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During three surveys in the austral summers of 2013, 2015, 2019, data on Antarctic blue whale blow rates, dive times, swim speeds, and broadscale movements were collected using video photogrammetric tracking and intra-voyage photo-identification. A total of 24.4 hours of video observations were suitable for blow interval or movement analysis. Similar to other blue whale populations, Antarctic blue whale dive behaviour comprised a sequence of short dives followed by a long dive with a mean dive time for short dives of 17.6 s, and a mean long dive time of 189.3 s. Two separate methods were used to estimate the average blow rate for Antarctic blue whales, giving estimates of 59.7 and 63.2 blows per hour. The overall mean swim speed over the course of all suitable video track segments was 1.59 ms-1, but there were significant differences between years in the mean of the overall movement rate for each track; average movement rates were lower in 2015 compared to 2013 and 2019 (0.90 ms-1, 1.84 and 1.55 ms-1 respectively), with higher rates of turning in 2015. In 2019, there was faster overall movement through the study area in a consistent direction. The total number of photo-identified blue whales re-sighted intra-season in 2013 was nine (out of 50 identified individuals); in 2015 it was seven (out of 46); in 2019 two (out of 25). Whales remained for several days with little overall movement within the 2015 study area, whereas they were moving through the study area in 2019, which would explain the low number of intra-season resights. The predominant heading in 2019 was towards the area of Antarctic blue whale concentrations at the entrance to the Ross Sea observed in previous years. The photo-identification data also show a high proportion of resighted whales with coherent movements. This suggests that Antarctic blue whales might travel together, at least over periods of several days or sometimes up to a month. The differences between behaviours in 2015 and 2019 in particular may be related to differences in the characteristics of krill swarms between the study areas.
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   1 Introduction

 Following heavy depletion by 20th century industrial whaling, Antarctic blue whales Balaenoptera musculus intermedia remain critically endangered (Cooke, 2018). Their small population size and distribution over areas which are often difficult to access means they are challenging to study, and their ecology, movements and behaviour are poorly understood. Some data from satellite telemetry are available (Andrews-Goff et al, 2022), but otherwise little is known about their surfacing behaviours or movement, particularly over fine spatial and temporal scales.

 Knowledge of Antarctic blue whale fine-scale movements and behaviour is important for informing studies which involve approaching and/or surveying whales, and also for a variety of long-term or multidisciplinary studies. Metrics of Antarctic blue whale behavioural parameters may assist in the interpretation of a range of datasets. Blow (cue) rates are important in visual survey data analysis for estimating g(0) (the probability of detecting an animal directly on the survey trackline) for single platform surveys, or if cue counting methods are used (Hiby, 1992). For example Leaper et al. (2015) used a simulation approach to estimate g(0) based on previous work which classified blue whale dives as either short or long dives (Lagerquist et al., 2000; de Vos et al., 2013). Information on movements and surfacing behaviour can potentially add value to passive acoustic studies when behaviours can be linked to vocalisations (Oleson et al., 2007; Schall et al., 2020). Movements and vocalisations have also been hypothesised to be related to behavioural state, and thus may be indicative of prey availability and characteristics (Miller et al., 2019). Additionally, this information may be useful when investigating hypotheses on the role of whales in the ecosystem, for which overall movements through an area might be compared with phytoplankton, bacteria, and biogeochemistry e.g. iron concentrations (Smith et al., 2021). Natural behaviours and movements may also inform assessment of anthropogenic impacts, for example, by providing baseline data against which impacts can be evaluated (Lomac-MacNair and Smultea, 2016). Similarly, this information provides direct parameters which are required by individual-based energetic models for investigating population consequences of disturbance (Pirotta et al., 2022). Fine-scale movement data may also help to improve interpretation of longer-term telemetry studies where potentially large positional errors and small sample sizes in terms of both locations and tracks can limit understanding of behavioural states. For example, measurements of short-term swim speeds over minutes will inevitably be higher than longer-term movement rates over hours, making it difficult to compare fine-scale tracking with longer-term movement data. In such cases, relationships between measured speed and interval time may facilitate comparisons between different studies.

 Information on whale movements comes from a small number of highly-specialised methods including large-scale and long-term satellite-telemetry tags (Andrews-Goff et al, 2022); mark-recapture during whaling (Branch et al., 2007), and visual and acoustic focal follows (Leaper and Gordon, 2001; Miller et al., 2014). These methods operate over temporal scales from decades to seconds, and over spatial scales from global to fine-scale. Information on Antarctic blue whale movements can also be obtained from photographic mark-recapture studies, particularly from the Antarctic Blue Whale Catalogue. The Catalogue was established in 2007 and currently holds 562 identified whales (represented by 421 left side and 413 right side photographs) from the years 1980-2022 (unpub. data). Over a dozen research organisations and independent scientists have contributed photographs to the Catalogue (Olson et al., 2020). Whilst most prior photographic mark-recapture studies have focused on large-scale movements between years, photographic identification (photo-ID) can also provide information on intra-seasonal movements for whales which are photographically captured more than once each year (e.g. recaptured later during the same voyage). These intra-seasonal recaptures can potentially help to relate the overall direction of travel throughout a voyage to other measures of movement e.g. obtained via satellite tags (described above), or focal follows (described below). Recently, inter-seasonal data have also been examined for movement patterns of Antarctic blue whales (Olson et al., 2022).

