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Abstract: This study looked at the significance of the three shared pulsed calls of the southern resident killer whales. Attempts were made to find significant relationships between the calls and biological and social behaviors that were essential to the killer whales. Relationships with foraging, social cohesion and synchronous behaviors were looked for. Attempts to find a significant result for social cohesion and synchronous behaviors were unsuccessful. Relationships with a shared vocalization with foraging were not significant, further research on this hypothesis is encouraged. 
Literature Review

This study focused on the three southern resident killer whale (Orcinus orca) pods of the Pacific Northwest. These pods, termed J, K, and L, are comprised of related matrilineal units and use similar vocalizations (Ford 2000). Although the southern residents are readily accessible, the majority of research has focused on the similarly structured northern residents whose’ range includes the waters off northern Vancouver Island in British Columbia.  Numerous studies have been undertaken regarding the surface behaviors of the northern resident killer whales while other studies have focused on their acoustic behavior. Despite the heavy focus on these two elements, relatively few studies have looked for relationships between acoustic behavior and surface behavior. The reason for this may be that the results of these studies have suggested that the whales do not link specific behavioral events, such as breaches or spyhops, with specific vocalizations. Many of the whales’ sounds are heard across the majority of behavioral states and it is therefore difficult to find any correlations between acoustics and behaviors (Morton 1986). 
Researchers have had success documenting behavioral and acoustic relationships with other socially complex mammalian societies. For example; the food bray calls in bottlenose dolphins (Tursiops truncates) that occur while hunting (Janik 2000) or the slight acoustic feature differences in male baboon (Papio cynocephalus) calls that pertain to particular situations (Fischer et al. 2002). However, the research done separately on killer whale behavior and acoustics has provided the fundamental information needed to begin answering more questions that look for correlations between the two. 

Because the southern residents spend only 5% of their time each day at the surface engaged in surface behaviors (Osborne 1986), field based behavioral studies have been difficult. Nonetheless, several studies have been conducted to try to understand the behaviors we can readily observe. This includes defining and describing the behaviors, daily behavioral time budgets and an overall view of their behavioral ecology (Jacobsen 1986, Osborne 1986, Heimlich-Boran 1988). The most recent advance has been the consensus on coding of behaviors which clearly defined the limits and meanings of the descriptive behavioral terminology. This was an effort to eliminate some of the functionality often associated with behaviors that may not have been correctly placed (NMFS 2004). 
Early acoustic research grouped the three southern resident pods into an acoustic “clan”, where all the whales use the same or similar vocalizations to communicate (Ford 1989, 1991). Studies of Northern resident pods and matrilines have shown that killer whale pods within a clan display the communicative elements of vocal dialect, with different pods producing the same sounds in slightly different ways. Dialects vary both between the pods and to a lesser degree within the individual matrilineal units of each pod (Ford & Fisher 1983, Deecke 1998, Miller & Bain 2000). One study tested two northern resident calls for their stability and fluidity in terms of change and variation over time. Results show that one call, N9, was stable and remained unchanged over the course of the 13 year study. The other call, N4, was more fluid and showed a significant change in the call characteristics between the matrilines of the study pod over 13 years (Deecke et al. 2000).

Miller (2002) showed that vocalizations with two components, a low frequency component and a high frequency component, could be used to relay orientation to conspecifics. His study on the northern residents focused primarily on the two most frequently used vocalizations, N4 and N9. Both were found to have a two component structure and be directional in their application; the vocalizations sounded differently depending on whether the whales were coming towards a hydrophone array or going away from it. This effect has also been noted by Alexandra Morton (per comm 2006).  


It is currently unknown why some calls remain stable when others do not. For a call such as N9 to remain unchanged for an extended period of time, and to be widely used by the community suggests it has some importance in the communication system and biological relevance to the whales. For the variable, but frequently and widely used call, N4, it may also be biologically relevant, but maybe not to the same degree as a more stable call.


