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Abstract

Long-distance migration in whales has historically been
described as an annual, round-trip movement between high-
latitude, summer feeding grounds, and low-latitude, winter
breeding areas, but there is no consensus about why whales
travel to the tropics to breed. Between January 2009 and
February 2016, we satellite-tagged 62 antarctic killer whales
(Orcinus orca) of four different ecotypes, of which at least three
made short-term (6-8 weeks), long-distance (maximum
11,000 km, round trip), essentially nonstop, migrations to warm
waters (SST 20°C-24°C), and back. We previously suggested
that antarctic killer whales could conserve body heat in sub-
freezing (to —1.9°C) waters by reducing blood flow to their
skin, but that this might preclude normal (i.e., continuous) epi-
dermal molt, and necessitate periodic trips to warm waters for
routine skin maintenance (“skin molt migration,” SMM). In con-
trast to the century-old “feeding/breeding” migration paradigm,
but consistent with a “feeding/molting” hypothesis, the current
study provides additional evidence that deferred skin molt
could be the main driver of long-distance migration for antarc-
tic killer whales. Furthermore, we argue that for all whales that
forage in polar latitudes and migrate to tropical waters, SMM
might also allow them to exploit rich prey resources in a physi-

ologically challenging environment and maintain healthy skin.
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1 | INTRODUCTION
1.1 | Why do whales migrate?

Baleen whales undertake the longest-known migrations of any mammal: gray whales (Eschrichtius robustus) complete
round trips of 15,000-25,000 km, and an individual humpback whale (Megaptera novaeangliae) traveled at least
18,840 km (Swartz, 2018; Robbins, Dalla Rosa, & Allen, 2011; respectively). Surprisingly, and despite what must be a
compelling reason(s), why whales travel these vast distances is still unknown.

Historically, large whale migration has been described as an annual, round-trip movement between high-latitude,
summer feeding grounds, and low-latitude, winter breeding areas—a “feeding/breeding” paradigm that has held sway
for over a century (e.g., Chittleborough, 1958; Geijer, Notarbortolo de Sciara, & Panigada, 2016; Jonsgard, 1966; Kel-
logg, 1929; Lillie, 1915; Lockyer & Brown, 1981; Mackintosh, 1965; Matthews, 1937; Norris, 1967; Stern &
Friedlaender, 2018; Stevick, McConnell, & Hammond, 2002). It has long been recognized that whales migrate to high
latitudes during summer to forage on seasonally abundant prey, but why they then migrate thousands of kilometers
to winter and breed in low latitudes, where feeding opportunities are generally scarce or nonexistent, has remained a
mystery (e.g., Berta, Sumich, & Kovacs, 2015; Clapham, 2001; Corkeron & Connor, 1999; Lavigne, Innes, Worthy, &
Edwards, 1990; Stern & Friedlaender, 2018; Stevick et al., 2002).

Over the years, numerous hypotheses have been proposed to explain whale migration to low latitudes. Fore-
most has been the putative growth and survivorship benefits that accrue to calves born in warm waters. Although
the “calf thermoregulation” hypothesis has long been the most popular explanation (e.g., Clapham, 2001; Dawbin,
1966; Mackintosh, 1965; Norris, 1967; Rasmussen et al., 2007; Whitehead & Moore, 1982), others have not been
persuaded (e.g., Corkeron & Connor, 1999; Elsner, 1999; Evans, 1987; Gaskin, 1982; Stern & Friedlaender, 2018;
Stevick et al., 2002). As Bowen and Siniff (1999) and other skeptics have pointed out, bowhead whales (Balaena
mysticetus) live year-round and calve in the Arctic and subarctic, and several other, much smaller, odontocete and
pinniped species also live and breed in arctic and antarctic waters—thermoregulation in polar latitudes should not
pose an insurmountable physiological challenge to the newborn calves of large whales.

As a variant on the calf thermoregulation hypothesis, Brodie (1975) suggested that adult rorquals could optimize their
own energy budgets by relocating to warm waters during winter when polar areas are colder and prey scarcer. Additional
support for this hypothesis came from Kshatriya and Blake (1988) who used energetic models and data from antarctic blue
whales and fin whales (Balaenoptera musculus and B. physalus, respectively). However, Lavigne et al. (1990) reestimated the
lower critical temperature of blue whales and suggested that not only was it likely that large whales are thermoneutral in
antarctic waters, but their main thermoregulatory challenge probably involved dissipating body heat when they were in the
tropics (see also Hokkanen, 1990; Norris, 1967; Ryg et al., 1993; Watts, Hansen, & Lavigne, 1993).

Other explanations for whale migration have included suggestions that the warm waters could be important for
conception (Gaskin, 1982); a holdover from a time before drifting continents moved traditional feeding and breeding
areas farther apart (Evans, 1987; Lipps & Mitchell, 1976), or a response to shifts in oceanographic conditions
between glacial maxima (Sumich, 2014). Payne (1995) listed a buffet of possible explanations, including whales track-
ing prey resources that could be more abundant at lower latitudes during the winter; whales needing to shed barna-
cles, which tend to fall off in warm waters, or mothers seeking shallow water to protect their calves from attacks by

large sharks or killer whales (Orcinus orca).



PITMAN €T AL. | s67

After countering nearly all the above arguments, Corkeron and Connor (1999) and Connor and Corkeron (2001)
concluded that baleen whales might indeed migrate to the tropics to reduce the risk of killer whale predation on their
calves. Although killer whales are, in fact, much less common in lower latitudes (Forney & Wade, 2006), Clapham
(2001) and Rasmussen et al. (2007) nevertheless discounted the killer whale predation argument in favor of the calf
thermoregulation hypothesis (but see Clapham, 2017). This lack of consensus over the years might have been a clue

that whales were making these long-distance migrations for some other reason(s).

1.2 | Killer whale movements and migration

Historically, killer whales were not known to undertake long-distance migrations. More recently, however, individuals
from two different groups in the eastern North Pacific were documented traveling minimum (straight-line) distances
of 2,660 and 4,435 km based on photo-identification matches (Goley & Straley, 1994; Dahlheim et al., 2008; respec-
tively), and 1,333 km (straight line) and 3,839 km (“path” distance; i.e., not straight line) based on satellite-tracking
data (Reisinger, Keith, Andrews, & de Bruyn, 2015; Matkin et al., 2012; respectively). However, these movements
occurred almost entirely within mid-latitudes (i.e., between 30° and 60°), and it is not known if these were actual
migrations or just the normal ranging of a large, apex predator. On the other hand, Matthews, Luque, Petersen,
Andrews, and Ferguson (2011) satellite-tracked a killer whale at the onset of winter in the eastern Canadian Arctic
as it moved from Lancaster Sound, southward, into the central North Atlantic. Before the tag stopped transmitting,
the whale had traveled at consistently high speeds (average 6.6 km/hr, maximum 10.5) and covered a minimum lati-
tudinal range of 38° (from 75°N to 37°N), with a minimum one-way distance of 5,400 km on a meandering path.
Although the authors did not document a return trip, another whale that was present during the tagging was photo-
graphed 4 years later, near the original tagging site.

In antarctic waters, it was previously assumed, without much evidence, that killer whales were migratory, with
timing and movement patterns assumed to be like those of baleen whales (e.g., Budylenko, 1981; Mikhalev, Ivashin,
Savusin, & Zelenaya, 1981). For example, Kasamatsu and Joyce (1995) analyzed 12 seasons of cetacean survey data
from cruises conducted in antarctic waters by the International Whaling Commission (IWC), and they concluded that
most killer whales migrated to antarctic waters in early January and left by late February. During the IWC cruises,
however, research vessels surveyed only as far south as the pack ice edge (e.g., Branch & Butterworth, 2001) and
rarely ventured into the ice (RLP, personal observation), which is habitat for many, if not most, antarctic killer whales
(Pitman & Durban, 2012; Pitman & Ensor, 2003; Thiele & Gill, 1999; see also figure 12 in Kasamatsu & Joyce, 1995).

