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ABSTRACT 

North Atlantic (NA) humpback whales (Megaptera novaeangliae) migrate between high‐latitude 
maternal feeding grounds and low‐latitude breeding/calving grounds, with one distinct breeding 
segment currently considered endangered: Cape Verde Islands/northwest Africa (CVI). This study 
assesses the movement patterns and population spatial structuring of humpback whales across the 
NA Ocean basin for the first time in three decades. Photo‐ID records from collections contributed 
to the North Atlantic Humpback Whale Catalogue, a dataset of 38,319 records of 9,977 individuals 
documented between 1980 and 2015 were analysed. Transition probabilities were estimated 
between all five primary feeding grounds and three breeding/calving areas defined as CVI, Greater 
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Antilles and Lesser Antilles, dividing the West Indies distinct population segment into two, based 
on emerging trends. Breeding‐to‐feeding area transition probabilities were highest from the Greater 
Antilles to western feeding grounds (the Gulf of Maine, Atlantic Canada and West Greenland), from 
the Lesser Antilles to eastern feeding grounds (Norway and Iceland), and from CVI to eastern feeding 
grounds. The difference in migratory patterns of humpback whales using the Greater Antilles and 
Lesser Antilles regions within the West Indies indicates that they are behaviourally distinct and may 
be best managed as separate breeding populations. 

KEYWORDS: HUMPBACK WHALE; PHOTO‐ID; NORTH ATLANTIC; MIGRATION; MOVEMENTS; 
BREEDING GROUNDS; FEEDING GROUNDS 

INTRODUCTION 
Documenting and quantifying the movement of highly migratory species is vital for accurate assessment of the 
species’ population spatial structuring. The seasonal migration that humpback whales undertake between their 
summer feeding grounds in mid to high‐latitudes and their wintering grounds where breeding or calving occurs 
(henceforth referred to as breeding grounds) at lower latitudes in the North Atlantic Ocean has previously been 
documented by photo‐ID studies (Katona & Beard, 1990; Smith et al., 1999; Stevick et al., 2003, 2015, 2018; 
Wenzel et al., 2009, 2020; Kennedy et al., 2014; Kettemer et al., 2022). In the North Atlantic, two breeding 
populations of humpback whales have been recognised: the West Indies and the Cape Verde Islands (CVI), 
northwest Africa. The five primary feeding aggregations in the North Atlantic have previously been defined as 
the Gulf of Maine, including the Bay of Fundy and the Scotian Shelf, Atlantic Canada (Gulf of St. Lawrence and 
along the coasts of Newfoundland and Labrador), West Greenland, Iceland and northern Norway, including the 
Barents Sea (Fig. 1) (Stevick et al., 2003; Kettemer et al., 2022). The CVI population of humpback whales in the 
eastern North Atlantic, currently estimated at fewer than 300 individuals, primarily migrates to the feeding 
grounds off northern Norway and Iceland (Wenzel et al., 2020). It is likely a remnant of a historically larger 
breeding population from CVI and northwest Africa which has not yet recovered from commercial whaling and 
is listed as endangered under the US Endangered Species Act (ESA) (Reeves et al., 2002; Bettridge et al., 2015; 
Cooke, 2018). 

In the western North Atlantic, comparatively higher numbers of humpback whales are annually observed on 
the breeding grounds of the West Indies than in the CVI. Humpback whales congregating in the West Indies are 
currently considered one distinct population segment that is not at risk of extinction under the US ESA (Bettridge 
et al., 2015). Within the West Indies, humpback whales are seasonally documented in the Greater and Lesser 
Antilles, though they may be distributed anywhere along the West Indies island chain and the Bahamas south to 
the Caribbean coast of Venezuela (Swartz et al., 2003; Kennedy & Clapham, 2017). Humpback whales breeding 
in the West Indies have been sighted in all five primary feeding grounds: the Gulf of Maine, Atlantic Canada, 
West Greenland, Iceland and Norway (Stevick et al., 2003).  

Humpback whales congregate in the highest concentrations in the Greater Antilles, off the islands of 
Hispaniola (Haiti and the Dominican Republic) and Puerto Rico, with the highest concentrations documented on 
Silver Bank, Mouchoir/Pañuelo Bank, Navidad Bank and Samana Bay in the Dominican Republic ( Whitehead & 
Moore, 1982; Mattila et al., 1989; Mattila et al., 1994). Early studies suggested that Silver Bank may host up to 
85% of breeding humpback whales from the western North Atlantic (Winn et al., 1975; Balcomb & Nichols, 1978). 
Evaluation of the composition of competitive groups on Silver Bank and in Samana Bay showed spatial and genetic 
mixing of whales from different feeding areas (Mattila et al., 1989; Clapham et al., 1993), which led these early 
studies to assume panmixia in the West Indies (Clapham et al., 1993; Smith et al., 1999). However, some evidence 
suggests that whales from the eastern North Atlantic feeding areas of Iceland and Norway are less likely to winter 
in the Greater Antilles region of the West Indies (Stevick et al., 2003). 

In the Lesser Antilles, intensive 19th Century whaling operations in the region greatly reduced the population 
of humpback whales, and their densities have remained low in the Lesser Antilles since the cessation of 
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commercial whaling operations (Winn et al., 1975; Romero & Hayford, 2000; Reeves et al., 2001; Swartz et al., 
2003; Reeves et al., 2004). Early studies (Winn et al., 1975; Mattila & Clapham, 1989; Swartz et al., 2003; Acevedo 
et al., 2008) documented very few visual and acoustic detections of humpback whales in the Lesser Antilles. An 
increase in sightings and available photo‐ID data since the early 2000s, primarily from whale watching and 
scientific activities around the island of Guadeloupe and areas south, now allows for closer examination of 
humpback whales documented from the Lesser Antilles in this study. On average, humpback whales arrive at 
the Lesser Antilles an estimated six weeks later than the Greater Antilles, demonstrating temporal differences in 
migratory patterns between the two regions (Stevick et al., 2018). A low degree of movement between the 
Greater Antilles and Lesser Antilles has been documented both inter‐ and intra‐seasonally (Stevick et al., 2018; 
MacKay et al., 2019). However, the degree to which this movement occurs is under‐studied. 

