the summer at least, there appears to be a strong spatial overlap in the 

distribution of charter fishing boats and Cuvier’s beaked whales off Cape Hatteras. We have no 

dive records for Cuvier’s beaked whales in our study site during winter, but during this season 

there should be reduced charter boat activity during the day because of adverse weather 

conditions. Examining seasonal patterns may shed light on what role, if any, anthropogenic 

disturbance plays in shaping diel behavior in this species. 

5.4.2 Shallow diving at night 

If predation makes extended time spent in a shallow diving mode unappealing for a 

Cuvier’s beaked whale during daylight hours, we still need an explanation for why they engage 

in this behavior at night. We do not have good estimates for the relative energetic costs of 

stationing at different depths for Cuvier’s beaked whales, but if there are such trade-offs, it may 

be beneficial for animals to spend more time near the surface when it is safe to do so, either for 
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more ready access to oxygen, time for rest, or other body functions that may be difficult to 

perform while foraging. As Baird et al. (2008) noted, the existence of shallow diving at night 

suggests that it is less likely that bounce dives are necessary for recovery or recompression 

between every deep foraging dives (as suggested for instance in Tyack et al., 2006) and may 

simply reflect an anti-predator strategy independent of some or all of the specific functions of 

the dives.  

The proportion of time spent in the deep diving mode (> 800) or the bounce diving 

mode (75 to 800 meters) during the day did not predict the proportion of time spent at night in 

the shallow diving mode, nor did the maximum depth during the previous day. In addition, I 

calculated nighttime and daytime horizontal displacement speed (based on estimated horizontal 

movement) and found no significant effect on nighttime shallow diving behavior. Our 

interpretation of these results is that shallow diving is unlikely to be primarily for resting or 

recovery, as does not correlate with the intensity of recent activity. To confirm this, it would be 

useful to deploy higher resolution tags or make other types of nighttime observations to 

determine ventilation rates during shallow periods at night as well as details on where exactly 

animals are spending time in the water column and what their kinematic activity levels are 

during these periods. 

Nighttime mean wind speed appeared to have a small effect on shallow diving behavior, 

with more occurring in higher winds, although there was a large amount of uncertainty in the 

estimate. It is possible that higher winds increase ambient noise near the surface by increasing 

wave action which might lend some acoustic cover to beaked whales trying to avoid predators. 

This is a rather tenuous connection however, especially since beaked whales are not known to 
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vocalize near the surface. I also looked for a relationship with moonshine as I predicted light 

levels would be important for avoiding visual predators, but I did not see a significant effect. It 

may be that moonlight is not a significant concern relative to the difference in light levels during 

night and day. 

The strongest effect on nighttime shallow diving was the proportion of the previous 

nighttime spent shallow diving. This result implies that nighttime shallow behavior is likely to 

occur clustered over multiple days, separated by daylight periods in which the behavior is not 

evident. These multi-night bouts may relate to a longer behavior context not measured well 

here, which might include an individual’s energetic state or social context. I tested for the effect 

of group size of nighttime shallow behavior using observations of group size made during the 

daytime. I did not find any effect of group size, but this dataset was very small because of the 

requirement that an individual be seen the same day to confirm group size. Certainly, group 

composition could have changed before nightfall as well. Finally, our model was underpowered 

with only one observation of a singleton during the day. This singleton was observed to engage 

in shallow diving behavior at night, but again we cannot be sure the animal remained alone 

throughout the night. Concerted nighttime observations using high resolution tags and including 

multiple animals within a group could be used to look for socialization behaviors during shallow 

bouts. 