Another potential impediment to understanding movements of antarctic killer whales is that five different eco-
types have now been described from the Southern Ocean based on differences in morphology, habitat, prey prefer-
ences, and foraging behaviors (ecotypes A, B1, B2, C, and D; Durban, Fearnbach, Burrows, Ylitalo, & Pitman, 2016;
Pitman & Ensor, 2003; Pitman et al., 2011). Two of these types (A and D) occur predominantly in open waters, two
others (B1 and C) forage almost exclusively among sea ice, and the remaining type (B2) is intermediate. The validity
of these ecotypes has been confirmed by genetic analyses (Foote et al., 2016; LeDuc, Robertson, & Pitman, 2008;
Morin et al., 2015), but the degree to which this ecotypic variation might shape the movement and residency pat-
terns of antarctic killer whales is currently unknown.

Initial evidence for long-distance movements by antarctic killer whales came from photographs taken at sea of
the distinctive B and C ecotypes in lower latitudes. This included sightings of both types off New Zealand (Pitman &
Ensor, 2003; Visser, 1999), and an unidentified “antarctic type” killer whale (i.e., type B or C; see Discussion) at
28°31'S, 145°46'W, approximately 350 km south of Tahiti (Pitman & Ensor, 2003). In addition, type C has also been
photographed off New South Wales, Australia, and an unidentified type B has been photographed off Western
Australia.> Moreover, photographs of virtually every group of killer whales from antarctic waters that we have seen,
including all five of the ecotypes mentioned above, have included individuals with the distinctive bite wounds of coo-

kiecutter sharks (Isistius spp.; RLP, JWD, and HF, personal observation). From this, we infer that all killer whales that
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occur in antarctic waters probably spend at least some time in deep, warm waters where these small, mid-water
sharks normally occur (see Dwyer & Visser, 2011).

The first unambiguous documentation of long-distance migration by individual antarctic killer whales came from
types B1 and B2 satellite-tagged on the western side of the Antarctic Peninsula (Durban & Pitman, 2012). Whales
with transmitting tags departed the Peninsula area between 4 February and 20 April (different years) and traveled
north to at least 30°S, at the edge of the tropics in the western South Atlantic; before turning around and returning
to Antarctica almost immediately. They covered 9,400 km round trip, at high speed (average 5-10 km/hr; maximum
at least 12), and one individual returned to within 40 km of where it was tagged, within a relatively short period
(42 days). Because these were high-speed, round trips of relatively short duration (weeks, versus months for large
whales), it was considered unlikely that these migrations were for breeding or feeding purposes. Instead, Durban and
Pitman (2012) noted that individual killer whales in Antarctica were often covered with a conspicuous yellow diatom
film, but at other times, the same individual whales were “clean.” To explain this, they hypothesized that killer whales
might conserve body heat in subfreezing (to —1.9°C) antarctic waters by reducing blood flow to their outer skin,
which would preclude normal skin growth and sloughing, thus allowing diatoms to accumulate. Killer whales might
then be obliged to make periodic trips to warm waters to molt their skin; they would shed diatoms in the process
and appear clean when they returned to antarctic waters (Durban & Pitman, 2012). This was referred to as “physio-
logical maintenance migration,” and it was suggested that, because all whales accumulated diatoms in antarctic
waters, skin molt could form the basis for long-distance, latitudinal migration for whales that forage in higher lati-
tudes (Durban & Pitman, 2012).

Regardless of the impetus for it, whale migration is a major biological phenomenon. For the individual whale, it
represents a significant investment of time and energy. On a global scale, prior to large-scale removals by commercial
whaling, it entailed hundreds of thousands of large whales annually traveling thousands of kilometers—a vast
resource conversion and redistribution in the world ocean (Croll, Kudela, & Tershy, 2006; Estes, Heithaus, McCauley,
Rahser, & Worm, 2016; Laws, 1977; Roman et al., 2014). The unparalleled scale and biological significance of this
event, spanning from the individual whale to the entire ocean biome, underscores the importance of trying to under-
stand why whales migrate.

In this paper, we use updated satellite-tagging results to describe and compare the migration patterns of four
different ecotypes of antarctic killer whales (types A, B1, B2, and C). These findings provide additional support for
the hypothesis of Durban and Pitman (2012) that killer whales do not migrate to low latitudes primarily to breed
(or feed) but, instead, to molt their skin. We also discuss at length how this might be a plausible explanation for long-

distance migration by all whales.

2 | METHODS

We conducted photo-identification studies (all years) and satellite-tagging (various years; Table 1) of killer whales in
coastal waters of Antarctica in two separate areas: adjacent to the Western Antarctic Peninsula (WAP), including the
northwestern Weddell Sea (visited annually during austral summer from 2008-2009 to 2016-2017) and in the west-
ern Ross Sea, including McMurdo Sound (77.5°S, 165.0°E; visited intermittently between 2001-2002 and
2014-2015) and Terra Nova Bay (74.8°S, 164.5°E; during 2003-2004 and 2014-2015; Figure 1).

For our tagging studies, we deployed two different types of tags: SPOT5 (location only) and SPLASH/MK-10
(location plus time/depth profiles; Wildlife Computers, Redmond, WA). We attached tags to the dorsal fins of killer
whales using a 150 Ib. draw-weight, recurve crossbow, firing bolts at ranges of 5-25 m. The floating bolt detached
from the tag after contact with the whale, leaving the tag attached by two, 6.5 cm titanium barbs. As part of our
photo-identification studies, we compiled catalogs of individually identified killer whales from the western Ross Sea
(McMurdo Sound and Terra Nova Bay; Pitman, Fearnbach, & Durban, 2018) and the WAP (Fearnbach et al., 2019).

We also photographed whales as they were being tagged, which allowed us to document interannual site fidelity. In
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FIGURE 1 Our two killer whale study areas in Antarctica: the Western Antarctic Peninsula and the western Ross
Sea (including McMurdo Sound and Terra Nova Bay).

some cases, we attempted to conserve battery life and extend transmission days by duty-cycling transmissions, in
which case the span of transmission days was greater than the number of transmission days; both are presented in
Table 1 where applicable. Tags were programmed to transmit 400-600 times during 12-24 hr/day and timed to
coincide with passes of Argos satellites; duty cycling was programmed to begin after 3-6 weeks, transmitting 1 day
on and either 1 or 4 days off. Further details of our tagging and photo-identification methods are provided by Pitman
et al. (2018) and Fearnbach et al. (2019).

For tagged whales, we estimated the maximum likelihood path followed by each individual whale by fitting a
continuous time correlated random walk model (CTCRW; Johnson, London, Lea, & Durban, 2008) to each track. Prior
to fitting the model, we flagged potentially erroneous Argos location fixes using a speed-distance-angle filter (func-
tion sdafilter) from the argosfilter package (Freitas, Lydersen, Fedak, & Kovacs, 2008) with a maximum velocity
threshold of 28 m/s (100.8 km/hr) to identify and exclude egregiously outlying points. The R package crawl (version
2.1; Johnson, 2013) was then used to fit CTCRW movement models, which enabled the incorporation of error ellipse
information from the Argos Kalman-filter algorithm, as well as correlated random walk parameter uncertainty in esti-
mating the maximum likelihood path of each individual through space. We generated predictions of individual tracks
from CTCRW models at 30-min intervals, which enabled the calculation of speed and overall migration distances
from irregularly spaced Argos location fixes. Travel speed was calculated by dividing the displacement
distances between maximum likelihood predicted locations (in kilometers) by the elapsed time (0.5 hr). Displacement
distances were measured from CTCRW coordinate outputs using the function distGeo in the geosphere package
(Hijmans, 2017), which returned geodesic distances based on the World Geodetic Survey 1984 (WGS84) geoid
model (like great circle distances but based on a nonspherical geoid). To compare dive behavior during migration and
while in antarctic waters, we examined behavior log records returned by SPLASH tags. The behavior log functions of
MK-10 SPLASH tags were programmed to record the maximum depth reached during each dive that exceeded 15 m
in depth. Using the crawl continuous time correlated walk framework, we were able to predict tag locations with
estimates of standard error at the times of dive mid- and end-points.

