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Abstract  80 

How animals navigate during long-distance migration remains a mystery. Many theories have 81 

been proposed1 (Keeton, 1979), with the Earth’s magnetic field emerging as a clear potential 82 

source of orientational information for navigational decision-making across diverse taxa2 83 

(Putman, 2022). Yet, the mechanics involved in magnetic navigation remain unknown3 84 

(Schneider et al., 2023). Globally distributed records available from historic whaling4-5 85 

(AOWLD, 2023; Yablokov et al., 1998) in combination with modern satellite-tracking datasets6 86 

(Horton et al., 2022) for baleen whales create a unique opportunity to illuminate the 87 

mechanics of cetacean navigation. Here, we show that baleen whale migratory destinations 88 

over the last >200 years are systematically distributed in horizontal plane magnetic 89 

coordinates. Specifically, blue (Balaenoptera musculus), bowhead (Balaena mysticetus), fin 90 

(Balaenoptera physalus), gray (Eschrichtius robustus), humpback (Megaptera novaeangliae), 91 

and right (Eubalaena spp.) whales non-randomly inhabit areas where magnetic declination 92 

(MD) closely approximates integer and half-integer multiples of the Earth’s 23.44° axial tilt. 93 

Our findings, which are highly reproducible through both space and time, demonstrate that 94 

baleen whale navigation between seasonal habitats occurs via the integration of magnetic 95 

and astronomic orientation cues3. By referencing MD values to the rise and set azimuths of 96 

the Sun, baleen whale movements define mechanistic horizontal plane heliomagnetic 97 

coordinate trajectories across all ocean basins.  98 

 99 

 100 

 101 

 102 

 103 
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Main 104 

 105 

The migratory behaviour of baleen whales has fascinated people for centuries, and we have 106 

learned a considerable amount about their remarkable journeys around the planet through 107 

dedicated observation, acoustic monitoring and tracking6 (Horton et al., 2022). Traditional 108 

Māori knowledge describes trans-oceanic ancestral human migrations that were guided by 109 

whales7 (Lythberg and Ngata, 2022), and modern satellite-tracking confirms that migratory 110 

corridors of some species have been stable over prolonged periods8 (Horton et al., 2020). In 111 

addition, many whales unerringly return year after year to highly specific locations on feeding 112 

grounds9 (Clapham et al., 1993). However, we now also know that baleen whale movements 113 

exhibit notable variability10-11 (Kennedy et al., 2014a; Reisinger et al., 2021), including large 114 

differences in seasonal habitat selection despite using the same migratory corridors12-13 (Bailey 115 

et al., 2009; Riekkola et al., 2019), and surprising examples of apparent vagrancy14 (Hoelzel et 116 

al., 2021), as well as recolonization15 (Herr et al., 2022) of former habitats following recoveries 117 

from whaling. Centuries of experience and observation provide a reasonable understanding of 118 

when and where many baleen whale species go during their long-distance migrations, and 119 

global datasets are now large enough to turn our attention to illuminating mechanistically how 120 

baleen whales navigate between seasonal habitats with such remarkable fidelity16 (Horton et 121 

al., 2017).  122 

 123 

Over two-hundred years of digitized historic whaling-ship logbooks4-5 (AOWLD, 2023; Yablakov 124 

et al., 1998) make baleen whales one of the few clades where multi-centennial analyses of 125 
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distribution possible at the global scale. The widespread deployment of satellite tags on a wide 126 

variety of baleen whale species6 (Horton et al., 2022) in combination with the whaling-ship 127 

archives creates an unprecedented opportunity to identify recurrent and reproducible non-128 

random patterns in baleen whale distributions from a variety of orientational perspectives. In 129 

parallel, recent advances in magnetic modeling enable analyses of both main field and bedrock 130 

parameters over the past 1,000 years anywhere on the planet17 (Schanner et al., 2023). As a 131 

consequence, the magnetic cues experienced by individual whales on specific dates and 132 

locations can now be quantified. Recognising these opportunities, we pursued the integration 133 

of American4 (AOWLD, 2023) and Soviet5,18 (Yablakov et al., 1998; Tormosov, pers. comm.) 134 

whaling-ship logbook archives and satellite-tracking locations using modern magnetic17,19-20 135 

(NCEI, 2017; Chulliat et al., 2020; Schanner et al., 2023) and astronomical models21 (Meeus, 136 

1991) to determine whether or not baleen whale distribution data from the past ~240 years 137 

follow mechanistic patterns across Earth’s magnetic field. 138 

 139 

Using published geographic coordinate Gregorian calendar location data derived from baleen 140 

whale satellite-monitored platform transmitting terminal (PTT) data6,8,10-13,22-52, we determined 141 

the magnetic declinations experienced by 280 blue whales, 80 fin whales, 12 gray whales, 666 142 

humpback whales, 49 right whales and 68 bowhead whales (Table 1; Extended Data Table 1). To 143 

quantify the most commonly experienced magnetic declination (MD) values, we analysed these 144 

data using kernel density estimation (KDE). MD distributions were non-random (G test; 145 

p<<0.05) and multimodal, reflecting the widely distributed seasonal habitats deliberately 146 

selected by these migratory whales (Table 1).  147 
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 148 

Initially, we considered the MD distributions of humpback whales satellite-tagged in different 149 

ocean basins, including the North Atlantic, South Atlantic, North Pacific, South Pacific and 150 

Indian Oceans (Table 1; Extended Data Figure 1). Our goal in this step was to develop a data-151 

based hypothesis using modern satellite tracking data for the most widely studied species.  152 

Table 1. Magnetic declination distribution modes for baleen whales tracked using satellites.

Genus Species Common Name Ocean Basin(s)
Number 

of Whales
Years (CE)

Number of 

Days

Major Mode: 

Magnetic 

Declination (°)

1
st

 Minor Mode: 

Magnetic 

Declination (°)

2
nd

 Minor Mode: 

Magnetic 

Declination (°)

3
rd

 Minor Mode: 

Magnetic 

Declination (°)

References

North Pacific 262 1995 to 2020 6852 16.04 9.75 24.72 1.23 22-24

South Pacific 154 2003 to 2018 7487 13.55 47.51 35.35 -0.41 8, 16, 25-29

North Atlantic 11 2005 to 2019 886 -14.88 -12.34 10.67 17.72 30-31

South Atlantic 162 2002 to 2019 5130 -23.59 -15.36 -11.44 -4.99 8, 32-33

Indian 77 2014 to 2017 3210 -0.66 -23.86 -28.02 -70.24 11

1995 to 2019 23565 15.70 -23.68 9.97 -0.77

Northwestern U.S.A.; 

Antarctic Peninsula

Abrolhos Bank, 

Brazil; Western 

South Africa

Hawai'i; Baja 

California Sur

Western Australia; 

Western South 

America

North Pacific 254 1993 to 2018 14530 12.81 10.12 5.71 3.50 12, 34-37

South Pacific 11 2013 to 2016 488 8.98 4.84 11.61 1.13 38

North Atlantic 15 2009 to 2016 383 -9.90 -11.94 -14.17 -16.21 39

South Atlantic 0 n.a. n.a. n.a. n.a. n.a. n.a.

