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Abstract
Eastern South Pacific humpback whales (Megaptera novaeangliae) migrate to three distinct mid- to high-latitude feeding 
areas. While movements between local breeding sites have been reported, interchange among the feeding areas has not been 
documented and thus has assumed not to exist. Identifying photographs of 187 humpback whales in the Magellan Strait 
were compared with 2,553 whales from the Antarctic Peninsula feeding area, resulting in two matches. Additionally, 37 skin 
samples collected at the Magellan Strait were analyzed for carbon and nitrogen stable isotopes, resulting in evidence that two 
other individuals traveled to the Antarctic Peninsula. Our findings provide the first known evidence of interchange between 
two of these feeding areas in the eastern South Pacific. The data suggest a very limited interchange, but demonstrate that 
some whales may permanently leave the Magellan Strait, or perform short, round-trip movement between these areas. This 
previously undocumented interchanges do not necessarily change existing management recommendations that the Magellan 
Strait is a demographically independent feeding area, but does suggest that future abundance estimate models should assume 
low immigration rates. Further research to better understand the extent and frequency of interchange in the austral region 
of South America is needed, as this will further clarify the population structure of these whales leading to more accurate 
scientific knowledge supporting the conservation and management of the species.

Keywords Eastern South Pacific · Interchange · Humpback whale (Megaptera novaeangliae) · Magellan strait · Antarctic 
Peninsula

Introduction

Effective management and conservation measures for pop-
ulation-based units depends on an understanding of popu-
lation structure and their connectivity. Large baleen whale 
species were hunted by the hundreds of thousands during 
nineteenth and twentieth century, and currently many popu-
lations are still recovering from this exploitation (Childer-
house et al. 2008; Rocha et al. 2014). Consequently, under-
standing the current population structure –such as their 
distribution, degree of interbreeding and the relative inter-
change among locations– is an important step in the assess-
ment and management of these recovering populations. 
Observed subpopulation structures include a unique breed-
ing-feeding area, a shared breeding ground for multiple feed-
ing areas, or a shared feeding ground for multiple breeding 
grounds (Katona and Beard 1990; Calambokidis et al. 2001; 
Stevick et al. 2006; Barlow et al. 2011). Determining the 
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type of connectivity between feeding and breeding grounds 
is thus a key step to effective management for recovering 
whale populations.

Humpback whales (Megaptera novaeangliae) typically 
feed at higher latitudes during summer/fall and breed at 
lower latitudes during winter/spring seasons (Chittleborough 
1965). For Southern Hemisphere humpback whales, seven 
breeding populations (or Breeding Stocks) are recognized 
(IWC 1998). Eastern South Pacific humpback whales (or 
breeding stock G) were known to breed and calve in Ecua-
dorian and Colombian waters and feed around the Antarctic 
Peninsula (Stone et al. 1990; Caballero et al. 2001; Stevick 
et al. 2004). More recently, the population connectivity was 
recognized as more complex, due to an expanded range in 
breeding grounds into northern Peru and Costa Rica (Ras-
mussen et al. 2007; Pacheco et al. 2009) and even reaching 

the waters of Nicaragua (De Weerdt et al. 2020). Likewise, 
a small part of the population does not reach Antarctic Pen-
insula waters, instead migrating to two feeding areas in the 
inland waters of the southern tip of Chile, in the northern 
Patagonian and Magellan Strait, respectively (Fig. 1).

Of particular interest are the humpback whales in the 
Magellan Strait, because of the risk posed by spatial over-
lap with a busy shipping lane, and inclusion of a Marine and 
Coastal Protected Area to protect a portion of their feed-
ing area. Previous comprehensive assessments of identified 
humpback whales found no interchange among the feeding 
areas and thus have been widely assumed not to exist (Ace-
vedo et al. 2013, 2017). Consequently, the Magellan Strait 
humpback whales have been assumed to be a distinct feed-
ing subpopulation in statistical models used for abundance 
estimates. Mark-recapture methods have estimated 132 (95% 

Fig. 1  a Current feeding areas for the eastern South Pacific hump-
back whale population. b Details of the distribution of humpback 
whales (open circle) in the Magellan Strait feeding area and Francisco 