We defined the beginning of the northbound migratory phase in each track as the timestamp of the first observed
Argos location fix showing movement away from antarctic waters that was followed by directionally persistent, north-
ward movement. If migration began during a period when the tag duty cycle was off, this conservative criterion placed
the beginning of migration at the start of the first duty cycle period where the tag was transmitting, rather than interpo-

lating the beginning of migration to a time when location information was unavailable. The “turnaround point,”
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separating northbound from southbound migrations, was defined as the farthest north Argos location fix, in tracks
where the Argos tag continued transmitting through a partial or complete return migration towards higher latitudes. For
tags that continued transmitting through a full return migration, the end of the migratory phase was defined as the last
observed Argos location fix before the individual ceased directional poleward movement and became more directionally
erratic following a return to antarctic waters (Durban & Pitman, 2012). Observed Argos fixes, CTCRW estimated loca-
tions, and dives recorded in SPLASH tag behavior logs were classified as either premigration, northbound migration,
southbound migration, or postmigration, based on whether their timestamps fell before or after the date/time stamps
corresponding to the start of northern migration, turnaround point, and/or end-point of southern migration.

We estimated sea surface temperature (SST) along CTCRW maximum likelihood tracks from an optimally
interpolated SST product (OISST; Reynolds et al., 2007) based on Advanced Very High Resolution Radiometer
(AVHRR) satellite SST measurements in the thermal infrared. These measurements have been further calibrated
through the assimilation of in situ measurements from Argo profiling floats and surface ships. Daily global OISST
layers at a 0.25° x 0.25° resolution were downloaded from the National Centers for Environmental Information
(https://www.ncei.noaa.gov/data/sea-surface-temperature-optimume-interpolation/access/avhrr-only ) and sampled
at CTCRW-estimated tag locations that temporally fell within the date stamp of each OISST layer.

3 | RESULTS

Between January 2009 and February 2016, we satellite-tagged 62 individual killer whales in antarctic waters. Of
these, 30 (48%) individuals of four different ecotypes (4 type A, 3 B1, 7 B2, and 16 C) were identified as initiating
northbound migrations (Table 1); presumably the other 32 individuals would also have migrated if their tags had not
stopped transmitting before they departed. Three of the four ecotypes—A, B1, and B2—were tagged near the West-
ern Antarctic Peninsula (WAP) in Western Antarctica; type Cs were tagged only in the western Ross Sea, in Eastern
Antarctica (Figure 1). The median number of transmission days for all whales was 27.0 (mean 34.3; range 9-83,
n = 62); the median span of transmission days was 39.5 (mean 54.6; range 9-164).

Tagged individuals of all four ecotypes undertook long-distance migrations to lower latitudes; Figures 2-5 show

the longest migratory tracks for individuals that initiated migration for each of the different ecotypes. The migratory
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FIGURE 2 Tracks of three separate type A killer whales satellite-tagged in Western Antarctic Peninsula waters.
The box in each figure indicates tag number (see Table 1) and summer tagging season (in parentheses). The
background colors indicate ocean depth, with light blue areas representing shelf waters and dark blue representing
deep water (>2,000 m).
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FIGURE 3 Tracks of three separate ecotype B1 killer whales satellite-tagged in Western Antarctic Peninsula
waters. The box in each figure indicates tag number (see Table 1) and summer tagging season (in parentheses). The
background colors indicate ocean depth, with light blue areas representing shelf waters and dark blue representing
deep water (>2,000 m).

pattern of type A killer whale was demonstrably different from the other types in terms of speed and directionality
and will be considered separately in some of the comments that follow. Migrating whales spent 27-109 days (mean
43.7, n = 31) on the antarctic feeding grounds after tagging, prior to migration. However, these are all minimum
values because it is not known how long any of these individuals/groups had been in antarctic waters prior to tag-
ging (with one exception, see below). Northbound migration departure dates for all tagged killer whales combined
spanned at least 6 months, from 31 December (2013) to 27 June (2016). The latitudes of the northern turnaround
points reached by individual whales of all ecotypes combined ranged from 28.4°S to 36.0°S, with a mean of 32.2°S
(n=11; Table 1).

Minimum geodesic distance (MGD) is the shortest distance between two points on the curved ocean surface.
Mean MGD from the departure point in Antarctica to the turnaround point, for all tagged killer whale ecotypes, and
using only the longest distance recorded for tagged individuals known to be in the same group, was 4,088.5 km
(range 2,807.1-5,353.8, n = 12). The mean total distance (MTD, i.e., actual path traveled) between these two points
was 4,486.4 km (range 3,656.4-5,794.1, n = 8). The close agreement between MGD and MTD indicates a directional
progression during migrations. Moreover, most of that discrepancy between mean MGD and MTD was driven by
the more meandering path of type A individuals (see below).

Tagged whales of all ecotypes traveled faster during migration than when they were foraging in antarctic waters:
mean overall travel speed for individuals on the feeding grounds was 3.4 km/hr (range 1.4-7.3, n = 63), and during
migration this increased to 8.4 km/hr (range 4.4-11.1, n = 31). Whales with depth profile tags all dove deeper on the
feeding grounds (average of individual means 95.8 m, range 36.1-138.2; range of individual maxima 308-712,
n = 18) compared to during migration (mean 37.5 m, range 33.4-42.5; range of individual maxima 182-380, n = 4).

Among the four individuals tracked through complete, round-trip migrations (1 type A, 3 B2), the time required
to travel to the turnaround point differed from the time required to return to their feeding grounds in antarctic
waters by an average of only 1.8 days (range —3.13-2.98 days). This close correspondence between northbound and
southbound migration times allowed us to estimate total round-trip migration times for individuals that did not com-
plete a full migration by doubling the amount of time that it took them to reach the turnaround point. The mean
number of days that killer whales spent on round-trip migrations (not including type A, see below) was 43.6 (range
36.8-55.6; n = 11, including eight half-trips x 2).

Below we summarize these findings for each of the four different killer whale ecotypes tagged in antarctic
waters.
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31 | TypeA

We tagged 10 type A killer whales, all in the vicinity of the WAP; of these, four individuals from three separate
groups initiated migrations including two individuals tagged in February 2013 and two in December 2013 (i.e., two
separate summer seasons; Table 1, Figure 2). The span of transmission days ranged from 18 to 130 (mean 63.2;

n = 10); the number of transmission days per whale ranged from 18 to 80 (mean 38.1). The number of days that
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migrating whales spent on the foraging grounds after tagging and prior to migration ranged from 27.5 to 109.3, and
migration departure dates ranged from 31 December (2013) to 23 March (2014). Average of mean swimming speeds
on the feeding grounds was 4.1 km/hr (range of individual means 3.0-5.3, n = 10); average of mean travel speeds
during migration was slightly higher at 5.4 km/hr (range 4.8-6.2, n = 3; Figure 6a). The average of mean dive depths
for type A whales on the feeding grounds (43.3 m, range 40.5-46.8; range of individual maximums 308-648, n = 3)
was slightly deeper than during migration (mean 36.0, maximum 380 m, n = 1; Table 1, Figure 7a), although the sam-
ple sizes were small. The turnaround latitudes for the two type A killer whales whose tags transmitted long enough
to initiate southbound migrations were 36.0°S and 34.9°S. MGD (i.e., most direct route) to the turnaround point was
2,807.1 and 3,427.8 km, and MTD was 3,656 km and 5,182 km, respectively (Table 1). The relatively large discrepan-
cies between the MGD and MTD for each of these two individuals reflected the more meandering migration routes
of type A killer whales compared to types B1, B2, and C (cf. Figures 2-5). Sea surface temperatures (SST) at each of
the two turnaround points was 22.3°C and 17.5°C, respectively (Table 1). Only one type A individual (Figure 2a) was
tracked through a round-trip migration and it took 59.2 days. The other type A individual reached the turnaround
point in an estimated 49.6 days (Figure 2b), giving an estimated round-trip duration of 99.3 days.