 Focal follows of animals typically involve following groups of whales to record behaviours, understand behavioural contexts, including interactions and responses, and describe sequences of events (Oleson et al., 2007; Quick et al., 2008; Crance et al., 2017). This type of study is often conducted from a small boat, or from shore with instruments such as theodolites and hydrophone arrays (Dunlop et al., 2016). Video photogrammetric systems may also be used from research vessels in order to carry out and obtain a series of locations (Leaper and Gordon, 2001). Like theodolites, video photogrammetric systems enable the measurement of distances and bearings to provide locations with high precision and accuracy (Williams et al., 2007; Leaper et al., 2010), as well as recording sequences of behaviours as whales surface (Leaper and Gordon, 2001). Video photogrammetric tracking can provide information on blow (cue) rates and swimming speeds. However, estimation of swim speeds this way can be sensitive to errors in location. For example, locations for more distant groups are less accurate than those closer to the ship due to measurement error (Leaper and Gordon, 2001).

 This study describes blow rates, movements, and swim speeds of Antarctic blue whales on their Antarctic feeding grounds using a combination of intra-voyage photographic recaptures, and photogrammetric analysis of video recordings (video range tracking). Comparisons between these swim speeds and those observed in the Antarctic using other methods and different spatial scales are made, as well as between these observations and those observed from other blue whale populations/sub-species.

 
  2 Materials and methods

  2.1 Data collection

 Antarctic blue whales were studied on three Antarctic voyages during the austral summers of 2013, 2015 and 2019 on the 65 m FV Amaltal Explorer, the 70 m RV Tangaroa, and the 94 m RV Investigator respectively (Double et al., 2013; Double et al., 2015; Double et al., 2021). Whales were detected acoustically using directional frequency analysis and recording (DIFAR) sonobuoys (which enable the detection of both whale vocalisations and the bearings to those vocalisations). Then individuals or groups of whales (referred to hereafter as ‘groups’) were tracked and approached using acoustic bearings, until they had been sighted by visual observers (see Miller et al. (2015) for description of acoustic methodology). Once a group was visually detected, the survey vessel slowed down or stood off, allowing focal follows using video photogrammetric tracking to take place whilst the group was largely undisturbed (Calderan et al., 2014; Calderan et al., 2017; Calderan et al., 2022). Following photogrammetric video tracking, the research team would then guide the ship for a closer approach to the group for photo-ID (if video-tracking was not undertaken, the ship would move directly to approach for photo-ID). Both sides of each whale were photographed whenever possible. Typically two photographers worked from the bow of the ship. In 2013, during optimal weather conditions, a RHIB was launched and one photographer worked on each vessel. DSLR cameras with image-stabilized zoom lenses were used to gather images for photo-ID.

 Movement data were collected using the photogrammetric methods described in Leaper and Gordon (2001). Whale locations were measured at each surfacing, enabling focal follows of Antarctic blue whales as they were observed from the survey vessel. Groups which were first seen at distances of several km were observed and video tracked before the vessel moved to close-approach mode for photo-ID, allowing behavioural data to be gathered when the whales were first sighted, and before the research vessel was so close that behaviour was likely to be substantially affected. The aim was to gain as much understanding as possible about the behaviour of the group before making a close approach. Photogrammetric and photo-ID data were collected between sunrise and sunset (much of the study area remained almost-continuously in daylight due to the high latitude and time of year).

 The video tracking system comprised a front-facing Panasonic HCV700 camcorder with a calibrated lens of known focal length, downward-facing Canon A40 stills camera (reference marks were made on the deck to enable angle measurement), and binoculars. These were mounted on a single frame and monopod. The observation platform heights were 10.2 m, 14.4 m and 16.9 m respectively on the 2013, 2015 and 2019 voyages. The system enabled a combination of locations and behavioural observations, including surfacing locations, blow rates, swimming speeds and changes in heading to be measured by a tracking observer. The tracker was assisted by another observer to ensure the consistent resighting and tracking of the focal animal if there was more than one whale in the group. The tracker also recorded a concurrent audio commentary to assist with disambiguating the video during post-processing and analysis. At the conclusion of video tracking, the vessel moved towards the whale group to allow photo-ID. The video and stills data were post-processed using the Video Range module in PAMGuard (www.pamguard.org ) to derive distances and bearings, following methods in Leaper and Gordon (2001). Once a series of whale times and positions had been compiled into a track, these were analysed to estimate blow rates and movement parameters.