Knowledge of the migratory patterns and population spatial structuring of a species that was commercially 
depleted is vital for informed resource management, conservation and protection. Humpback whales were one 
of the first species to be listed as ‘Endangered’ under the US ESA, and ‘Threatened’ under Canada’s Committee 
on the Status of Endangered Wildlife in Canada (COSEWIC), while also placed on the International Union for the 
Conservation of Nature’s (IUCN) Red List, due to a long history of depletion by commercial whaling operations 
(81 FR 62259; IWC, 2002; COSEWIC, 2003; National Marine Fisheries Service, 2016; Cooke, 2018). With most 
populations experiencing growth since the introduction of a moratorium on commercial whaling in 1985  
and conservation actions through various national management processes, the IUCN currently considers the 
species to be of ‘Least Concern’ on a global level, with some endangered populations (IWC, 2002; COSEWIC, 
2003; National Marine Fisheries Service, 2016; Cooke, 2018). Under the COSEWIC, the entire western North 
Atlantic population was reassessed and delisted in 2003 (COSEWIC, 2003). Under the US ESA, humpback whales 
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Figure 1. Map of the feeding and breeding areas across the North Atlantic Ocean, as defined in the NAHWC. The 
text is over each area’s general location.  



were delisted globally in a listing revision that divided the global species into 14 distinct population segments 
(DPS) based on breeding grounds, leaving two as ‘Endangered’ and two DPSs as ‘Threatened’ (81 FR 62259).  
In the North Atlantic, two DPSs were identified, one in the West Indies which was considered ‘Not at Risk’, and 
a second in the Cape Verde Islands/Northwest Africa population that remains ‘Endangered’ (Bettridge et al., 
2015).  

The dynamics of the long‐distance migration that humpback whales undertake have not been updated across 
the entire North Atlantic Ocean since the Years of the North Atlantic Humpback (YoNAH) project of 1992–93, a 
directed effort to survey all major feeding and breeding grounds and collect both photo‐ID and molecular data 
(Smith et al., 1999). Since then, more data have become available from all areas, including regions of low 
abundance, such as the Cape Verde Islands, and areas with previously low levels of research activity, such as the 
Lesser Antilles. Updating our knowledge of the patterns of long‐distance humpback movements is imperative to 
mitigate the increasing disturbance of human activities.  

Here, a multi‐decadal dataset from the North Atlantic Humpback Whale Catalogue (NAHWC) was analysed 
using a novel application of maximum likelihood methods to estimate humpback whale transition probabilities 
between breeding and feeding grounds in the North Atlantic, to test the panmixia hypothesis in the West Indies 
and compare with the movement patterns from the endangered Cape Verde Islands population. The NAHWC 
includes photo‐ID and corresponding sighting data from across the North Atlantic Ocean basin collected by 
hundreds of researchers and citizen scientists, curated by Allied Whale at the College of the Atlantic. The data 
represent five decades of dedicated research, including the YoNAH and More of the North Atlantic Humpback 
surveys (MONAH; Fulling & Clapham, 2004), and opportunistic platforms, such as whale watching cruises. In this 
study, photo‐ID data from the NAHWC for years 1980 to 2015 were analysed to statistically account for the 
differences in sample sizes and effort in the feeding and breeding grounds to investigate the movement patterns 
of humpback whales across the North Atlantic Ocean basin. 

METHODS 
Photo­ID data processing  
The unique pattern on the ventral surface of humpback whale flukes allows for identification of individuals 
(Katona & Whitehead, 1981). Identification images and associated sightings data were collected throughout the 
North Atlantic Ocean by hundreds of researchers and citizen scientists and submitted to the NAHWC for ocean 
basin‐wide comparison and scientific collaboration. The data analysed in this work include photo‐ID samples 
from the NAHWC collected by the co‐authors and citizen scientists during dedicated surveys and opportunistic 
encounters from 1980 through 2015.  

Photo‐ID comparison methods followed the standards of Katona and Whitehead (1981) for fluke photos with 
technological updates over the four decade history of the NAHWC. Visual comparison methods by two trained 
photo‐ID technicians were used from 1977 to 2017 to find re‐sightings or ‘matches’ and add new whales to the 
Catalogue, maintained in iMatch (version 5.4.18). From 2017 to present, photo‐ID methods have gradually 
evolved to the current standard, involving a dual review system where fluke photos are first compared using the 
automated identification algorithms described in Cheeseman et al. (2022) on a private reference catalogue. Every 
positive match to the NAHWC was confirmed by two trained reviewers to prevent false‐positive errors. If the 
algorithms suggested no match to the Catalogue, the fluke photo was visually compared with the entire NAHWC 
by an experienced photo‐ID technician to prevent false negatives or missed matches. Photos where the 
algorithms performed poorly, such as images of only one half of the flukes and images of carcasses, were visually 
compared with the Catalogue by two reviewers. When an individual was not successfully matched to a previously 
identified individual in the Catalogue after using both automated identification algorithms and visual comparison, 
the whale was assigned a new permanent (North Atlantic – NA) identification number and added to the NAHWC. 
Poor quality photos, where the focus would significantly affect a reviewer’s ability to accurately identify the 
animal, or where less than 20% of the right or left fluke was visible, were not included in the NAHWC database 
and our analyses.  

https://doi.org/10.47536/jcrm.v26i1.951 IWC  |  L.S. Jones et al.: Movement patterns of NA humpback whales  |  4



Sightings data used for these analyses include all fluke photos of non‐calf humpback whales from 1980 through 
2015 for which photographic comparison for the NAHWC was completed as of July 2024. The analyses conducted 
use only one sighting per year, per area, for every individual to calculate sample sizes and number of transitions 
between each area. If an animal was sighted in more than one feeding or breeding area in a given year, both 
sightings were included in the analyses to enable representation of inter‐area transitions between and within 
years. Across all years, the percentage of resightings between a given breeding and feeding area was calculated 
by dividing the number of individuals sighted in both areas by the total number of individuals that were resighted 
on any feeding ground, removing any duplicate numbers of whales that were sighted on two feeding grounds. 
Any inter‐matches between the three breeding areas were counted as a percentage of the total sample from 
the breeding area sample. We analysed a total of 38,319 records/photos of 9,977 individual humpback whales 
from the feeding or breeding areas defined.  