This leads to the question of the fundamental principles and factors affecting the whales’ lives. Although studies have not focused on this, anecdotal observations strongly suggest that social cohesion and familial bonds appear to be a crucial and fundamental element of killer whale society. The killer whales remain in their natal families throughout their lives. These family units are incredibly stable with no members of either sex appearing to naturally disperse (Ford et al. 1994, Morton 2002). Exceptions of this have been observed in calves that seem to become separated accidentally, and in adult males who are the only surviving members of their matrilineal unit. These males have either associated with close relatives or in one instance, associated with another pod.  In addition to cohesion, studies have documented social learning among killer whales (Guinet 1995), which illustrates the importance of cultural or behavioral transmission between generations. 

Killer whales are social animals and many of their daily movements from respirations to traveling formations and direction changes to play and sexual behaviors are performed in a synchronous fashion (Morton 1986). When a killer whale is born and goes to take its first breath, it is innately programmed to open it’s blowhole at the precise moment its mother does (Morton 1986, 2002). Because of the wide range of behavioral states and situations during which synchronized movements take place, it would make sense for there to be some sort of audio cue that initiates them. Because synchronized events occur throughout the killer whale community, it would be advantageous to have the audio cue be similar between the pods of each clan. 

Survival needs are also likely expressed through acoustic means, and foraging is the most common daily behavior (Osborne 1986). The southern residents are exclusively fish eaters and studies reveal that their primary prey is salmon, the large nutrient rich Chinook being favored over other species (Ford et al. 1998, NMFS 2005, Ford & Ellis 2006). Because of the need to find large amounts of food each day, it is very likely that there are vocalizations associated with foraging. 

Social cohesion, foraging and synchronized behaviors are the three fundamental elements of killer whale society that I am focusing on in this study. My goal is to find relationships between particular vocalizations and these daily needs and behaviors.  To look for these associations required applying the done on the northern residents acoustic dynamics to the southern residents. This was difficult, as very little research had been published regarding the acoustics of the southern residents.  I began by determining which vocalizations were likely to be significant to the southern resident community.  A review of Ford’s call catalog reveals that the southern resident pods share only three calls, S6, S10, and S42. Because they are the only calls shared, I presumed that they must bear some community wide biological significance. While there are many examples of calls shared between only two pods, those are not focused on in this study, as the assumption is that they are not as significant to the community as a whole. However it is possible that some of these calls are in fact shared by all three pods and have simply not been recorded as such. An alternative hypothesis suggests that shared calls may serve an interpod purpose as opposed to an intrapod one (Dawn Noren, per comm 2006).

The first of the three shared calls, S6 (Appendix 2, Fig. 2), is a single-component call that appears to be stable amongst the pods – although no studies have been done to show stability over time, stability was estimated through auditory comparison of 23 samples of the call from the different pods. These samples were provided by Dr. Val Viers. Qualitative analysis in Raven™ showed that this call is relatively simple in structure, and is occasionally accompanied by echolocation creaks. The samples suggested that the call is frequently produced repetitiously.  As a simple, single component call it does not carry the orientation information that a two-component call carries, nor is it directional in nature. If a group of whales were trying to maintain cohesion while out of visual range, but not engaging in synchronized or organized behavior they may not necessarily need to convey that level of detailed information and a single component call may be sufficient. Repetition lends itself to making oneself easier to hear. I looked for this call in situations where the whales were spread out and might be using audio cues to remain in contact. I expected to hear this sound used frequently, except when the whales were in a tight formation, or resting. For the purposes of this study group is defined as either lone individuals or any number of associated whales. Whales are considered in the same group if they are within 50ft of one another. Whales greater than 50ft apart may still be associated, but it will be assumed they may be using an auditory cue to maintain general group cohesion. The parameter of 50 ft was chosen due to the visual clarity of the water in the Haro Straight region which is on average 20-30ft. Given that range and the assumption that the whales are better acclimated to these conditions than we are, I am estimating that their visual range is around 50ft on average. This may be grossly underestimated depending on where in the water column the whales are spending their time, but allows me to safely conclude that I am not overestimating their visual acuity.

