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Migratory behaviour of humpback
whales in the southeastern Pacific
under climate change

Virginie Millien®?, Nicole Stafiej', Fernando Félix®%3 & Hector M. Guzman®***

Humpback whales, a species of baleen whale occurring in all oceans globally, undergo seasonal
migration between their breeding grounds in tropical warm waters and high latitude feeding grounds.
Using multiple years of satellite tracking data, we modeled the effect of oceanic conditions on the
movement behaviour of 42 humpback whales belonging to the Southeastern Pacific population (also
known as Breeding Stock G) during their migration from breeding grounds in Costa Rica, Panama

and Ecuador to feeding grounds in waters around the Antarctic Peninsula. We report evidence that
during their migration, humpback whales engage in a movement behaviour frequently associated
with feeding, and that this behaviour was more likely to occur in relatively more productive waters.
We show that whales partly rely on cues they perceive in theirimmediate environment to initiate their
southward migration, but also on their memory of oceanic conditions on their feeding grounds, timing
their arrival with the complete melting of sea ice which triggers a bloom of krill in the Antarctic Ocean.
Overall, our findings suggest that humpback whales integrate information they gather from their
immediate environment to predict the oceanic conditions at distant locations and adjust the timing

of their migration, maximizing their interaction with their preys. However, it is unclear if humpback
whales will fully succeed in tracking their preys in a rapidly changing climate and ensure the long-term
persistence of the species.

Keywords Humpback whales, Southward migration, Southeastern Pacific, Movement behaviour, Climate
change

Seasonal migration has evolved independently among diverse animal groups as an adaptation for individuals
to reduce predation or competition pressures, facilitate mate finding, or to fully take advantage of inter-annual
seasonal peaks in food abundance!. Resource tracking, the process by which individuals adapt to phenological
variation in fleeting resources across space, has been documented in a wide range of species. Most notable
illustrations of resource tracking are observed in terrestrial mammals such as ungulates tracking changes in
plant phenology, and marine mammals such as seals or whales tracking prey aggregation®.

Under climate warming, seasonal cycles are rapidly shifting in both space and time?, and changes in behaviour
provide a mechanism for individuals to remain in phase with resource peaks. The efficacy of such response relies
on the ability of an individual to detect changes in environmental cues determining its migratory behaviour.
The decision for an individual to initiate migration may be guided by the environmental conditions experienced
within its perceptual range, by its memory of long-term trends in resource availability at distant locations along
the migratory route or at the destination site, or by some combination. Individuals undergoing long distance
migration often display high site fidelity and a strong association with migration routes across years, suggesting
that memory plays a significant role in determining their migration phenology and route (sensu®). With rapid
global change, a high reliance on the memory of long-term climatic conditions in migratory species may result
in a mismatch between the phenology of the migration and the seasonal resource peak®.

Unless they adapt to climate change and associated changes in resource availability, species of baleen whales
in the Southern Ocean are predicted to decline, bringing some to the brink of extinction by 21007. One such
species is the humpback whale (Megaptera novaeangliae), a species of baleen whale found in all oceans globally,
ranging from tropical to temperate waters in the Northern Hemisphere, and from tropical to waters near the ice
edge in the Southern Hemisphere. The Breeding Stock G (hereafter BSG), also known as the Southeastern Pacific
population, breeds in the neotropical waters of the Southeastern Pacific in Costa Rica, Panama, Colombia,
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Ecuador, and northern Peru (4 °S to 12 °N)3. Individuals from this subpopulation migrate to feeding grounds
located mostly along the west side of the Antarctic Peninsula and to a lesser extent in southern Chile~!!, where
they spend the austral summer before returning to their breeding grounds. Humpback whales undergo one of
the longest seasonal migrations of any mammal, with the longest recorded distance of 10,005 km between a
breeding area in waters surrounding Nicaragua and a feeding area in the Antarctic, executed by a whale sighted
in both locations in September and December 2017'2 In feeding grounds, humpback whales build fat reserves
to sustain energy for their long journey to their breeding grounds, during which they typically abstain from
feeding'®. There is evidence however that some humpback whale individuals engage in opportunistic feeding
during their migration'4-22, but little is known about the frequency of such behaviour and its impact on the
overall energetic budget.

It is also unclear what determines the decision of the whales to initiate their seasonal migration. In their
review, Meynecke et al.?> concluded that there is little known about the cues triggering seasonal departure from
the breeding and feeding grounds in this species. Using 31 years of sighting records of data, Avila et al.2%, reported
that a subpopulation of humpback whales from the BSG breeding in Colombia have shifted their arrival time
to an earlier date by 1 month, although no environmental factor was clearly identified as a driver of this change
in migration phenology. Ocean productivity combined with sea-surface temperature have been shown to be a
key driver of the seasonal migration timing in a North Pacific populations of the blue whale and grey whale>?¢,
Previous studies have also linked arrival or departure times with oceanic conditions such as El Nino and
upwelling indices in a humpback whale population of the Northeast Pacific?”-?%. However, while the movement
behaviour and habitat utilization in its breeding and feeding grounds have been extensively studied®!%>-31, the
southward migratory movement behaviour and phenology of the BSG population of humpback whales from the
Southern Pacific is not well known (but see Felix & Guzman??).

Here, using satellite tag data, we modeled the migratory behaviour in BSG whales from three sites within the
breeding areas, off the coast of Costa Rica, Panama, and Ecuador. The data spans a total of eight years, from 2009
to 2016, documenting the southward migration of the whales between September and December. We tested the
hypothesis that humpback whales from the BSG population display distinct swimming behaviour depending on
the route they use during their southward migration. We further evaluated whether whales using a coastal route
engage in opportunistic feeding along their migration route, by displaying an Area Restricted Search (ARS)
movement behaviour more frequently in relatively more productive waters along the South American continent
coastline. We then tested the hypothesis that humpback whales rely on environmental cues they perceive in their
immediate environment in their breeding ground to predict the oceanic conditions in their feeding ground and
adjust the date of onset of their southward migration.