 
  2.2 Data analysis

 In order to analyse photogrammetric and photo-ID data, three types of velocity measurements (speed in ms-1 and heading in degrees) were used, representing different temporal scales:

  	 (a) Swim speed: over the shortest period between surfacings that allowed for measurement of speed to meet the criteria for accuracy discussed in 2.2.1.3; close to actual speed through the water (not accounting for vertical movement); 

 	 (b) Movement rate: measured from the start to end of a track, representing an overall speed of travel in a particular direction over 10 minutes or longer; 

 	 (c) Broadscale movement rate: measured from the distance between locations over a day or longer apart. 

 

  2.2.1 Photogrammetry

  2.2.1.1 Combining locations into tracks

 The data used in analysis were selected to avoid some of the major sources of bias which can be associated with photogrammetric tracking data, resulting in only a proportion of tracks being included. These potential sources of bias are that individual blows or sequences of blows might be missed, resulting in potentially biased blow rates. Furthermore, in groups where there is more than one whale, the focal animal may be confused with another individual, which will bias surfacing and movement parameters. Measurement error will also cause bias in swim speeds measured over short time periods because apparent movement may in fact be the result of measurement error. Whales may also react to the approaching vessel. Therefore the tracks which were included in analysis were those where the group comprised a single animal, several animals surfacing and moving together, or where there was confidence that the focal animal in the group was followed throughout. In 2013 a small RHIB was sometimes deployed during approaches. All periods when the RHIB was in the water were excluded from the analysis because of the potential for disturbance. The use of hidden Markov models to characterise whale movements and diving behaviour (DeRuiter et al., 2017) was investigated, but the tracks were too short to reliably fit such models.

 
  2.2.1.2 Overall movement across tracks (movement rate and heading)

 To investigate any patterns in overall movements from the start to the end of a track, measurements to whales up to 6 km from the ship were included. In addition, a minimum tracking time of 600 s was applied. The end of the track was defined as the last observation before a group was lost, potentially confused with a different group, or came within 500 m of the vessel during a close approach. Distance travelled and heading were calculated using the ‘traipse’ package (Sumner, 2021), and the distribution of headings was analysed using the ‘circular’ package in R (Agostinelli and Lund, 2017); the Rayleigh test was used to determine whether the headings in each year showed any pattern in headings that was significantly different from a uniform distribution (R Core Team, 2021).

 
  2.2.1.3 Fine-scale movement within track (swim speed and heading)

 A maximum radial distance from the research vessel of 2 km was chosen for measurements of locations used to derive swim speeds, as a compromise between discarding data and an acceptable level of measurement error. The expected measurement error was based on estimates from Leaper and Gordon (2001), who found that from a platform height of 18 m, the RMS error in measured distances was around 3.5 % of the radial distance. RMS errors in bearing were 1.21° (angle errors were greater for situations where the ship turned frequently but improvements in GPS heading sensors probably mean this is less of an issue than when the calibration tests were conducted). Whilst video camera technology has also improved, with considerably higher resolution images than used for the estimates of accuracy in Leaper and Gordon (2001), the factor that most limited photogrammetric accuracy was swell, which not only introduced errors in the bearing and angle of dip from the horizon, but also errors in platform height, none of which would be fully resolved by improvement in image-resolution.

 At 2 km, a 3.5 % error in distance corresponds to a location error of 70 m, and a 1.2° error in angle corresponds to a location error of 40 m. A simple simulation where radial distance error was drawn from a distribution with mean 0 and standard deviation of 70 m, and angle error was drawn from a distribution with mean 0 and standard deviation of 1.2° indicated that the combined effect of these errors for a whale initially at a radial distance of 2 km would be expected to introduce an RMS error in the estimated distance between two observations of 113 m. A minimum interval time of 150 s was then selected as approximately the minimum duration of a full sequence of a few short dives (submersions between breaths) and a long dive (submersion between a bout of breathing surfacings). For a typical swimming speed of 2 ms-1, speed estimates at maximum range and minimum interval time would be subject to an RMS error of around 38%. Locations that were closer than 500 m to the vessel were also rejected because of the possibility of responsive movement. This distance was chosen based on qualitative observations during the voyages, on the analysis of Lesage et al. (2017), who noted behavioural changes in blue whales in the St. Lawrence estuary Canada when vessels were within 400 m, and research by Szesciorka et al. (2019) who reported a change in surfacing behaviour as a ship approached within 300m.

 Whale locations for swim speed and heading measurements were therefore selected on the criterion that the radial distance was between 500 m and 2000 m. For each track, the first location which met this criterion was determined to be the start point for speed and heading measurements. Speed and heading were then measured along the segment of whale track to the next surfacing location that met the criterion and was >150 s later. This process was repeated until the end of the track (as defined in 2.2.1.2). The change in heading in degrees between each track segment was also calculated.

 
  2.2.1.4 Blow rates

 For this study, a bimodal distribution of short and long dives was assumed (but with potentially some overlap between the two), such that the observed frequency of intervals could be modelled as the sum of two distributions. These distributions would not be expected to be normally distributed because longer intervals occur less frequently in the same time period (e.g. there is potential for 10 intervals of 10s in a 100s time period, but only 5 intervals of 20 s). Thus data transformations were investigated, including fitting distribution functions to log(interval). The mixR package in R (Yu, 2022) was used to fit a two-component mixture model using maximum likelihood estimation (R Core Team, 2021).