Feeding areas were defined as the Gulf of Maine (including sightings from the Bay of Fundy and the adjacent 
waters of the Scotian Shelf), Atlantic Canada (the Gulf of St. Lawrence and along the coasts of Newfoundland 
and Labrador), West Greenland, Iceland (including fewer than a dozen sightings from East Greenland/Denmark 
Strait and 50 sightings collected during the YoNAH survey near the island of Jan Mayen) and Norway (primarily 
off northern Norway and the Barents Sea, including the Svalbard Archipelago, and extending northwest to Russia 
and Franz Josef Land; Fig. 1). To improve sample sizes, identifications were subsequently grouped into western 
North Atlantic feeding regions (Gulf of Maine, Atlantic Canada and West Greenland) and eastern North Atlantic 
feeding regions (Iceland and Norway). The breeding areas analysed included the Greater Antilles (primarily from 
the banks north of the Dominican Republic, Samana Bay in the Dominican Republic and Puerto Rico), the Lesser 
Antilles and the Cape Verde Islands (CVI). The Greater and Lesser Antilles areas were split at the Anegada Passage 
(Fig. 2), where there are few sightings and photographic samples in this dataset. The Lesser Antilles was defined 
as the area extending from the Anegada Passage to the Venezuelan coast. Sightings from the US and British Virgin 
Islands, though considered part of the Greater Antilles chain, were excluded from all analyses due to a lack of 
new photo‐ID samples in the NAHWC from the Virgin Islands after Mattila and Clapham’s (1989) surveys of the 
region (n = 3 individuals identified in the region from 1990 to 2015). The number of individuals identified in each 
region of the West Indies breeding range, which were combined into closest geographic regions, are presented 
in Table 1, together with the sample from the entire island chain of the CVI.  
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here between the Greater Antilles and Lesser Antilles at the Anegada Passage is highlighted in red. 



Estimating transition probabilities between seasonal habitats 
Photo‐ID datasets where effort varies or sightings are spatially and temporally clumped can be problematic for 
statistical analyses because animals in intensively‐studied areas are more likely to be documented than those in 
less‐studied areas. To address variable sampling effort or distribution, our seasonal migration estimation method 
using maximum likelihood estimation, designed as a movement‐analysis method that does not require equal 
probabilities of capture in each region or year studied, were selected for these analyses.  

Movement was quantified between feeding and breeding regions by calculating transition probabilities  
using maximum likelihood techniques (Hilborn, 1990; Whitehead, 2001; Stevick et al., 2006), a statistical  
method for estimating the values of unknown model parameters which maximise the sample likelihood. 
Transition probabilities, the probability that an individual in one area moves to another area between  
sampling periods, were calculated between all feeding and breeding grounds with a novel maximum likelihood 
estimation method, hereafter referred to as seasonal migration estimation. This is an extension of the Hilborn 
(1990) method further developed by Hal Whitehead and modified for this dataset, run in MATLAB R2023a  
(The Mathworks, Natick, MA), on the number of individual transitions between each breeding and feeding  
area. Raw numbers of transitions per paired area (i.e., one breeding and one feeding area) were totalled for 
comparison.  

The theory behind the seasonal migration estimation method is as follows for transitions from a breeding 
area to a feeding area: Suppose an individual in breeding area A migrates to feeding area X with probability PAX. 
There can be numerous breeding areas (A, B, C, ...) and feeding areas (V, W, X, …) within the species’ distribution. 
Each probability of transitioning from one seasonal habitat to another is assumed to be independent of study 
year. We assume that each animal makes this annual migration, so: 

 

The sum of each whale’s probability of migrating from area A to any of the areas X is equal to 1 for all of area 
A. Given that a whale migrates to a feeding area X, then the animal’s probability of being identified in year y is 
qyX. Each transition probability includes the probability of the animal dying before identification on either the 
feeding or breeding ground.  

We then define n(y,A) as the number of animals identified in breeding area A in year y and z(y,A,X) as the 
number of animals identified in year y in both breeding area A and feeding area X. Then, conditioning on breeding 
area observations, we find that the likelihood of the data is proportional to: 

 

PAXX
= 1, A

L = (PAX qyX )z ( y ,A,X ) 1 PAX qyX
X

n( y ,A) z ( y ,A,X )
X

XAy
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The probability of the observed movement between breeding and feeding areas is:
 

. The  (PAX qyX )
X

z ( y ,A,X )
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second part of the equation  adds in each probability for individuals that were  1 PAX qyX
X

n( y ,A) z ( y ,A,X )
X

not observed in a feeding area in a given year but were observed in a breeding area. Then the log‐likelihood is: 

 

The log‐likelihood should be maximised to estimate the PAX ’s. After testing with simulated data, the following 
shortcut to estimate the qyX ’s gave good convergence: 

 

The probability of being identified in year y in feeding area X is the number of animals that were identified in 
that area during that year, divided by the number of animals identified the previous winter in a breeding area A 
who are estimated to have moved to area X based on the transition probabilities PAX. Then, we numerically find 
the PAX that maximises Equation 1.3, using values of qyX ’s from Equation 1.4, subject to the constraint of Equation 
1.1. This seasonal migration estimation method was tested on simulated data and was successful in reproducing 
input PAX ’s used to generate the data with up to three breeding areas and three feeding areas.  

Standard errors of transition probabilities were calculated using Tukey’s jackknifing approach, which are 
produced by omitting observations in turn and calculating an estimate based on the remaining n – 1 observations 
over 100 iterations (Efron & Stein, 1981). Bootstrap estimates of variance cannot calculate variance when data 
are over‐populated by zeros, which was true for our dataset with zero transitions between some areas and years. 
The jackknifing approach is typically conservative in that standard errors are overestimated (Efron & Stein, 1981; 
Whitehead, 2009). 

Estimation methods were run in MATLAB R2023a (scripts available in Supplementary Material 1), with input 
data in two formats: from breeding area to feeding area or from feeding area to breeding area. When run from 
breeding area to feeding area, for instance, sample sizes were the number of unique whales identified in each 
breeding area. The remaining data were the number of transitions between each breeding and feeding area per 
sampling period. The sampling period includes paired years between 1980 to 2015. Consecutive years were 
lumped to create two‐year capture opportunities which better document transitions between two areas and 
improve the performance of the seasonal migration estimation method. 