Results

Migratory pathways

An initial 4,763 locations for 47 whale individuals were transmitted by the satellite tags. After filtering the data
and interpolating tracks (see Material and methods “Data processing” for details), the final dataset consisted
in 6,098 locations from 42 whales (Fig. 1A, Supplementary Data S1), with an average number of locations per
individual of 145 (Table S1). Only adult individuals were fitted with a satellite tag; 27 individuals out of the 42
whales tagged were females with a calf (Table S1), and the remaining 15 single individuals not accompanied by a
calf were of unknown sex. The number of individuals tracked each year ranged from 4 to 15. On average, whales
transmitted for 18 days (Table 1) over a cumulated distance of 1,070 km (104 to 5,536 km). Swimming speed
ranged from 10.82 to 135.23 km per day. The total distance covered during tag deployment estimated from the
latitudinal range varied from 12 km up to 4,445 km.

The initiation of migration was characterized by a change in swimming behaviour from ARS to transition
movement behaviour observed below a threshold latitude south of the breeding ground. Out of the 42 whales,
16 whales (9 females with a calf and 7 adults of unknown sex) did not initiate their southward migration during
the study (Table 1, Table S1, Figure S1). These whales were still transmitting from locations in their breeding
grounds after some individuals had initiated their migration (e.g. individual tagged in Costa Rica in 2015 with
tag ID 149462 still located in Golfo Dulce on September 26th, when its tag stopped transmitting; Fig. 1C, Figure
S1). The remaining 26 tagged individuals (including 18 females with a calf) were transmitting while they were
migrating. Two whales tagged in Ecuador in 2013 (IDs 131590 and 131591) only started transmitting well
south of the tagging location, after they had initiated their migration. Of the 24 whale individuals that initiated
migration during the study, six were tagged in Panama, 3 in Costa Rica, and 15 in Ecuador (Table 1; Fig. 1, B,
C and D). In Panama and Costa Rica, the southward migration started at a latitude of 8.30°N to 8.42°N, and in
Ecuador at a latitude between 2.09°S and 2.12°S (Fig. 2A). The date at which whales switched from an ARS to
a transition movement behaviour was used as the date of the onset of migration. The migration was initiated
between August 23rd and October 7th each year. The whales initiated migration later in the most recent years
(F=43.15, p<0.0001, Fig. 2B) and when breeding at a higher latitude in Ecuador (F=4.93, p <0.019), but there
was no difference in departure date between females and adults of unknown sex (t=1.17, p=0.28).

The whales that initiated migration swam further from the shore and faster than non-migrating individuals
(Table 2). Migrating whales swam at a distance ranging from 7 up to 667 km off the coastline (Table S1), although
most remained close to the coast (average distance of 66 km, Table 2). Female-calf pairs swam closer to the shore
than adult whales of unknown sex (t=15.06, p <0.0001). Migrating individuals swam up to 135 km per day and
traveled at a speed of 68 km/day on average (Table 2). The whales tagged in Panama all stopped transmitting
once they reached a latitude of 5°S, and they used two distinct migration routes (Fig. 1D). Two whales (tag
IDs 87740 and 138202) initially swam west towards Costa Rica, before changing direction and heading south
towards Ecuador. The other four whales tagged in Panama initiated migration towards the east and remained
close to the shore through the Gulf of Panama. The three whales that migrated from their breeding grounds in
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Fig. 1. (A) Study area and interpolated tracks of 42 humpback whales. The whales were tagged from 2009 to
2016 in three different areas (Tag_Countr): 2013 and 2016 in Ecuador (B), 2015 in Costa Rica (C), and 2009
in Panama (D). The number of whales tagged were 22 in Ecuador, 4 in Costa Rica and 16 in Panama. The star
symbol in panels A, B and C indicate the location of the tagging. Base maps were created in R*, using the sf*

and rnaturalearth” packages.

tag_duration
n_whales (days)

Tag_Countr Year total | migrating | mean | range
Panama 2009 13 4 22.0 17.3-24.6
Panama 2014 3 2 10.1 1.6-23.8
Ecuador 2013 15 8 12,5 2.0-26.3
Ecuador 2016 7 7 29.5 12.1-56.8
Costa Rica 2015 4 3 41.3 11.5-68.6
All Tagging Countries | All years | 42 24 18.0 1.6-68.6

Table 1. Number of BSG whales tagged per breeding ground location and year, number of whales that
initiated their southward migration during the study, and duration of transmission.

Costa Rica all used an identical route, initially in a south-east direction until they reached the shore in Colombia
(Fig. 1C). A single whale tagged in Costa Rica (tag ID 149455) was detected at locations up to 15°S before
it stopped transmission. All the whales that transmitted south of 15°S were tagged in Ecuador. These whales
tended to travel in open waters along a nearly south azimuth once they crossed the 15°S latitude (Fig. 1B), even
if they initially used distinct routes. A first group swam away from the Ecuadorian coastline, heading in a west-
southwest direction for approximately 200 km before changing course to continue southward in the offshore
migration corridor. The other group stayed closer to the shore until they reached 15°S latitude off the coast of
Peru, when they changed direction and continued southward, away from the shore.

