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1. QUICK BRIEF ON THE PAPER’S POPULATION GENETICS 

1.1. Mitochondrial DNA population structure and neutrality 

For haploid and diploid genomes, haplotypes are closely linked genetic markers on a 
chromosome that tend to be inherited together. Mitochondrial (mt) DNA is a circular 
chromosome inherited through the ovum cells of animals (ca. 16 kilobases in 
cetaceans) whose variations in nucleotide sequence across geography define maternal 
lineages or haplotypes that provide information about the ancestry and historical flow 
of females and are thus relevant for the conservation of animal populations. Haplotypes 
are equivalent to alleles in diploid populations (e.g. Avise 1994). Nucleotide sequences 
of haplotypes allow to determine their phylogeny, i.e., their ancestry-descendance 
relationships. Clades, this is, sets of haplotypes in one phylogenetic branch (lineages 
with shared ancestry) are often referred to as haplogroups, such as the four human-
Amerindian mtDNA groups A, B, C, and D (Torroni et al. 1993). Humpback whale 
mtDNA exhibits three major clades worldwide named AE, the more basal and 
apparently originated in the North Pacific Ocean, CD, and IJ. In the North Pacific, clade 
A is subdivided into haplogroups A and E, whilst clade CD is represented only by 
haplogroup F (Baker et al. 1993). Which clades or haplogroups are chosen for 
comparison, depends on the analytical goals. 

Two main aspects of genetic variation in populations define their structure: diversity 
and differentiation among units that are first approached as spatial or temporal sets of 
samples. For population genetics, it is also relevant to characterize neutrality, this is, 
the comparison of observed and expected measures of polymorphism under models of 
neutral evolution and population equilibrium. From the number and frequency of alleles, 
the Ewens (1972)-Watterson (1978) method estimates the probability that the fixation 
(endogamy) index (F) expected under neutrality (Frand), is larger than its observed value 
(Fobs). Similarly, at the nucleotide level, Tajima’s D statistic (1989) compares the 
population size estimated by nucleotide diversity as np, with the effective population 
size estimated by the number of variable sites as S/a1, being D = (np − S/a1) / (V(np − 
S/a1))1/2), where n is sample size, p is the mean heterozygosity per nucleotide, S is the 
number of variable sites, a1 = ∑ (1/𝑖!"#

$%# ), and V stands for the variance of np − S/a1. 
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Under neutrality, as is for animal mtDNA, positive D values indicate large nucleotide 
differences among alleles, suggesting an ancient or extended period of population 
growth, whilst negative D values stand for alleles exhibiting many variable sites but low 
nucleotide differences, a feature typical of population growth after a recent bottleneck. 
Statistical significance is usually set for Frand < Fobs and negative D-values with 
probabilities under 0.05, as well as for Frand ≥ Fobs and D-values with probability over 
0.95. 

 

1.2. Estimation of allele richness  

(translated and adapted excerpt from Medrano González 2023) 

The apparently most simple way to measure diversity is the number of different 
elements, i.e., richness, such as alleles or haplotypes in a population, species in an 
ecosystem, or any set of discrete elements in a system. However, comparing richness 
becomes complicated when treating sets with different sample sizes. In most cases, 
samplings are not sufficient to register all richness and therefore, comparisons cannot 
be made directly from the richness observed. We present three approaches to compare 
richness in samples with different sizes. 

1) Estimate how many alleles are expected in different samples adjusting their size to 
the smaller sample. This is the rarefaction method developed by Hurlbert (1971) to 
compare species richness in ecosystems that was adopted by El Mousadik & Petit 
(1996) to compare allele or haplotype richness. The sample size to compare different 
samples is a subsample of size n within a sample of size N, with n ≤ N. For every 
recorded allele, i, the probability that such allele is found in all possible samples of size 
n is calculated first from how many combinations of n alleles subsampled from N do not 
contain i (qi), this is N − Ni, to later estimate the complementary probability (1 − qi) that 
i is contained in set n. The richness estimated for the subsample n (Rn) is therefore: 

𝑅n =()1 −
+&"&$! ,
+&!,

-
'

$%#

 

where Ni is the number of alleles i in the sample of size N (SNi = N) and k is the number 
of different alleles in the sample of size N (observed richness). The number of 
combinations of n in N and of n in N − Ni are respectively: 

.
𝑁
𝑛1 =

𝑁!
𝑛! (𝑁 − 𝑛)! 
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.
𝑁 − 𝑁𝑖
𝑛 1 =

(𝑁 − 𝑁𝑖)!
𝑛! (𝑁 − 𝑁𝑖 − 𝑛)! 