Separate tagged type A whales traveled up the eastern and western sides of the coast of South America, and
tracks of at least one group (two individuals) showed an affinity for the continental shelf and slope off western South
America (Figure 2b,c). The only individual tracked through an entire round-trip migration eventually returned to the

same location where it was tagged prior to migration (Figure 2a). Furthermore, at least six of the tagged whales,
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including all four of the individuals that initiated migration, have been sighted again in the WAP area during subse-

quent years, confirming round-trip migrations and site fidelity for at least these individuals.

3.2 | TypeB1

Eight type B1 killer whales from eight different groups were tagged off the WAP over four separate seasons;
three individuals from three groups initiated migrations (Table 1; Figure 3). The span of transmission days for all
tagged whales ranged from 11 to 44 (mean 21.8, n = 8); the number of individual transmission days per whale
ranged from 11 to 42 (mean 21.1). The number of days that the three migrating whales spent on the foraging
grounds after tagging and prior to migration was 10.2, 12.2, and 22.0; individual departure dates for those
three whales were 4 February and 28 January (2009), and 4 February (2011), respectively; another whale had
not departed by 4 March (2015) when its tag stopped transmitting. Mean travel speed on the feeding grounds
was 3.6 km/hr (range 1.8-4.5, n = 8); during migration, this more than doubled to 8.7 km/hr (range 7.6-9.8,
n = 3; Table 1, Figure 6b). Mean dive depths for two type B1 whales on the feeding grounds were 36.1 and
42.5 m, with maximum dives of 552 and 712 m; we have no dive information for this ecotype during migration
(Table 1, Figure 7b). The farthest north latitude attained by a tagged B1 individual was 36.3°S (Figure 3c), and
the SST there was 22.0°C (Table 1, Figure 8b). However, because this individual had not started a southbound
migration when its tag stopped transmitting, it may not have reached its turnaround point. MGD to that point
was 3,559.9 km; MTD was 3,710.4 km; it reached that point after 20.2 days, yielding a minimum estimate of
40.5 days for a round-trip migration.
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FIGURE 6 Travel direction and travel speed for four different ecotypes of killer whales that were satellite tagged
during 2009-2016 and initiated migration from antarctic waters: (a) ecotype A (n = 4), (b) B1 (n = 3), (c) B2 (n = 8),
and (d) C (n = 16). Shown is the travel direction and speed for each ecotype while on the foraging grounds in
antarctic waters (i.e., pre- and postmigration) and during migration.
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Northbound migration for B1 killer whales was directional on a course that generally ranged from 0° to 45°
(Figure 6b); all tracked individuals passed east of the Falkland Islands and moved northward off the east coast of
South America (Figure 3). Nearly the entire migratory route, including the area of the turnaround point, was over
deep, oceanic water. At least seven of the eight tagged whales, including all three migrating individuals, were sighted
again in the WAP area in subsequent seasons, thus confirming round-trip migrations and site fidelity for at least
these individuals.

3.3 | TypeB2

We tagged 22 type B2 killer whales off the WAP; of these, seven individuals from five separate groups initiated
migrations over four separate seasons (Table 1, Figure 4). The span of transmission days for all tagged whales ranged
from 9 to 164 (mean 69.5, n = 22); the number of transmission days per whale ranged from 9 to 83 (mean 41.0). The
number of days spent on the feeding grounds in Antarctica after tagging and prior to migration ranged from 16.1 to
116.6 (n = 8). One individual spent 146.0 days (17 December-12 May) on the feeding grounds and did not migrate
before its tag stopped transmitting. This was the longest continuous time interval that we recorded for a killer whale
in antarctic waters. Another individual (Figure 4d) spent 71.1 days in antarctic waters between two migrations. This
was the only complete record we have of time spent on the feeding grounds between two separate migrations, and

it is currently the minimum time interval recorded for a killer whale in antarctic waters.
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FIGURE 7 Comparisons of maximum dive depths for four ecotypes of killer whales satellite-tagged in antarctic
waters during 2009-2016 for dives >15 m: (a) ecotype A (n = 3), (b) B1 (n = 2), (c) B2 (n = 6), and (d) C (n = 10). Most
dives of mammal-eating forms (i.e., ecotypes A and B1) were usually <50 m, on the feeding grounds and during
migration (data from migration available only for type A). For the fish-eating ecotype C (and presumably ecotype B2),
dives were deeper on the feeding grounds, often >200 m, but during migration they were typically <50 m,
presumably as they suspended normal feeding (no migration dive data available for B2).
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FIGURE 8 Sea surface temperatures encountered during selected migrations for selected individuals of four
different ecotypes of killer whales satellite tagged in antarctic waters during 2009-2016: (a) ecotype A, (b) B1,

(c) B2, and (d) C. The nearest warm water for killer whales migrating from the Antarctic Peninsula area is off the east
coast of South America.

Migration departure dates for type B2 killer whales ranged from 11 March (2016) to 27 June (2016), both by the
same individual (Figure 4d); the remaining six individuals that initiated migration were from four separate groups and
all departed in April of three separate years (2010, 2011, 2014). The average mean travel speed on the feeding gro-
unds was 3.0 km/hr (range of individual means 1.4-4.4, n = 23); during migration this almost tripled, to 8.7 km/hr
(range 7.9-9.9, n = 6; Table 1, Figure 6c). The average mean dive depth on the feeding grounds was 121.7 m (range
of individual means 80.9-168.5, mean of individual maximums 608 m, range of individual maximums 552-696;

n = 6; Table 1, Figure 7c); we have no dive depth data during migration. The latitude of the turnaround point for four
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separate whales during four different seasons ranged from 28.4°S to 32.0°S, and these were recorded for the same
whale during two sequential migrations in the same season (Figure 4d). SST at the turnaround point averaged 23.3°C
(range 22.8-24.2, n = 4; Table 1, Figure 8c). Migrating whales did not appear to be heading to the same specific loca-
tion (Figure 4): individual turnaround points were separated by as much as 1,052 km (Figure 4), spanning, overall,
approximately 400 km of latitude and 1,048 km of longitude; an area of approximately 420,000 km?. Average MGD
to the turnaround point from the departure point for type B2 was 3,754.1 km (range 3,518.1-3,887.4, n = 6, includ-
ing two trips by one individual); average MTD was 4,001.7 km (range 3,844.2-4,092.9, n = 4). Three round trips
recorded during three different seasons took 36.9, 39.4, and 39.5 days, respectively, to complete. Three other trips
when whales reached their turnaround point, but did not complete a round trip, took an estimated 36.8, 37.1, and
40.0 days, respectively, to complete the trip.

Migratory routes for type B2 were similar for all individuals. On leaving the WAP area, tagged whales traveled
north on a course between 0° and 45° (Figure 6c), passing through the Scotia Sea, east of the Falkland Islands, and
northward off the eastern coast of South America (Figure 4). On reaching the turnaround point, all tagged whales
turned around and started travelling back toward Antarctica (Figure 4). Tagged whales remained over the continental
shelf when foraging in the WAP area, but their migratory routes were almost entirely over open ocean, in deep water
(>2,000 m), including their turnaround points. Tagged animals showed strong site fidelity to the foraging grounds;
individuals that completed round-trip migrations (n = 3) returned to locations that were 13.0, 58.0, and 112.3 km,
respectively, from where they began their migrations. We have not completed our catalog of the numerous WAP B2
killer whales, but to date 5 of the 22 tagged individuals have been sighted again at least once in the WAP area during
subsequent seasons, including four that initiated migrations. This is evidence of site fidelity and round-trip migrations
by this ecotype.

