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ABSTRACT: Here, we describe variation in mtDNA haplotypes among 22 individual humpback
whales off the Guerrero coast in southern Mexico and compare this to other wintering regions in
the eastern North Pacific Ocean using published data. After correcting for different sample sizes,
Guerrero humpback whales fit the cline in the eastern North Pacific in which A types are more
abundant northwards, while E and F types are more abundant southwards. Whales observed around
Guerrero in early winter exhibited a greater frequency of F types that are also observed earlier in
winter at Bahia de Banderas in the mainland region, suggesting a seasonal passage of whales from
Mexico to Central America. Four diversity indices were higher in different wintering regions
between Nayarit and Guerrero. Departures from neutrality were observed in the bordering winter-
ing grounds of the region. Four measures of differentiation by distance indicated boundaries
between Nayarit and Southern Jalisco, and between Guerrero and Oaxaca, suggesting a transitional

region between wintering regions of Mexico and Central America from 17.5° to 19.5° N.

KEY WORDS: Humpback whale - Eastern North Pacific Ocean * Southern Mexican Pacific -
Distinct population segments - mtDNA - Haplotype - Haplogroup

1. INTRODUCTION

Humpback whales Megaptera novaeangliae exhibit
historical gene flow and current migratory connec-
tions that complicate the identification of population
units for management. Based on the species' winter-
ing areas, Bettridge et al. (2015) identified 14 distinct
population segments (DPS) worldwide, of which 4
belong to the North Pacific Ocean, referred to as
Western North Pacific, Hawaii, Mexico (Mx), and
Central America (CAm) in the US Endangered Spe-
cies Act. Some DPS are further subdivided into demo-
graphically independent populations (DIP; Martien
et al. 2019).
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During the winter, humpback whales are nearly
continuously distributed from southern Baja California
to Central America (Section 3 in the Supplement at
www.int-res.com/articles/suppl/n054p219_supp.pdif),
showing a clinal variation of mtDNA haplotypes
(Baker et al. 2013). Two DIP of humpback whales have
been recognized in the Mexico DPS, namely the Revil-
lagigedo Archipelago (MxAR), offshore at 18° to 19° N,
and the Mexican Mainland between 20° and 23°N
(MxML). The coast of southern Baja California (MxBC)
has been recognized as an area transited by humpback
whales from at least the MxAR and MxML areas
(Urban et al. 2000, Gonzalez Peral 2011). Recently,
others have found evidence for a third population in
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southern Mexico related to the Central America DPS
(Martinez-Loustalot et al. 2020, Lizewski et al. 2021,
Martien et al. 2021, Taylor et al. 2021, Audley et al.
2022). More recently, Llamas-Gonzalez et al. (2024)
examined mtDNA-haplotype diversity in the Mexican
Central Pacific around 19°N (MxCP), and found this
region to be genetically intermediate between Bahia
de Banderas (BB), the most surveyed zone in the
MxMLregion around 20.5° N, and Oaxaca (MxOax) in
southern Mexico around 16°N, with most whales
being part of the Mexico DPS, while Central America
DPSwhales were more frequent in warmer winters.
Here, we provide new data on the variation of
mtDNA haplotypes in humpback whales off the Guer-
rero coast in the southern Mexican Pacific (MxGue;
17.30° to 17.67°N), briefly describing their diversity
and differentiation with respect to whales in other
areas of the Mexican and Central American Pacific.

2. MATERIALS AND METHODS

We collected sloughed skin samples from 40 photo-
identified humpback whales and preserved them
in 95% molecular-grade ethanol in a refrigerator until
sending them to a laboratory for preservation at
—86°C. We performed the laboratory protocols de-
scribed by Baker et al. (2013) for amplifying and se-
quencing the first 419 bp of the GenBank sequences
that correspond to the mtDNA control region of
North Pacific humpback whales (accession nos.
KF477244 to KF477271) and included all MxGue hap-
lotypes (Section 2.1 in the Supplement).

We determined the sufficiency of the MxGue sam-
ple using a resampling procedure to examine the sta-
bility of observed haplotype richness (R,), gene diver-
sity (H), and nucleotide diversity (mt; Sections 1.2 & 2.2
in the Supplement). We then compared the MxGue
sample with the MxAR, MxBC, MxML, MxCP,
MxOax, and CAm samples described by Baker et al.
(2013) from the SPLASH project (Structure of Popula-
tions, Levels of Abundance and Status of Hump-
backs), Martinez-Loustalot et al. (2020), and Llamas-
Gonzdlez et al. (2024).