After estimating transition probabilities from breeding to feeding area and from feeding to breeding area, 
results were compared. All estimates were produced with 10 replications of starting parameters for maximisation 
of likelihood and 5,000 as the maximum number of iterations, as these procedures gave good convergence. The 
areas with high resulting transition probabilities (maximum of 1) indicate a migratory preference between these 
areas; lower values indicate areas where whales are less likely to migrate in relation to the other available regions. 

RESULTS 
Migratory connections between all feeding and breeding areas that were found in our photo‐ID dataset across 
years 1980–2015 are presented in Table 2 and described in Figs. 3 and 4. Resightings were found between all 
five primary feeding grounds (Gulf of Maine, Atlantic Canada, West Greenland, Iceland and Norway) and the 
Greater and Lesser Antilles, and between the eastern feeding grounds of Iceland and Norway to CVI. Table 3 
presents data from all years on the number of whales from each of the five feeding grounds and the overall 
percentages from Western and Eastern North Atlantic feeding grounds. Percentages in Table 3 on resightings are 
given as the number of individual whales from a feeding area that were resighted on a given breeding ground 
out of the total number of resightings to any feeding ground. Across all years, the percentage of resightings 
between a given breeding and feeding area was calculated by dividing the number of individuals sighted in both 
areas by the total number of individuals that were resighted on any feeding ground. 

Log(L) = z( y,A,X )Log(PAX qyX )+ n( y,A) z( y,A,X )
X

Log 1 PAX qyX
XXA

+ constant
y

  

qyX = z( y,A,X ) / PAX n( y,A)
AA



Inter‐breeding area resightings were found between the Greater and Lesser Antilles (22 individuals; 7.1% of 
the whales in the Lesser Antilles sample), including two individuals sighted in both areas in the same year, and 
between the Lesser Antilles and CVI (five individuals; 1.6% of whales in the Lesser Antilles sample). Zero 
resightings were found between the Greater Antilles and CVI.  

The seasonal migration estimation method used to calculate transition probabilities produced more robust 
results with smaller standard errors when years were paired and neighbouring feeding areas combined. The 
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between each area in the dataset and not the migratory pathways.  



number of observed inter‐annual transitions between breeding and feeding areas increased considerably when 
areas and years were pooled. Transition probabilities were not equal to and from two given areas (cf., Table 4, 
Tables S2–4). Estimating transition probabilities from breeding to feeding areas produced results with smaller 
standard errors, estimated with the jackknifing method, because the observed transitions are a higher proportion 
of the total breeding area sample sizes compared with the larger sample sizes from the feeding areas. The best 
results from this movement‐estimation method from given breeding areas to feeding grounds are presented in 
Table 4 and results from feeding to breeding areas are available in Tables S2–4. Different combinations of feeding 
areas are presented in the Supplementary Material, though the results in Table 4 have the smallest standard 
errors and give the most accurate results.  

Transition probabilities from the Greater Antilles were highest to the western feeding grounds of the Gulf of 
Maine, Atlantic Canada and West Greenland. Transition probabilities from the Lesser Antilles were highest to 
the eastern feeding grounds of Iceland and Norway; transition probabilities from CVI were highest to eastern 
feeding grounds.  
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whales photo‐identified in both the breeding and feeding area in question are presented on the connecting 
lines. 



DISCUSSION 
This study analyses the largest number of records of photo‐identified individuals from the North Atlantic Ocean 
basin to date: 38,319 photos of 9,977 whales, from 1980 through 2015. The Lesser Antilles dataset, an area 
formerly underrepresented in studies due to either low abundance of humpback whales or limited survey effort, 
includes a total of 312 individual humpback whales, with more regular sightings beginning in the late 2000s. Our 
results indicate that humpback whales breeding in the Lesser Antilles preferentially migrate to eastern North 
Atlantic feeding areas, even though they have been documented in all five feeding grounds (Stevick et al., 1999; 
Bérubé et al., 2004; Robbins et al., 2006; Rinaldi et al., 2009). The highest number of resightings are to the 
Norwegian feeding region (eastern NA). The seasonal migration estimation method, which statistically accounts 
for variable effort between regions and years, further confirms that individuals breeding in the Lesser Antilles 
have the highest probability of migrating to either Norway or Iceland (eastern NA) and the lowest probability of 
migrating to the Gulf of Maine, West Greenland or Atlantic Canada feeding grounds (western NA).  

Early photo‐ID studies focused primarily on the Greater Antilles and concluded that humpback whales in the 
West Indies were likely a single, panmictic population (Palsbøll et al., 1997; Smith et al., 1999; NMFS, 1991). 
However, our results along with those of Stevick et al. (2018), a study which used a subset of the same dataset 
from the NAHWC, question the panmixia assumption by demonstrating differences in the migratory patterns 
and timing of arrival and departure of humpback whales from the Lesser Antilles compared with the Greater 
Antilles. The seasonal migration estimation method shows that humpback whales from different regions within 
the West Indies breeding range do not use each feeding area equally, instead displaying preferences for different 
feeding areas, with a higher proportion of whales from the Greater Antilles migrating to western feeding grounds 
(Gulf of Maine, Atlantic Canada, West Greenland) and a higher proportion of whales from the Lesser Antilles 
migrating to the eastern North Atlantic feeding grounds (Iceland and northern Norway). 

Table 3 presents the percentage of whales from each breeding area that were resighted on each feeding 
ground and the relative size of each feeding ground in our sample for comparison. The raw percentages and the 
more robust transition probability results demonstrate that humpback whales breeding in the Greater Antilles 
have the highest probability of migrating to the western NA feeding grounds and are less likely to use eastern 
NA feeding areas. Resightings from the Greater Antilles to Norway, the easternmost feeding ground, were lowest 
and represent only 1.9% of the total resightings between any feeding region and the Greater Antilles. The 
probability of transitioning between the Greater Antilles and Norway was found to be consistently much lower 
than the probability of moving between the Greater Antilles and the Gulf of Maine or Canada (western NA). The 
higher resighting rates between Norway and the breeding areas of CVI and the Lesser Antilles suggests that most 
Norwegian whales are not using the Greater Antilles as their primary breeding ground and may be less likely to 
mate with whales from western feeding stocks.  