Every term in the summation of the richness formula (what is inside the big parenthesis) 
is the probability that a subsample of size n contains each of the alleles indicated in the 
sum. When n > N or n > N – Ni, their respective combinations are zero, i.e., there is no 
combination with more than N elements contained in N or larger than N – Ni elements 
contained in N – Ni. There is no solution to the richness formula when n > N, meaning 
that the rarefaction method cannot estimate richness for a sample size larger than the 
analyzed one. When n > N – Ni and n ≤ N, the numerator in the richness formula 
becomes zero making the probability of i being contained in the subsample n equal 1. 

2) An alternative method is the extrapolation developed by Foulley & Ollivier (2006), 
which consists of adding to all alleles observed in a population, the expected probability 
of missing alleles that are observed in all the populations sampled. This method 
assumes that the alleles in all populations belong to an ancestral population or to a 
metapopulation and that every population contains all alleles with a specific probability 
depending on sample size. The probability of an allele i of being omitted in a population 
j with sample size nj is (1 – fi)nj where fi is the allele frequency among all populations 
sampled. Extrapolated allele richness can then be calculated in a population j (Rj) by 
adding to the alleles registered (kj), the probability of omission of the non-recorded 
alleles (Oj). Rj is then estimated as follows: 

𝑅( = 𝑘( + ((1 − 𝑓$)!!
$∈*(

 

Richness estimated by this method in a population thus varies between its observed 
richness and the richness observed in all populations. Given the sharing of most 
mtDNA haplotypes among humpback whales in their Northeast Pacific wintering 
grounds and the total sharing of the most abundant haplotypes, E1 and F2, we used 
this method to estimate and compare haplotype richness. 

3) Another method to estimate allele richness is the calculation of the asymptotic value 
in a curve of richness accumulation along sampling. There are basically three 
accumulation models whose application depends on how much richness has been 
accumulated with reference to its asymptotic value. The smaller the sample, the lesser 
fraction of richness registered, and the lesser accuracy in estimating the asymptotic 
value (Soberón & Llorente 1993). 

3.1) For a sample with richness close to its asymptote, the probability of finding a new 
allele decreases proportionally to the alleles list in the sample. Exponential saturation 
is the most adequate model to fit in this situation. This is: 
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𝑅! =
𝑎
𝑏
(1 − 𝑒+!) 

where n is sample size, a is the start discovery rate for new alleles, and b is the rate at 
which the discovery rate decreases as the alleles list grows. Notice that for n tending 
to infinity, the asymptotic value is R∞ = a/b. 

3.2) When the accumulation curve is not close to its asymptote but points to it fairly, the 
hyperbolic Michaelis-Menten model (introduced to ecology by Clench in 1979; Soberón 
& Llorente 1993) becomes the best model to fit. This is: 

𝑅! = 𝑅,
𝑛

𝑏 + 𝑛 

where R∞ is the asymptotic richness to estimate and b is the sample size at which half 
R∞ is reached. Notice that when n tends to infinity, Rn also tends to R∞ (Vmax in the 
model’s original phenomenology of enzyme kinetics). 

3.3) An accumulation curve is far from its asymptote when the sample size is too low 
or when, for a phenomenological circumstance, increasing the sample size decreases 
the chances of finding new alleles. This may happen in large and poorly known 
populations or in populations that change whilst they are sampled. In cases like this, 
non-asymptotic accumulation curves may have information on the phenomena that are 
changing the population. Therefore, the analysis becomes to estimate the sample size 
needed to register a given richness. Soberón & Llorente (1993) have provided the 
following model for non-asymptotic accumulation curves. 