 In the dataset from tracks which were confidently assessed as including just a single individual, the minimum observed blow interval was 5 s. Thus any intervals less than this were excluded from the full data set on the assumption that they were probably a result of blows from different whales which were misidentified when more than one individual was present. Surfacing intervals of more than 900 s were also removed on the assumption that these represented situations where a surfacing had occurred, but had not been detected. The value of 900 s was taken from the maximum observed dive duration from telemetry studies by Croll et al. (2001), although longer dive times have also been observed on a few occasions (e.g. Lagerquist et al., 2000; Owen et al., 2016).

 Where a log transformation was used, the mean blow interval for the untransformed data to compare with other studies was assumed to be

  

 where µ and σ are the mean and standard deviation respectively of the transformed data.

 In addition to estimating the mean blow interval of short and long dives, the ratio of the number of short intervals to each long interval (b) was also estimated, in order to model the overall blow rate.

 
 
  2.2.2 Intra-season photo-ID recaptures (broadscale movement rate and heading)

 Photographs of Antarctic blue whales were judged to meet minimum quality criteria based on distance to the subject (whale), focus, angle and lighting (Olson et al., 2021). Photographs meeting these criteria were considered suitable for identifying individual blue whales and were compared within each season and to the Antarctic Blue Whale Catalogue following methods outlined in Sears et al. (1990) and in Gendron and Ugalde de la Cruz (2012). Distances between intra-seasonal recapture locations were calculated using great circle estimates from the traipse package in R (Sumner, 2021; R Core Team, 2021).

 
 
 
  3 Results

 The voyage tracks of the three research vessels are shown in  Figure 1 , as well as the heading direction in the overall movements of whales across video tracks in each of the voyages ( Table 1 ). A total of 24.4 hours of video observations were suitable for blow interval or movement analysis. This resulted in 577 surfacing locations at intervals of greater than 5 s. These were divided into 181 segments of track between locations which were more than 150 s apart and suitable for measurement of whale swim speeds and headings. The total track length of these segments was 137 km.

  

 Figure 1 | Map showing whole voyage tracks for all three voyages, with dots for positions of the video tracks used, and directions of overall whale movement in each video track (black pointers).

 

  Table 1 | Video tracks and measurements of movement rate and heading across each track. 

 

  3.1 Photogrammetry

  3.1.1 Overall movement across tracks (movement rate and heading)

 In 2013 and 2015, headings showed no overall significant difference from a uniform distribution ( Figures 2A, B ), but in 2019 ( Figure 2C ), there was a significant departure from uniform headings, with a bias towards an east-southeast heading ( Table 2 ).

  

 Figure 2 | (A). Distribution of whale headings from video tracks, 2013 (B). Distribution of whale headings from video tracks, 2015 (C). Distribution of whale headings from video tracks, 2019. 

 

  Table 2 | Tracks used to test for patterns in whale headings. 

 

 The overall mean component of movement for all whales in 2019 along the median heading was 0.88 ms-1. Two of the tracks in 2013 were also in the 2019 study area, and both had an easterly component (mean 78o).

 
  3.1.2 Swim speeds

 The mean distance between locations used to estimate speed was 1035 m with a mean interval of 480 s. For these mean values and a swim speed of 1 ms-1, the RMS error in speed due to measurement error would be expected to be around 15 %.

 The overall mean swim speed over the course of all suitable track segments (total combined distance/total combined time) was 1.59 ms-1, with the average duration of a track being 3924 s (65.4 minutes). For the tracks which also met the criteria for movement rate measurements, the mean swim speed and movement rate from the start to the end of the track are given in  Table 3 . Linear regression indicated mean movement rate was 83 % of mean swim speed (R2 = 0.73). Tracks with slower swim speeds tended to be longer and have more speed measurements. Thus the mean of the swim speeds for each track was used in the regression analysis rather than the separate individual swim speed measurements. On average, movement rates measured over the course of around an hour were about 83 % of swim speeds measured over the course of 6-minute intervals.

  Table 3 | Summary of information from video tracking and photo-ID. 

 

 There were significant differences between years in the mean of the movement rates for each track (Anova, p=0.01) and the mean heading change between segments for each track (Anova, p=0.007). The differences between the mean swim speeds followed a similar pattern but were not significantly different between years (Anova, p=0.06). The larger differences seen between years for the movement rates compared to the swim speeds could be explained by relatively consistent swim speeds through the water, but higher rates of turning when movement rates were lower. Swim speeds varied between 0.01 and 4.15 ms-1. 2015 stands out for low movement rates and high rates of turning.

 
  3.1.3 Blow rates

 Excluding dives of longer than 900 s from the analysis (on the basis that they were likely due to a missed bout of surfacings) resulted in the removal of 11 dives (0.6% of the total).