Coloane Marine and Coastal Protected Area (gray shaded). c Local 
area of the two matches yielded through fluke photography at the 
Antarctic Peninsula feeding area
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CI: 125–138) whales during 1999–2011 (Capella et al. 2012) 
and 204 (95% CI: 199–210) during 2004–2016 (Monnahan 
et al. 2019). Furthermore, estimated population growth is 
low relative to other populations, with current annual rates 
of 2.3% (CI: 2.1%–3.1%; Monnahan et al. 2019). Both abun-
dance models were made assuming no interchange with the 
other feeding areas in addition to homogenous occurrence 
probabilities. However, if interchange among feeding areas 
does exist, the type and degree of bias in the estimates will 
depend on the rate of interchange, and individual movement 
patterns between feeding areas.

We use two approaches to investigate potential inter-
change of individually identified humpback whales between 
the Magellan Strait and the Antarctic Peninsula feeding 
areas. We then discuss the potential implications for the 
resilience of the Magellan Strait feeding subpopulation in 
the context of the abundance estimates.

Materials and methods

We compared individuals identified photographically by nat-
ural marks on the ventral side of their flukes (Katona et al. 
1979) between both feeding areas. In the Magellan Strait, 
two catalogs are available and were previously compared to 
determine the number of unique individuals photographed. 
For the Antarctic Peninsula, we used the database of identi-
fied whales maintained by Happywhale, a web-based marine 
mammal photo ID crowd-sourcing platform (Cheeseman 
and Southerland 2016). Previous studies of photographic 
comparison between these feeding areas had not included 
the Happywhale database (e.g. Acevedo et al. 2013, 2017). 
Photographs judged to be of insufficient quality for a posi-
tive identification (see Friday et al. 2000) were discarded. 
We searched for matching individuals using the recently-
developed fast, high-quality algorithm for automated image 
recognition of humpback whale flukes, implemented in 
the Happywhale platform.

We then looked at stable carbon (13C) and nitrogen (15N) 
isotope ratios. Thirty-seven skin samples of identified hump-
back whales collected in the Magellan Strait between 2011 
and 2013 were analyzed. Results of stable isotopes of the 
skin samples of 2011 and 2012 were previously published 
(see Haro et al. 2016 for details). For the skin samples col-
lected in 2013 (n = 4), lipids were extracted and the samples 
analyzed with an elemental analyzer at the Stable Isotopes 
Facility Lab, University of California Davis, USA. Stable 
isotope ratios of individual humpback whales sampled 
twice in 2011 and 2012 (n = 5) were averaged to prevent 
double weighting animals in analyses. We used a lipid-free 
threshold value for humpback whale skin of 3.3 ± 0.17 (Ryan 
et al. 2012), and normalization model from Kiljunen et al. 

(2006) to correct arithmetically δ13C values exceeding this 
threshold.

To explore geographic consistency, stable isotope of δ13C 
and δ15N in skin from Magellan Strait humpback whales 
were compared to samples collected in the Bransfield 
(n = 20) and Gerlache (n = 49) Straits, Antarctic Peninsula 
(Seyboth et al. 2018). We assume the stable isotopes signals 
in the diet of each feeding area remain relatively stable over 
the years (Born et al. 2003; Aurioles-Gamboa et al. 2013), 
and therefore we assigned the skin samples to the respective 
sampling locations. Quadratic discriminant function analysis 
(QDA) in the ‘MASS’ package (Venables and Ripley 2002) 
was used to explore regional differences in foraging due to 
lack of multivariate normality in some data groups (Zhong 
2004). Test error rates of the QDA model were estimated 
with the predict() function of the MASS package and the 
visualization of the classifications was made using the par-
timat() function of the ‘klaR’ package (Roever et al. 2018). 
All analyses were performed using R software version 3.5.1 
(R Core Team 2018).