𝑅! =
1
𝑧 𝑙𝑛

(1 + 𝑧𝑎𝑛) 

where a and z = 1 – e–b are the parameters described for the exponential saturation. 

 

1.3. Four differentiation indices 

Genetic differentiation can be conceived as the fraction of total diversity in a group of 
populations owed to the differences between them. Differentiation is thus a component 
of endogamy (F) between the populations under comparison (s) within the whole set of 
populations (t). This factor of endogamy or difference between populations is thus 
named Fst and is conceptually defined as follows: 

𝐹𝑠𝑡 =
𝐻𝑡 − 𝐻𝑠
𝐻𝑡 = 1 −

𝐻𝑠
𝐻𝑡 
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where Ht and Hs are the total diversity (expected heterozygosity) for all populations 
and their average diversity, respectively (e.g. Nei 1987). There are different approaches 
to estimating genetic differentiation depending on data sorts. Cockerham (1969) 
devised a calculation for Fst from a variance analysis (ANOVA) that Excoffier et al. 
(1992) extended to consider nucleotide differences among alleles for an index named 
Fst. These authors also extended the variance analysis to a two-level hierarchical 
design (AMOVA for Analysis of Molecular Variance) to estimate differentiation between 
groups of populations and differentiation between populations within groups. 

As part of their estimation of allelic richness, Foulley & Ollivier (2006) defined a 
differentiation index based on the allelic richness estimated from their extrapolation 
method or from the rarefaction method. Allele richness differentiation (rst) is calculated 
as follows: 

𝜌-. = 1 −
𝑅 − 1
𝐾 − 1 

where R is the average allelic richness within populations and K is the total allelic 
richness among populations. 

A consequent index of differentiation between populations is based on the variable sites 
in allele sequences (vst) and is simply calculated as follows: 

𝑣𝑠𝑡 = 1 −
𝑣𝑠
𝑣𝑡 

where vs is the average number of variable sites in the sequences within populations 
and vt is the number of variable sites among the sequences of all populations 
(Arbanasić et al. 2024). 

 

1.4. Isolation by distance 

When populations are distributed continuously over a large region such as the wintering 
grounds of humpback whales from Baja California to Central America (ca. 3000 km), 
including the offshore Revillagigedo Islands, the limited mobility of individuals at least 
for reproduction, raises genetic differentiation between the organisms of distant areas 
for differentiation being proportional to geographic distance. This is the so-called 
isolation-by-distance model of Wright (1943). There is isolation by distance when 
genetic differentiation is proportional to geographic distance. The number of population 
comparisons of geographic distances and genetic differentiation is for both n(n – 1)/2 
which is half under or over the diagonal of the n x n populations matrix. However, care 
must be taken to consider in the analysis proper statistically independent comparisons 
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(e.g. Harvey & Pagel 1991). Usually, the Pearson’s correlation is employed in a 
permutational test of significance developed by Mantel (1967) but other approaches, 
such as the general linear regression, may also be adequate when comparisons do not 
include complete pairwise comparisons. 

We examined isolation by distance with the four differentiation indices described above 
among the wintering grounds of humpback whales MxBC, MxAR, MxML, MxCP, 
MxGue, MxOax, and CAm. We made the linear regression of differentiation with 
respect to geographic distance (Tables S1, S2) and tested their correlation with the 
Mantel test available in Arlequin 3.5.2.2 (Excoffier et al. 2005; Table S3; Figure S1). 

Indices Fst and rst, which are dependent upon the number and frequencies of different 
haplotypes, were bounded under 0.16 whilst Fst and vst, which depend also on the 
number of variable sites, were limited under 0.40, meaning that nucleotide differences 
enlarge the differences in haplotypes frequency. The four indices showed significant 
isolation by distance according to the Mantel test, though exhibiting low regression 
indices due to the dispersion of comparisons that indicate either differential gene flow 
across geography or population subdivision (Table S3; Figure S1). 

 

Table S1. Straight geographic distances among seven wintering areas of humpback 
whales in the Northeast Pacific Ocean. 