Spectrogram inspection revealed that both S10 (Appendix 2, Fig 3) and S42 are two component calls and therefore have the potential to indicate the direction of travel of the signaler and may reveal information or orientation to kin or other receivers (Miller 2002). The second call, S10, is a high pitched two-component call which seems to have a great deal of variation both between the three pods and within them. Interestingly, 93% of the 26 samples that were obtained from Dr. Veirs had echolocation clicks, creaks, or buzz trains. Sometimes one call sample had several of these elements. Samples that were missing elements were all very brief and high in amplitude, which may have caused echolocation to be drowned out or cut off. High degrees of variation and large amounts of echolocation lend support to the notion that this call might be used in regard to foraging. I am expecting to find this call within two minutes of the start or initial observation of foraging behavior and during foraging. I expect the call to cease within one minute of foraging behavior coming to an end. I expect this call to be produced at a lower rate when the whales are not foraging. 

The third shared call, S42 (Appendix 2, Fig. 4) is another two-component call, and comparison of 29 samples from Dr. Veirs showed considerably less variations than the S10 call. The structure of the call in spectral analysis also seemed to be less complex than S10 and occurred at a much lower pitch. There is variation between the pods, with J & K being the most similar. L pod appears to only use the first two syllables of the low frequency component, while omitting the third. None of the samples I had of S42 contained echolocation features, which suggests that it is likely not used for foraging. As a two-component call it may relay signaler orientation or other information to conspecifics (Miller 2002). I will be looking for this call in respect to synchronized changes in group travel direction. This call may be heard frequently, as synchronized behaviors are common, but for this study I am primarily interested in using change of travel direction as an apparent and relatively simple event to measure and sample. I would expect to see an increase in the call rate of S42 immediately prior to and during a change in group travel direction. 
Methods


The research platform for this study was a 42ft hybrid-biodiesel-electric sailing catamaran. Surface behavior data was recorded onto a Zire21 Palm PDA. This PDA was equipped with customized data collection software designed by Dr. Jim Ha. Hand written notes were also taken to supplement PDA data. Behavioral definitions used in this study can be found in Appendix 1. Behaviors were recorded when the whales were within both visual and acoustic range. Visual range was limited to the distance at which I could reliably determine the surface behavior of the whales through binoculars, and was always less than the acoustic range. Acoustic range was estimated for this study as the area within a mile and a half of the hydrophone. Acoustic data was recorded using a single towed hydrophone. The hydrophone was hooked up to a custom built preamplifier and then recorded onto a solid-state Marantz PMD660 recorder. Acoustic data collection did not begin until whales were within adequate visual range. During data collection, effort was made to identify the behaviors of all animals within acoustic range.  However, due to the degradation of visual acuity over a mile and the fact that the whales were often spread over a mile, this was not always possible. During data collection, our hydrophone was connected to a speaker that broadcast the vocalizations so we could hear them. Because this allowed for significant bias, the data filing and analysis was undertaken in a way that was designed to eliminate analysis bias. 