Movement behaviour

The stationary state-space model fit to the whole data set had a transition probability of 0.95 between the Area
Restricted Search (hereafter ARS) behaviour and transiting states. The average step length was 0.11 (SD =0.05)
and 0.03 (SD=0.02) km in the transiting and ARS behaviours, respectively (Figure S2). A total of 2,986 (49%)
locations were assigned to an ARS movement behaviour, and 3,112 (51%) were assigned to a transiting movement
behaviour. Besides in the breeding grounds prior to migrating, whales exhibited an ARS movement behaviour at
locations all along the coastline of Colombia, Ecuador, and Peru, down to a latitude of 15°S (Fig. 3). The whales
tended to exhibit more often an ARS movement behavior when closer to the coastline (t = -27.04, p <0.0001),
but in the most southern areas where whales displayed an ARS movement behaviour while migrating, they were
located approximately 150 km away from the Peruvian coast (Fig. 3). Further south, none of the whales exhibited
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Fig. 2. (A) Latitude of locations as a function of the date of transmission for each whale in Panama (2009
and 2014), Costa Rica (2015), and Ecuador (2013 and 2016). The dotted line represents a latitudinal threshold
at which a break in the slope occurs, marking the onset of the southward migration. This threshold is 8 °N

in Panama and Costa Rica, and 2.5 °S in Ecuador. (B) Departure date of 24 migrating whales tagged in their
breeding grounds in Costa Rica (2015), Panama (2009 and 2014), and Ecuador (2013 and 2016).

Distance (km) | 65.99 | (1-667) 11.19 | (1-66) 32.99 | <0.0001
Speed (km/day) | 67.99 | (36.97-135.23) | 33.04 | (10.82-79.66) | 69.98 | <0.0001

Table 2. Movement characteristics in BSG whales that initiated migration during the study (migrating, n=24)
and whales that did not initiate migration (Non-Migrating, #=18). Distance: distance to the shoreline (km),
speed: speed (km/day). Difference between groups were assessed with a t.test.

Scientific Reports |

(2025) 15:3989 | https://doi.org/10.1038/s41598-025-87489-4 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

159N - — 15°N
A &\JM B
S ( L
9 ‘:J o
10°N - Costa RK@} T e /;; //j @ 10°N
Panama, 3 )
S \« S
)
5°N 4 \ 5N+ )
Pacific > Colombia Pacific i ® Colombia Pacific
Ocean Ocean A Ocean
AN A
] = 1 N
0°4 ~ | 004 ¢ . 0
[ 4 T [ /4 ) ©
= Ecuador \ ! | Ecuador/ ]
S ) = ) ) — F
c | ( / c [ c
3 ¢ § 3 /) A8
5°5 4 N e 505 4 \ N\ ra 505
| /
\ B <
b\ \
R Y \ N
Peru - Perux
10°8 — 10°8 N N 10°8 \
% 4 ) \
\ ‘\\
L 3\
\ i
% i )
\ X |
15°8 pnme = 1S s e - 1SS ,,,,\\
N - !
< | ~ | \
transiting N~ transiting ! s transiting ! =
® ARS behaviour \ ® ARS behaviour \ ® ARS behaviour I \
20°S 4 ! } 4 ) 20°S 4 ! } ; ) 20°S ) } i )
90°W 85°W 80°W 75°W 70°W 90°W 85°W 80°W 75°W 70°W 90°W 85°W 80°W 75°W 70°0
Latitude Latitude Latitude

Fig. 3. Interpolated tracks of 42 studied humpback whales tagged in Costa Rica (A, n=4), Panama (B, n=16),
and Ecuador (C, n=22) classified into two states of movement behaviour: transiting (in grey) and Area
Restricted Search (ARS) behaviour (in red). Base maps were created in R, using the sf** and rnaturalearth”
packages.

an ARS movement behaviour, while swimming further away from the coast. One female individual tagged in
Panama (tag ID 138203) migrated close to the coastline (less than 50 km) and exhibited an ARS movement
behaviour along the coast of Colombia around 4°N, as well as off the coast of Ecuador, at about 0°N (Fig. 3B).
A female tagged in Costa Rica (tag ID 149459) also exhibited an ARS movement behaviour at locations off the
coast of Colombia at a latitude of 4°N, and another individual of unknown sex (tag ID 149455) exhibited an ARS
movement behaviour close to the coast of Peru (approximately 50 km) at a latitude of 7 °S (Fig. 3A). Similarly,
individuals tagged in Ecuador exhibited an ARS movement behaviour off the coast of Peru between 4°S and 5°S,
and further south between 6.5°S and 7.5°S (Fig. 3C).

Oceanic conditions

The oceanic conditions in the breeding grounds from June to September of the year when whales were tagged
varied significantly across years. Oceanic Nifio Index (ONI) ranged from —0.26 to +1.31. Years 2009 and 2015
were categorized as El Nifio years with an ONI value > + 0.5, while the remaining three years were normal (Figure
S3A). A higher sea-surface temperature (SST) in the northern breeding grounds of Panama and Costa Rica was
associated with a lower productivity or lower mean chlorophyll-a level (Figure S3B) as well as with a lower
ONI (t=9.37, p<0.0001). Sea surface temperature decreased through the breeding season but was significantly
lower and more variable in Ecuador than in Panama and Costa Rica (Figure S3B, Figure S3C). The input of cold
waters off the coast of Ecuador lasted for a longer time in 2016 than in 2013, well into the breeding season of the
whales, but the lowest average temperature during the upwelling regime was higher in 2016 (Figure S3C). The
concentration in chlorophyll-a was generally lower in Panama and Costa Rica than in Ecuador (Figure S3B).
Across all years, peaks of high concentration in chlorophyll-a occurred and were especially high in Panama in
2009 and in Ecuador in 2013 (Figure S3D), but occurred at different times (on July 8th 2009 in Panama, and June
6th 2013 in Ecuador). Overall, the maximum level of chlorophyll-a recorded in the breeding grounds during the
breeding season decreased from 2009 to 2016, but the mean value did not change (Figure S3B).

During their migration, the whales experienced variation in chlorophyll-a concentration, with a peak
in very high concentration at around 7.5°S latitude (Figure S4B). Smaller peaks also occurred at latitudes of
approximately 5°N, 2.5°N and 14°S. The chlorophyll-a concentration dropped down to values close to zero at
southern latitudes, below 15°S (Figure S4B). Sea surface temperature followed the expected pattern of decreasing
values with increasing latitude, but with a sharp transition from warm to cold waters around 15°S, off the
southern coast of Peru (Figure S4C).