34 | TypeC

We tagged 22 type C killer whales in the western Ross Sea, during two separate seasons. Of these, 16 individuals ini-
tiated migration while their tags were still transmitting, including 6 individuals from five groups tagged in McMurdo
Sound in December 2012 and January 2015, and 10 individuals from at least two groups tagged in Terra Nova Bay
in January 2015 (Table 1, Figure 5). The span of transmission days for all tagged whales ranged from 12 to 114 (mean
47.6, n = 22); the number of transmission days ranged from 12 to 67 (mean 30.6). The number of days that migrating
whales spent on the antarctic feeding grounds after tagging and prior to migration ranged from 2.6 to 81.1 (mean
33.8, n = 16), although whales in McMurdo Sound spent an average of 73.4 days (n = 6) and those in Terra Nova Bay
only 10.0 days (n = 10). Tagged whales from Terra Nova Bay departed on two separate days—25 January and
11 February 2015; departure dates from McMurdo Sound ranged from 9 March (2013) to 18 March (2015). The
overall mean swimming speed on the feeding grounds was 3.6 km/hr (range of individual means 1.9-7.3, n = 22),
which increased to 9.2 km/hr (range 7.3-11.1, n = 15) during migration (Table 1, Figure 6d).

Type C killer whales dove deeper on the feeding grounds than during migration (Table 1, Figure 7d). Overall, the
mean dive depth on the feeding grounds was 114.8 m (range of individual means 89.7-138.2; mean maximum
653.3 m; range of individual maximums 584-696; n = 6). The overall mean of individual dive depth during migration
was 38.1 m (range of individual means 33.4-42.5; mean maximum dive 225.3 m; range of individual maximums
182-292; n = 3, with all three animals from the same group). The latitude of the turnaround points ranged from
30.3°S to 35.1°S (mean 32.5°S, n = 9), and the SST at the turnaround points ranged from 19.9°C to 22.4°C (mean
21.4°C, n = 9; Table 1, Figure 8d). Migrating whales appeared to be headed to the same general area (i.e., northeast
of New Zealand) but not to the same specific destination (Figure 5), and individual turnaround points were separated
by as much as 2,894 km, spanning approximately 1,897 km of latitude and 2,894 km of longitude in an area of almost
5.5 million km? MGD to the turnaround point from where the migrations began averaged 4,707.7 km (range
4,596.0-5,353.8, n = 10); mean MTD was 4,993.3 km (range 4,859.5-5,794.0, n = 9). None of the tags transmitted
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through an entire round-trip migration but, doubling the time it took five whales to reach their turnaround points,
we estimated that round-trip migrations would have taken from 41.6-55.6 days. The two longest duration trips were
from the more southerly McMurdo Sound, the shortest duration trip was from Terra Nova Bay.

Type C north- and southbound migration tracks were largely linear. The northbound direction in almost all cases
was between 0° and 45°, and the routes, including the turnaround points, occurred almost entirely over deep, open-
ocean water (Figure 5). Six of seven whales tagged in McMurdo Sound during the austral summer of 2012-2013
were subsequently sighted there in 2014-2015, including five that initiated migrations. These findings indicate that
migrating type C whales made round trips and showed site fidelity to the feeding grounds even after making lengthy
migrations (see also Fearnbach et al., 2019; Pitman et al., 2018).

4 | DISCUSSION

Whale migration has long been described as an annual, round-trip movement between summer foraging grounds in
high latitudes and winter calving grounds in low latitudes (see Introduction). According to Matthews (1978), “We
now know that the migrations are closely correlated with the two fundamental necessities of cetaceans, as indeed of
all animals, those of feeding and breeding.” However, why whales travel to the tropics to breed has remained a mys-
tery. Below, we summarize our findings on the movements and residency patterns of antarctic killer whales and offer
some new insights into the nature of, and reason for, killer whale migrations. We provide additional support for the
argument that antarctic killer whales migrate to lower latitudes to promote skin molt and discuss how this might
apply to the migrations of other whale species as well.

4.1 | Antarctic killer whale migration

Our updated satellite-tracking results indicate that, among the four killer whale ecotypes that are known to regularly
occur in antarctic waters (i.e,, types A, B1, B2, and C), at least three (B1, B2, and C) undertake long-distance, high-speed,
nonstop, round-trip migrations to lower latitudes. These three ecotypes comprise a mammal-eating prey specialist (B1),
a fish-eater (C), and a penguin predator that is suspected to feed mainly on fish (B2; Durban et al., 2016; Pitman & Dur-
ban 2010, 2012; Pitman & Ensor, 2003; Pitman et al., 2018). Furthermore, this migratory behavior is geographically
widespread in Antarctica having now been documented off the WAP (types B1 and B2), and in western Ross Sea (type
C; Figure 1). It now seems likely that all antarctic killer whales are highly migratory, although the migratory patterns of
type A killer whales (mammal-eaters that frequent open waters; Fearnbach et al., 2019; Pitman & Ensor, 2003), while
broadly similar to the other ecotypes, differed in some key details and will be discussed separately below.

Antarctic killer whales performed some remarkable feats of migration. A type C killer whale from the western
Ross Sea traveled 48° of latitude (from 78°S to 30°S), a round trip of over 11,000 km and the longest killer whale
migration documented to date (Figure 5c). A type B2 killer whale tagged off the WAP migrated to the waters off
southern Brazil and back; it then spent just 71 days in antarctic waters before repeating the same trip (Figure 4d).
This is to our knowledge the only record of any animal species completing the same, long-distance, round-trip migra-
tion twice in the same year. Furthermore, these two migrations were completed within a 5.5-month period,
suggesting that antarctic killer whales could, potentially, complete this migration 3-4 times per year.

These findings support the contention of Durban and Pitman (2012) that, although killer whales commonly occur
in antarctic waters during summer when prey is abundant and accessible, their subsequent migrations to lower lati-
tudes are not for purposes of feeding or breeding (except possibly type A; see below). The observed pattern of direc-
tional movement, elevated speed, decreased dive depths, and limited time spent at the northern terminus of migration
argues against a hypothesis that killer whales migrate to lower latitudes for feeding. They are not spending enough time

along their migratory route to obtain enough energy to offset the cost of migration. Additionally, except for type A (see
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below), tagged migrants generally did not approach islands, continental shelf areas, seamounts, or other obvious topo-
graphic or oceanographic features that might have afforded enhanced feeding opportunities (Figures 3-5; cf. Reisinger
et al,, 2015). Instead, they traveled rapidly north and then turned abruptly around and headed south toward Antarctica
(sometimes on the same track they took northward or, in most cases, just east of it; Figure 4 and Figure 5). Further-
more, all four individuals that were tracked through complete, round-trip migrations (one type A, Figure 2a; three B2s,
Figure 4a,c,d) returned to the same general areas where they started their northward migrations, after being gone only
about 6 weeks—a further indication that they probably did not leave antarctic waters due to a lack of prey.

Dive-depth profiles provided additional evidence that antarctic killer whales forego normal foraging behavior
during migration. Mammal-eating killer whales (types A and B1) feed on air-breathing prey, and, accordingly, most of
their dives were less than 50 m, both on the feeding grounds (Figure 7a,b) and during migration (Figure 7a; no dive
data for type B1 during migration). In contrast, type C killer whales (fish-eaters) foraging in McMurdo Sound during
the summer had an average mean dive depth of 110.0 m and regularly dove 300-500 m with a maximum of 696 m
(Figure 7d). However, after they left the Sound on their northbound migration, their average mean dive depth imme-
diately decreased to 38.0 m, with a maximum dive of 292 m (Figure 7d), as whales simultaneously increased their
speed and directional coherence (Figure 6d). Although type B2 killer whales have been observed feeding only on
penguins (Pitman & Durban, 2010), their dive depth profiles on the feeding ground are much more similar to the
fish-eating type C killer whales than the two mammal-eaters (types A and B1; Figure 7a,b), and it appears that B2
whales are also primarily fish-eaters. Although large baleen whales are normally assumed to fast during migration to
lower latitudes (Lockyer & Brown, 1981), they will feed if the opportunity arises (e.g., Andrews-Goff et al., 2018;
Findlay et al., 2017; Geijer et al., 2016; Owen et al., 2017). It seems likely that killer whales, being much smaller and
traveling continuously at relatively high speeds, for 6-8 weeks, would probably also take advantage of any feeding
opportunities in route, but their directed tracks suggest that they normally do little or no feeding during migration.