 Based on the fitted distributions to the log(interval) data ( Figure 3 ), the mean short dive was 17.6 s (95% CI 7-42 s) and mean long dive was 189.3 s (95% CI 43-674s). The median for short dives was 18 s. The ratio from the fitted normal distributions gave b=3.37 short dives to each long dive. Thus an average of 4.37 dives would occur over an average time period of 248.6 s (3.37x17.6 + 189.3). Therefore mean dive time for all the observations would be 56.9 s (63.2 blows per hour) based on the fitted distributions. The minimum of the combined distributions of short and long blow intervals ( Figure 3 ) occurred at an interval of 58.9 s. This was so close to one minute that an interval of greater than 60 s was chosen to define a long dive (which also matches the definition of Lagerquist et al. (2000)).

  

 Figure 3 | Mixed fit of normal distributions to log(10) of observed blow intervals using data from 2013, 2015 and 2019. The line indicates the fitted combination of two normal distributions representing ‘short’ (red) and ‘long’ (green) dives. 

 

 If a long dive is defined as more than 60 s, then for groups comprising only one animal in 2019, there were 64 occasions when, in a bout of short dives followed by a long dive, all the blows could be accurately counted. The number of blows between long dives ranged from 1-13 (mean = 4.3, sd = 2.59). This mean number of blows for groups comprising one animal was very similar to the overall mean for all data from the fitted distributions of 4.37 blows per bout.

 Long dives separated by a single surfacing were observed on several occasions. For example, out of 118 long dives by groups comprising only one animal, 22 (19%) were reported as separated by just a single blow, although it is possible that some blows were missed. For these successive pairs of long dives, the average total dive time for the two dives combined was 325 s (range of 123 – 714; sd = 84 s). Over the total period of time where groups comprising one animal were tracked (13 tracks, 5.86 hours), there were 350 blows, corresponding to a mean rate of 59.7 blows per hour. This resulted in an estimated mean blow interval of 60.3 s.

 
 
  3.2 Movements based on intra-season photo-ID recaptures

 The total number of photo-identified blue whales in 2013 was 50 individuals, in 2015 it was 46, and in 2019 it was 25. The potential for photo-ID recaptures within each voyage was dependent on the movements of the research vessel. There were nine individuals in intra-season matches in 2013, seven in 2015 and two in 2019 ( Table 3 ). Of these, just one individual was sighted on more than two occasions, on three separate days (in 2015).

 Based on the straight-line distances between capture and recapture locations, the fastest broadscale movement rate observed from photo-ID was 1.13 ms-1 over a distance of 77.4 km ( Table 4 ). Amongst the 18 individuals resighted, three individuals (following similar trajectories) were seen at an average minimum distance of 1100 km from their first sightings and were recaptured together in the same group. These three individuals had a broadscale movement rate of 0.53 ms-1 ( Figure 4 ) and all remained north of 65oS. In the recapture sighting, the three were part a group of five individuals. Another two individuals were resighted together three times over two days, eventually 78 km from their first sightings. Six further individuals remained within the same small area. This suggests that coherent movements of Antarctic blue whales on the feeding grounds may be common (i.e. 11 out of 18 individuals observed in this study showed coherent movements).

  Table 4 | Intra-season resights of known individuals from photo-ID. 

 

  

 Figure 4 | Capture and recapture locations of photo-identified whales in 2013 (blue), 2015 (green) and 2019 (red). In 2015 the capture and recapture locations of four whales appear clustered together due to the relatively short distances between locations. (Lines connect the locations and do not necessarily represent whale movement).

 

 The same patterns of broadscale movement rates by year were apparent from the photo-ID resightings as from the movement rates from the video tracks. Four whales were resighted in 2015 within 15km of their original sighting locations between 39 and 72 hours later, with a broadscale movement rate of 0.05 ms-1.

 
 
  4 Discussion

 This study presents data on fine-scale movements of Antarctic blue whales, including swim speeds and blow rates, and broadscale movements of identified whales within a season. The overall pattern of all blue whale dives (not only of Antarctic blue whales) can be summarised by a sequence of short dives followed by a long dive. The length of short dives appears consistent over time and between areas, with a distinct peak in occurrence of intervals of around 18 s. For example, the observed values in this study for short dives are very similar to the equivalent dive times of blue whales observed off Sri Lanka (17.6 s) (de Vos et al., 2013). This may indicate a swimming gait associated with breathing that is common across blue whale subspecies and populations.

 Long dives are much more variable and differ between activities and areas. For example, New Zealand blue whale long dives are relatively short (170s ± 16.2s SE) (Torres et al., 2020), compared to 640 s off Sri Lanka (de Vos et al., 2013). Studies of blue whale dives off California reported average long dives of 252 s to 432 s (Lagerquist et al., 2000). These differences are consistent with short dives being optimised for respiration and long dives being in response to the nature and location of prey, and support previous studies (Lagerquist et al., 2000) that a dive time of over 60 s is a useful definition of a long dive. That study found that 72% of blue whale dives off California were less than 60 s long. This is an equivalent ratio of 2.6 short dives to each long dive, which is a little lower than for Antarctic blue whales in this study (3.76). Unlike off Sri Lanka where long dives were never observed with just a single surfacing between them (de Vos et al., 2013), this was observed on several occasions in this study.