 MxBC MxAR MxML MxCP MxGue MxOax CAm 

Geographic distance (km) 

MxBC -       

MxAR 490 -      

MxML 475 612 -     

MxCP 678 815 203 -    

MxGue 1079 1216 604 401 -   

MxOax 1653 1790 1178 975 574 -  

CAm 2803 2940 2328 2125 1724 1150 - 
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Table S2. MtDNA differentiation of humpback whales in their wintering grounds of the 
Northeast Pacific Ocean. Bold numbers indicate statistical significance at p < 0.05. 

 MxBC MxAR MxML MxCP MxGue MxOax CAm 

Fst \ Fst 

MxBC - 0.003 0.000 0.084 0.137 0.268 0.156 

MxAR 0.002 - 0.028 0.130 0.222 0.352 0.240 

MxML 0.008 0.004 - 0.039 0.070 0.188 0.087 

MxCP 0.028 0.040 0.018 - 0.000 0.049 0.000 

MxGue 0.023 0.043 0.034 0.000 - 0.000 0.000 

MxOax 0.109 0.134 0.119 0.038 0.000 - 0.003 

CAm 0.071 0.096 0.081 0.022 0.000 0.000 - 

rsta \ vst 

MxBC - 0.278 0.222 0.130 0.259 0.296 0.296 

MxAR 0.041 - 0.241 0.148 0.278 0.315 0.315 

MxML 0.053 0.062 - 0.093 0.222 0.259 0.259 

MxCP 0.106 0.132 0.085 - 0.130 0.167 0.167 

MxGue 0.049 0.055 0.076 0.065 - 0.296 0.296 

MxOax 0.152 0.143 0.132 0.138 0.072 - 0.333 

CAm 0.119 0.142 0.133 0.118 0.066 0.043 - 

arst determined from the estimated number of haplotypes. 

 

The four indices exhibited relatively high and significant isolation between MxAR and 
MxCP despite being in the same latitude. Instead, MxBC, MxAR, and MxML showed 
low and significant differentiation per distance among them for Fst, rst, and Fst. 
However, the vst values among these regions were high respective to their distances, 
being significant for the comparison MxBC-MxAR (Tables S2, S3; Figure S1). This 
indicates similar mtDNA variation in the three regions with important differences in 
variable sites, meaning that the three regions are differentiated by similar, but not the 
same haplotypes, besides the frequency differences among shared haplotypes. 
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Indices Fst, rst, and Fst also presented several high and significant differentiation 
values that indicated a major division of haplogroups, haplotypes, and their frequencies 
between MxCP and MxML. Instead, index vst showed its largest values in the ranges 
of CAm, MxOax, and MxGue, though being non-significant. With reference to 
geographic distance, the ratio vst/km exhibited its larger values in the comparisons 
MxOax-MxGue and MxGue-MxCP. None of the four differentiation indices between 
MxGue and MxCP was high or significant (Table S2; Figures 1, S1). Similarly to MxBC, 
MxML, and MxAR, differentiation south of MxGue given by vst, appears owed to 
different but closely related haplotypes, making thus MxCP and MxGue seem a 
transitional region. This yields a structure more complicated than a sole division of the 
Mexico and Central America distinct population segments in southern Mexico (Martien 
et al. 2021; Taylor et al. (2021). 

 

 

Figure S1. MtDNA isolation by distance for four differentiation indices in the wintering grounds 
of humpback whales in the Northeast Pacific Ocean. Comparisons involving MxGue are 
indicated in red. Comparisons involving the neighbouring regions of MxCP are indicated in blue. 
The abbreviation Mx of regions has been retired to ease plot examination. A few pairwise 
comparisons were slightly moved to separate them according to their relative positions. Dashed 
lines indicate anyway the exact linear regressions with the parameters shown in Table S3. 
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Table S3. Regression parameters for the mtDNA-isolation-by-distance plots of 
humpback whales in their wintering grounds between Baja California and Central 
America (Figure S1). 