5.4.3 Conclusions 

I used time-series of diving behavior across multiple days (up to 14) to investigate 

variation in diel dive patterns in Cuvier’s beaked whales off Cape Hatteras. Previous research 

using high-resolution tags have sometimes captured similar behaviors but typically over shorter 
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intervals (usually only 12-24 hours) and little interpretation has been offered for this behavior in 

the literature. Using the longer-term records, I generated hypotheses about the function of 

what appears to be a third separate behavioral state not typically considered in Cuvier’s beaked 

whales. We did not find strong evidence for an influence of light levels (predator avoidance), or 

recent activity levels (resting) in the frequency of this behavior. We found a somewhat puzzling 

effect of wind speed and a large impact of behavior the previous night. High resolution 

behavioral data sets spanning nighttime periods would allow further tests of these hypotheses 

by searching the records for indications of resting behaviors, and identifying ventilation rates, 

foraging attempts and sounds, as well as other kinematic indications of interactions among 

individuals which may imply social behaviors.
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6 General Conclusions 

In this work I attempted to shed light on the mating system and social structure of 

Cuvier’s beaked whales using telemetry and photo-identification. 

In Chapter 2, I found that, despite the existence of male-male competition, adult males 

spent extended periods in near perfect synchrony with each other. These synchronous bouts 

defied my expectations and I advanced two main hypotheses to explain the phenomenon; (1) 

adult males may cooperate as well as compete in this population, potentially through the 

formation of temporary male coalitions, similar to some populations of bottlenose dolphins 

(Tursiops spp.), (2) it is possible that bouts of synchrony among males represented extended 

periods of competition, perhaps punctuated by breaks for foraging. Extended competition is 

generally not favored in animals, but if the costs of finding another group to compete with are 

high, or being in the group confers some other advantage such as predator defense, then 

perhaps it would be beneficial to compete longer before giving up a takeover attempt or ceding 

to a challenger.  

In Chapter 3, I sought to further test some of the predictions of the presence of male 

alliances or extended bouts of competition among males produced in Chapter 2. In particular, I 

looked for sex differences in association patterns, lagged association rates, group size, and 

tested for any sexual segregation. In all cases, I found a strong pattern of fission-fusion 

association, and although most animals were linked together in a continuous network, these 

associations decayed very quickly—within days— in most cases. This finding did not lend 

support for long term male alliances like those seen in some populations of bottlenose dolphins 

but does not completely rule out temporary cooperative behavior. It is important to note that 
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my tests were somewhat underpowered, however, given the difficulty in identifying all animals 

within a group, and the relatively large size of the study population. The fast decay of associates 

within and between age-sex classes suggests that female defense polygyny, as has been 

described for Blainville’s beaked whales, is unlikely and supports similar conjectures for other 

populations. One alternative possibility for a mating system is polygynandry, in which we might 

expect sperm competition to be favored. Cuvier’s beaked whales have larger testes than 

expected for a beaked whale of their size, which may reflect some investment in sperm 

competition. 

In Chapter 4, I describe the process of selecting a new sampling regime to capture a true 

time-series of depths at some expense to overall data record longevity. This time-series dataset 

allowed a more detailed look at the activity budgets of individual animals over the course of up 

to two weeks. In this particular case, I assessed the inherent trade-offs and described how I 

maximized the utility of the data to address the research questions of interest, while trying to 

minimize risk to the welfare of the animals. I used this example as a case study and provided 

some general suggestions for optimizing the programming of animal borne telemetry tags with 

special emphasis on cetaceans. 

In Chapter 5, I implemented the new sampling regime described in chapter 4 and was 

able to identify the specific behaviors that produce a diel pattern in dive depths that has been 

reported previously for Cuvier’s beaked whales. I suggest that bouts of very shallow diving 

during nighttime account for most, if not all, of the variance in depth between day and 

nighttime diving depths. Multiday individual time-series records of Cuvier’s beaked whale diving 

behavior enabled the identification of a third behavioral mode that has rarely, if ever, been 
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discussed in the literature. These multi-day time-series records, which comprised multiple days 

and nights for each individual, also allowed me to test predictions about the potential factors 

that might contribute to night to night variation in shallow diving behavior. Moderately shallow 

diving bouts have previously been suggested to relate to recovery, so I tested whether the 

previous day’s time spent diving deeply predicted how much very shallow diving occurred that 

night. I also tested whether horizontal displacement during the day or night predicted shallow 

diving at night. In all cases I found no support for a connection between recent energetic 

expenditure and the amount of shallow diving at night. Previous explanations for diel 

differences in dive depth have centered around avoidance of visual predators during the 