Observed transitions from the Greater Antilles to the Iceland feeding area (eastern NA) are more numerous 
compared with Norway. A study of the breeding ground destination of humpback whales feeding in Iceland, 
analysing a subset of the same data used in this study, found unequal use of such areas, with more resightings 
from Iceland to CVI and the Lesser Antilles and fewer from Iceland to the Greater Antilles (Chosson et al., 2015). 
Transition probabilities reported here indicate the same pattern for the migratory destinations of whales feeding 
in Iceland. Movement between the Greater Antilles and West Greenland (western NA), the feeding area with 
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the fewest whales in our dataset, was low as well which suggests that humpback whales feeding in West 
Greenland might be using other breeding grounds or are less likely to be sampled in the Greater Antilles.  

Previous studies have shown temporal differences in the migratory patterns of whales from the Greater and 
Lesser Antilles as well as differences in feeding ground destinations. Photo‐ID data suggest that, on average, 
humpback whales are present in the Greater Antilles earlier, with peak distribution in Dominican Republic six 
weeks earlier than in the Lesser Antilles (Stevick et al., 2016, 2018). This difference may be due in part to temporal 
differences in observation effort in either location, or that whales are potentially photographed in the Greater 
Antilles during their transit to the Lesser Antilles. Acoustic recordings from seven sites throughout the Antilles 
chain suggests that humpback whales are present on Silver Bank, Dominican Republic, for a longer time than 
the period during which whale watching groups are operating (Heenehan et al., 2019). 

In the Lesser Antilles, anecdotal evidence from whale watching and research groups searching for humpback 
whales report that their efforts are unsuccessful in January and February. Acoustic and satellite tagging efforts 
in the Lesser Antilles have demonstrated late arrival or presence at this breeding ground compared with the 
Greater Antilles (Swartz et al., 2003; Heenehan et al., 2019; Kettemer et al., 2022). Delayed breeding ground 
arrival in the Lesser Antilles compared with the Greater Antilles could have population‐level effects if animals 
from certain northern feeding regions have a reduced likelihood of encountering and mating with individuals 
from other feeding areas while wintering in the Lesser Antilles, further questioning the panmixia assumption in 
the West Indies.  

In the West Indies, historical whaling focused on the Lesser Antilles, where humpback whales were subject 
to commercial exploitation from the mid‐1700s until 1926 (Romero & Hayford, 2000; Reeves et al., 2001; Romero, 
2012). Formal surveys conducted in the Lesser Antilles region prior to 2002 found zero to very few humpback 
whales (Winn et al., 1975; Reeves et al., 2001; Swartz et al., 2001, 2003). Few photographic samples were 
therefore available from this southeastern portion of the West Indies range and previous research was limited 
in this area of their range due to low abundance. 

Humpback whales from the Cape Verde Islands/Northwest Africa breeding population that remains 
endangered fit the pattern previously documented, with movement detected only to the eastern NA feeding 
grounds of Iceland and Norway (Bettridge et al., 2015; Wenzel et al., 2020). Transition probabilities calculated 
were close to one from CVI to eastern NA feeding grounds. In a year outside our study period, 2021, the first 
resighting between CVI and any western NA feeding ground was found in the NAHWC, in this case to West 
Greenland (Chosson et al., 2024). Increased photo‐ID efforts in West Greenland are needed to investigate further 
how much of the CVI population might be using that feeding ground, where a small number of indigenous takes 
of humpbacks are allowed annually (Government of Greenland, 2018).  

Inter‐breeding area movements are important to the overall picture of humpback population dynamics and 
require further study. Movement between the breeding regions of the Greater Antilles and the Lesser Antilles is 
known to occur at a low level (Stevick et al., 1999; MacKay et al., 2019). Within our dataset, 22 resightings were 
found between the Lesser Antilles (n = 312) and the Greater Antilles (n = 3,541), representing only 7.1% of the 
whales wintering in the Lesser Antilles. Examining the resightings between the Lesser Antilles and Greater Antilles 
more closely, we found that three of the 22 individuals have only been sighted on Anguilla Bank and one near 
Saba Bank, the northernmost areas here considered as the Lesser Antilles. This may suggest that whales sighted 
in the northern section of the currently defined Lesser Antilles region have greater affinity for the Greater Antilles 
region than whales using areas further south. A lower level of exchange between the Lesser Antilles and CVI was 
found: five humpback whales were sighted in both CVI and the Lesser Antilles, all in different years, an increase 
of one compared with Stevick et al. (2016). Zero resightings were found between the Greater Antilles and CVI 
during our study period. Sex information is not available for the majority of these whales and none of the inter‐
breeding area movement occurred within the same season. Between seasons, we speculate that these are more 
likely to be males searching for additional mates. 

The differences in ocean basin‐wide migratory patterns found between the Greater Antilles and Lesser Antilles 
suggest that these two regions in the West Indies host breeding humpback whale populations that may be 
behaviourally and/or genetically distinct. The question remains where a boundary may exist between these two 
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populations. To be considered a distinct population segment under the US ESA, a population’s discreteness and 
significance is evaluated based on information about distribution, ecological situation, genetics and other factors 
(Bettridge et al., 2015). Additional lines of evidence, such as genetic analyses and song structure, will aid in 
evaluating the past assumption of panmixia in the West Indies. Genetic sampling and analysis of individuals 
specifically in eastern feeding areas would also be necessary to better understand the degree to which multiple 
breeding stocks overlap on the feeding grounds in Iceland and Norway. Migrations are thought to be matrilineally 
directed and learned by calves as they follow their mothers on their first migration north to the feeding grounds 
(Katona & Beard, 1990; Palsbøll et al., 1995). Determining whether site fidelity is equally strong in females and 
males as they recruit into a breeding stock will be an interesting goal for future analyses.  