Indian 0 n.a. n.a. n.a. n.a. n.a. n.a.

1993 to 2018 15401 12.75 9.59 5.38 -9.93

Offshore California; 

Offshore Chile

Offshore Mexico; 

Golfo de Corcovado, 

Chile

Costa Rica Dome; 

Svalbard
Azores; Jan Mayen

North Pacific 32 2002 to 2018 1559 13.41 18.20 20.77 n.a. 36, 40

South Pacific 0 n.a. n.a. n.a. n.a. n.a. n.a.

North Atlantic 48 2003 to 2019 1256 -10.61 0.06 -8.82 8.76 39, 41-43

South Atlantic 0 n.a. n.a. n.a. n.a. n.a. n.a.

Indian 0 n.a. n.a. n.a. n.a. n.a. n.a.

2002 to 2019 2815 13.23 -10.16 -0.06 -4.74

Offshore California; 

Svalbard
Azores; Jan Mayen

Northwestern 

Mediterranean Sea

Northeastern 

Atlantic

2010 to 2013 956 -11.39 10.04 14.93 -6.28

Northeastern 

Sakhalin Island, Sea 

of Okhotsk

Baja California 

Coast; Bering & 

Chukchi Seas

California Coast; 

Gulf of Alaska

Southeastern 

Kamchatka 

Peninsula

japonica
North Pacific Right 

Whale
North Pacific 0 n.a. n.a. n.a. n.a. n.a. n.a.

australis Southern Right Whale South Pacific 0 n.a. n.a. n.a. n.a. n.a. n.a.

glacialis
North Atlantic Right 

Whale
North Atlantic 16 1989 to 2000 356 -18.75 -14.16 -5.52 -10.87 46-48

australis Southern Right Whale South Atlantic 33 2001 to 2017 2309 1.84 -24.41 -22.56 -6.81 49-50

australis Southern Right Whale Indian 0 n.a. n.a. n.a. n.a. n.a. n.a.

1989 to 2017 2665 1.84 -24.41 -22.56 -18.71

Golfo Nuevo; Golfo 

San Matias; Coastal 

Argentina

Coastal South Africa; 

Eastern South 

Atlantic

West Coast South 

Africa; Central South 

Atlantic

Gulf of Maine; 

Central North 

Atlantic

1992 to 2017 6857 -23.95 -39.48 36.16 n.a.

Foxe Basin ; Gulf of 

Boothia

Northern Baffin 

Island Coast

Southern Beaufort 

Sea

Total: 1155 1989 to 2019 52,259       

Bold-faced numbers indicate modes in magnetic declination data distributions that occur within ±2° of integer, or half-integer, multiples of Earth's 23.44° axial tilt.

Balaena mysticetus Bowhead Whale Arctic Ocean 68 51-52

Corresponding Location(s):

Eubalaena

Right Whale All 49 46-50
Corresponding Locations:

Eschrichtius robustus Gray Whale North Pacific 12 44-45
Corresponding Location(s):

Balaenoptera physalus Fin Whale

All 80 36, 39-43
Corresponding Location(s):

Balaenoptera musculus Blue Whale

All 280 12, 34-39
Corresponding Locations:

Baleen Whale Modern Era Satellite Tracking

Megaptera novaeangliae Humpback Whale

All 666
8, 11, 16, 22-

33
Corresponding Locations:
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 153 

We discovered that humpback whales disproportionately inhabited sites where MD values 154 

consistently reflected integer and half-integer multiples of Earth’s axial tilt (i.e., 23.44˚) 155 

irrespective of which ocean basin they used (Table 1; Extended Data Figure 1). Of the 20 major 156 

and minor modes identified in the compiled Atlantic, Indian and Pacific Ocean humpback whale 157 

satellite-tracking datasets (Table 1; Extended Data Figure 1), 70% occurred within ±2° of an 158 

integer or half-integer multiple of Earth’s axial tilt (p=0.00092; Binomial Probability) and 50% 159 

occurred within ±1°(p=0.0006; Binomial Probability). For example, humpback whales satellite-160 

tagged in the South Atlantic most commonly occurred at -23.59˚, while the highest density MD 161 

value for Indian Ocean humpbacks was -0.66˚ (Table 1; Extended Data Figure 1). In total, three 162 

of five major modes, and 11 of 15 minor modes, in tagged humpback whale MD distributions, 163 

analysed at the ocean basin scale, are within ±2˚ of integer or half-integer multiples of the 164 

Earth’s 23.44˚ axial tilt (Table 1; Extended Data Figure 1).    165 

 166 

From a geographic perspective, the major and minor modes identified for humpback whale MD 167 

distributions correspond with well known breeding grounds, feeding areas, or stop-over 168 

locations (Table 1). Based on this initial empirical analysis, we hypothesized that other species 169 

of baleen whale would also disproportionately inhabit sites where MD values are within ±2.00˚ 170 

of integer and half-integer multiples of Earth’s 23.44˚ axial tilt. 171 

 172 

Our analyses on additional species support this hypothesis. Specifically, 17 of 34 major and  173 

minor modes in MD distributions for satellite-tagged blue, fin, gray, right and bowhead whales, 174 
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identified using KDE, occur within ±2.00˚ of an integer or half-integer multiple of Earth’s 23.44˚ 175 

axial tilt (p=0.0223, Binomial Probability; Table 1; Fig. 1; Extended Data Figure 2). These sites 176 

  177 

Fig. 1.  Magnetic declination data distributions, determined by kernel density estimation, for 178 

satellite-tagged baleen whales. Colours, and the total number of once-daily platform 179 

transmitting terminal locations, as indicated in the legend. 180 

 181 

correspond with seasonal baleen whale hot-spots, including the western North American coast, 182 

the Azores, Sea of Okhotsk, Foxe Basin, coastal Argentina, western Australia and the Antarctic 183 

Peninsula. Blue whales, fin whales and gray whales, satellite-tagged in the North Atlantic and 184 