 Slope (x10-

5/km) 
Ordinate r2 p (Mantel) 

Fst 3.164 0.002 0.346 0.009 
Fst 6.363 0.020 0.234 0.028 
rst 2.718 0.061 0.317 0.014 
vst 4.488 0.183 0.251 0.005 

 

 

2. MATERIALS AND METHODS 
2.1. Sampling of tissues and mtDNA sequences 

We conducted our surveys along the northern coast of the State of Guerrero (17.30°N 
– 17.67°N) in partnership with local people looking to cultivate an ethos of stewardship 
toward whales in a nascent whale-watching community. Data and samples were 
collected under scientific research permits, giving priority to responsible whale-watch 
practices over data collection and, thus, abandoning whales when they exhibited 
repeated evasive behaviour. In alignment with this principle, we chose to collect 
sloughed skin from photo-identified animals rather than biopsies. We used aquarium 
nets attached to a pole to collect sloughed skin in the water from photo-identified whales 
after vigorous behaviours such as breaches and lobtailing. Skin pieces were taken from 
the net using flamed dissection forceps to put the tissue in cryotubes containing 95% 
molecular-grade ethanol. Two samples were obtained from dead individuals. Samples 
were kept in a refrigerator until they arrived at a laboratory where they were stored at -
86°C. We collected 40 samples from which we extracted genomic DNA and amplified 
a 419 bp segment of the mitochondrial control region following the laboratory 
procedures described by Baker et al. (2013). Only 22 amplicons yielded sequences 
with adequate quality control scores (Table S4). 
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Table S4. Identity data of the 22 identified individuals for which we obtained adequate-
quality sequences of the mtDNA control region (419 bp). Sample dates are indicated in 
the sample ID as year-day-month. 

Sample ID Haplotype Longitude Latitude WGRP ID CRC ID 

Mnov-2015-27-01-Gue-01 E1 -101.4714 17.5062 WGRP_HB_065 10704 

Mnov-2015-29-01-Gue-02 A3 -101.6504 17.6515 WGRP_HB_070 16141 

Mnov-2015-09-02-Gue-04 E1 -101.2590 17.2965 WGRP_HB_089 - 

Mnov-2015-24-02-Gue-05 F2 -101.6411 17.6443 WGRP_HB_107 - 

Mnov-2015-26-02-Gue-06 A+ -101.2766 17.3408 WGRP_HB_113 - 

Mnov-2015-02-03-Gue-07 E1 -101.4824 17.5368 WGRP_HB_127 - 

Mnov-2015-03-03-Gue-08 F4 - - - - 

Mnov-2015-05-03-Gue-10 F2 -101.5014 17.5813 WGRP_HB_131 16198 

Mnov-2017-13-01-Gue-11 F2 -101.4768 17.5715 WGRP_HB_200 17201 

Mnov-2017-29-01-Gue-12 F3 -101.3941 17.4900 WGRP_HB_250 15879 

Mnov-2017-04-02-Gue-13A A- -101.3613 17.4936 Dead calf - 

Mnov-2017-10-03-Gue-14A E1 -101.4344 17.5121 WGRP_HB_287 10878 

DW(Mnov)-2018-21-01-Gue-32 F2 - - Dead whale - 

Mnov-2018-22-01-Gue-16 F3 -101.4142 17.5010 WGRP_HB_213 16164 

Mnov-2018-02-02-Gue-18 F2 -101.4711 17.5265 WGRP_HB_339 15204 

Mnov-2018-07-02-Gue-19 E4 -101.5206 17.5702 WGRP_HB_345 12492 

Mnov-2018-23-02-Gue-22 E1 -101.4540 17.5194 WGRP_HB_370 18399 

Mnov-2018-28-02-Gue-23 E3 -101.4799 17.5968 WGRP_HB_372 10800 

Mnov-2018-06-03-Gue-25 F2 -101.3900 17.4948 WGRP_HB_380 10763 

Mnov-2018-15-03-Gue-28 E13 -101.454 17.5238 WGRP_HB_386 10729 

Mnov-2018-15-03-Gue-30 F2 -101.551 17.6105 WGRP_HB_390 18405 

Mnov-2021-01-02-Gue-32 E1 -101.5018 17.6026 WGRP_HB_554 10641 
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2.2. Sufficiency analysis of the MxGue sample 

Even having a sample representative of the population it is drawn off, the sample still 
can be insufficient, i.e., the statistics that describe the sample do not attain stable 
values as the data accumulate. Sampling sufficiency depends on the statistic 
measured, its variation, the question it is targeted to answer, and the confidence 
needed for it (DePatta Pillar 1998; Ramsey & Hewitt 2005; Schefler 1980). 