daytime, so I examined whether moonlight or wind speed (as a proxy for sea state) predicted 

shallow diving at night. While moonlight had no effect, windier nights did correlate with more 

shallow diving behavior, perhaps representing a reduced predation risk. I did find a strong 

correlation between the previous night’s shallow diving behavior and the current night, which I 

interpreted as indicating that shallow diving at night occurred in bouts (separated by the 

intervening daylight) which may represent a longer term social, environmental, or physiological 

context that I did not well capture in the models. I constructed a model to test for the influence 

of group size on nighttime diving behavior but did not find a significant effect. This model was 

fairly underpowered however, because of the small number of visual observations of 

instrumented animals which I could use to confirm group size at a certain point in time. 

6.1 Future directions 

In the previous chapters I made various predictions for future work which I will not 

repeat here in detail, but there are several common threads that bear repeating. First, a 
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recurring difficulty in the study of cetacean behavior is the difficulty in identifying sex in the 

field. This difficulty is somewhat alleviated for some species of beaked whales in the case of 

adult males, but identifying adult females is especially crucial to understanding mating systems. 

In addition, as several of these studies are at least partially motivated by the apparent high 

susceptibility of some species of beaked whale to anthropogenic disturbance, knowledge of the 

identity of adult females and life history are crucial because adverse effects on these animals 

will have the greatest impact on population level consequences in any disturbance model. To 

this end, genetic sampling of large number of individuals is highly desirable. In addition to 

genetic sexes, this sampling can provide information on kinship and even parentage which will 

allow us to test many predictions of various specific social organization patterns. 

Second, higher resolution telemetry devices such as DTAGs which can record detailed 

kinematic data in addition to depth are an obvious next step for investigating some of the 

patterns described in Chapter 2 and, especially, Chapter 5. The coarse resolution, longer-term 

tags I employed for most of the work here allowed me to observe patterns which have 

otherwise been largely unreported, but fine scale data would allow us to test predictions about 

activity level or aggressive contests between animals. It would be especially useful to deploy 

several of these high-resolution tags in the same social groups. 

The data presented here begin to address some fundamental questions about the social 

organization and group behaviors of an elusive mammalian species. These data will increase in 

value if they can be put into a comparative context to investigate the evolution of social 

behavior under differing ecological and environmental conditions. In my combined approach of 

longitudinal data collection and intensive high-resolution telemetry application, I have 



 

104 

presented a set of methodologies that could be employed to generate data from other 

populations and species of beaked whales and other difficult-to-study cetaceans. In adding data 

on additional populations and species we can generate a database with sufficient statistical 

power to examine the evolution of and identify important correlates of sociality.  
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Appendix A 

A1: Methods 

A1.1: Satellite tag deployment and data validation 

We deployed satellite-linked depth-recording SPLASH10-292 with the extended-depth-

range option (Wildlife Computers, Redmond, WA) on Cuvier’s beaked whales remotely in the 

LIMPET configuration (Andrews et al., 2008) using a DAN-INJECT JM 25 pneumatic projector 

(DanWild LLC, Austin, TX). Tags were attached to the dorsal fin (n = 10), base of dorsal fin (n=2), 

or below the dorsal fin (n=2) with two 6.8-centimeter surgical grade titanium darts with 

backward-facing petals. All tags were deployed just offshore of the continental shelf break 

approximately 65 kilometers south east of Oregon Inlet, North Carolina, USA (Figure A30). 

To aid in the deployment of multiple tags in the same group we utilized an Argos 

Goniometer RXG-134 receiver with an AXG-134 antenna (CLS America, Lanham, MD). This 

instrument receives transmissions from nearby Argos tags and provides estimates of the 

direction and relative signal strength measured in decibels (dB). We attached the Goniometer 

antenna to a mast on the tagging vessel 3.4 meters above the sea surface. The precise reception 

distance of the Goniometer is not known, but we estimated a range of at least several 

kilometers under typical field conditions. The use of the Goniometer greatly increased our ability 

to relocate a group after a long dive. We programmed tags to transmit additional hours during 

daylight hours, even when satellites were not expected to pass overhead (totaling 21 hours per 

day), to assist in reception by the Goniometer. 