One notable change in oceanic conditions in the feeding grounds has been a shift towards a delayed
melting of the sea ice and a shorter duration of the melting, from 134 days in 2009 down to 60 days in 2016
(Figure S5A). More significantly, the first day of full melting of the sea ice (the earliest date at which sea ice
concentration reached 0%) occurred later each year, from November 16th in 2008 to January 30th in 2016.
The sea ice concentration seasonal average increased from 1.4% in 2009 to 16.5% in 2016, and the extent of
sea ice (maximum sea ice concentration) also increased from 7.4% up to 57.1% (Figure S5A). The sea-surface
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temperature in the feeding grounds consistently reached its maximum each year by late February. However, the
seasonal average of sea-surface temperature decreased over time, from 1.28 °C in 2009 down to 0.67 °C in 2016,
(Figure S5B). The decrease in sea surface temperature was especially characterized by the seasonal maximums
recorded, with a maximum of 2.77 °C in 2013, down to 1.58 °C in 2016.

Oceanic conditions and onset of migration

We modelled the effect of oceanic conditions in the breeding grounds on the date of the onset of the southward
migration. The model with the departure date as a response variable revealed a significant effect of the second
(Dim. 2, F=56.702, p <0.0001) and third (Dim. 3, F=5.449, p <0.0307) axes of the PCA run on the environmental
variables (Table 3). Humpback whales initiated their southward migration earlier when levels of chlorophyll-a
in the breeding grounds were lower (with higher Dim. 2, Fig. 4A, Figure S7A). Humpback whales also initiated
their southward migration at an earlier date when the peak in sea surface temperature occurred earlier, in
warmer waters, and in El- Nifo years (higher Dim. 3, Fig. 4A, Figure S7B).

We then fit a model with the departure date as a response variable and the oceanic conditions (chlorophyll-a
level and sea surface temperature) extracted at each location and time along the migration route of the 24 whales
that initiated their migration during the study. The model revealed a significant effect of both Dim, 1 (F=53.96
p<0.0001) and Dim. 2 (F=17.20, p<0.0005) on the departure date of the whales (Table 3). Similarly to what
was suggested with the breeding ground model, humpback whales left their breeding grounds at an earlier date
when the waters they encountered during their migration route were less productive (lower Dim. 1) and warmer
(lower Dim. 1 and higher Dim. 2, Fig. 4B, Figure S7C).

Finally, we modelled the effect of the oceanic conditions in the feeding ground of the Antarctic Peninsula
waters on the date of the onset of the southward migration. The model revealed a significant effect of both Dim.
1 (F=38.34, p<0.0001) and Dim. 2 (F=14.13, p<0.0002) on the date of the onset of the southward migration
(Table 3). Humpback whales initiated their migration later when sea ice concentration in the Southern Ocean
was larger (higher Dim. 1) and when sea surface temperature was lower (lower Dim. 2) in the preceding feeding
season (Fig. 4C, Figure S7D). Humpback whales also left their breeding grounds at a later date when the melting
of sea ice in the Antarctic Ocean was delayed.

Oceanic conditions and movement behaviour during migration

We modelled the effect of oceanic conditions (sea surface temperature and chlorophyll-a level with and without
a 30-day time lag) at each location and time along the track of each whale on their movement behaviour. The
models explained between 26% and 27.5% of the deviance, and the model with the level of chlorophyll-a
concentration as a covariate had the best fit with an AIC of 521.1 (Table 4). Humpback whales were more likely
to be in a transiting state at southern location in colder (Fig. 5A), and in less productive waters (Fig. 5B and C).

[edf [Refdf[F  [p-value
Breeding Grounds Cue Model
s(Dim. 1) 1.000 | 1.000 |2.053 |0.1681
s(Dim. 2) 1.000 | 1.000 | 56.702 | 4.07e-07
s(Dim. 3) 1.000 | 1.000 | 5.449 | 0.0307
Deviance explained =79.3%; R-sq. (adj.) =0.750; AIC=189.763
Migration Route Model
s(Dim. 1) 1.000 | 1.000 | 53.958 | 3.21e-07
s(Dim. 2) 1.000 | 1.000 | 17.201 | 0.0005
Deviance explained =77.2%; R-sq. (adj.) =0.750; AIC=188.097
Feeding Ground Cue Model
s(Dim. 1) 1.000 | 1.001 | 38.344 | 4.24¢-06
s(Dim. 2) 1.536 | 1.785 | 14.125 | 0.0002
Deviance explained =78.0%; R-sq. (adj.) =0.753; AIC=188.784

Table 3. The effect of environmental cues on departure date in 24 humpback whales that initiated their
southward migration during the study. Three distinct PCA were run for each dataset, and the PCA axes (Dim.
1, Dim.2 and Dim. 3) were used to characterize the oceanic conditions in the breeding grounds prior to their
southward migration, along the migration route, and in the feeding ground of the Antarctic Ocean. Three
General Additive models (GAM:s) were fit with a gaussian family and departure day (Julian day) as a response
variable. The first three, two and two axes were entered as covariates in the breeding grounds, migration route,
and feeding grounds models, respectively. The tagging area was included in the breeding ground model as a
parametric factor with two levels (North for Panama and Costa Rica, and South for Ecuador) to account for
the differences in oceanic conditions between the two areas. Edf: effective degree of freedom, Ref.edf: reference
degrees of freedom.
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Fig. 4. The effect of the oceanic conditions on the departure date of 24 migrating humpback whales estimated
by fitting three GAMs to the data. Model summaries are presented in Table 2. To facilitate visualization,

the curves were colored by the environmental variable which correlated the most with each PCA axis, and

the x-axis was reversed when this correlation was negative. (A) Whales initiated their migration at a later

date when waters in their breeding grounds were less productive (Dim. 1) and when the peak in sea surface
temperature occurred at a later date (Dim. 2). (B) Whales also left their breeding grounds at a later date when
they encountered more productive (Dim. 1) and colder (Dim. 2) conditions during their migration. (C) The
onset of the southward migration was delayed when sea ice concentration in the feeding ground in the year
prior to the migration was higher (Dim. 1), melting was delayed (Dim. 2), and sea surface temperature was
lower (Dim. 2).