To better assess the statistical power of our comparisons, we examined the sufficiency 
of the small sample of mtDNA haplotypes in the Guerrero humpback whales (n = 22) 
by determining the stability of the observed haplotype richness (Ro), gene diversity (H), 
and nucleotide diversity (p) as these statistics are involved in the four measures of 
differentiation examined. We estimated the values of Ro, H, and p along the sampling 
series, calculating also a measure of their variability along sampling (Aguirre-Samudio 
et al. 2014). For two consecutive data in the sampling series, x and x-1, variability for 
the xth datum (Vx) is, in the case of H:  

𝑉/ = 2𝑎𝑏𝑠 .
𝐻/ − 𝐻/"#
𝐻/ + 𝐻/"#

1 

meaning the absolute difference between consecutive data in the series divided by their 
average. As the data accumulate, diversity measures attain a stable value and their 
consecutive variability tends to zero (Figure S2). 

Since the actual sampling series is contingent respective to the final diversity value, we 
built 100 random series of the data to determine a confidence interval for the diversity 
stabilization and the variability decay with attention to the 95% confidence interval of 
the last Vx value which was up to 0.105 for Ro, 0.022 for H, and 0.026 for p. This means 
that the Guerrero sample is sufficient for H, p, and thus, for Fst, Fst, and vst, under the 
criterion of Vx < 0.05, whilst Ro, and therefore rst, are not. These results thus made it 
necessary to estimate haplotype richness and rst, correcting for the different sample 
sizes (Figure S2). 
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Figure S2. Stabilization of the diversity indices Ro (panel A), H (panel C), and p (panel E) of 
mtDNA-haplotypes along the sampling of 22 humpback whales from Guerrero. The dashed 
grey line in the accumulation of Ro indicates the diagonal, whilst the black line is the fit to the 
hyperbolic model of saturation (Soberón & Llorente 1993) with an asymptote parameter of 21.5, 
Michaelis-Menten constant of 25.8, and r2 = 0.978. Profiles of diversity variability along the 
sampling are panel B for Ro, panel D for H, and panel F for p. Bold lines indicate the profiles 
of the actual sampling, whilst the surrounding pink areas stand for the 95% confidence of 100 
shuffled sampling series. 
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3. HUMPBACK WHALE DISTRIBUTION IN THE MEXICAN PACIFIC OCEAN 

The Marine Mammalogy Group at Facultad de Ciencias UNAM surveyed 61 067 km of 
the Mexican Pacific Ocean during the years 1981 – 2019, registering 166 sightings of 
humpback whales (Figure S3; Medrano González et al. 2022). 

Between November and April, humpback whales and their newborns congregated 
around the Revillagigedo Islands (18°N latitude, ca. 600 km off the mainland the 
closest), Southern Baja California (22°N – 25°N latitude), Mainland Mexico coasts 
between Colima and Sinaloa (19°N – 24°N latitude), and the coasts between Oaxaca 
and Guerrero (16°N – 18°N latitude). We found few whales between these regions. 
From May to September, humpback whales were sighted along the mid-Pacific coast 
of Baja California (28°N latitude) and around the Midriff Islands in the Gulf of California 
(28°N – 30°N latitude), where a few calves have also been recorded (Figure S3). Notice 
that the genetic boundaries that we described along the coasts of Southern Jalisco and 
Southern Guerrero, correspond to apparent congregation regions and not to the 
species’ distribution hiatus along the coast of Michoacan. 

 

 

Figure S3. Seasonal records of humpback whales in the Mexican Pacific Ocean. Grey lines 
indicate 5926 survey transects. We show the 145 non-calf pods records (N) in blue circles and 
the 21 records of humpback whale pods with calves (C) in red triangles. Hue for circles and 
triangles indicates seasonality. States on the Mexican Pacific coast are shown in bold type. 
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