 An estimate of average Antarctic blue whale surfacing rates has been calculated using two different methods (59.7 and 63.2 blows an hour). The model of patterns of short and long dives could be used with models to estimate g(0) for single platform or opportunistic visual surveys. The mean blow interval is rather lower than that estimated off Sri Lanka (84.7s sd 11.17) by de Vos et al. (2013), mainly due to the much shorter ‘long’ dives for Antarctic blue whales. de Vos et al (2013) used a Monte Carlo model-based method to adjust for the fact that most whales in their study were lost after a long dive (i.e. the last long dive of a sequence was not included). This was not the case for this study where the tracking usually ended when the vessel made a close approach for photo-ID, and it was likely that when a long dive occurred the whale would usually be resighted.

 If blows were missed, particularly the first blow after a long dive, then the estimate of number of blows per hour would be negatively biased. This certainly did happen, but during focal follows there were usually several observers monitoring the full 360° around the vessel, so this was likely a rare occurrence for the tracks included in the analysis. For observational studies there may be occasions when a full bout of surfacings between long dives is missed. Thus the longest observed intervals may be due to observational error.

 Estimates of blue whale swimming speeds from the video tracking dataset were highly variable. The maximum reliable video track-derived swimming speed estimate was 4.15 ms-1 over a period of 217 s, but blue whales are known to be capable of much faster speeds, upwards of 10 ms-1 (Sears and Perrin, 2009). In comparison, satellite tagged Antarctic blue whales swam at an overall movement rate of 1.2 ± 0.8 ms-1 (median speed: 1.0 ms-1), with faster rates for transit-like movement (1.4 ± 0.9 ms-1; median: 1.2 ms-1) and slower rates during area restricted search (ARS)-like movement (0.8 ± 0.6 ms-1; median: 0.7 ms-1, which is often considered as a proxy for foraging, but also resting and nursing (Andrews-Goff et al, 2022). The maximum movement rate derived from the satellite tracking data was 5.1 ms-1. Estimates of mean Antarctic blue whale swimming speeds and movement rates derived from both the video tracking dataset and satellite tag derived data are distinctly faster than comparable estimates for other blue whale populations ( Table 5 ).

  Table 5 | Blue whale swim speeds and movement rates from satellite telemetry. 

 

 Whilst large-scale movements of Antarctic blue whales are not well-documented, there is assumed to be some annual migratory movement between austral summer Antarctic feeding grounds and mid-latitude locations in winter (Branch et al., 2007). To date, satellite tags have been deployed on just two Antarctic blue whales, in a study by Andrews-Goff et al (2022). These tag data demonstrate that it is possible for Antarctic blue whales to travel large distances when on their feeding grounds – 96 ± 43 km daily (mean ± SD) – a scale of movement greater than has been measured in other blue whale populations. The large tagging datasets of Eastern Indian Ocean stock (EIO) pygmy blue whales [n = 22; (Thums et al., 2022)] and the Northeast Pacific (NP) blue whale population (n = 128; (Bailey et al., 2009)), including movement on feeding and calving grounds, indicate movement rates of approximately 70 km per day for EIO pygmy blue whales and approximately 65 km per day for NP blue whales ( Table 5 ).

 Large-scale movements were also recorded in the intra-seasonal recaptures of the Discovery marking program which was conducted during Antarctic whaling operations in the early part of the 20th century (Branch et al., 2007). Marked metal tubes were fired into whales, and sometimes recovered by whaling operations. 54 marks were recovered in the same season in which the individual blue whales had been marked. Distances and time intervals between mark and recapture varied widely, from 32-3516 km and from 1-114 days (Appendix 4, Branch et al., 2007).

 Satellite tag derived datasets are often analysed to distinguish transit-like movement, which may include travel between foraging patches or migratory pathways, and is associated with relatively straight movement paths and faster travel speeds, from ARS-like movement, where travel speed has slowed and turning angles have increased (Kareiva and Odell, 1987; Bailey et al., 2009; Möller et al., 2020; Thums et al., 2022). For the Antarctic blue whale satellite tracking data, mean transit and ARS movement rates fall within the range of transit and ARS movement rates seen across blue whale populations ( Table 5 ). Video tracking data may provide additional insight into ARS movement detected via analysis of satellite tracking datasets. The video tracking data analysed here revealed that slower movement rates appeared to be related to tracks with more turns, suggesting that swim speed through the water is more consistent than overall travel rate, i.e. slower travel is a result of turning more frequently rather than swimming slower. Additionally, speeds measured over the course of around an hour were, on average, 83 % of speeds measured over the course of 6 minutes, suggesting that measures of speed over shorter intervals may be biased towards faster speeds. This can help inform comparisons of horizontal speed measurements from studies with different intervals between observation locations, such as telemetry studies which rely on satellite passes to generate an irregular time series.