North Pacific Oceans, non-randomly concentrated in areas where MD was within ±2° of 11.72° 185 

or -11.72°, while southern right whales (Eubalaena australis) disproportionately used areas 186 
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where magnetic declination was within ±2.00˚ of 0˚ (e.g., coastal Argentina) or -23.44˚ (e.g., 187 

west coast  South Africa). Despite their proximity to the northern hemisphere’s magnetic pole, 188 

and their close association with sea ice, satellite-tagged bowhead whales also concentrated in 189 

areas where MD was within ±2.00˚ of -23.44° (e.g., Foxe Basin and Gulf of Boothia) and 35.16˚ 190 

(e.g., southern Beaufort Sea).  191 

 192 

In total, 31 of 54 major and minor modes in satellite-tagged baleen whale MD distributions 193 

occur within ±2.00˚ of integer and half-integer multiples of 23.44˚ (Table 1; Fig. 1; Extended 194 

Data Figure 2). Binomial probability demonstrates that this recurrent pattern is extremely 195 

unlikely to have occurred due to random chance (p=0.00025, Binomial Probability). However, 196 

the magnetic field changes via secular variation, raising questions regarding whether or not 197 

such patterned distributions persist through time53 (Alerstam, 2006). For example, secular 198 

variation causes MD values to change by <0.2° per year in most places and as much as 20° per 199 

year near the magnetic poles.  200 

 201 

Analysis of >39,000 baleen whale locations, recorded in American and Soviet whaling-ship 202 

logbooks between 1784 and 1975 (Table 2; Fig. 2; Extended Data Table 2; Extended Data Figure 203 

3), reinforces the pattern observed in the satellite-tracking dataset (Table 1; Fig. 1). Major and 204 

minor modes in logbook MD data distributions occur within ±2.00˚ of 0°, ±11.72°,  ±23.44˚, -205 

35.16°, or ±46.88° for: 1) humpback whales and blue whales in all but the South Pacific Ocean; 206 

2) fin whales in all but the Indian Ocean; 3) gray whales in the North Pacific Ocean; 4) right 207 
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whales in the Pacific, Atlantic and Indian Oceans; 5) bowhead whales in the Arctic Ocean (Table 208 

2).  209 

 210 

Fig. 2.  Magnetic declination data distributions, determined by kernel density estimation, for 211 

historic American and Soviet whaleship logbook entries for baleen whales (colours as indicated 212 

in the legend). The total number of ‘sights and strikes’ for each species are indicated in the 213 

legend. 214 

 215 

In total, 36 of 87 major and minor modes indentified in American and Soviet whale ship logbook 216 

MD data distributions occurred within ±2.00˚ of integer and half-integer multiples of Earth’s 217 

23.44˚ axial tilt (p=0.0322, Binomial Probability; Table 2). The slightly higher, but still significant, 218 

probability that whale- shiplogbook MD modes approximate integer and half-integer multiples 219 
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of Earth’s axial tilt likely reflects the lower precision of whale ship logbook latitude and 220 

longitude entries in comparison to satellite-tracking location data and greater uncertainty in 221 

palaeomagnetic models across large ocean basins like the South Pacific.  222 

 223 

 224 

Our analyses reveal that a similar pattern is present in both satellite-tracking and whaling 225 

archival data when analysed at the global scale (Fig. 1; Fig. 2). Of 141 major and minor modes 226 

Table 2. Magnetic declination distribution modes for baleen whales struck or sighted during historic whaling.

Genus Species Common Name Ocean Basin(s) Years (CE)
Number of Strikes & 

Sightings

Major Mode: 

Magnetic Declination 

(°)

1st Minor Mode: 

Magnetic Declination 

(°)

2
nd

 Minor Mode: 

Magnetic Declination 

(°)

3
rd

 Minor Mode: 

Magnetic Declination 

(°)

References

North Pacific 1819 to 1893 565 10.19 5.33 -0.63 2.35 4

South Pacific 1818 to 1972 4254 49.45 42.15 17.59 4.76 4-5, 18

North Atlantic 1792 to 1902 376 -19.24 0.42 -23.23 -12.07 4

South Atlantic 1815 to 1973 2525 -20.73 -23.20 -27.05 13.62 4-5, 18

Indian 1792 to 1968 1849 -74.92 -64.60 1.34 -48.78 4-5, 18

9569 -20.87 50.04 -74.52 5.00

Corresponding Location(s):
Southern South Atlantic; 

Abrolhos Bank

Balleny Islands; 

Southern Ocean - North 

of Amundsen Sea

Davis Sea
Equatorial West Coast, 

South America

North Pacific 1844 to 1893 90 -4.69 10.86 -2.46 4

South Pacific 1844 to 1972 105 43.22 49.58 5.14 14.34 4-5, 18

North Atlantic 1835 to 1895 21 -19.76 -21.64 -23.80 -11.72 4

South Atlantic 1838 to 1973 104 -23.80 -20.32 -9.24 -30.11 4-5, 18

Indian 1844 to 1969 346 -39.10 -34.50 -47.45 -2.21 4-5, 18

666 -38.97 -2.16 -34.55 -47.57

Corresponding Location(s): Azores; Crozet Islands
Southwest Coast of 

Australia; Sea of Japan
Lazarev Sea Kerguelen Islands

North Pacific 1819 to 1893 892 -0.22 -1.74 4.26 -4.77 4

South Pacific 1819 to 1975 1846 4.28 13.91 15.96 10.28 4-5, 18

North Atlantic 1784 to 1916 622 -24.49 -21.80 -19.23 -35.92 4

South Atlantic 1815 to 1975 4144 9.00 -20.54 -23.84 -27.41 4-5, 18

Indian 1792 to 1969 2249 -2.25 -37.83 -44.12 -52.97 4-5, 18

9753 8.88 4.04 -2.43 -20.50

Corresponding Location(s):
Falkland Islands; Scotia 

Sea

Galapagos Islands; 

Tropical Eastern Pacific; 

Bering Sea

Orkney Islands; Sea of 

Okhotsk; West Coast of 

Australia

Southern South Atlantic

612 10.63 -1.09 7.23 n.a.