Discussion

We described the migratory behaviour of the southward yearly migration of BSG humpback whales over multiple
years, and how it relates to inter-annual changes in oceanic conditions. Migrating whales demonstrated a high
fidelity to previously described migration routes for this population®, with routes differing in their distance
from the shore. Females with a calf tended to travel closer to the shore, preferring longer coastal routes, while
adults travelling alone preferred the shorter oceanic routes, supporting the hypothesis that humpback whales
migrate through coastal or oceanic routes depending on the individual and their reproductive status®*2. Nursing
females may travel close to the shore to reduce predation risk on their calf from killer whales (Orcinus orca) that
tend to forage in deeper waters offshore®>. Because female humpback whales maintain constant communication
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| edf | Ref.df | Chi-square | p-value
Sea surface temperature model
2436 [20.00 [5297 [ <2e-16
Deviance explained =26.0%; R-sq. (adj.) =0.29; AIC=3892.96

s(sst, latitude)

Chlorophyll-a model
s(chloro-a, latitude) 25.44 |29 521.1 <2e-16
Deviance explained =27.5%; R-sq. (adj.) =0.31; AIC=3323.47

Chlorophyll-a (30-day time lag) model
s(chloro-a (lag), latitude) | 24.89 ‘ 29 532.1 <2e-16
Deviance explained =26.3%; R-sq. (adj.) =0.29; AIC=3519.72

Table 4. The effect of oceanic conditions on the movement behaviour of 24 humpback whales during their
southward migration. Three General Additive models (GAMs) were fit with a binomial family and behavioural
state (ARS versus transiting) as a response variable. Each covariate was modeled in interaction with latitude to
account for the spatial structure in environmental variation. Edf: effective degree of freedom, Ref.edf: reference
degrees of freedom.
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Fig. 5. The effect of the oceanic conditions on the movement behaviour of 24 migrating humpback whales
during their southward migration. (A) Latitudinal variation in sea surface temperature extracted along the
tracks of migrating whales, (B) Latitudinal variation in chlorophyll-a level extracted along the tracks of
migrating whales, (C) Latitudinal variation in chlorophll-a level with a 30-day time lag extracted along the
tracks of migrating whales. Partial effects indicate the effect of the covariate on the probability of a whale to
be in an ARS (negative, colored in blue) or transiting (positive, colored in red) movement behavioural state.
Whales were most likely to be in a transiting behavioural state at southern locations, in colder waters (A), and
in less productive waters with lower levels in chlorophyll-a (B and C).

by calling their calf during migration, noise pollution close to the shoreline may also provide further protection
to the mother-calf pair from nearby predators or from male escorts of humpback whales, by reducing their
opportunity to detect the calls of the pair®*. Whales travelling closer to the shore were also swimming at
slower speeds, which has been associated with feeding behavior!?. We also found that during their southward
migration, female whales engaged more frequently in an ARS behavior than adults of unknown sex. Female
whales travelling with a calf may engage in opportunistic feeding during their migration, because of their higher
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energetic requirement while still nursing'>32, or to seek opportunities for their calf to rest during their first
migration. Here, we found evidence for the first time of BSG humpback whales exhibiting an ARS swimming
behaviour associated with waters with high productivity at several locations along the west coast of the South
American continent in Colombia, Ecuador, and Peru, down to 15°S latitude. We identified two such areas off
the coast of Peru that coincided with high levels of chlorophyll-a. Our results suggest that humpback whales,
especially those swimming closer to the coastline, time their migration to coincide with strong seasonal wind-
driven upwellings resulting in high productivity areas in two specific locations along the coast of Peru. Because
waters with high levels of chlorophyll-a concentration are likely to host a larger amount of prey, these findings
point to the possible occurrence of opportunistic feeding during migration and may help identify priority areas
for habitat conservation (e.g>).

BSG whales frequent waters that are affected by El Nifio Southern Oscillation (ENSO) conditions. In the
Southern Pacific, El Nifo is associated with a decrease in meridional trade winds and a westward displacement
of the Pacific Subtropical Anticyclone that is tied to major oceanic current circulation in the region®, resulting
in unusually high sea surface temperature anomalies and a reduction of upwellings in El Nifio years. While Felix
and Haase found no effect of El Nifio on group size, structure or distribution of humpback whales breeding
off the coast of Ecuador when comparing sightings in 1996, a normal year, with those in 1997, a strong El Nifio
year, a one-year lag response was found in this population with a significant reduction in birth rate*. Major
oceanographic events such as El Nifio may further impact the migratory behaviour of humpback whales, by
delaying their southward migration in El Nifo years, or as illustrated by a recently described unusual migration
of a humpback whale between two oceanic basins®.

We found a significant variability in the phenology of the southward migration of the BSG humpback whales,
contrary to previous studies?. The timing of the onset of migration varied across individuals, being spread over
several weeks across individuals that spend the winter in the same breeding ground. It has been found that in
humpback whales spending the winter in warm tropical waters, female-calf pairs tended to leave their breeding
ground later than male individuals, or females that did not birth in that year!#?>. The peak of birthing in the
region occurs in August®, but some whales can extend their stay in their breeding ground until December?.
Females that would have given birth at a later time would need to shift their departure date for the calf to be
ready to achieve its first migration towards the feeding ground in Antarctica (e.g?). Here however, we did not
find any evidence for such stratification of departure date.