Extended-depth-range SPLASH10-292 tags include a pressure transducer with a -80 to 

2000 meter range at 1.0 meter resolution and an overpressure rating of 3000 meters. Schorr et 
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al. (2014) tested several similar tags in a pressure chamber up to 3000 meters and found a 

maximum error of +/- 2.5% when beyond the manufacturer calibration (2000 – 3000 meters). 

Nevertheless, because Cuvier’s beaked whales regularly dive beyond 2000 meters, I screened all 

tag data for potential sensor malfunctions or inaccuracies. SPLASH10 tags intermittently report 

the pressure transducer reading when the conductivity sensor indicates the tag is in air 

(determined by a preset or dynamic threshold). When measured depth at surface was reported 

as greater than +/- 10 meters in multiple status messages, I flagged the tag for a potential 

pressure transducer failure. In addition, I flagged any dives with a maximum vertical velocity > 2 

m/s (following Baird et al., 2018). This maximum was based on higher resolution time at depth 

recordings from (Baird et al., 2008b). Finally, I checked each tag for other irregularities, including 

data gaps and the number of corrupted messages which could not be interpreted by the Wildlife 

Computers software (portal.wildlifecomputers.com).  

Experimental exposures to naval mid-frequency active sonar (MFAS) occurred from 

sources positioned strategically several to several tens of kilometers from experimental 

subjects. The local acoustic environment was monitored continuously throughout the 

deployment period of all tags using bottom-mounted broad-band acoustic recorders 

(Hildebrand et al., 2018). A single incidental (non-experimental) MFAS event of 31-min duration 

from distant naval operations was detected on 2017-06-07 during the deployment period of 

three individuals (Tags 56, 57, and 58). Recorded SONAR pings were at a relatively low 

amplitude compared to likely ambient noise (all pings were well below 100dB RMS). A cross 

reference with the US Navy SONAR positional reporting system (SPORTS) indicates that the 

source was greater than 100 kilometers northeast of our study area. Occasional detection of 
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operational MFAS similarly low amplitude and relatively short in duration do occur in this 

environment, but most are estimated to be many tens of kilometers or more away from the 

core study area based on typical Navy training areas. Tags 57 and 58 were the only individuals 

tagged in their groups (groups B and C, consisting of a pair and a singleton). Tag 56 was initially 

tagged along with two other individuals in group A, but the other tags had ceased transmitting 

at the time of this SONAR signal. Due to the short duration, relatively low received levels, and 

considerable distance of the source we did not truncate any data to this possible incidental 

exposure, and we assume that data we have collected generally represent baseline behavior. 

A1.2: Pairwise depth comparison 

I compared differences in depth between the dives closest in time for each pair that 

overlapped in deployment more than 1 day. A single tag, 67, suffered pressure transducer drift 

during the data record. Due to a lack of status messages during the time of interest, this drift 

may have started as early as the first day of tag deployment. Therefore, to be conservative, I 

excluded this tag from the depth analysis. Dives were defined using the conductivity sensor, so 

the beginning and end times of long dives should still be accurate and were retained for the 

synchrony analysis. 

A1.3: Synchrony 

SPLASH10 tags transmit blocks of behavior summary data termed messages to Argos 

satellites. With our tag settings, these messages typically consisted of five dives, when the tag 

submerged longer than 33 minutes and to a depth greater than 50 meters. All elapsed time 

between each dive was grouped as an inter-dive event. A real-time clock on board the tag 

posted the start time of each of these behavior messages accurate to the minute and then 
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reported the subsequent event duration accurate to the second. In a post-processing step after 

the data are uplinked to a satellite, these durations are converted back into time stamps. As a 

result, times within a given message block are only accurate to +/- 30 seconds, so events 

between message blocks and between tags are only accurate to approximately +/- 60 seconds.  

Another possible source of error is clock drift. SPLASH10 tags periodically transmit their 

onboard time which is compared to a real time clock for calculation of discrepancies and 

correction. During all the deployments analyzed here there was no excessive clock drift detected 

(median drift = 3 seconds; range = [1, 9]). 