Corresponding Location(s): Baja California Sur Sea of Okhotsk Chukchi Sea

japonica
North Pacific Right 

Whale
North Pacific 1822 to 1904 7080 -1.78 11.32 8.86 3.87 4

australis Southern Right Whale South Pacific 1797 to 1907 2495 20.05 24.45 13.97 9.51 4

glacialis
North Atlantic Right 

Whale
North Atlantic 1838 to 1897 13 -48.97 -51.28 6.82 -0.18 4

australis Southern Right Whale South Atlantic 1793 to 1968 3620 -27.13 -36.85 15.78 -1.72 4-5, 18

australis Southern Right Whale Indian 1792 to 1967 3009 -38.59 -21.15 -23.94 0.98 4-5, 18

16217 -1.81 11.31 20.12 -38.57

Corresponding Location(s):
Sea of Okhotsk; Sea of 

Japan; Central South 

Atlantic

Gulf of Alaska

Coast of Chile; Coast of 

Argentina; Louisville 

Ridge

Crozet Islands

2485 -1.67 3.12 20.67 46.21

Corresponding Location(s): Sea of Okhotsk Bering Sea
Barrow, Alaska; Chukchi 

Sea
Beaufort Sea

Total: 1784 to 1975 39,302                                    

Bold-faced numbers indicate modes in magnetic declination data distributions that occur within ±2° of integer, or half-integer, multiples of Earth's 23.44° axial tilt.

4

Eubalaena

Right Whale All 1792 to 1968 4-5, 18

Balaena mysticetus Bowhead Whale Arctic Ocean 1844 to 1912

Eschrichtius robustus Gray Whale North Pacific 1845 to 1885 4

Balaenoptera physalus Fin Whale

All 1784 to 1975 4-5

Balaenoptera musculus Blue Whale

All 1835 to 1973 4-5, 18

Baleen Whale Historic American & Soviet Whaling

Megaptera novaeangliae Humpback Whale

All 1792 to 1973 4-5, 18
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identified in globally distributed blue, bowhead, fin, gray, humpback and right whale satellite-227 

tracking and whaling-ship logbook MD data distributions (Table 1; Table 2, Fig. 1; Fig. 2; 228 

Extended Data Figure 2; Extended Data Figure 3), 67 (48%) are within ±2.00˚ of integer and half-229 

integer multiples of 23.44˚ (p=0.00032, Binomial Probability). This recurrent non-random 230 

pattern in baleen whale habitat distribution demonstrates that baleen whales integrate 231 

horizontal plane magnetic and astronomic orientation cues during navigation.  232 

 233 

Horizontal Plane Heliomagnetic Navigation 234 

 235 

The data distributions we report raise the question: How do they do it? How do diverse whale 236 

populations, in all ocean basins across a >240 year period, integrate magnetic and astronomic 237 

orientation cues54 (Wiltschko and Wiltschko, 2023)? The most salient answer involves the Sun. 238 

 239 

The Sun provides potential spatiotemporal orientation cues via light-dark cycles and its position 240 

at rise, culmination and set55 (Åkesson et al., 2014). These cues vary systematically and 241 

predictably across annual cycles as the Earth moves along its orbit, providing tangible oriential 242 

cues such as photoperiod, sunrise azimuth, culmination angle and sunset azimuth across most 243 

of the Earth’s surface (Fig. 3). By convention, the horizontal plane cues sunrise azimuth, sunset 244 

azimuth and MD are quantified relative to a geographic north (i.e., 0°) direction (Fig. 3). 245 

However, this geocentric system of measurement does not preclude the possibility that baleen 246 

whales reference astronomic orientation cues relative to the position of the local magnetic field 247 

(e.g., SSA-MD), or vice versa.  248 
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 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

Fig. 3.  Heliologic, magnetic and heliomagnetic orientation cues available to baleen whales in 258 

the southern (A) and northern (B) magnetic hemispheres. Abbreviations and colours are as 259 

follows: SRA = sunrise azimuth (orange), positive in the clockwise direction viewed from above; 260 

SSA = sunset azimuth (red), positive in the clockwise direction viewed from above; SSAacw = 261 

sunset azimuth anti-clockwise (brown), positive in the anti-clockwise direction viewed from 262 

above; SCAN = sun culmination angular altitude relative to geographic north horizon (yellow); 263 

MD = magnetic declination (light blue), positive to the east of geographic north and negative to 264 

the west of geographic north; MI = magnetic inclination (pink), positive below the geographic 265 

north horizon and negative above the geographic north horizon. GN, GE, GS, and GW indicate 266 

the geographic north, east, south and west directions, respectively. Heliomagnetic coordinates, 267 

SRA-MD (blue) and SSAacw+MD (purple), correspond with the angle in the horizontal plane 268 

between MD and SRA, and SSAacw, respectively. 269 

  270 
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Such an integrated system of navigation has distinct advantages. When and where they occur, 271 

sunrise and sunset provide obvious light-dark temporal markers and potential orientation 272 

information via sun azimuth at sunrise (SRA) and sun azimuth at sunset (SSA). Such astronomic 273 

cues are highly structured and cyclical over the Earth’s annual orbit. For example, at the 274 

equator, SRA and SSA move through a 46.88° (i.e., 2 x 23.44°) range centered on the east-west 275 

direction in the horizontal plane during each annual cycle. At the tropics (i.e., ±23.44° latitude) 276 

and polar circles (i.e., ±66.56°, or 90° - 23.44°, latitude), SRA and SSA move through 58° to 59° 277 

(i.e., ~2.5 x 23.44°) and 162° to 164° (i.e., ~7 x 23.44°) ranges, respectively. These highly 278 

patterned spatiotemporal cycles are the consequence of the Earth’s 23.44° axial obliquity, the 279 

driver of the Earth’s seasons. In addition to providing a seasonal - to annual - orientational 280 

framework, using the Sun as a reference point removes the organism’s need to identify, and 281 

potentially remember, the direction of geographic north when sensing MD.  282 

 283 

Other celestial bodies also follow sub-annual, annual and longer-term astronomic cycles, most 284 

notably the Moon56 (Andreatta and Tessmar-Raible, 2020), but for the purposes of our study, 285 

we focus on the rise and set positions of the Sun. Thus, our analysis centers on two horizontal 286 

plane heliomagnetic coordinates: 1) the angle between SRA and MD (i.e., SRA-MD; Fig. 3), and 287 

2) the angle between SSA, measured in an anti-clockwise direction (SSAacw), and MD (i.e., 288 

SSAacw+MD; Fig. 3). 289 

 290 
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When referenced relative to the rise and set positions of the Sun, the heliomagnetic locations 291 

of baleen whale migratory destinations and migration routes demonstrate many similarities 292 

 293 

Fig. 4.  Bivariate plot of sunset azimuth anti-clockwise plus magnetic declination (i.e., 294 

SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) for historic 295 

American and Soviet whaling-ship logbook entries (brown circles) and satellite-tagged baleen 296 

whales (light blue circles). 297 

 298 
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irrespective of time, species or geographic location. For example, both historic whaling and 299 

modern satellite-tracking datasets include high-density 1:1 covariation trends between SRA-MD 300 

and SSAacw+MD (Fig. 3; Fig. 4), corresponding with sites where MD closely approximates integer 301 

or half-integer multiples of Earth’s axial tilt (Fig.1, Fig. 2, Fig. 4; Extended Data Figure 1). The 302 

strong 1:1 covariation between SRA-MD and SSAacw+MD recognized in both the whaling and 303 

satellite-tracking datasets is a consequence of baleen whale seasonal residence (R) in areas 304 

where the difference between SRA-MD and SSAacw+MD approximates an integer or half-integer 305 

multiple of Earth’s obliquity through time: 306 

 307 (𝑆𝑅𝐴 −𝑀𝐷) − (𝑆𝑆𝐴𝑎𝑐𝑤 +𝑀𝐷) ≈ 𝑛 × 23.44° 308 

 309 

where, 𝑛 is an integer or half-integer. 310 

 311 

The satellite-tracking dataset further reveals how individuals migrate between sites where MD 312 

approximates integer or half-integer multiples of 23.44° (Fig. 5). Three different navigational 313 

modes, which we introduce here as horizontal plane heliomagnetic navigation modes 1-3 (i.e., 314 

HH1, HH2, HH3), are apparent. The first heliomagnetic navigation mode, type 1 (i.e., HH1; Fig. 315 

5A) , includes migration along a trajectory that follows an isogonic where MD closely 316 

approximates an integer or half-integer multiple of Earth’s obliquity:   317 

 318 𝑀𝐷 ≈ 𝑛 × 23.44° 319 

 320 
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where, 𝑛 is an integer or half-integer. 321 

 322 

Fig. 5.  Bivariate plot of sunset azimuth anti-clockwise plus magnetic declination (i.e., 323 

SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) for satellite-324 

tagged baleen whales. Red inset box in (A) is expanded in (B). Fifteen representative individual 325 

whales, tracked via satellite, are shown in (A) and are symbolized as indicated in the legend. 326 

Symbol sizes in (A) and (B) correspond with whale movement velocity. Examples of the three 327 

heliomagnetic navigation modes (HH1-HH3), and seasonal residence (R), described in the text 328 

are indicated via arrows. All other satellite tagging data is shown as small light blue circles in 329 

(A). 330 
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Since SRA and SSAacw are typically within ±2.00° of each other on the same day of the year, 331 

depending on date and latitude, HH1 navigation causes strong 1:1 covariation between SRA-MD 332 

and SSAacw+MD. In both residence (R) and HH1 modes, MD is effectively constant due to the 333 

whale’s lack of movement (R) or movement along an isogonic (HH1). Thus, both residence and 334 

HH1 navigation cause strong 1:1 covariation between SRA-MD and SSAacw+MD, with the key 335 

difference being the individual is actively migrating during HH1 navigation rather than 336 

remaining stationary.  337 

 338 

There are many examples of HH1 navigation in the satellite-tracking dataset. For example, 339 

South Atlantic humpback whale PTT#111871.12 maintains MD within ±0.69° (±1) of -23.43°, 340 

during the first 22 days, and 2185 km, of its poleward migration in 2012 (Fig. 5A). Like many 341 

other whales in the dataset, PTT#111871.12 is able to navigationally maintain a MD value that 342 

is not significantly different (two-tailed t-test; p>0.05) than the MD value present in the 343 

seasonal habitat where it was satellite-tagged. Similarly, North Atlantic humpback whale 344 

PTT#83278.19 maintains MD within ±2.38° (±1) of -12.07° during the first 61 days, and 7388 345 

km, of its poleward migration in 2019 (Fig. 5A). This MD value is not dissimilar (two-tailed t-test; 346 

p>0.05) to the MD value at its low latitude seasonable habitat in the Caribbean. By migrating 347 

along trajectories that maintain a 1:1 relationship between SRA-MD and SSAacw+MD (i.e., HH1 348 

navigation; Fig. 5A), baleen whales are able to maintain, during long-distance migration, the MD 349 

value present on their seasonal habitats with remarkable precision. 350 

 351 
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Type 2 horizontal plane heliomagnetic navigation (HH2) includes migration along trajectories 352 

that maintain near-constant integer or half-integer multiples of Earth’s obliquity centered on a 353 

90° angle. HH2 navigation occurs in either of the heliomagnetic coordinates, SRA-MD (HH2a) or 354 

SSAacw+MD (HH2b), according to: 355 

 356 𝑆𝑅𝐴 −𝑀𝐷 ≈ (𝑛 × 23.44°) + 90° 357 

or, 358 𝑆𝑆𝐴𝑎𝑐𝑤 +𝑀𝐷 ≈ (𝑛 × 23.44°) + 90° 359 

 360 

where, 𝑛 is an integer or half-integer. 361 

 362 

The satellite-tracking dataset includes many examples of HH2b navigation, but fewer examples 363 

of HH2a navigation. For example, South Pacific blue whale PTT#120948.15 maintains 364 

SSAacw+MD within ±1.67° (±1) of 89.72° during the first 17 days, and 1584 km, of its west-365 

soutwestward migration away from the Chilean coast despite ~10° changes in both SSAacw and 366 

MD (Fig. 5). Similarly, Bering-Chukchi-Beaufort bowhead whale PTT#10824.92 maintains 367 

SSAacw+MD within ±1.12° (±1) of 112.87° during the first 23 days, and 1651 km, of its 368 

westward migration across the Beaufort and Chukchi Seas despite experiencing ~26° changes in 369 

both SSA and MD (Fig. 5). North Atlantic fin whale PTT#24641.18’s SSAacw+MD location stays 370 

within ±2.00° (±1) of 66.57° during the first 7 days, and 759 km, of its southwestward 371 

migration away from Svalbard (Fig. 5), despite experiencing 15-20° changes in both MD and SSA 372 

over the same period, while South Atlantic southern right whale PTT#81125.17 maintains 373 
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SSAacw+MD within ±0.42° (±1) of 91.88° during the first 25 days, and 1165 km, of its 374 

northeastward migration away from Peninsula Valdes (Fig. 5) despite ~12° changes in both SSA 375 

and MD.  376 

 377 

Importantly, the satellite-tracking dataset demonstrates that some individuals switch between 378 

HH2a and HH2b navigational modes (Fig. 5). For example, South Atlantic southern right whale 379 

PTT#87762.17 maintains SSAacw+MD (HH2b) within ±1.06° (±1) of 89.47° during the first 19 380 

days, and 1261 km, of its initial northeasterly migration, followed by a 26 day period when it 381 

switched to maintain SRA-MD (HH2a) within ±1.36° (±1) of 116.33° across a 1174 km 382 

southwesterly movement, despite ~12° changes in both MD and SRA. Three years earlier, South 383 