Our results suggest that BSG whales may integrate environmental cues with other ecological or social
components, and associate environmental conditions in the breeding grounds with those of the upcoming
feeding season in the Southern Ocean to determine the date to initiate their migration. It appears that whales
rely on environmental cues in their immediate surroundings, such as productivity and sea-surface temperature
in their breeding grounds to make this decision. Moreover, the southern migration onset date of BSG whales
was also correlated with the sea ice concentration in the feeding ground during the feeding season preceding
the southward migration. BSG whales may thus integrate cues from the environmental conditions in the
breeding grounds to predict the phenology of resource availability at their feeding ground in the upcoming
feeding season. During the austral summer, BSG whales feed predominantly on krill (Euphausia superba),
a resource they rely on to accumulate the fat reserves they need to return to their breeding grounds by the
end of the summer of each year®!!. Larval juvenile krill overwinter under the sea ice, where they feed on
phytoplankton that form clumps below the ice. Upon breaking-up of the sea ice in early summer, swarms of
adult krill become available in the ice-free waters for marine mammals that will consume them in large quantity.
The highest productivity levels in the Antarctic Ocean occurs at the onset of the breaking-up of the sea ice??,
which coincides with the arrival of migratory BSG whales to the area. A larger amount of sea ice during the
winter in the Antarctic Ocean will result in delayed melting of the sea ice and later bloom in krill, creating a
shift in the timing of maximum resources to which the whales are adapting by initiating their migration at a
later date. BSG whales may thus also use environmental cues, likely based on previous experience, to determine
the timing of their southern migration. It remains unclear if the cues come primarily from the breeding or
from the feeding ground, or if both are complementary. Considering that accumulating sufficient energy for
migration is crucial to reproductive success, it is likely that Antarctic conditions primarily dictate the onset of
the northbound migration toward breeding areas. Conversely, once at the breeding grounds, whales may adjust
the timing of their southbound migration based on environmental cues, optimizing their arrival at the feeding
grounds. In line with these results, there is evidence for the reliance on long-term memory of oceanic conditions
in the blue whale (Balaenoptera musculus) during its northward migration in the northern Pacific’, in humpback
whales (Megaptera novaeangliae) migrating off Brazil in the Southwest Atlantic Ocean®3, in north-eastern pacific
grey whales (Eschrichtius robustus) summer migration®®, and in the narwhal (Monodon monoceros) which has
delayed its autumn migration to the arctic over the past two decades**.

The global rise in sea-surface temperature and changes in other oceanic characteristics associated with
climate change will have significant impacts on marine ecosystems**. Climate warming may impact baleen whale
distribution and their migration patterns, leading to spatio-temporal mismatches in interactions with preys*¢-45,
In their breeding grounds of the tropical waters, the temperature is predicted to raise outside the suitable range of
21-28 °C by the end of the century for 35% of humpback whales globally*’, especially in El Nifio years?’. Whales
breeding off the coast of Ecuador experience colder waters, especially in years with strong upwellings in this
area®®!. However, with the warming of ocean waters, the upwelling regime and frequency are predicted to get
weaker globally, thereby lowering productivity levels in the breeding grounds of these whales, as well as lessening
opportunities for the whales breeding further north in Panama and Costa-Rica to encounter waters with high
productivity along their migration route. The upwelling regime in the Southern Pacific is peculiar, in that it is
wind-driven, with strong upwelling events triggered by changes in direction and intensity of the northeast Trade
wind, as well as the seasonal migration of the Intertropical Convergence Zone. We found that humpback whales

Scientific Reports |

(2025) 15:3989 | https://doi.org/10.1038/s41598-025-87489-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

were exhibiting an ARS movement behaviour in three main regions along the coastline of Ecuador and Peru that
all coincide with known areas of seasonal upwelling and associated high productivity. A change in the timing
or location of these upwelling events may lead to a spatio-temporal mismatch between peaks in productivity
and the whales. Similarly, the ability of migrating humpback whales to synchronize their arrival at their feeding
grounds in Antarctica may be challenged with climate warming. Notably, studies have shown a reduction in krill
availability with the increase in sea-surface temperature and decrease in sea ice duration, negatively impacting
humpback whales in feeding grounds®**2, leading some individuals to swim eastward of their known feeding
area®!, With such decrease in prey availability, humpback whales may need more time in feeding grounds
or feeding during migration to attain their energy requirements. Migrating whales may also shift their diet as
seen in humpback whales individuals feeding in the Magellan strait, southern Chile, that prey on squat lobsters
(Munida gregaria) and Fuegian sprat (Sprattus fuegensis), in addition to krill (Euphausia lucens)>>. A recent
study also showed that humpback whales have shifted their arrival time at their breeding ground in Colombia
earlier over the past three decades?. Because calf development in warm water is related to larger adult size®,
a later arrival at the breeding grounds may in turn contribute to the later onset of the southward migration we
documented here. Together with previously published work, our study suggest that humpback whales may adapt
to climate warming to reduce the spatio-temporal mismatch between their migration and their interaction with
prey, along their migration route and in their feeding grounds.

Conclusion

Our study contributes to the understanding of the migration patterns of the Southeastern Pacific population of
humpback whales, but it is also the first in the region to use satellite tagging data to examine the relationship
between the onset of their southward migration and changing oceanic conditions. Developing our understanding
of humpback whale migration and how it is affected by changing environmental conditions is valuable for
predicting future threats to this species, as well as identifying the most critical areas and/or times for management
and conservation. Here, we found that while humpback whales may engage in opportunistic foraging in areas of
high productivity along their migration route to their feeding grounds, they time their migration to reach their
feeding grounds with the time of the break-up of the sea-ice which triggers a bloom in krill in the Antarctic
Ocean. This hypothesis is further supported by the fact that whales breeding in Ecuador, the most southern
location in our study;, initiated their migration later than whales breeding further north, in Panama and Costa
Rica, resulting in all whales reaching the Antarctic Ocean around the same date. Overall, our findings suggest
that humpback whales integrate information they gather from their immediate environment to predict the
oceanic conditions at distant locations and adjust the timing of their migration, maximizing their interaction
with their preys. However, it is unclear if humpback whales will fully succeed in tracking their prey in a rapidly
changing climate and ensure the long-term persistence of the species.