This new analysis and larger dataset, which includes more survey efforts and sightings of humpback whales 
in historically depleted areas, such as the Lesser Antilles and Cape Verde Islands, should be used to guide future 
management actions and conservation status designations, including the IUCN Red List and national listings. 
Management decisions should be based on the most up‐to‐date analyses and data available for the best possible 
outcomes for the species. Highly migratory species, such as North Atlantic humpback whales, should regularly 
be assessed across their migratory range to detect changes in seasonal habitat use and distribution, especially 
in relation to concurrent changes in ocean environments and anthropogenic activities.  
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function seasmigration 
%seasonal migration 
% jackknife version 
jackgo=1;%does jackknife standard errors 
numrep=10;%No. of replications of starting positions for maximization of likelihood. 
sumcats={[1 2 3],[4 5]}; 
wintcats={[1],[2,[3]}; 
[A,B]=xlsread('data.xlsx','IDs'); 
nwa=sum(cellfun('length',B)==1);%number winter-breeding areas 
nsa=(length(B)-1-nwa)/nwa;%number of summer-feeding areas 
namw=B(2:(1+nwa)); 
nams=B((2+nwa):(1+nwa+nsa)); 
for k=1:nsa 
    nams{k}=nams{k}(2); 
end 
n=A(:,2:(1+nwa));%Numbers seen in each wintering area each year 
z=A(:,(2+nwa):end); 
nyy=length(A(:,1)); 
zz=reshape(z,nyy,nsa,nwa); 
for w=1:length(sumcats) 
    namwu{w}=strcat(namw{sumcats{w}}); 
    unw=sum(n(:,sumcats{w}),2); 
    uzw=sum(zz(:,:,sumcats{w}),3); 
    if w==1 
        nu=unw; 
        zzv=uzw; 
    else 
        nu=[nu unw]; 
        zzv=cat(3,zzv,uzw); 
    end 
end 
 
for s=1:length(wintcats) 
    namsu{s}=strcat(nams{wintcats{s}}); 
    uzw=sum(zzv(:,wintcats{s},:),2); 
    if s==1 
        zzu=uzw; 
    else 
        zzu=cat(2,zzu,uzw); 
    end 
end 
[nyy,nsa,nwa]=size(zzu); 
ppq=estpp(reshape(zzu,nyy,nsa*nwa),nu,numrep,1,nyy,nsa,nwa); 
disp('  ') 
disp('Observed transitions:') 
disp(array2table(squeeze(sum(zzu,1))','rownames',namwu,'variablenames',namsu))   
disp('  ') 
disp('Estimated transition probabilities:') 
disp(array2table(ppq,'rownames',namwu,'variablenames',namsu)) 
disp('  ') 
zzn=reshape(zzu,nyy,nsa*nwa); 
if jackgo 
jackstat = jackknife(@estpp,zzn,nu,numrep,0,nyy,nsa,nwa); 
    jse=reshape(std(nyy*(ppq(:)*ones(1,length(jackstat(:,1))))'-(nyy-1)*jackstat)/sqrt(nyy-
1),nwa,nsa); 
    disp('Estimated SE transition probabilities using jackknife') 
    disp(array2table(jse,'rownames',namwu,'variablenames',namsu)) 
    disp('   ') 
end 
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if numboot 
    [ci,bootstat] = 
bootci(numboot,{@estpp,reshape(zzu,nyy,nsa*nwa),nu,numrep,0,nyy,nsa,nwa},'type','per'); 
    bootstat=reshape(bootstat,numboot,nwa,nsa); 
    sees=squeeze(std(reshape(bootstat,numboot,nwa,nsa))); 
    disp('Estimated SE transition probabilities using bootstrap') 
    disp(array2table(sees,'rownames',namwu,'variablenames',namsu)) 
    if numboot>=100 
          for i=1:nwa;for j=1:nsa;af{i,j}=sprintf('%6.4f (%6.4f - 
%6.4f)',ppq(i,j),ci(1,i,j),ci(2,i,j));end;end; 
          disp(['Estimated 95% C.I.''s for transition probabilities using ' 
num2str(numboot) ' bootstrap replicates:']) 
         disp(array2table(af,'rownames',namwu,'variablenames',namsu)) 
     end 
end 
 
 
 
function ppq=estpp(zzut,nu,numrep,givelike,nyy,nsa,nwa) 
nyyy=length(zzut(:,1)); 
zzu=reshape(zzut,nyyy,nsa,nwa); 
pp=ones(nwa,nsa)/nsa; 
ppp=pp(:,1:(end-1))-0.2; 
%ll=likkecalc(ppp(:),nu,zu); 
fll = @(x)likkecalc(x,nu,zzu); 
options = optimset('MaxFunEvals',5000);  
for du=1:numrep 
    pppq=ppp.*(1.3-0.6.*rand(size(ppp))); 
    [xx,efval,exitflag,output]  = fminsearch(fll,pppq(:),options);     
[x,fval(du),exitflag,output]  = fminsearch(fll,xx, options); 
    x=reshape(x,[nwa,(nsa-1)]); 
    ppj{du}=[x 1-sum(x,2)]; 
end 
[a1,a2]=min(fval); 
ppq=ppj{a2}; 
if givelike 
    disp(sprintf('Estimates of log-likelihood:  %7.2f  %7.2f  %7.2f  %7.2f  %7.2f  %7.2f  
%7.2f  %7.2f  %7.2f  %7.2f',-fval)) 
    disp(sprintf('    Best log-likelihood:  %7.2f',-a1)) 
end 
 
 
 
function ll=likkecalc(ppp,nu,zu) 
[nyy,nsa,nwa]=size(zu); 
ppp=reshape(ppp,[nwa,(nsa-1)]); 
pp=[ppp 1-sum(ppp,2)]; 
if min(pp(:))<0  | max(pp(:))>1; 
    ll=10000000000; 
else 
    may=squeeze(sum(zu,2)); 
    ll=0; 
    for  y=1:nyy 
        if sum(sum(squeeze(zu(y,:,:)))); 
            %actual likelihood estimates of qtt 
            qtt=sum(squeeze(zu(y,:,:)),2)'./(nu(y,:)*pp);%shortcut estimate 
            qtt=max(qtt,0.0000001); 
            qtt=min(qtt,1); 
            ll=ll-(sum(sum(squeeze(zu(y,:,:))'.*log((ones(nwa,1)*qtt).*pp)))+(nu(y,:)-
may(y,:))*log(1-pp*qtt')); 
            qt(y,:)=qtt; 
        else 
            qt(y,:)=0; 
        end 
    end 
end 
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Supplementary Material 3 
The North Atlantic Humpback Whale Catalogue would like to recognise the following organisations, individuals 
and citizen scientists who contributed photos and data for this dataset, 1980–2015: 