FIGURE 9 Two different female
ecotype B2 killer whales with a heavy
yellowish coating of diatoms all over their
bodies; their newborn calves have no
diatoms and we infer that they were
recently born in antarctic waters (see
text); (a) Wilhelmina Bay, Western
Antarctic Peninsula, 14 March 2016,
photo by A. Schulman-Janiger; (b) a calf
with fetal folds still visible; Gerlache
Strait, Western Antarctic Peninsula,

3 February 2018; photo by J. Durban and
H. Fearnbach, collected from >30 m
above the whales using a unmanned
hexacopter, under NMFS Permit

No. 19091 and Antarctic Conservation
Act Permit ACA 2017-029.
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It also seems unlikely that antarctic killer whales migrate to low latitudes for calving. On average, migrating killer
whales, except type A, traveled 2-3 times faster than they did when they were on the feeding grounds (Figure 6).
Their high-speed, almost nonstop, travel would make it difficult for a neonate calf to keep up. In addition, we also
now know that killer whales are capable of successfully giving birth in antarctic waters. Gill and Thiele (1997) photo-
graphed killer whales (type C, based on their images) well within the pack ice during late winter (10 August 1995),
and they cited the presence of a small calf as the first evidence of a cetacean being born in antarctic waters. Figure 9
shows two different type B2 killer whale mothers and their newborn calves photographed near the WAP in March
2016 and January 2018, respectively. Both mothers had a thick film of diatoms, but their calves were clean—clear
evidence that the calves were recently born in antarctic waters, with insufficient time to accumulate diatoms (see
below). Figure 9b shows a very small calf, less than a third of the length of its mother; it had a floppy dorsal fin and
fetal folds and was probably no more than a few days old (JWD and HF, unpublished data). Additionally, a type C
female observed at TNB on 15 January 2015 was traveling with a neonatal calf that had conspicuous fetal folds. The
mother and calf appeared to be with a group that subsequently migrated northward. Birthing in antarctic waters
would allow newborn calves to forgo traveling thousands of kilometers, at high speed, immediately postpartum,
while living in an area where the mother has access to abundant prey resources. More observations will be needed
to determine when and where most calves are born, but the evidence at hand suggests that birthing in antarctic
waters is a viable, and probably desirable, option for antarctic killer whales.

There are several sets of observations to suggest that killer whale occurrences in Antarctica are aseasonal and
that migration could be facultative. The first is that at least some killer whales can be found in antarctic waters
throughout the year. A caveat here is that our field research had a strong seasonal bias: we tagged animals only dur-
ing the austral summer months (i.e., December-February; Table 1), and mean tag life was only 56.3 days. Neverthe-
less, based on a combination of tagging and photo-identification data, we recorded killer whales around the WAP
from at least October through June (Table 1; Fearnbach et al., 2019). Further evidence of killer whale occurrences in
the WAP during winter (i.e., June-August) came from a tagged B2 whale that completed a round-trip migration and
returned to the WAP at the onset of winter on 1 June (2010; Figure 4a) and another B2 that nearly completed a
southbound trip that would have returned it to the WAP on or about 7 August (2016; Figure 4d). Because many (and
perhaps all) tagged killer whales spent at least 2 months on the foraging grounds (Table 1), these last two individuals
likely would have remained in antarctic waters until at least July and September, respectively. Other evidence for
winter occurrences comes from observations recorded during the relatively few winter surveys conducted in Antarc-
tica. These include 4 July (1987), type unknown, Anvers Island, WAP (RLP personal observation); 10 August (1995),
type C, fast-ice edge south of Tasmania (Gill & Thiele, 1997); and 13-16 August (1955), type B1 or B2, Carlson
Island, Weddell Sea (Taylor, 1957). Pl6tz, Weidel, and Bersch (1991) reported three sightings of killer whales (type
unknown) “roving in large open leads” in the northeastern Weddell Sea also in July and/or August (1986; exact dates
unspecified). Santora (2014) reported sightings of three groups of type B (i.e., B1 or B2; mean group size: 6.0), “hang-
ing around the Bransfield and near Elephant Island” in August 2012.% We conclude that killer whales can be found in
antarctic waters year-round, although a more complete parsing of relative abundance, by month and by ecotype,
awaits further investigation.

Perhaps related to the year-round occurrence of killer whales in antarctic waters, the migration departure
dates of tagged whales were protracted. This was evident both in the variable amounts of time that individual
whales spent on the antarctic foraging grounds and in the wide range of their departure dates. Normally, we were
unable to determine how long individual killer whales remained on their antarctic foraging grounds because, as
mentioned previously, all 62 of the whales we tagged had been present for an unknown period of time prior to
tagging, and among those tagged only about half (48%) initiated migration before their tags stopped transmitting.
However, as mentioned previously, the one B2 individual that was tracked through two, nearly complete migra-
tions (Figure 4d) spent 71 days in antarctic waters between migrations, while another B2 individual spent a mini-
mum of 146 days in antarctic waters after being tagged and had not initiated migration when its tag stopped
transmitting (Table 1).



584 PITMAN ET AL

™~ Leaend FIGURE 10 Tagging dates and
egen . .
& Tagging Dates migration departure dates for
© @ Start of Migration 22 killer whales of four different
ecotypes, satellite-tagged in antarctic
© - waters during 2009-2016. Tagging
occurred from 4 December (2014) to
§ < 2 March (2016); departures were
%’, recorded from 31 December (2013)
£ o to 25 June (2016).
~ 4
o ﬂ

T T T T T T T T T T T T 1
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

The variable amount of time that killer whales spent on the antarctic foraging grounds was also reflected in the
wide range of migration departure dates for all tagged ecotypes combined, which spanned a minimum of almost
6 months—from 31 December (type A, Figure 2a, 2013) to 25 June (type B2, Figure 4d, 2016; Table 1, Figure 10).
Again, these departure dates represent a minimum range because of the seasonal (summer) bias in our tagging efforts
and a mean tag life of only 56.3 days—only one tag transmitted more than 150 days, and it recorded the latest
departure date.

A wide range of migration departure dates was also recorded within individual killer whale ecotypes. Departure
dates for tagged type A killer whales ranged from at least 31 December (2013) to 23 March (2014), although another
whale had not departed by 2 April (2010) when its tag stopped transmitting (Table 1). A type B1 killer whale
departed on 28 January (2009), and another had not departed by 4 March (2015). Departure dates for type B2
ranged from 11 March (2016) to 27 June (2016; two consecutive migrations by the same whale). Departure dates of
type C killer whales from the western Ross Sea ranged from at least 25 January (2015, Terra Nova Bay) to 18 March
(2015, McMurdo Sound; Table 1). As an illustration of variability in migration schedules within an ecotype, the two
type Cs cited above departed 51 days apart in the same year, from locations in the Ross Sea only approximately
100 km apart. Furthermore, when the first of these two whales stopped transmitting on 24 February, it was on track
to be back in Terra Nova Bay by 8 March, 10 days before the second whale departed McMurdo Sound (Table 1).

Asynchrony in migration times was also evident in the varying degrees of diatom infestation evident among dif-
ferent ecotypes and among different groups of the same ecotype, often on the same day, and sometimes even inter-
mingled within the same sighting (RLP, JWD, and HF, unpublished data). All these observations taken together
suggest that the migration schedules of types B1, B2, and C killer whales were flexible (perhaps facultative) and
protracted—extending well beyond the austral summer (i.e., December-February). More tagging (or, possibly, inten-
sive photo-identification studies) will be required to determine range and variability in residency times and departure
dates of killer whales on antarctic feeding grounds, both within and among ecotypes, and for individual groups.