Methods

Study area

The study area ranged from 9.47°N to 41.87°S latitude in the Southern Pacific (Fig. 1). Humpback whales
were tagged in their breeding grounds at Golfo Dulce in southern Costa Rica (8.02°N, 82.88°W), in Las
Perlas Archipelago in Panama (8.41°N, 79.02°W), and at the northern limit of the Gulf of Guayaquil, Salinas,
in Ecuador (2.12°S, 80.54°W). These areas are all located in warm tropical waters, although both Las Perlas
Archipelago in Panama and the Gulf of Guayaquil in Ecuador are subjected to strong seasonal wind-driven
coastal upwelling®®>’.

Satellite tag data

Collection

Forty-seven humpback whales were tagged with real-time satellite transmitters from Wildlife Computers SPOT5
host version 5.02.1007, model AM-S193C. The tags were deployed using an ARTS pneumatic line-thrower
(Restech Inc., Bode, Norway) held 3 to 5 m from the whales. Only adult whales were tagged, and the transmitters
were attached to the whales on either side of the dorsal fin, approximately 20 cm below and in front of the
dorsal fin. The whales were tagged during five breeding seasons in Panama (2009, 2014), Costa Rica (2015) and
Ecuador (2013, 2016, Table 1), with detailed tagging procedures described in Guzman & Felix’ and Guzman et
al.>®. When accompanied by a calf at the time of tagging, the adult whale was classified as a female. All other adult
whales tagged, whether they were solitary or in a group, were assigned as unknown sex.

Data processing

All satellite data were processed and analyzed in R version 4.2.2%. We used the argosfilter package® to filter out
Z-class locations (10 locations), locations with duplicate time stamps within each individual whale, unrealistic
locations based on speed with a threshold of 10 m/s (36 km/h) (45 locations), as well as short tracks with less
than 10 locations (32 locations for 5 individuals with tag IDs 87731, 129272, 131592, 138206 and 138207). We
then interpolated the tracks to estimate locations every 180 min (3 h) using the move package®'. One whale (tag
ID 131585) transmitted for 7 days, stopped emitting, then started transmitting 57 days later when it had reached
its feeding ground in Antarctica (see®?). As this individual had completed its southward migration, the final 179
locations were excluded from the dataset.

Movement modeling
We modeled the movement behaviour of each whale by fitting a stationary state space model with two behavioural
states using the moveHMM package®. The first state was characterized by smaller step lengths (distance
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covered between two successive locations) and wider range of turning angles (change in movement direction)
demonstrated during Area Restricted Search (ARS) behaviour, while the second state was characterized by larger
step lengths and lower range in turning angle, characteristic of transiting behaviour (Figure S2). We set the
initial parameters of the model by inspecting the distribution of the step length and turning angle values across
the track data. The initial parameters of the model were set at a step length of 0.025 and 0.15 km and a turning
angle of pi and 0 for states 1 and 2, respectively. We then ran the function viterbi in the HMM package® on the
stationary state space model to assign each location to one of the two behavioural states.

Migration phenology

We visually inspected the tracks of each whale to identify individuals that initiated migration by plotting the
latitude of their location as a function of date (Fig. 2A). The transition point from a near-zero to a steeper negative
slope was interpreted as the point of onset of migration. We validated the identification of non-migrating whales
by fitting a linear relationship between latitude and date, and extracting the slope value of this relationship
to identify whales with a zero or positive slope value. We determined the date of the onset of migration for
the remaining individuals, by extracting the earliest date at which an individual whale displayed a transiting
behaviour south of a threshold latitude we determined visually (Fig. 2A). However, in Ecuador in 2013, one
female whale (tag ID 131584) initiated a migratory movement behaviour southward, but eventually returned to
its tagging location in its breeding ground and did not leave its breeding ground during tag deployment.

Environmental data

Collection

We extracted three distinct sets of environmental data and considered oceanic conditions (1) in the breeding
ground during the breeding season up until the departure to the feeding grounds, from June 1st to September
30th, (2) during migration, and (3) in the feeding ground the year preceding the southward migration, between
November Ist of the year preceding the tagging and March 31st of the year of the tagging. We used the same
approach to characterize the oceanic conditions in the breeding and feeding grounds. For each two breeding
grounds and the feeding ground, we built a polygon overlapping the study area and cropped out the land areas
using the functions st_difference and st_intersection in the sf package®!. We then drew 4,000 random locations
within the resulting polygon using the st_sample function in the sf package® (Figure S6). We then assigned each
location to one of 4,000 dates sampled in a regular sequence between June 1st and September 30th of the tagging
year for the locations in the breeding grounds, and between November 1st and March 31st prior to the tagging
for the feeding ground. Environmental data along the migratory routes were extracted for locations and times
following the departure date of the whales that initiated their southward migration.

Extracted variables
We extracted the set of five 3-month sea-surface temperature anomalies of the Oceanic Nifio Index (ONI)
between May and October for each year of tracking data®. We also considered variables related to temperature
(sea-surface temperature), productivity (chlorophyll-a) and sea-ice to characterize the oceanic conditions. We
obtained the ONI data from the Climate Prediction Center of the NOAA National Weather Service®®, while
chlorophyll-a, sea surface temperature, and sea ice data were downloaded from the ERDDAP data server, which
provides open access to oceanographic datasets (Table S2). The chlorophyll-a concentration (mg.m-3), sea-
surface temperature (°C), and sea ice concentration (%) data were downloaded using the rerddap package®®
and extracted using the rerddapXtracto package®’. We calculated seven variables to characterize the oceanic
conditions in the breeding grounds and in the feeding ground (Table S3), while we extracted three variables at
each location along the migration route of each individual whale.