We examined the diversity indices R, H, &, and vari-
able sites number, tested neutrality with the Ewens-
Watterson and Tajima's analyses, and determined dif-
ferentiation indices ®sr and Fgr with the program
Arlequin 3.5.2.2 (Excoffier et al. 1992, 2005). Since sam-
ple size varied widely among regions, we used program
Variatio23 (available upon request) developed by L.
Medrano-Gonzalez to estimate haplotype richness (R,)
by the extrapolation method of Foulley & Ollivier

(2006) and to compare its levels with differentiation
index pst. Variatio23 also compared the variable sites
number with differentiation index vgr. Variatio23 deter-
mined the statistical significance of psr and vsr with 100
permutations of all individual haplotypes between
populations to obtain random distributions of both sta-
tistics, accepting significance when the actual differen-
tiation was over the upper 5% of the shuffled values.
Given the nearly continuous distribution of humpback
whales, we normalized all differentiation indices by the
straight-line distance between areas (Table S1 in the
Supplement), focusing on the cline (MxBC, MxML,
MxAR) — MxCP — MxGue — MxOax — CAm.

We compared the seasonal composition of haplo-
groups A, E, and F (sets of haplotypes in 1 phyloge-
netic branch; Section 1.1 in the Supplement) in
MxGue and BB, using the haplogroup data of Cortés
Rodriguez (2013). From the patterns of haplogroup
composition and days with data gaps in both regions,
we partitioned data into 4 seasonal sets described by
the day of the year as (a) —41 (November 20) to 9; (b)
10 to 30; (c) 31 to 55; and (d) 56 to 93 (April 3).

3. RESULTS

To obtain a general pattern for describing the
mtDNA variation of Guerrero humpback whales, we
identified 6 haplogroups defined by their distribution
in feeding areas or wintering areas if only found there
(Baker et al. 2013). Northern E and Northern F types
are absent in the range California to southern British
Columbia, while Southern E and F types do occur in
these regions. Northern A types, mainly A—, occur in
the range California to southern British Columbia
with a frequency under 7.4%. Southern A types, A+
only, occur with a frequency of 12.5% in that range.

From 40 samples collected, we obtained only 22
sequences of 419 bp from the mtDNA control region
with adequate quality control scores. Our supplemen-
tary sufficiency analysis demonstrated that H and =
attained stability in the small MxGue sample, varying
less than 3% between the last 2 data in the real and
shuffled series, whereas R, still varied up to 10%.
From the Guerrero and previously published se-
quences, we identified 26 haplotypes among the 643
individuals from the 7 areas compared. MxGue pre-
sented R, = 10 haplotypes, 4 of which (9 individuals)
were Southern E types, 3 were Southern F types (10
individuals), 1 was type A3, 1 was type A—, and 1 was
type A+ (Fig. 1, Table S4). The estimated number
of haplotypes for MxGue was 23 according to the
extrapolation method and 21 to 22 according to the
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Fig. 1. Diversity and differentiation per distance of mtDNA haplotypes in humpback whales between Baja California and Cen-

tral America (Baker et al. 2013, Martinez-Loustalot et al. 2020, Llamas-Gonzalez et al. 2024, present study). (A) Profile of latitu-

dinal differentiation per distance. *p < 0.05 according to the permutational test of Arlequin 3.5.2.2 (Excoffier et al. 1992, 2005).

(B) Geographic array of haplotype diversity. Pie size is proportional to sample size, indicated within parentheses. States on the
Mexican Pacific coast are shown in bold

hyperbolic model of saturation (Fig. S2). Haplotypes
from MxGue exhibited 20 of the 27 variable sites
found among the 7 areas (Table 1).

MxGue whales corroborated the pattern of larger
mtDNA diversity on the Mexican Pacific coast, with
highest H in MxML (0.894), highest R,, R, and vari-

Table 1. mtDNA diversity and neutrality of humpback whales at their wintering grounds in the eastern North Pacific Ocean

(Baker et al. 2013, Martinez-Loustalot et al. 2020, Llamas-Gonzdlez et al. 2024, this work). Estimated haplotypes were deter-

mined by the extrapolation method. R,: observed haplotype richness; R.: haplotype richness estimated by the extrapolation

method. For an explanation of Ewens-Watterson's p and Tajima's D see Section 1.1 in the Supplement. Bold: largest sample
size, highest diversity index value, or significant at p < 0.05