Results

Photo identification

A total of 187 unique whales of the Magellan Strait feed-
ing subpopulation were compared with 2,553 unique hump-
back whales photographed at Antarctic Peninsula, producing 
matches of two individuals. Both Magellan Strait whales 
were photographed on a single occasion in the Gerlache 
Strait in February 2th, 2018 (whale No 1) and February 
11, 2018 (whale No 2) (Figs. 1 and 2). Both whales were 
sighted in the Magellan Strait feeding area seven and ten 
years before their sighting in Antarctica. Briefly, the first 
whale, an adult male, was initially photographed on Feb-
ruary 14, 2006 and subsequently resighted throughout the 
feeding season during the next five years until January 3, 
2011. The second whale, an adult female, was identified 
on February 11, 2001 and then resighted 4 years later with 
a calf. Two subsequent sightings were then made in 2007 
(March) and 2008 (April). The last sighting in the Magellan 
Strait was on April 27, 2008.

Stable isotopes

Results indicated a lack of geographical consistency in the 
stable isotopes of two whales (No 3 and 4, see Fig. 2) col-
lected in the Magellan Strait in May 22, 2013. Both samples 
had low values of δ13C (-20.7 ‰ and -21.3 ‰) and δ15N 
(11.3 ‰ and 11.7 ‰) relative to the average values for the 
Magellan humpback’s of -16.2 ± 0.64 ‰ and 14.8 ± 1.02 
‰, respectively (Fig.  3a). As expected, QDA model 
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Fig. 2  Fluke photographs of 
humpback whales matched 
between Magellan Strait and 
Antarctic Peninsula (whales No 
1 and 2), and flukes of the other 
two whales inferred by stable 
isotopes ratios (whales No 3 
and 4)

Fig. 3  a δ13C and δ15N ratios of skin samples of the Magellan Strait 
humpback whales in 2011 (square), 2012 (circle) and 2013 (triangle). 
b Display of the posterior classifications made by the QDA function. 

The gray area indicates the Bransfield stable isotope ratios. Letters 
represent Magellan (M), Bransfield (B) and Gerlache (G) Straits
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predictions correctly classified 96.4% of the skin samples 
(30/32) collected in the Magellan Strait. When subregion 
assignment is considered (“Magellan Strait”, “Bransfield 
Strait”, “Gerlache Strait”), the QDA model assigned stable 
isotopes ratios of whales No 3 and 4 of the Magellan Strait 
to the Bransfield Strait subregion, with a probability of 81.7 
and 89.4%, respectively (Fig. 3b). Unlike the two previous 
whales, both of these individuals have been sighted annu-
ally in the Magellan Strait throughout the complete feeding 
season from 1999 (whale No 3, an adult female) and 2001 
(whale No 4, an adult male), until 2018 summer season. In 
the 2013 summer season, these last two whales were sighted 
subsequently in the Magellan Strait in February and March 
(2th and 24th) and missing in April. Then both whales were 
again sighted in the Magellan Strait 21 days apart, on the 
1st (whale No 4) and 22 of May of 2013 (whale No 3), sug-
gesting a short-round trip from the Magellan Strait to the 
Antarctica waters. The former also is suggested through the 
Bayesian stable isotope mixing model (results not shown 
here), as the prediction indicates an important contribution 
of Antarctic krill (Euphausia superba) over the typical diet 
in the Magellan Strait.

Discussion

Movements of humpback whales between feeding areas in 
the eastern South Pacific from previous photo-ID studies had 
not revealed any interchanges (Acevedo et al. 2013, 2017), 
and thus have been widely assumed not to exist. The docu-
mentation of at least two whales through photo identifica-
tion, and other two individuals inferred through stable iso-
topes, provide the first evidence of interchange between the 
Magellan Strait and the Antarctic Peninsula feeding areas. 
Our findings show low rates of interchange between these 
two feeding areas, given the relatively large Antarctic Pen-
insula catalogues used in previous comparisons and in this 
study spanning several years. The Magellan Strait feeding 
area has been recognized as a demographically independent 
feeding subpopulation (Acevedo et al. 2013), and this very 
low contemporary rate of interchange does not necessarily 
challenge existing management strategies, nor how the feed-
ing aggregations are viewed. This low interchange rate is 
consistent with the high levels of persistent site fidelity in the 
Magellan Strait feeding area (Capella et al. 2012; Acevedo 
et al. 2014), and with significant levels of differentiation 
observed in mtDNA from these regions (Félix et al. 2012), 
a pattern that has also been proposed to explain the limited 
demographic interchange between adjacent feeding sites 
in another population (Stevick et al. 2006). Furthermore, 
movement rates between areas depend on their proximity 
(Stevick et al. 2006), and although humpback whales can 
traverse large distances in a day (Mate et al. 1998), fidelity 

to successful foraging areas is likely a strong incentive to 
avoid moving to other feeding areas, even though occasional 
exploration at greater distances could be beneficial (Stevick 
et al. 2006).