Organisations:  
Arctic Biological Station; Association Evasion Tropicale; Bar Harbor Whale Watch; Biodiversity of Cabo Verde 
(BIOS.CV); Blind Bay Cetacean Studies; Blue Ocean Society for Marine Conservation; Boa Vista Tours; Breach 
NGO; Brier Island Ocean Studies; Brier Island Whale & Seabird Cruises; Cape Ann Whale Watch; Caribbean Center 
for Marine Studies; Center for Coastal Studies; Center for Marine Conservation; Center for the Conservation and 
Eco‐Development of Samana Bay; Centro de Investigaciones de Biologia Marina‐Idelisa Bonnelly de Calventi, 
University Autonoma de Santo Domingo; Ceta‐Research Inc.; Cetacean and Turtle Assessment Program, University 
of Rhode Island; Cetos Research Organization; Cheeseman Ecology Safaris; Coastal Research and Education 
Society of Long Island; College of the Atlantic; Dalhousie University; Deep Blue Charters; Department of Fisheries, 
St Vincent and the Grenadines; Department of Maine Resources, Marine Patrol; Dolphin Fleet Whale Watch; 
East Coast Ecosystems; Elding Adventure at Sea; Fisheries and Oceans Canada; Grand Manan Whale and Seabird 
Research; Greenland Institute of Natural Resources; Group for Research and Education on Marine Mammals; 
Grupo Ballenero Dominicano; Gulf of Maine Aquarium; Huntsman Marine Science Center; Húsavík Whale 
Museum; Institute of Marine Research, Norway; International Fund for Animal Welfare; International Wildlife 
Coalition; Irish Whale and Dolphin Group; Isles of Shoals Steamship Company; Ketos Research Associates; Marine 
and Coastal Ecology Research Center; Marine and Freshwater Research Institute, Iceland; Marine Biodiversity 
Research Institute; Marine Education Center of Cape Ann; Marine Mammal Observatory of the Guadeloupean 
Archipelago (OMMAG); Memorial University Newfoundland; Mingan Island Cetacean Study; Mystic Aquarium; 
National Marine Fisheries Service; National Oceanic and Atmospheric Administration; Nature Lab, Rhode Island 
School Of Design; New England Aquarium; New England Whale Watch; New Hampshire Seacoast Cruises; North 
Norwegian Humpback Whale Catalogue; Northeast Fisheries Science Center; Norwegian Directorate of Fisheries; 
Ocean Contact; Ocean Research and Education Society; Plymouth Marine Mammal Research Center; Quebec‐
Labrador Foundation; Quoddy Link Marine; Sea and Sage Audubon; Sea Mammal Research Unit, British Antarctic 
Survey; Seawatch Tours; St. Vincent and the Grenadines Fisheries; Strava Tours; The Dominica Sperm Whale 
Project; Whale and Dolphin Conservation; Whale Center of New England; Whale Watch Azores; WhaleNfld.org; 
Wildland Tours; Woods Hole Oceanographic Institution; World Wildlife Fund – Netherlands. 