A2: Results 

A2.1 Satellite deployment and data validation 

Tag 55 had particularly extreme data gaps, totaling 71% of the deployment time. I 

inferred that this tag suffered an unknown failure, because it successfully transmitted a 

continuous data record for the first six days, after which a large number of very long data gaps 

appeared in the behavior record together with a dramatic increase in corrupted messages. I 

believe it is possible this tag was intermittently resetting, resulting in the increased data gaps. 

Since we were unsure of the other consequences of this type of failure, I truncated the data 

record for tag 55 up until the first data gap on the 6th day of deployment. 

In addition, I identified potential pressure transducer failures on three tags, tags 55, 57, 

and 67. Tag 55 reported several very deep dives (greater than 98 percentile), which were 

flagged by the 2 m/s vertical speed filter, but because these occurred after the truncation date, 

no additional action was needed. After 29 days, tag 57 exhibited pressure transducer drift of 

increasing severity for 9 days until apparently pinning to between -75 and -78 meters, which is 
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beyond the range in which tags can automatically correct with an offset (+/- 40 meters 

maximum). Due to this high level of drift, I truncated the dive data record for this tag to the last 

surface depth reading within +/- 10 meters. Tag 67 was also flagged for pressure sensor drift, 

reporting a surface depth of -54 meters four days after deployment, before stabilizing to 

between -18 and -29 meters another 12 days later. I retained the dive and inter-dive durations 

for this tag, as these are based on the conductivity sensor and therefore should not be impacted 

by this level of pressure transducer drift. I discarded this tag from the depth analysis, however, 

due to the drift. 

Finally, after tags were truncated to the start of any experimental treatments, tag 65’s 

dive record was less than 2 hours long and was therefore excluded from all subsequent 

analyses. 

A2.2 Pairwise depth comparison 

Synchronous pairs tended to have lower average difference in depths than non-

synchronous pairs (Wilcoxon-Mann-Whitney test; Z = 2.6987, p = 0.007; Figure A31). Due to 

missing data, I did not conduct any Mantel tests on these relationships. 

A2.3 Synchrony 

After a 2.5-day data gap tag 55 transmitted sporadically with several multi-day data 

gaps.  At this point, tag 55 no longer reported synchronous dives to the other two tags, although 

I was unable to diagnose the tag malfunction and therefore have low confidence in this data 

record and excluded it from analyses. Nevertheless, I was able to visually relocate the animal 

instrumented with tag 55 on 2017-06-02 and confirmed that it was no longer together with the 

animals instrumented with tags 54 or 56 (details below). 
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A2.4 Re-sightings of tagged animals 

To determine if animals exhibiting synchrony in behavior were also in close spatial 

proximity, we attempted to re-sight animals instrumented with tags 54, 55, and 56 

approximately 3 weeks after tagging to determine group composition. On 2017-06-02, we were 

able to locate and photograph the animal instrumented with tag 55 with one other animal of 

unknown age and sex. As noted above, the tag 55 was failing to transmit uncorrupted behavior 

data during this time, but the tag was still transmitting frequently, and we were able to pick up 

the signal with the Goniometer. 

On the following day 2017-06-03, we attempted to relocate the animals instrumented 

with tags 54 and 56. At approximately 15:49hrs UTC, we began receiving transmissions from tag 

56 on the Goniometer. At approximately 16:21hrs, we encountered a sighting of 6-8 Cuvier’s 

beaked whales and received transmissions from tag 56 on the Goniometer, although we did not 

photograph the animal. This group of animals then split into at least two smaller sub-groups. In 

total, we photographed six animals, but were able to identify only four individuals from these 

photographs. The animal instrumented with tag 54 was photographed in one of these groups at 

17:56:06 and during three subsequent surfacings, each of which occurred within 2-8 seconds of 

a transmission from tag 56 received on the Goniometer. 