We calculated the daily average in chlorophyll-a for each sampling year in the breeding grounds, and used
the following three variables:

« mean_chloro: the mean chlorophyll-a level observed across the entire breeding season for each sampling year
in the two breeding grounds (2009, 2014 and 2015 in Panama/Costa Rica and 2013 and 2016 in Ecuador),

o mean_chloro_lag: same as mean_chloro, with a 30-day time lag,

o mean_chloro_anomaly: the anomaly in chlorophyll-a level, estimated as the difference between the average
for each year and the historical average (mean daily chlorophyll-a observed across the entire breeding season
between 2009 and 2016 in each breeding ground).

Next, we calculated the daily average in sea-surface temperature for each sampling year in the breeding and
feeding grounds, and used the following four variables:

o mean_SST: the mean sea surface temperature observed across the entire breeding and feeding seasons for
each sampling year in the two breeding grounds (2009, 2014 and 2015 in Panama/Costa Rica and 2013 and
2016 in Ecuador) and each sampling year in the feeding ground,

o mean_SST_anomaly: the anomaly in sea surface temperature, estimated as the difference between the average
for each year and the historical average (mean daily STT observed across the entire breeding season between
2009 and 2016 in each breeding ground and across the feeding season between 2008 and 2016 in the feeding
ground),

o max_SST: the maximum value of daily sea surface temperature observed during the breeding season in each
breeding ground and during the feeding season in the feeding ground for each year,

o day_maxSST: the earliest date at which the mean daily sea surface temperature peaked to a maximum each
year in each breeding ground and in the feeding ground.
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For the feeding ground, we calculated three additional variables related to sea ice concentration in the Antarctic
Ocean:

» mean_sic: the mean value of daily sea ice concentration observed across the feeding season in each sampling
year,

o max_sic: the maximum in daily sea ice concentration observed across the feeding season in each sampling
year,

o day_start_melting: the earliest date at which the daily sea ice concentration reached 0, marking the first day
of complete melting of sea ice.

Finally, we extracted the sea surface temperature and chlorophyll-a level values with and without a 30-day time
lag at each location of the whales during their migration.

Environmental data processing

Because most of these variables were highly correlated (e.g. high levels of chlorophyll-a are associated with
colder waters), we ran a Principal Component Analysis (PCA) on each three sets (breeding grounds, migratory
routes and feeding ground) of environmental variables, using the function prcomp from the stats package in
R%. The variables were scaled for all three PCAs, and we used the package factoextra®® to extract and visualize
the results of the PCA. The first three axes of the PCA run on seven variables from the breeding grounds
explained 98.8% of the variation (Figure S7A). The first axis was negatively correlated with variables of sea
surface temperature (mean, maximum and anomaly) and positively correlated with chlorophyll-a levels (mean
and anomaly). Levels in chlorophyll-a were also negatively correlated with the second axis, and variation along
the third axis was mostly explained by the date of the peak in sea surface temperature. The mean value of sea
surface temperature along the migration route was negatively correlated with the first axis of the second PCA,
which explained 76.6% of the variation, and positively correlated with the second axis (23.2% of the variation,
Figure S7B). Variation along the second axis was positively correlated with levels in chlorophyll-a (both the
mean value and mean value with a 30-day time lag). Finally, the first two axes of the PCA run on the variables in
the feeding ground explained 99.1% of the variation (Figure S7C), the first axis being negatively correlated with
sea surface temperature (mean, maximum and anomaly) and positively correlated with sea ice concentration
(mean and maximum). The date of the peak in sea surface temperature was positively associated with the second
axis, while the earliest day of complete melting (sea ice concentration of 0%) was negatively correlated with the
second axis (Figure S7C).

Environmental conditions and onset of migration

We ran three distinct models (breeding, migrating and feeding) to test for the effects of the oceanic conditions
at the breeding grounds, during migration and at the feeding ground on the date of the onset of the southward
migration of humpback whales off their breeding grounds. For each three model, a Generalized Additive
Model (GAM) was fitted using the mgcv package in R® with a gaussian family, departure date (Julian day)
as the response variable, and axes of the PCA that cumulatively explained more than 98% of the variance as
covariates (first three axes for the breeding ground model, first two axes for the migration model and first
two axes for the feeding model), As sea-surface temperature and chlorophyll-a levels differed across breeding
grounds in Ecuador and breeding grounds in the tropical waters of Panama and Costa Rica, we included in
the breeding model the tagging area as a two factor (North vs. South) covariate. Model formula were as follow
for the breeding ground model: Julian day ~ Tag_area + s(Dim.1) + s(Dim.2) + s(Dim.3), migration model: Julian
day ~s(Dim.1) + s(Dim.2), and feeding ground model: Julian day ~ s(Dim.1) + s(Dim.2).

Environmental conditions and movement behaviour during migration

To test for the effect of oceanic conditions on the movement behaviour of humpback whales during their
southward migration, we fit a GAM model with a binomial family and the movement behavioural state (ARS
versus transiting) as a response variable using the mgcv package in R%. For each 24 whales that initiated their
migration during the study, we used the subset of the data including only locations recorded after their departure
date. We included in the model three covariates: the sea surface temperature and the chlorophyll-a levels with
and without a 30-day time lag, each term in interaction with latitude. Due to high correlations between the
covariates (i.e. colder waters typically are more productive), we fit three distinct models, one for each of the
covariate.

Data availability

All data used for this study are included in this article as Supplementary Information files.
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