Atlantic southern right whale PTT#84482.14 maintained a similar pattern with SSAacw+MD being 384 

within ±0.90° (±1) of 111.00° (HH2b) during the first 21 days, and 1394 km, of its initially 385 

easterly migration away from Peninsula Valdes, immediately prior to a 4 day period when it 386 

switched to maintain SRA-MD within ±0.24° (±1) of 125.79° (HH2a) across the subsequent 400 387 

km southerly leg of its migration. In all examples, HH2a-HH2b switching corresponds with 388 

prominent changes in geographic coordinate migration paths. 389 

Type 3 horizontal plane heliomagnetic navigation (HH3), the least common in the dataset we 390 

analysed, includes migration along trajectories that maintain a -1:1 negative covariation 391 

between sequential heliomagnetic coordinate locations, according to: 392 

 393 𝑆𝑆𝐴𝑎𝑐𝑤 +𝑀𝐷 ≈ −1(𝑆𝑅𝐴 −𝑀𝐷) + ((𝑛 × 23.44°) + 180°) 394 

 395 
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where, 𝑛 is an integer or half-integer. 396 

 397 

An example of this type of navigation was performed by gray whale PTT#1388.11, that 398 

maintained a highly significant -1.09:1 negative covariation between SRA-MD and SSAacw+MD 399 

(r2=0.98; n=29; regression t-test; p<0.05; df=27; s.e.=0.027; m=-1.088) during its rapid 28 day, 400 

4545 km, eastward migration across the North Pacific Ocean in December, 2011 (Fig. 5A).  In 401 

the Southeast Pacific, blue whale PTT#120948.15 similarly maintained a highly significant -402 

1.28:1 negative covariation (r2=0.99; n=30; regression t-test; p<0.05; df=28, s.e.=0.0195; m=-403 

1.284; ) during its May-June, 2015, 4661 km, northward migration (Fig. 5A). 404 

 405 

Notably, South Atlantic humpback whale PTT#24642.03 switched from HH1 navigation to HH3 406 

navigation on 1 January, 2004, approximately 6 days into its southeastward migration. At first, 407 

PTT#24642.03 maintained MD within ±0.07° (±1) of -23.04° (i.e., HH1 navigation), during the 408 

first six days, and 697 km, of its migration away from Abrolhos Bank. Then the whale switched, 409 

doing a pronounced turn to the south-southwest, and shifting into HH3 navigation, whereafter, 410 

it maintained a highly significant -1.21:1 negative covariation (r2=0.97; n=19; regression t-test; 411 

p<0.05; df=17, s.e.=0.0541; m=-1.208) during the remaining 34 days, and 3050 km, of its 412 

poleward migration (Fig. 5A). 413 

 414 

The horizontal plane heliomagnetic trajectories followed by baleen whales (Fig. 5) provide 415 

insight into how integrated astronomic and magnetic cues facilitate long-distance return 416 

migration without compromising the ecological needs of the individual. Incorporation of 417 
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astronomic cues, like the rise and set azimuths of the Sun, provide stable and seasonally 418 

structured orientation information, while using the position of the Sun as a reference datum for 419 

horizontal plane magnetic orientation overcomes the challenges associated with determining 420 

the direction of geographic north. Similarly, the potential orientational impacts of magnetic 421 

secular variation are also diminished through utilisation of an orbitally structured, and thus 422 

temporally cyclic, astronomic rather than geocentric reference frame.  423 

 424 

Navigation in a spatiotemporally dynamic, but richly structured and rigidly cyclical, reference 425 

frame helps baleen whales locate and re-locate seasonal habitats at ecologically appropriate 426 

times of the year. For example, 19 whales converge on heliomagnetic moments when SRA-MD 427 

is within ±3° of 113.44° (i.e., 90° + 23.44°) and SSAacw+MD is within ±3° of 90°, irrespective of 428 

species, ocean basin, date and navigational mode (Fig. 5B). Specifically, gray whale PTT#1388.11 429 

and humpback whale PTT#111871.12 passed through this heliomagnetic waypoint while 430 

residing in Sea of Okhotsk and South Atlantic Ocean feeding areas, respectively. In contrast, 431 

southern right whales, PTT#81125.17 and PTT#87762.17, converged on this node at the 432 

northeastern-most point of their seasonal migrations away from Peninsula Valdes, while fin 433 

whale, PTT#24641.18, arrived at this node following ~1000 km of swimming away from 434 

Svalbard and immediately prior to a 22-day migratory stop-over near Jan Mayen, ~600 km 435 

north of Iceland. In the North Atlantic and South Atlantic, humpback whales, PTT#83728.19 and 436 

PTT#24642.03, converged on this node at the start, and end, of their annual long-distance 437 

migrations, respectively (Fig. 5B). These examples demonstrate that baleen whales are capable 438 

of navigating to, and changing their movement behaviours at, specific nodes, or navigational 439 
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waypoints, in heliomagnetic coordinates that are closely associated with the 23.44° obliquity of 440 

Earth’s axis of rotation. 441 

 442 

There appear to be many heliomagnetic coordinate waypoints, associated with integer and 443 

half-integer multiples of Earth’s obliquity, that baleen whales converge on. For example, baleen 444 

whales disproportionately converge on any combination of heliomagnetic coordinate moments 445 

when and where SRA-MD and SSAacw+MD are within ±3° of 66.56° (i.e., 90.00° - 23.44°), 90.00° 446 

and 113.44° (i.e., 90.00°+23.44°; Extended Data Figure 4). Thus, the data we report suggest 447 

that, in addition to providing a rigid orbitally-tuned structure, the integration of astronomic and 448 

magnetic cues during navigation also provides flexibility via the cyclical symmetry of 449 

heliomagnetic waypoints across the annual cycle. Such flexibility not only helps whales 450 

successfully navigate between established habitats, but also provides a spatiotemporal system 451 

through which habitat can be (re)colonized and explored. Such examples include the return of 452 

fin whales to Elephant Island15 (Herr et al., 2022) and gray whales to Hawaiian waters50, and 453 

gray whale vagrancy into the Atlantic14 (Hoelzel et al., 2021)(Extended Data Figure 4). 454 

 455 

Summary 456 

 457 

Using historical American and Soviet whaling-ship archives and modern satellite-tracking 458 

datasets, we demonstrate that baleen whales navigate using horizontal plane magnetic 459 

coordinates referenced relative to astronomic cues, including the rise and set positions of the 460 

sun. This conclusion is supported by several lines of evidence including the non-random 461 
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occurrence of major and minor modes in baleen whale magnetic declination data distributions 462 

near integer and half-integer multiples of Earth’s axial obliquity. When referenced relative to 463 

the azimuth of the sun at rise and set, these horizontal plane magnetic coordinates are 464 

reframed as heliomagnetic coordinates, and become a function of both space and time.  465 