Although type A killer whales also made long-distance, round-trip migrations to lower latitudes, their tracks were
notably different from the other killer whale types. Type As traveled northward on both sides of South America
(Figure 2), while types B1 and B2 killer whales tagged near the WAP traveled northward only on the eastern side of
the continent (Figure 3 and Figure 4), in the direction of the nearest warm water (Figure 8b,c). Compared to the other
ecotypes, type As migrated at slower speeds (mean 5.4 vs. 8-9 km/hr; Table 1, Figure 6) and meandered more read-
ily (i.e., greater difference between MTD and MGD; Figure 2), suggesting that they may have been foraging
(or possibly calving) during migration. By contrast, the tracks of types B1, B2, and C killer whales were rapid and

directional, with no indication of feeding. Migration by type A whales also took more time than those of types B and
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C: the only type A tracked through an entire round trip took 59.2 days (Table 1; Figure 2a), almost 10 days longer
than any of the other killer whale types tagged off the WAP. Another type A (Figure 2b) reached its turning point
after 49.6 days; at that rate, it would have taken an estimated 99.3 days to complete its migration.

In addition to having different migratory patterns, type A killer whales differed from the other antarctic ecotypes
in other ways. In general, they appeared to be less derived, behaviorally and morphologically, than the other killer
whale ecotypes in Antarctica. Type A has a typical black and white killer whale color pattern, and in Antarctica, they
forage only in open water, avoiding sea ice altogether (Fearnbach et al., 2019; Pitman & Ensor, 2003). In contrast,
types B1, B2, and C killer whales have a distinctive, two-toned gray and white color pattern, a conspicuous dorsal
cape, markedly different eye patches, and they forage extensively in and around sea ice (Durban et al., 2016; Pit-
man & Durban, 2012; Pitman & Ensor, 2003; Pitman et al., 2018). These “caped forms” appear to be endemic to Ant-
arctica, and additional studies, including histology and genetic analyses (e.g., Foote et al., 2011), will be necessary to
determine if they are better adapted than type A to cope with the extreme antarctic environment, and how such
adaptation might contribute to observed differences in migratory patterns.

In summary, the migration schedules of antarctic killer whale ecotypes B1, B2, and C were protracted, perhaps
year-round, and possibly facultative, with groups capable of making multiple, 6-8 week, round-trip migrations per
year. Departure dates were highly variable among and within ecotypes, and the amount of time spent on antarctic
foraging grounds for individual whales ranged from 71 days to at least 146 days, at least for type B2 killer whales.
We infer that at least some of the caped forms (i.e., types B1, B2, and C) can be found year-round in Antarctica and
that they are capable of calving there (at least type B2 and probably C), making it unlikely that killer whales migrate
to warmer waters for breeding purposes. It is currently unknown if type A killer whale(s) give(s) birth in antarctic
waters, or if they occur there during winter. Migration by type A whales appears to be longer, slower, and more
meandering than the other types, perhaps due to feeding or calving. Type A killer whale(s) could be a more recent
arrival to antarctic waters and therefore may be less well adapted physiologically (Foote et al., 2011). These observa-
tions provide further support for the Durban and Pitman (2012) hypothesis that most Antarctic killer whales migrate

to warm waters for reasons other than feeding or breeding, which we further discuss below.

4.2 | Skin molt in cetaceans

A diverse group of vertebrates regularly undergo epidermal molt, a normal maintenance process for replacing skin,
hair, and feathers (Ling, 1970, 1972). Skin and pelage molt to shed, renew, repair, and grow the outer integument is
also essential to marine mammals, including cetaceans (Ling 1974, 1984; Reeb, Duffield, & Best, 2005). According to
Reeb, Best, and Kidson (2007) and Reeb et al. (2005) “molting,” “ecdysis,” and “sloughing” are synonymous and refer
to a seasonal or periodic skin molt, while “exfoliation” or “desquamation” refers to a more continuous process of
shedding largely individual skin cells. Marine mammals provide examples of both continuous and periodic epidermal
replacement. For example, among pinnipeds, otariids (fur seals and sea lions) gradually replace their hair year-round,
while most phocids (true seals) haul out on land or ice as part of an annual, episodic molt cycle (Riedman, 1990). Skin
molt among cetaceans has usually been described as continuous (Hicks, St. Aubin, Geraci, & Brown, 1985; Ling
1972, 1984; Reeb et al., 2005), which Ling (1974) suggested was due to whales and dolphins living in environments
with little seasonal variation. This conclusion, however, fails to acknowledge that migrating whales occupy seasonal
habitats with SST that can range over 30°C (e.g., from —1.9°C to 28.3°C for humpbacks; Rasmussen et al., 2007).
Historically, the one notable exception to continuous epidermal molt among cetaceans has been the annual molt
of the beluga whale (Delphinapterus leucas). Belugas famously aggregate during summer in traditional river estuaries
in the Canadian Arctic and Alaska where the water is warmer, fresher and shallower than their normal foraging habi-
tat (e.g., Frost, Lowry, & Carroll, 1993; Smith, St. Aubin, & Hammill, 1992). In arguments very similar to those pro-
posed for baleen whales that migrate and calve in the tropics, it was initially suggested that belugas gave birth in

estuaries because the warmer water afforded increased survivorship for their calves (Sergeant, 1973; Sergeant &
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Brodie, 1975), or possibly for belugas of all ages (Fraker, Gordon, McDonald, Ford, & Cambers, 1979). It was also
suggested that these could be feeding aggregations (e.g., Huntington, 1999; Seaman & Burns, 1981), or that the
nearshore habitat might provide mothers and calves protection from killer whales (Brodie, 1971; Caron & Smith,
1990; Smith et al., 2017).

However, despite extensive fieldwork, no calving and little or no feeding was ever observed in the estuaries
(Finley, Hickie, & Davis, 1987; Smith, Hammill, & Martin, 1994; Smith et al., 1992), and, as an alternative explanation,
Finley (1983) quoted an experienced Inuit hunter who stated, “Belugas go to the rivers for warmth. And like seals
they moult their skins. They moult in the warm water.” It was subsequently confirmed that belugas do in fact return
to estuaries as part of an annual molt cycle (Smith et al., 1992; St. Aubin et al., 1990; but see Smith et al., 2017). Per-
haps as an indication of the importance of this molting process, belugas in northern Canada return to the same estu-
aries every year despite “heavy human predation” that has resulted in some populations being depleted and possibly
extirpated (Caron & Smith, 1990; Finley, Miller, Allard, Davis, & Evans, 1982; Smith et al., 1994). Although an annual
molt was previously considered unique to belugas (e.g., O'Corry-Crowe, 2018; St. Aubin et al., 1990), it has recently
been reported in bowhead whales (Chernova, Shpak, Kiladze, Azarova, & Rozhnov, 2016; Fortune et al., 2017), possi-
bly in narwhals (Monodon monoceros; Wagemann & Kozlowska, 2005), and it may prove to be the rule among all
high-latitude cetaceans (see below).

As in pinnipeds, a warmer environment is apparently key to increasing skin cell metabolism and stimulating molt
in cetaceans (Boily, 1995; Feltz & Fay, 1966). Gambell (1972) observed that sperm whales (Physeter macrocephalus)
caught off Durban, South Africa, had fewer ectoparasites, which he suggested might be due to their higher rate of
“epidermal decomposition” in the warmer waters there. Whitehead, Gordon, Mathews, and Richard (1990) reported
that humpbacks, sperm whales, and gray whales all sloughed more skin in the warmer waters of their breeding gro-
unds than in the colder waters of their feeding grounds. More specifically, they stated that sperm whales sloughed
more skin in higher water temperatures (19°C-26°C), the least amount in the lowest temperatures that they sampled
(14°C-18°C), and intermediate amounts at intermediate temperatures (18°C-23°C; Whitehead et al., 1990).
Although belugas live and calve in cold waters (0°-7°C), the estuaries where they molt are considerably warmer
(10°C-18°C; Watts, Draper, & Henrico, 1991). Bowhead whales in the western Okhotsk Sea, Russia (Chernova et al.,
2016), and the eastern Canadian Arctic (Fortune et al., 2017) also move into warmer, shallow bays when they molt.