A2.5 Pairwise horizontal distance 

Argos derived locations vary widely in quality with geographic location, ambient 

weather conditions, tagging location, and the behavior of the tagged animals, and are typically 

post processed with additional filtering algorithms to reduce error (Douglas et al., 2012; Jonsen 

& Patterson, 2020). In particular, the relatively short time that Cuvier’s beaked whales spend at 
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the surface where satellite transmission is possible leads to fewer successful transmissions per 

satellite pass than other species and therefore lower quality position estimates. A total of 3827 

locations were calculated from Argos satellite passes for our 14 tags. Using the categorical 

location quality classes provided with Argos position data, only 18 (< 1%) were of the highest 

quality (= 3) and these were only logged on 6 tags. A further 72 (1.9%) positions were of the 

second highest quality (= 2). The new square-root unscented Kalman filter algorithm for 

calculating Argos positions produces error ellipses with more precise error estimates (Douglas et 

al., 2012). These ellipses tended to be orientated with the major axis approximately aligned with 

the east-west line. Mean major axis error was approximately 147 km in the raw positions, while 

mean minor axis error was approximately 0.6 km (Figure A33). The elongated nature of these 

ellipses is probably due to the polar orbits of Argos satellites. For these reasons, in our analysis I 

estimated positions using a continuous-time state-space model implemented in the R package 

foieGras (Jonsen & Patterson, 2020) to account for error (Figure A34). Nevertheless, we caution 

that since the Argos error is high in our system, these data are not useful for diagnosing group 

membership over the short term, although they can be used to discriminate larger scale 

movement patterns. 
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Figure A29: Study area and tag deployment locations (orange crosses). Gray lines indicate -200 
meter to -3000 meter isobathys. Figure constructed using R packages rgeos (Bivand & Rundel, 
2019), rgdal (Bivand, Keitt & Rowlingson, 2019) , sp (Bivand, Pebesma & Gomez-Rubio, 2013; 
Pebesma & Bivand, 2005), and marmap (Pante & Simon-Bouhet, 2013). Shoreline vector is 
courtesy of the United States Geological Survey 
(https://pubs.usgs.gov/of/2012/1005/data/basemaps/nos80k/nos80k.html). Bathymetry 
queried from the ETOPO1 database (Amante & Eakins, 2009) via marmap. 
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Figure A30: Pairwise depth difference distributions for all dyads which overlapped for more 
than one day of deployment. Shading indicates dyads which were synchronous. Dyads 
including tag 67 were removed due to a likely pressure transducer failure on this tag. Brackets 
above indicate if animals were initially tagged in the same or different group and sexes. 
Broken horizontal line is grand mean, horizontal black lines are dyad means, and dots indicate 
individual data points. Figure constructed using R package beanplot (Kampstra, 2008). AM = 
adult male, Other = unknown age and sex class, but likely not adult male. 
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Figure A31: Raw Argos derived locations (a) and Kalman filter error estimates (b-d) for all tags 
used in this study. Ellipse orientation is expressed as the angle between the semi-major axis 
and the North-South axis. Therefore, an angle of 90 degrees indicates an East-West 
orientation of the semi-major axis. Continental 10m coastline (version 4.1.0) courtesy of 
Natural Earth (https://www.naturalearthdata.com/downloads/10m-physical-vectors/10m-
land/). Argos location classes are delineated by color in (a) in descending order from the 
highest quality 3 to invalid Z (for details see Collecte Localisation Satellites, 2016). 
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Figure A32: Tag positions estimated at 6-hour time steps using a continuous-time state-space 
model implemented in the R package foieGras [6]. Tags are separated into three periods 
based on deployment month: May (a, b, c), August (d, e, f), and September 2019 (g, h, i). Note 
different scales among deployment periods. Figure constructed using R packages rgeos 
(Bivand & Rundel, 2019), rgdal (Bivand, Keitt & Rowlingson, 2019) , sp (Bivand, Pebesma & 
Gomez-Rubio, 2013; Pebesma & Bivand, 2005), and marmap (Pante & Simon-Bouhet, 2013). 
Shoreline vector is courtesy of the United States Geological Survey 
(https://pubs.usgs.gov/of/2012/1005/data/basemaps/nos80k/nos80k.html). Bathymetry 
queried from the ETOPO1 database (Amante & Eakins, 2009) via marmap. 
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Figure A33: Pseudo-dive profiles produced from behavior dive summary data for a single dyad tagged in the same group (top) and 5 
simulations (bottom) where dives have been resampled. Filled circles indicate events which are synchronous to within 60 seconds; open 
circles indicate asynchronous events. Gray blocks indicate areas of missing data. Only dives over 33 minutes in duration were recorded. Inter-
dive intervals are indicated at zero depth, though they include all dives under 33 minutes in addition to any time spent at the surface. Only a 
general shape of each dive is indicated (for details on shape calculation, see Wildlife Computers, 2019, p. 10). 
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Figure A34: A pseudo-dive profile produced from behavior dive summary data for three dyads tagged in different groups. Filled circles 
indicate events which are synchronous to within 60 seconds; open circles indicate asynchronous events. Only dives over 33 minutes in 
duration were recorded. Inter-dive intervals are indicated at zero depth, though they include all dives under 33 minutes in addition to any 
time spent at the surface. Only a general shape of each dive is indicated (for details on shape calculation, see Wildlife Computers, 2019, p. 
10). 
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Figure A35: A pseudo-dive profile produced from behavior dive summary data for six dyads tagged in different groups. Filled circles indicate 
events which are synchronous to within 60 seconds; open circles indicate asynchronous events. Gray blocks indicate periods of missing data. 
Only dives over 33 minutes in duration were recorded. Inter-dive intervals are indicated at zero depth, though they include all dives under 33 
minutes in addition to any time spent at the surface. Only a general shape of each dive is indicated (for details on shape calculation, see 
Wildlife Computers, 2019, p. 10). 
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Figure A36: Pseudo-dive profiles produced from behavior dive summary data for six dyads tagged in different groups. Filled circles indicate 
events which are synchronous to within 60 seconds; open circles indicate asynchronous events. Filled circles indicate events which are 
synchronous to within 60 seconds; open circles indicate asynchronous events. Only dives over 33 minutes in duration were recorded. Inter-
dive intervals are indicated at zero depth, though they include all dives under 33 minutes in addition to any time spent at the surface. Only a 
general shape of each dive is indicated (for details on shape calculation, see Wildlife Computers, 2019, p. 10). 
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Appendix B 