Data was stored and organized on a Toshiba Satellite laptop. PDA data was transferred and the acoustic files were downloaded and saved accordingly. Handwritten behavioral notes were transcribed and kept closed until acoustic data had all been analyzed. Acoustic files were analyzed in Raven ™ which provided spectral confirmation that vocalizations were identified correctly. Once the acoustic data had been reviewed and the file times of each S6, S10 or S42 vocalization had been documented, the times were synchronized to match the real time during which they had been initially recorded. At this time the behavioral data was opened and the acoustic data points were matched up with the behaviors occurring at that general time. By keeping the data completely separate after initial collection, and by not synchronizing the times of the calls until the files had been analyzed I was able to negate any biasing during analysis. 
Results
There were five encounters with the whales that yielded sufficient data for this study. Of these five, four were with J pod, and one was with K and members of L pod. Due to time constraints and small sample sizes, only the S10 vocalizations were analyzed statistically. A one factor ANOVA was used to look for a significant relationship between S10 and foraging behavior. Results showed that there was no significant relationship (F1,26 = 0.22, P = 0.64) between foraging and the S10 vocalization (Figure 1). 
S42 was found to be sporadic and often occurred repetitiously at evenly spaced time intervals, for example, there might be five repetitions, each two seconds apart.  Analysis looking for a relationship in regard to synchronous change in travel direction could not be done due to small sample size. And analysis to see when S42’s did occur during the whales daily behaviors has not been done at the time of this paper. 
S6 was surprisingly only found once during the J pod encounters, at which times it was repeated three times in succession. The call was also recorded during the K & L pod encounter, where it was heard eleven times within two minutes. Due to such a small sample size, no analysis could be done. 
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Figure 1  - average S10 Calling rate (call/minute) during foraging and non foraging behavior.  Error bars are 95% confidence intervals
Discussion
Sample size was affected due to several poor quality acoustic files that could not be analyzed. Despite this, it seems unlikely that 2-5 additional samples would change the results significantly. A large source in error in sample quality was found in the PDA and handwritten data collection. Handwritten notes were not taken in a standardized fashion, so their supplemental value was both useful and lacking in regard to behavioral descriptions and definition in regard to PDA notations. Another source of possible error pertaining to these results was the fact that whales milling in the distance were never noted as foraging, because it could not reliably be determined, despite the fact that foraging was very likely to have been occurring. Scans where the whales were exclusively traveling revealed between 0-2 S10 calls, while traveling and milling scans often included S10’s. Because milling seems to involve a great deal of foraging, this is a positive result, despite the lack of significance found in this study. I do not believe the results of this particular question to be conclusive and would like to see further research done, with more standardized and efficient data collection methods. Also beneficial would be a larger sample size, including encounters where the whales were not engaged in milling or foraging behaviors. An absence of S10’s would also be positive indicator for a relationship with foraging.

S42 data will need to be analyzed in depth before any statements can be made regarding its’ possible relevance. Because the call was produced far less frequently than S10, a larger sample size would also be recommended

S6 yielded little in the way of results, but supports the notion that a shared call may be used primarily for intrapod gatherings. More data is needed before such a statement can be made with any certainty. 
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Appendix 1

Behavioral Definitions

	Foraging
	Chasing, circle swimming, lunging, frequent or sudden direction changes while maintaining their general location, bubbles, percussive behaviors such as tail slaps in conjunction with any of the previous larger behavioral events. Visual confirmation of the whales with fish will also denote foraging.



	Milling
	Includes whole group/pod but is not necessarily social. No predominant behavioral state. Foraging is common, light travel, brief resting (usually be a single individual), social or sexual behaviors. Often percussive behaviors occur throughout. Pod is often widely spread over more than a mile. 



	Social
	May appear playful, aggressive, sexual etc. Social behavior involves at least two whales, although playful or percussive behaviors are frequently exhibited by a single individual.  Social events often include percussive behaviors and sexual displays.



	Resting
	When a whale is not engaged in any active behaviors or may be logging at the surface. Resting can occur among individuals or with the group as a whole.



	Synchronized behaviors
	Any behaviors where the one or more associated whales are deliberately engaged in the same behavior at the same time. Because synchronous surfacing and respirations are common, I will be looking specifically at the times when a group changes direction while traveling.



	* Percussive behaviors
	Percussive behaviors are associated with several behavioral states, such as socializing or sexual social behaviors, and are not exclusively regarded as a reliable sign of foraging.



Appendix 2
Shared calls of the southern resident killer whales
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Figure 2 – Pulsed call S6 



Figure 3 – Pulsed call S10
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Figure 4 – Pulsed call S42


- 5 -