Individuals: 
Erik Aaseth, Libby Abbott, Beverly Agler, Penny Aikenhead, Shirley Ailes, G. Alling, Monica Almeida E. Silva, Arnaud 
Apremont, Tom Arnbom, Regina Asmutis‐Silvia, P. Auster, Charles Averengo, Leo Axtin, E.H. Backus, Dianne 
Badders, Hans Baer, Judi Bailey, Robin Baird, Jayne Baker, Lisa Baraff, Joel Barkan, Jane Barnacott, Lydia Barnes, 
William Barton, Hinrich Basemann, Ben Baxter, Jeff Beaconfarm, Peter Beamish, Carrie Beck, P.C. Beck, William 
Beck, Kim Beddall, Chiara Bertulli, Ron Beugin, Dan Beyaert, Frank Blair, Gary Bonnaccorso, Marina‐Idelisa 
Bonnelly de Calventi, Jonathan Boonzaier, Alex Borowicz, Normand Boucher, Richard Bowles, Robert S. Bowman, 
Tenna Boye, Keith Bradley, Marc Brent, Giles Breton, Paul Brodie, Hazel & Mike Brown, Michael Broyer, P. Bryant, 
Victoria Burdett‐Couts, Robert Burger, M. Calvert, Daniel Cano Ott, Manolo Carillo, Carole A. Carlson, S. Carroll, 
Therese Cartier, Gennaro Cascella, Joe Chase, Kim Chater, Ted Cheeseman, Jim Tchobanoff, Ivar Christensen, 
Bruce Christopher, Kevin Chu, Linda Chvarak, Rebecca Ann Clark, Sue Clark, Anne Clifford, Garrett Coakley, Bart 
Coessens, Timothy V.N. Cole, David Cook, Nancy Cooper, Claudio Corbelli, Harriet Rox Corbett, Christopher Coy, 
Graeme Cresswell, J. Cronin, Greg Curry, Jr., Brian Dalzell, Charles Daniels, Will Dawes, Sue Day, Maurina De Wulf, 
Tracey Dean, Adolphe Debrot, Lisa Deleonardo, Manuel Simao Delgado Rodrigues, Daniel DenDanto, Mary 
Denton, Peter Diegutis, Danielle Dion, Monique Douart, S. Dousette, Bridget Doyle, D. Draper, Matthew Drennan, 
John Drury, Charles D. Duncan, Curtis & Renee Dunn, Sarah Duquette, H. Duval, Jaime Duval Beranek, William 
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Eager, Mike Earle, Aliya El Nagar, Meryl Elliot, Arlene Erven, Mohammad Fahmy, Gene Fipse, Bill Fitzhugh, Mary 
Fitzpatrick, W. Fogelman, Christiane Foley, William Follett, Tom Ford, Christelle Fortin‐Vaillancourt, Aaron Foster, 
James Gallagher, Nadege Gandilhon, Tom Gebauer, Diane Gendron, Michael Gerber, Shane Gero, Jane Gibbs, 
Jack Gibson, Francesco Giordano, Thomas Goodwin, J. Gore, Gerry Gormley, Shannon Gowans, Paul Grabhorn, 
Roderick Grimes Graeme, Barbara Gravanita, Lyman Green, Bonnie Gretz, Jack Groves, Bruno Guegan, Chris 
Guinness, Nancy Gunnlaugson Stevick, Barry Gutradt, Johnathan Gwalthney, B. Haenel, Jennifer Hafner, James 
W. Hain, David Haire, Deborah Hall, Sergio Hanquet, Martin Hapl, Patricia Harcourt, Matt Hare, Janet Harris, S. 
Harris, Lucy Harrison, Katharine Hart, Carol Harwood, Stephanie Hastings, Keith Hay, Carl Haycock, Herbert Hayes, 
Kathy Hazard, Walter Heckenthaler, Nancy Heins Williams, Frank Hennicke, Marian Herz, D. Herzog, Frank Hester, 
Robert Higgitt, Tania Ho, Nancy Hoffman, Joel Holcomb, Alan Holgatr, Bethany Holm Adamec, Catherine Hood, 
Sascha Hooker, Julia Horrocks, Mandy Houston, Chris Howard, Erich Hoyt, Lenox Hoyt, Chris Ingalls, K. Ingham, 
Barbara Irvine, Krista & Lance Irvine, Greg Jakush, David James, Joanne Jarzobski, Flemming P. Jensen, Kelsey 
Johnson, Paul L. Johnson, S. Johnson, Claude Joiris, Runar Mar Jonatansson, Karyn Jones, Mark Kantner, George 
Karbus, Steven K. Katona, Anthony Kaulfuss, Caroline Keenan, Tom Kellar, Cathryn Kempen, Amy Kennedy, Michel 
Khelifa, Martin Kilmer, Tim King, Oli Kirstinn, Lisa Kitson, George Klein, Richard Zack Klyver, C.J. Knowles, P. 
Knowlton, Arthur Kopelman, E. Kramer, Scott D. Kraus, George Krauss, F. Kreitzer, Andre Krumpe, Claire Lacey, 
Hamish Laird, Patricia Lamelas, Kenneth Lannamann, Dotte Larsen, Finn Larsen, Andrew Laska, Jack Lawson, Al 
& Theresa Leblanc, Luis Lebron, Chris Lecroy, Wayne Ledwell, Ed Lemire, Yolanda Leon, Matthew Leslie, Jake 
Levenson, Dean Levin, Jody Levins, Sam Lewis, Philip Lichtenstein, K. Lindburn, Jo Locke, Carl Lockman, Shelley 
Lonergan, Michael Loring, Stephen Loring, Sandy K. Loveless, Tanya Lubansky, Claire Ludgate, Laura Lyell, Jeanne 
Macneil, Alan Mainwaring, Paul Mak, Timothy Malishenko, Susie Malouin, Alec Malyon, Jim Mangiafico, Patti 
Mann, R. Mannink, Wayne Marinovich, Scott Marion, Simon Marsh, Herb Marshall, Anthony R. Martin, Stephanie 
Martin, Patricia E. Mascarelli, Ellie Mason, Betty Massot, Elinoor Matos, Charles A. Mayo, Matt McCormick, Gale 
McCullough, Anne McGhie, Bob McKay, Gerald McMunn, Megan McOsker, Scott Mercer, Frederic Meunier, Mike 
Meyerheim, Nancy Miller, Silvain Mirouf, Bruce Moore, Michael J. Moore, Donald Morrison, J. Morton, Scott 
Moulaison, Anne Moyse, Stephen Mullane, Keith Mullin, Laurie Murison, Justin Nash, Patricia Nash, Hans Magnus 
Nedreberg, Jason Neely, Elizabeth Neils, Laurie Nichols, Ton Nolleos, Tony Norman, Nigel Nudds, David Nunn, 
Bernie O’Brien, Patrick O’Flaherty, Ralph N. Ohde, Edward Olander, W.D. Osgood, D. Page, Walter C. Paine, Jorge 
Palau, Jeff Pantukhoff, Katie Jane Parker, Ian Patterson, M. Pelletier, Jonathan Penney, Judith S. Perkins, R. Petricig, 
E.W. Phinney, J. Pilgrim, Gert Polet, J. Preston, W. Stephen Price, Kris Prince, Shawna Prince, Tim Proffitt‐White, 
Dave Pullig, Esther Purcell, Roger Quackenbush, João Queresma, John Raftery, Jeannine Rambally, Lars 
Rasmussen, Barbara Rauth, David & Mo Reeves, Ditte Rendtorff, Jim Rhoades, Margo Rice, K. Richardson, Dennis 
Riegel, Gregers Riemann, Donna Riley, Caroline Rinaldi, Renato Rinaldi, Savario Rinaldi, Denise Risch, Ann Rivers, 
Jennifer Rock, N. Rogers, Ronald Rosenthal, J.P. Ross, William Rossiter, Linda Rudin, Tim Rumage, Justin Russell, 
Conor Ryan, Robert Ryan, M. Sacca, Scott Sansenbach, Rob E. Schlenker, Christian Schmidt, Dianna Schulte , T. 
Seavey, Jonathan Segura, Michael Seimer, Irene Seipt, S. Severn, Jim Shank, Brandon Shannon, Jevgeny 
Shmitenberg, Roland Siepold, Johann Sigurjonsson, Cathy Silver, Peter Simard, Steve Simonsen, C. Simpson, Gil 
Sinclair, G. Smith, David Snow, Sid Snow, Jason Snyder, Tony Soper, C. Spencer, Dorothy Spero, D. Squires, E. St. 
Jean, A. & W. Steffen, Kim Stephenson, Toby A. Stephenson, Andrew Stevenson, Gregory S. Stone, Marlies Stracke, 
K. Strong, Patty Sullivan, Stephen Swan, Pamela Swanson, J.P. Sylvester, J. Tatum, Ian Taylor, Julianne Taylor, Leroy 
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