B1: Genetic sex determination 

Skin samples were collected by remote biopsy. Modified crossbow bolts with hollow 

point tips were used to obtain a plug of skin and blubber. Skin and blubber were either 

separated in the field or stored together for later separation at time of extraction. Samples were 

placed on ice or directly into liquid nitrogen in the field. Liquid nitrogen samples were 

transferred directly to -80°C freezers for long-term storage, while samples iced in the field were 

transferred to a -20°C temporary field freezer for up to approximately one week before being 

transferred to long-term storage at -80°C until ready for extraction. 

Skin samples (n = 10) were subsampled and finely chopped using a sterile scalpel blade 

for a final mass of approximately 15mg. DNA was extracted by silica spin column using the 

Wizard SV Genomic DNA purification system (catalog no. A2360) and stored at -20°C until ready 

for PCR amplification. For sex determination, I performed multiplex PCR (Polymerase Chain 

Reaction) to amplify a 447bp segment on the X chromosome and a 224bp segment on the Y 

chromosome. Primers were based on the p2-3ez/p1-3ez (Aasen & Medrano, 1990) and Y53-

3C/Y53-3D (Fain & LeMay, 1995) systems. PCR was carried out using a 20µL reaction with final 

reagent concentrations of 1x PCR buffer, 2.0 mM MgCl2, 200 µM dNTPs, 0.25 µM each primer 

forward and reverse, and 0.5 U/µL Taq. Thermocycling consisted of an initial 4-minute 

denaturation step at 94°C, followed by 35 cycles of denaturation at 94°C for 15 seconds, 

annealing at 60°C for 15 seconds, extension at 72°C for 30 seconds, and a final extension period 

of 5 minutes at 72°C. Amplification products were separated by electrophoresis on a 2% agarose 
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gel and sex was inferred to be male for samples which showed two distinct bands at 

approximately 447bp and 224bp and female for animals that showed only one distinct band at 

approximately 447bp. 
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