 466 

Our analyses show that over the past ~240 years baleen whales have disproportionately 467 

inhabited sites where heliomagnetic coordinates describe highly significant covariant trends 468 

that intersect integer and half-integer multiples of Earth’s obliquity centered on 90° right 469 

angles. We recognise three different recurrent modes of heliomagnetic navigation across 470 

species and ocean basins, including migration along specific isogonics, prolonged maintenance 471 

of specific heliomagnetic coordinate values, and movements that describe highly significant 472 

negative covariation trends in heliomagnetic coordinates through space and time. Furhermore, 473 

our analysis reveals that integrated astronomic and magnetic cues serve as spatially and 474 

temporally dynamic orientational waypoints for whales migrating between habitats at 475 

ecologically favourable times of the year. Such mechanistic understanding of baleen whale 476 

navigation and associated movement decisions is important due to increasing human-whale 477 

interactions in a rapidly changing global environment impacted by anthropogenic development 478 

and climate change. Identifying the drivers of periodicities in baleen whale movements 479 

facilitates predictions of when and where humans and whales may come into conflict and how 480 

whales will be impacted by environmental change. 481 

 482 
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Many questions emerge from this research. Are similar patterns present in vertical plane 483 

heliomagnetic coordinates? Do other organismal clades utilise a similar system of navigation? 484 

Can the times and locations of seasonal residence and migration be accurately predicted? How 485 

are magnetic and astronomic cues sensed, transduced and integrated? Answering these 486 

questions requires both analysis of existing animal tracking and experimental orientation 487 

datasets as well as future experiments on model organisms specifically designed to elucidate 488 

which cues are integrated, and which are not, during different movement behaviours. 489 

 490 

Methods 491 

 492 

Geographic coordinate Gregorian calendar baleen whale satellite-monitored platform 493 

transmitting terminal (PTT) locations were compiled from published sources (Table 1). The 494 

Argos Data Collection and Location System used for this project (http://www.argos-495 

system.org/) is operated by Collecte Localisation Satellites. Argos is an international program 496 

that relies on instruments provided by the French Space Agency flown on polar-orbiting 497 

satellites operated by the U.S. National Oceanic and Atmospheric Administration, the European 498 

Organisation for the Exploitation of Meteorological Satellites, and the Indian Space Research 499 

Organization. 500 

 501 

Once-daily whale locations, limited to dates when Argos-derived PTT messages were received, 502 

were interpolated from velocity filtered (<20 km h-1) Argos messages using Paleontological 503 

Statistics software58. American4 and Soviet5,18 whaleship logbook locations were used as 504 

http://www.argos-system.org/
http://www.argos-system.org/
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reported and were not interpolated. Harvest data associated with Soviet whaling (i.e., species, 505 

latitude, longitude, date, time), came from a dataset of 51,746 catches by the factory fleet Yuri 506 

Dolgorukiy, which operated in the Southern Hemisphere between 1960 and 1975, and were 507 

kindly provided by Dr. Dmitry Tormosov (Kaliningrad, Russia)18. Magnetic field elements, 508 

including declination, inclination, and flux density (i.e., field intensity), were determined from 509 

latitude, longitude, and decimal year using the World Magnetic Model20, the Enhanced 510 

Magnetic Model 201719, and the HistKalMag17 models. Rise and set azimuths of the Sun at 511 

baleen whale locations were determined using astronomical algorithms21. 512 

 513 

Magnetic declination data distributions were determined using kernel density estimation59-60. 514 

Binomial probability was used to determine the probability that KDE major and minor modes 515 

would occur within ±2° of integer and half-integer multiples of 23.44° based on a 34.13% (i.e., 8 516 

÷ 23.44) chance of success. The probability that observed magnetic declination KDE data 517 

distributions would result from random chance alone was determined using the G test, also 518 

known as the log likelihood ratio test61, using oceanic magnetic declination data, determined 519 

for a 1° latitude/longitude global grid, as the expected random magnetic declination data 520 

distribution. Two-tailed regression t-tests were used to determine whether or not significant 521 

linear relationships exist between SRA-MD and SSAacw+MD in the satellite-tracking data of 522 

individual whales. 523 

 524 
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Terminology 557 

 558 

culmination – the time at which the Sun passes the local meridian (syn: meridian transit). 559 

 560 

heliomagnetic – from the Greek helios (i.e., Sun) and Latin magneta (i.e., relating to 561 

magnetism), meaning of, or pertaining to, the association between the Sun and magnetism. 562 

 563 

isogonic – path connecting points on the surface of the Earth whereat magnetic declination is 564 

the same. 565 

 566 

kernel density estimation – nonparametric model for estimating the probability distribution of 567 

a dataset; in this study, the Gaussian kernel function (i.e., 𝑘(𝑥) = 1√2𝜋 𝑒−12 𝑥2was used. 568 

 569 
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magnetic declination – angle in the horizontal plane between the local magnetic field and 570 

geographic north reckoned positive to the east and negative to the west. 571 

 572 

major mode – highest local maximum in a multimodal data distribution. 573 

 574 

minor modes – sequentially lower frequency local maxima, following the major mode, in a 575 

multimodal data distribution. 576 

 577 

obliquity – angle between an object’s rotational axis and its orbital axis (syn: axial tilt). Earth’s 578 

obliquity ranges between ~22.1° and ~24.5° across an ~41,000 year cycle and is currently 579 

~23.436°. 580 

 581 

recolonisation – in biology, the repopulation of previously occupied habitat. 582 

 583 

secular variation (magnetism) – change in the intensity and shape of Earth’s magnetic field 584 

through time. 585 

 586 

sunrise azimuth – direction of the Sun, when the upper edge of the Sun’s climbing disk passes 587 

the horizontal, measured relative to geographic north and reckoned clockwise positive. 588 

 589 

sunset azimuth – direction of the Sun, when the upper edge of the Sun’s falling disk passes the 590 

horizontal, measured relative to geographic north and reckoned clockwise positive. In this 591 
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study, the subscript ‘acw’ indicates sunset azimuth reckoned anti-clockwise positive (i.e., 360° - 592 

sunset azimuth). 593 

 594 

vagrancy – occurrence of an animal well outside its normal range. 595 

 596 

waypoint – a set of coordinates that identifies a specific location along a route of travel (syn: 597 

node). 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 
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FIGURE LEGENDS 850 