Molting requires the skin to be metabolically active. This in turn requires blood flow to the skin surface, which
results in a loss of body heat, especially in a cold, aquatic environment. One way to reduce that heat loss, and maintain
homeothermy, is through peripheral vasoconstriction. Although vasoconstriction reduces blood flow to the skin, it also
impedes metabolism, resulting in a “conflict between thermoregulation and epidermal maintenance” (Boily, 1995).
When phocid seals molt in high latitudes, they resolve this conflict by hauling out on land or ice, because the thermal
conductivity and heat capacity of air is 25x and 4x lower, respectively, than that of water (Boily, 1995). However, for
cetaceans in high latitudes, moving to warmer water may be the only option for reducing heat loss during skin molt.

Skin maintenance in high latitudes should present more of a challenge for cetacean calves than for adults
because increased surface-area-to-volume ratio makes heat conservation more problematic for calves, while at the
same time, their need for somatic growth also requires increased blood flow to the skin. These additional stressors
may account for the prevalence of anomalous-looking skin conditions prevalent among killer whale calves in antarc-
tic waters (Figure 11). Responding to the skin-molt needs of their young calves may be an important factor in deter-
mining the timing of migration for individual groups of antarctic killer whales.

4.3 | Diatoms and skin molt migration

Among the numerous species of diatoms that occur on the skin of cetaceans, Bennettella ceticola is by far the most
common (Gerasimiuk & Zinchenko, 2012; Nemoto, 1956). It is particularly prevalent in colder waters, and cetaceans

are the only known hosts (Nemoto, 1958). In Antarctica, B. ceticola probably occurs on all cetaceans (Hart, 1935),
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FIGURE 11 Killer whale calves
photographed in Antarctica showing skin
conditions possibly related to their
inability to molt properly in subfreezing
waters. (a, b) two different ecotype Cs
from McMurdo Sound; (c) ecotype B2
from Gerlache Strait, Western Antarctic
Peninsula; photos by R. Pitman.

but it has been reported most commonly on rorquals, including blue, fin, sei (Balaenoptera borealis), antarctic minke
(Figure 12), and humpback whales. Among odontocetes, diatoms (presumably B. ceticola) have also been recorded
on sperm whales, bottlenose whales (“probably Hyperoodon”; Bennett, 1920), and dolphins (Lagenorhynchus cruciger
and Cephalorhynchus commersoni; Best, 1969; Hart, 1935; Thomas, Leatherwood, Evans, Jehl, & Awbrey, 1981; Wil-
son, 1907). Diatoms have also been commonly observed on antarctic killer whale ecotypes A, B1, B2, and C
(Figure 9; Durban & Pitman, 2012; Pitman & Ensor, 2003; RLP, JWD, and HF, personal observaion), and B. ceticola
has been specifically identified on skin biopsy samples from type C killer whales in McMurdo Sound (RLP,
unpublished data).

Whalers in the early 1900s were the first to recognize the significance of diatoms for interpreting the move-
ments and nutritional status of antarctic whales, especially among the fin and blue whales that they targeted
(Bennett, 1920; Hart, 1935; Mackintosh & Wheeler, 1929). Whales that were thin and clean were assumed to be
recent arrivals that had been fasting in the tropics, but after about one month of feeding in antarctic waters, they
began to accumulate a conspicuous yellow diatom film, which “covered perhaps the whole body within a few
months” (Hart, 1935). Blue whales that acquired a heavy diatom coating on their otherwise white bellies were

referred to as “sulfur-bottoms” (Bennet, 1920).
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FIGURE 12 Antarctic minke whales,
including: (a) an apparent recent arrival to
antarctic waters from lower latitudes
based on snowy white ventral surface,
including throat pleats (Gerlache Strait,
21 February 2013; photo S. Hansen), and
(b) an individual with a heavy infestation
of diatoms on its ventral surface
indicating that it has probably been in
antarctic waters for at least 1 month
(Drake Passage, 30 January 2012; photo
by J. Durban).

Although killer whales in Antarctica are often coated with a yellow diatom film, at other times, the same individ-
uals can be clean, without a hint of yellowing (Durban & Pitman, 2012). Hicks et al. (1985) suggested that skin molt
in cetaceans limited colonization by microorganisms by providing a self-cleaning surface. Conversely, Durban and Pit-
man (2012) hypothesized that if killer whales conserved body heat by reducing blood flow to their skin surface; this
would decrease or suspend normal skin cell proliferation, prevent sloughing, and allow diatoms to accumulate. Then,
when killer whales migrated to the tropics and molted their skin, they would also shed the diatoms and return to Ant-
arctica clean, as the early whalers had noticed for rorquals.

As noted above, it is likely that all cetaceans in antarctic waters acquire diatom films, and if, as we have
suggested for killer whales, this indicates that they are not shedding their skin as they normally would, then these
other species may also need to migrate to warmer waters to molt their skin. However, unlike the relatively small
killer whales, large baleen whales can accumulate enough blubber during 4-6 months of intensive summer feeding
in Antarctica that they can largely fast for the rest of the year (Lockyer & Brown, 1981; Mackintosh, 1965; see also
Owen et al., 2017). This could allow them to synchronize their breeding cycle to coincide with a single, extended,
seasonal (winter) trip to low latitudes for molting purposes. In that case, instead of whales migrating to the tropics
or subtropics for calving, whales would be traveling to warm waters for skin maintenance and perhaps find it adap-
tive to bear their calves while they are there. The warm waters necessary for skin molt could, then, contribute to
the growth and survival of their calves (e.g., Clapham, 2001; Dawbin, 1966; Norris, 1967; Rasmussen et al., 2007,
Whitehead & Moore, 1982), and also allow mothers with calves to avoid areas of high killer whale density in higher
latitudes (Connor & Corkeron, 2001; Corkeron & Connor, 1999; Payne, 1995). The SMM hypothesis could also help
explain why non-calving individuals (i.e., prebreeders, adult males, resting females) migrate to the tropics—a ques-
tion that has remained unanswered by previous explanations of whale migration (Clapham, 2000). If the SMM
hypothesis is correct, the traditional paradigm of a feeding/breeding migration for large whales would perhaps be
better termed a feeding/molting migration, with any increase in breeding success being viewed as a collateral bene-
fit. It remains to be seen, however, if the existing evidence equally well supports a multifactor explanation for whale

migration.
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Durban and Pitman (2012) were not the first to suggest a possible link between skin molt and whale migration.
Although, up until recently, belugas were thought to be the only cetacean to have an annual epidermal molt
(Chernova et al., 2016), St. Aubin et al. (1990) speculated that other cetacean species that migrated seasonally
between polar feeding areas and low latitude calving grounds might have a similar molt pattern. Elsner (1999) also
stated that although warm water temperatures might enhance calf growth for migrating whales, “we are still left with
the question of how skin growth in more mature animals immersed in cold polar waters takes place at those colder
temperatures.” Annual (or periodic) molt and SMM could be the answer.

Whale migration, at least historically, was a biologically significant event on a global scale, annually transporting mil-
lions of tons of animal flesh, thousands of kilometers (Laws, 1977). Migrating whales influence local ecosystems in several
ways, including as predators and prey, and as whale fall for scavengers (Croll et al., 2006; Katona & Whitehead, 1988; Pit-
man et al., 2015; Roman et al., 2014). To date, however, there has not been a consensus explanation for this behavior,
and our suggestion that long-distance migration to warm waters is mainly for routine skin maintenance warrants further
investigation. Furthermore, the proposed SMM hypothesis could have phylogeographic implications. If whales need to
migrate to warm water to molt their skin, then they are likely returning to ancestral habitat (Gaskin, 1982), and, instead of
being considered polar species that migrate to the tropics for molting and breeding, they might best be described as
warm-water forms that migrate poleward for feeding. Histological studies that compare skin cell proliferation among dif-
ferent species of migratory and nonmigratory whales, sampled at high and low latitudes, throughout the year, should pro-

vide a key test of our ideas about SMM and the proposed significance of skin molt in cetacean life history.
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