 The general movement or ‘flux’ of whales through an area is relevant to studies of prey consumption and other ecological impacts such as iron fertilisation. In addition, it can have a large influence on the resighting probability of individuals from photo-ID. The overall mean movement for all whales in 2019 of 0.88 ms-1 suggests a high net ‘flux’ of whales through the study area. In comparison the higher rate of heading changes observed in 2015, resulting in lower movement rates suggests a low net ‘flux’ of whales through the area. There are no concurrent krill data available for the 2013 voyage, but in 2015 and 2019 the core study areas differed from each other in the characteristics of the krill swarms (Miller et al., 2019; Double et al., 2021). The concentrated area of Antarctic blue whale distribution encountered at the entrance to the Ross Sea in 2013 (and also on the 2017 Antarctic Circumnavigation Expedition (Miller et al., 2017), for which there are neither krill nor photogrammetric data) may have had krill characteristics similar to those favoured by blue whales in that same area in 2015. Slower swim speeds and greater headings changes were observed in 2015 (e.g. ARS) compared to faster speeds and an overall movement through the 2019 study area. Photo-ID also showed whales remaining for several days with little overall movement within the 2015 study area. The direction of travel of the overall movement in 2019 was directly towards the area of Antarctic blue whale concentrations at the entrance to the Ross Sea observed in previous years. The bearing to these concentrations was 120o at a distance of 1600km compared to a median observed heading of 118.5o. The mean speed of 1.55 ms-1 from 2019 is at the top end of mean movement rates observed from satellite telemetry. Even allowing for higher speeds due to being averaged over a shorter time, the speeds of whales through the area would appear to be comparable to those assumed to in transit. The results from the video tracks show that the simple behavioural observations during this study can help understand blue whale movements and feeding ecology. The movement through the area rather than persistent concentrations of whales would be consistent with the lack of spatial relationship between whale presence and surface ocean iron concentrations observed in the 2019 survey area (Smith et al., 2021).

 Although any inferences of movement from photo-ID matches are influenced by the track of the research vessel (i.e. the opportunities to resight whales only occur where the vessel is), the data do also indicate the same qualitative patterns, with slow overall movement speeds in 2015 compared to 2019. The movement of whales through the 2019 study area explains the low number of intra-season photo-ID matches. Most of the 2019 study area, and the western portion of the 2013 study area are located south of the eastern Indian Ocean (the eastern Indian Ocean defined by the longitudinal meridians of 70 °E and 146.49°E). When examining inter-seasonal recapture data, Olson et al. (2022) found that only 20 % of the whales marked in the eastern Indian Ocean sector were recaptured there, as opposed to the three other ocean basin sectors with recapture rates of 50-79 %. This suggests that the eastern Indian Ocean sector may be a region through which blue whales generally transit rather swiftly. In addition to the differences in overall movement between years demonstrated by both the photogrammetric and photo-ID data, with whales in 2019 heading directly towards the area of Antarctic blue whale concentrations at the entrance to the Ross Sea observed in previous years, data also show a high proportion of resighted whales with coherent movements. This suggests that Antarctic blue whales might travel together, at least over periods of several days or sometimes up to a month, with possible implications for group behaviour dynamics which are currently poorly understood.

 
  5 Conclusions

 This study estimated surfacing rates, swim speeds, and movement rates of Antarctic blue whales from photogrammetric and photo-ID measurements made over the course of three Antarctic voyages.

 Estimates of surfacing intervals of short dives of Antarctic blue whales were consistent across all voyages and were similar to those measured from other blue whale populations, whilst estimates of long dives yielded intervals which were shorter than those estimated from other populations. These estimates of mean overall surfacing intervals of Antarctic blue whales on their feeding grounds provide cue rates for studies which employ cue-counting for estimating abundance; patterns of short and long dives could be used to estimate g(0) for single platform visual surveys.

 Estimates of movement rates on their high-latitude feeding grounds demonstrate that Antarctic blue whales have the highest movement rate of all blue whale populations measured to date. These are consistent with movement rates estimated from satellite telemetry of two individual Antarctic blue whales in 2013 (Andrews-Goff et al, 2022). The broadscale movements indicated by photographic re-sightings also suggest some coordinated movements across multiple individuals.

 In this study, significantly different mean movement rates and directions of travel were observed across the three different voyages. These differences may be indicative of different behavioural states, namely transit vs. area restricted search. Further, we hypothesise that these differences were driven by differences in environmental conditions, namely distribution of prey, and that future studies should aim to test this hypothesis.