 851 

Fig. 1.  Magnetic declination data distributions, determined by kernel density estimation, for 852 

satellite-tagged baleen whales. Colours, and the total number of once-daily platform 853 

transmitting terminal locations, as indicated in the legend. 854 

 855 

Fig. 2.  Magnetic declination data distributions, determined by kernel density estimation, for 856 

historic American and Soviet whaleship logbook entries for baleen whales (colours as indicated 857 

in the legend). The total number of ‘sights and strikes’ for each species are indicated in the 858 

legend. 859 

 860 

Fig. 3.  Heliologic, magnetic and heliomagnetic orientation cues available to baleen whales in 861 

the southern (A) and northern (B) magnetic hemispheres. Abbreviations and colours are as 862 

follows: SRA = sunrise azimuth (orange), positive in the clockwise direction viewed from above; 863 

SSA = sunset azimuth (red), positive in the clockwise direction viewed from above; SSAacw = 864 

sunset azimuth anti-clockwise (brown), positive in the anti-clockwise direction viewed from 865 

above; SCAN = sun culmination angular altitude relative to geographic north horizon (yellow); 866 

MD = magnetic declination (light blue), positive to the east of geographic north and negative to 867 

the west of geographic north; MI = magnetic inclination (pink), positive below the geographic 868 

north horizon and negative above the geographic north horizon. GN, GE, GS, and GW indicate 869 

the geographic north, east, south and west directions, respectively. Heliomagnetic coordinates, 870 
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SRA-MD (blue) and SSAacw+MD (purple), correspond with the angle in the horizontal plane 871 

between MD and SRA, and SSAacw, respectively. 872 

 873 

Fig. 4.  Bivariate plot of sunset azimuth anti-clockwise plus magnetic declination (i.e., 874 

SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) for historic 875 

American and Soviet whaling-ship logbook entries (brown circles) and satellite-tagged baleen 876 

whales (light blue circles). 877 

 878 

Fig. 5.  Bivariate plot of sunset azimuth anti-clockwise plus magnetic declination (i.e., 879 

SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) for satellite-880 

tagged baleen whales. Red inset box in (A) is expanded in (B). Fifteen representative individual 881 

whales, tracked via satellite, are shown in (A) and are symbolized as indicated in the legend. 882 

Symbol sizes in (A) and (B) correspond with whale movement velocity. Examples of the three 883 

heliomagnetic navigation modes (HH1-HH3), and seasonal residence (R), described in the text 884 

are indicated via arrows. All other satellite tagging data is shown as small light blue circles in 885 

(A). 886 

 887 

Extended Data Figure 1.  Magnetic declination data distributions, determined by kernel density 888 

estimation, for satellite-tagged humpback whales (solid) and historically whaled humpback 889 

whales (striped) in the Atlantic, Pacific and Indian Ocean basins (see legends for colour coding). 890 

Sample sizes indicated in the legend correspond with the total number of once-daily platform 891 
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transmitting terminal whale locations (i.e., “Satellite”), and historic whaleship ‘sight or strike’ 892 

locations (i.e., “Whaling”), in each ocean basin. 893 

 894 

Extended Data Figure 2.  Magnetic declination data distributions, determined by kernel density 895 

estimation, for satellite-tagged humpback whales with major and minor modal locations, 896 

reported in Table 1, indicated (e.g., 1M = First Major Mode; 1m = First Minor Mode; 2m = 897 

Second Minor Mode; 3m = Third Minor Mode). Sample sizes indicated in the legend correspond 898 

with the total number of once-daily platform transmitting terminal whale locations. 899 

 900 

Extended Data Figure 3.  Magnetic declination data distributions, determined by kernel density 901 

estimation, for baleen whales reported in digitised whaling-ship logbooks with major and minor 902 

modal locations, reported in Table 1, indicated (e.g., 1M = First Major Mode; 1m = First Minor 903 

Mode; 2m = Second Minor Mode; 3m = Third Minor Mode). Sample sizes indicated in the 904 

legend correspond with the total number of “sight and strike” locations included in the current 905 

study. 906 

 907 

Extended Data Figure 4.  Bivariate plots of sunset azimuth anti-clockwise plus magnetic 908 

declination (i.e., SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) 909 

for 17 individual baleen whales tracked via satellite-monitored platform transmitting terminal. 910 

Gray whales, recolonizing Hawai’i (A), fin whales recolonizing Elephant Island (B) and a vagrant 911 

gray whale sighted in the Atlantic Ocean (C), are shown as yellow stars. 912 

 913 



 

45 
 

Extended Data Figures 1-4 914 
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 926 

Extended Data Figure 1.  Magnetic declination data distributions, determined by kernel density 927 

estimation, for satellite-tagged humpback whales (solid) and historically whaled humpback 928 

whales (striped) in the Atlantic, Pacific and Indian Ocean basins (see legends for colour coding). 929 

Sample sizes indicated in the legend correspond with the total number of once-daily platform 930 

transmitting terminal whale locations (i.e., “Satellite”), and historic whaleship ‘sight or strike’ 931 

locations (i.e., “Whaling”), in each ocean basin. 932 
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 935 

Extended Data Figure 2.  Magnetic declination data distributions, determined by kernel density 936 

estimation, for satellite-tagged humpback whales with major and minor modal locations, 937 

reported in Table 1, indicated (e.g., 1M = First Major Mode; 1m = First Minor Mode; 2m = 938 

Second Minor Mode; 3m = Third Minor Mode). Sample sizes indicated in the legend correspond 939 

with the total number of once-daily platform transmitting terminal whale locations. 940 
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 941 

Extended Data Figure 3.  Magnetic declination data distributions, determined by kernel density 942 

estimation, for baleen whales reported in digitised whaling-ship logbooks with major and minor 943 

modal locations, reported in Table 1, indicated (e.g., 1M = First Major Mode; 1m = First Minor 944 

Mode; 2m = Second Minor Mode; 3m = Third Minor Mode). Sample sizes indicated in the 945 

legend correspond with the total number of “sight and strike” locations included in the current 946 

study. 947 
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 949 

 950 

Extended Data Figure 4.  Bivariate plots of sunset azimuth anti-clockwise plus magnetic 951 

declination (i.e., SSAacw+MD) versus sunrise azimuth minus magnetic declination (i.e., SRA-MD) 952 

for 17 individual baleen whales tracked via satellite-monitored platform transmitting terminal. 953 

Gray whales, recolonizing Hawai’i (A), fin whales recolonizing Elephant Island (B) and a vagrant 954 

gray whale sighted in the Atlantic Ocean (C), are shown as yellow stars. 955 

 956 
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