The qualitative evidence presented here that some whales 
permanently leave the Magellan Strait, or perform round-
trip movement to another feeding area, gives important 
new insight in the current understanding of the movement 
patterns of the Magellan Strait humpback whales, and into 
the implications of local and regional abundance estimates. 
It is well known that the eastern South Pacific humpback 
whale population migrates mainly to the Antarctic Peninsula 
to feed on the dense patches of Antarctic krill and obtain 
much of their energetic requirements for the subsequent fast-
ing months (Chittleborough 1965). In the Magellan Strait, 
humpback whales feed on squat lobster (Munida gregaria), 
krill (Euphausia sp.), and Fueguian sprat (Sprattus fueguen-
sis) (Acevedo et al. 2011; Haro et al. 2016). Even though we 
do not have data on biomass and/or seasonal fluctuations of 
these prey species in the Magellan Strait, the whales can 
disperse beyond the current reach of researchers in order to 
improve supplementary feeding and replenish blubber stores 
in response to low local abundance of prey species, seasonal 
changes in prey distribution or availability. This makes it 
likely that the whales assumed to feed permanently in the 
Magellan Strait might not be equally available for sampling, 
resulting in heterogeneous detection probabilities for the sta-
tistical model of abundance estimates.

On the other hand, this potential heterogeneity may 
also be a reflection of local sub-structure, with groups of 
whales exhibiting different rates of fidelity to specific sites 
inside and outside of the main feeding area of the Magel-
lan Strait. Under this scenario, it is possible that low re-
sighting rates of some individuals in the Magellan Strait 
–seen only once or twice in a few years with a low resi-
dence time in the study area– represent transient groups 
that allocate their time preferentially to other unknown 
feeding sites within the Fuegian Archipelago or even the 
Antarctic Peninsula feeding area. It is not possible at this 
time to differentiate the cause of heterogeneity between 
transient groups hypothesis vs. an artifact correlated to 
lack of survey effort, timing or extent. Transient whales 
could use the Magellan Strait as a migratory stopover, or 
simply pass-through during parts of the feeding season; 
however, it does not necessarily imply that hypothetical 
resident individuals never leave the area. Semi-geograph-
ical structuring, in which groups of individuals have dif-
ferent patterns of movement and site fidelity, occurs in 
some other migrants species and may apply here as well 
(Rappole 1995; Dingle 1996; Dinis et al. 2016). Even 
though for the moment we cannot evaluate the existence 
of a local substructure, there has been an increase in sight-
ings of humpback whales in recent years as far away as the 
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southernmost channels such as Beagle Channel (54°52′S), 
and therefore we cannot exclude the possibility that other 
less well-studied areas in the Fueguian Archipelago could 
be equally important.

The inability to accurately distinguish the presence 
(observed whale) from the apparent non-presence (pre-
sent but not observed) from true absence could result in 
a biased estimates of some important population param-
eters (e.g., occurrence probability, survival, recruitment) 
and finally in the local population sizes. Specifically, the 
current local abundance estimate would be slightly over-
estimated if a portion of whales is transient. A rigorous 
exploration of the impact of heterogeneity on abundance 
estimates should be considered in the future to refine abun-
dance estimates of the Magellan Strait feeding area, or 
abundance for the region as a whole.

Nevertheless, the evidence of interchange between 
the Magellan Strait and any another feeding area such as 
the Antarctic Peninsula appears considerably low, and 
is unlikely that the abundance estimates of the Magel-
lan Strait subpopulation have an important bias caused 
by immigration effects. Expanded geographic coverage 
of fluke photographs across the austral region of South 
America combined with satellite tracking data will lead to 
a better understanding of the dynamic movements, and the 
frequency of dispersal events among the Magellan Strait 
and other emergent feeding sites within or outside of the 
southernmost tip of South America. Such work would 
build off our results here and improve understanding the 
structure and connectivity of this particular feeding sub-
population of humpback whales, and will bolster effective 
management and conservation measures.
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