Sample R, R, H T Variable  Ewens-Watterson's p Tajima's D
size sites (Frand = Fops)
MxBC 110 13 21 0.887 0.011 20 0.022 0.621
MxAR 106 12 20 0.860 0.008 19 0.085 —0.074
MxML 62 16 23 0.894 0.013 22 0.377 0.439
MxCP 257 25 26 0.857 0.016 27 0.930 0.705
MxGue 22 10 23 0.840 0.017 20 0.877 1.055
MxOax 50 9 19 0.661 0.015 18 0.989 1.791
CAm 36 8 20 0.744 0.016 18 0.701 1.940
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able sites in MxCP (25, 26, and 27 respectively), and
highest m in MxGue (0.017; Table 1). Our new data
also confirmed the north-to-south cline in the North-
east Pacific wintering grounds, in which A-types were
more frequent northwards, whilst E and F types were
more frequent southwards (Medrano-Gonzalez et al.
1995, Baker et al. 2013). Moreover, A, Northern E, and
Northern F types were also more frequent in the north-
ern wintering areas, whilst Southern E and Southern F
types increased in frequency southwards; Southern E
types reached their maximum at CAm and Southern F
types at MxOax. Note the abrupt increase in F types
between MxML and the adjacent MxCP area, and the
similarity between MxCP and MxGue (Fig. 1, Table S2).
Significant departures from neutrality occurred in the
bordering wintering grounds, with a low fixation index
in the north and a high fixation index and Tajima's D
values in the south (Table 1). The 4 differentiation
indices were higher between MxML and MxCP, with
only ®gt and Fsr being statistically significant. MxAR
and MxML showed lower differentiation, with only
®Ogrand vgr being significant. Indices ®grand Fsy were

zero south of MxCP, but psr and vt showed a degree
of differentiation between MxGue and MxOax, and
even between MxOax and CAm (Fig. 1, Table S2).

A higher proportion of F types was found during
early and late winter in BB, in the MxML region, and
in MxGue (Fig. 2). The higher occurrence of F types
from November to early January was followed by a
brief increase in A types during January and there-
after of E types during February in both areas. ®gr
and Fsr were largest between seasonal sets BB-a and
BB-b, and both were statistically significant. This dif-
ferentiation signal was apparent in Guerrero between
seasonal sets MxGue-b and MxGue-c but was not sig-
nificant. No differentiation was observed between
seasonal sets c and d in either area (Fig. 2).

4. DISCUSSION

Episodic gene flow between humpback whales from
the Southeast and Northeast Pacific since the Illi-
noian glaciation and their northward expansion after
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Fig. 2. Composition and differentiation of mtDNA haplogroups A, E, and F during the winter in (A,C) Bahia de Banderas in the
Mexican Mainland and (B,D) the Guerrero coast; n: sample size. *p < 0.05 according to the permutational test of Arlequin
3.5.2.2 (Excoffier et al. 1992, 2005)
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the Little Ice Age, have shaped the current cline of
mtDNA in the eastern North Pacific. This is evident in
A types being more abundant northwards, whilst E
and F types are more frequent southwards (Medrano-
Gonzalez et al. 1995, Baker et al. 2013; our Fig. 1), and
in F types migrating further south, appearing more
during the early and late winter, at least in BB (Med-
rano Gonzélez et al. 2009, Cortés Rodriguez 2013) and
MxGue (Fig. 2). Evidence for the seasonal procession
of humpback whales between the Mexican and Cen-
tral American Pacific coasts is provided by the graded
exchange and positive-movement indices between
Bahia de Banderas and Nicaragua obtained by photo-
identification (Martinez-Loustalot et al. 2023).

We observed 2 apparent mtDNA-haplotype bound-
aries among humpback whales along their wintering
grounds in the eastern North Pacific: one between
MxML and MxCP for ®@gr, pst, and Fsr and another be-
tween MxGue and MxOax for vgr. MxCP and MxGue
did not show differentiation in the 4 indices (Section
1.4 in the Supplement). These results suggest that the
recently described sample MxCP and the MxGue sam-
ple described here constitute a transitional unit be-
tween the Mexico and CAm DPS that deserves further
attention for research and management. The region
between MxCP and MxGue also shows an apparent
distribution hiatus for the humpback whale (Section 3
in the Supplement) and other cetaceans such as Gram-
pus griseus (Leatherwood et al. 1980) and Delphinus
delphis (Perrin et al. 1983), suggesting that this region
contains an ecological frontier for different cetacean
species that needs to be investigated. Such a gap could
also correspond to the negative movement index be-
tween MxCP and MxGue, which is the only negative
one between Nicaragua and Bahia de Banderas (Marti-
nez-Loustalot et al. 2023). A relevant issue to solve is
the dynamics of stay, dispersion, and migration of
humpback whales that keeps the Mexico and CAm
DPS separated, or not, over their spatial and seasonal
overlaps along the Mexican coast of the Pacific Ocean.

Humpback whale populations have differentially
recovered from near extinction in the 1960s through
changing marine ecosystems and emerging anthropic
threats. The fact that whales from the Mexico and
CAm DPS breed in waters under Mexican jurisdiction
with their respective threatened and endangered des-
ignations, and that there is a transitional population
unit between these DPS with still-unknown relation-
ships, raises the need for reviewing national policies
on fisheries, urban development, tourism, and vessel
traffic, as the protection of humpback whales and
other migratory species in Mexico is of international
relevance.
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