 Our findings increase our understanding of Antarctic blue whale fine-scale movements and behaviour, and may assist with the interpretation of datasets such as visual surveys, acoustic studies, ecosystem research, and assessments of human impacts. They may also inform how the different behavioural states of Antarctic blue whales may be driven by distribution of prey, and thus their role in the Antarctic ecosystem.
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Annual median of broadscale movement rates from photo-ID resights ms™ 0.56 0.09 0.55
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Start Start Start Distance

Time (UTQ) Latitude Longitude travelled (m) Duration (s) Movement Rate (ms™) Heading (degrees)

2013 3 07/02/2013 21:04:14 -62.27 142.24 17494 10612 165 137
2013 9 14/02/2013 01:25:19 -62.03 147.32 6235 1664 375 20

2013 13 20/02/2013 01:04:19 -64.54 168.13 3942 2696 1.46 161
2013 19 25/02/2013 18:40:36 -68.44 -177.68 3857 3052 1.26 44

2013 20 25/02/2013 19:35:32 -68.41 -177.58 3468 2016 172 74

2013 22 | 01/03/2013 06:14:43 -69.38 -170.85 5225 2665 1.96 34

2013 23 01/03/2013 18:35:43 -69.85 -17047 5325 2122 2.51 -76
2013 24 01/03/2013 22:27:16 -69.85 -17035 2108 1808 117 160
2013 25 07/03/2013 21:55:12 -63.99 168.17 12888 7088 1.82 -47
2015 1 06/02/2015 04:21:43 -67.14 163.76 2350 2877 0.82 146
2015 2 | 09/02/2015 18:26:06 -69.29 178.82 2304 2211 1.04 146
2015 3 09/02/2015 19:33:47 -69.30 178.96 3102 2658 117 146
2015 4 10/02/2015 00:14:48 -69.18 179.45 5244 5054 1.04 146
2015 6 10/02/2015 19:56:38 -69.22 -178.36 7805 5836 1.34 146
2015 7 11/02/2015 01:29:08 -69.29 -178.05 1314 3769 0.35 146
2015 8 11/02/2015 18:10:02 -69.31 -178.20 3453 6237 0.55 146
2019 1 30/01/2019 01:23:05 -64.73 138.46 3261 3892 0.84 80

2019 2 30/01/2019 07:31:14 -64.68 138.51 1826 1000 1.83 154
2019 3 01/02/2019 21:33:37 -65.88 144.32 6559 3117 2.10 152
2019 5 03/02/2019 05:34:50 -65.81 144.61 665 724 0.92 -76
2019 7 03/02/2019 07:47:42 -65.66 144.61 1695 1252 1.35 18
2019 8 03/02/2019 09:36:22 -65.62 144.27 2187 1494 1.46 66

2019 10 04/02/2019 01:28:07 -65.79 144.83 8141 4022 2.02 104
2019 11 04/02/2019 19:18:44 -65.81 144.07 3862 1980 1.95 110
2019 12 | 08/02/2019 19:16:16 -65.86 146.87 8487 3829 222 81

2019 13 08/02/2019 23:38:00 -65.91 146.92 3183 1407 2.26 138
2019 17 17/02/2019 00:00:55 -66.25 15241 5537 3355 1.65 134
2019 18 18/02/2019 01:52:36 -65.95 147.16 4072 4120 0.99 156
2019 19 18/02/2019 19:34:40 -65.95 147.70 3193 4555 0.70 115
2019 20 22/02/2019 01:28:18 -65.87 144.82 3466 1707 2.03 -100
2019 21 22/02/2019 03:50:06 -65.90 144.67 1567 1108 141 39

2019 22 23/02/2019 04:32:35 -65.74 146.65 3077 5926 0.52 144
2019 23 24/02/2019 02:32:22 -65.95 147.40 1253 4267 0.29 -44

2019 24 24/02/2019 08:26:36 -66.11 146.88 4444 2573 173 41
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Max. Behaviour-specific movement

Population Movement rate speed rate (ms-'); mean + SD.
location () (ms-") Habitat

Reference

1.4 + 0.9 (transit); 0.8 + 0.6 (ARS)

Antarctica 2013 2 1.2 + 0.8 (mean + SD) 5.1 feeding grounds
Eastern Indian 2009 0.3 (calculated from feeding, migration,
Ocean 2011 12 distance travelled per day) 53 nursery grounds
Eastern Indian feeding, migration,
Ocean 2015 13 0.9 + 0.2 (mean + SD) 4.4 nursery grounds
Eastern Indian feeding, migration,
Ocean 2019/20 6 0.7 (median) 39 nursery grounds
Eastern Indian feeding, migration,
Ocean 2021 6 0.6 (median) 33 nursery grounds
Eastern Indian
Ocean 2014 1 0.8 + 0.6 (mean + SD) migration
Northeast 1993 to feeding, migration,
Pacific 2007 128 0.7 + 0.3 (mean + SD) 24 nursery grounds
Chilean 2013, 1.2 + 0.4 (transit); 0.2 + 0.2 (ARS)
Northern 2015,
Patagonia 2016 7 21 feeding grounds
North Atlantic 1999 1 0.8 + 0.5 (mean + SD) migration
2002, 1.6 £ 0.7 (transit); 0.3 + 0.3 (ARS)
2010- feeding, migration,
North Atlantic 2015 23 nursery grounds
2009 1.8 + 1 (transit); 1.2 + 0.6 (ARS)

North Atlantic 2011 3 ~ 0.5 (GAM derived) migration
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