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Abstract

The bottlenose dolphin, genus Tursiops, is cosmopolitan occurring in tropical and tem-

perate regions, with morphological variation between and within different oceans.

Since the genus' taxonomy has been under discussion for a long time, this work aimed

at analyzing the cranial variability of T. truncatus from different regions of the world.

Geometric Morphometrics analyses were performed in 201 skulls of adult specimens,

on dorsal, ventral, and lateral views, from the Eastern North Pacific, Eastern North

Atlantic, Eastern South Atlantic, and Western South Atlantic oceans. The results indi-

cate differences between individuals that inhabit the Atlantic and Pacific oceans.

Within the Atlantic Ocean, there is an evident longitudinal differentiation of speci-

mens from the eastern and western regions. A latitudinal separation was also

observed, considering specimens from the North and South Atlantic Ocean. In the

Western South Atlantic statistical differences were found between two morphologi-

cal groups, identified as T. gephyreus (sensu Lahille, 1908) and T. truncatus, and the

cross-validation presented 98% as minimum confidence for correct classification of

these two groups. The present study provides strong morphological support to con-

sider these two lineages as separate species.
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1 | INTRODUCTION

The bottlenose dolphin, Tursiops spp., is one of the most well-known

dolphin species and has been the basis of many studies of cetacean

behavior. Two species are currently recognized: T. aduncus in coastal

waters of the Indo-Pacific region and T. truncatus with a cosmopolitan

distribution in both coastal and oceanic waters (Wang, 2018; Wells &

Scott, 2018). Nevertheless, there is still much discussion regarding the

genus taxonomy. During most of the 20th century, there was con-

sense that it is a polytypic species, despite researchers stressing the

need for a full genus review (Hershkovitz, 1966; Jefferson, Leather-

wood, & Webber, 1993; Ross, 1977; Walker, 1981; Wells &

Scott, 2018). Similarly, the International Whaling Commission's Scien-

tific Committee has recommended a global revision of the genus

(IWC, 1995, 2009) and from 2015 to 2018 this revision has been per-

formed, confirming the status of the two already recognized species

and concluding that “future taxonomic questions should be examined

within an appropriately wide and inclusive geographic context”

(IWC, 2019, p. 50).

The genus Tursiops has a worldwide distribution, occurring in

tropical and temperate regions, in almost all oceans (Leatherwood &

Reeves, 1990), some internal seas (e.g., Black Sea), and estuarine areas

(Fruet, Secchi, Di Tullio, & Kinas, 2011; Odell & Asper, 1990; Simões-

Lopes & Fabian, 1999). They occur along South America's Atlantic

coast (Lodi et al., 2016), from the Caribbean Sea (Pardo et al., 2009) in

the north, along all the Brazilian coast (Siciliano, Moreno, Silva, &

Alves, 2006), reaching south up to the Chubut Province, in Argentina,

with few records in Tierra del Fuego (Goodall et al., 2008; Goodall

et al., 2011). Bottlenose dolphins are common both in coastal waters

in the Brazilian, Uruguayan and Argentinian coasts (Pinedo, Rosas, &

Marmontel, 1992) as well as in offshore areas (Di Tullio, Gandra,

Zerbini, & Secchi, 2016; Moreno et al., 2009; Moreno et al., 2017).

Differences between offshore and coastal morphotypes of

bottlenose dolphins have been identified in areas of the Atlantic and

Pacific oceans (Mead & Potter, 1995; Waerebeek, Reyes, Read, &

Mckinnon, 1990; Walker, 1981; Wells & Scott, 2018). For instance,

coastal forms in the Atlantic Ocean and elsewhere tend to be

smaller, lighter in color and with larger fins. However, there are

exceptions such as the offshore forms of the eastern North Pacific

Ocean, which are smaller than the coastal forms in this region

(Wells & Scott, 2018). In the Indo-Pacific region, individuals of these

two adjacent environments are actually different species, with

Tursiops truncatus (Montagu, 1821) using more offshore areas, and

T. aduncus (Ehrenberg, 1833) inhabiting more coastal habitats (Hale,

Barreto, & Ross, 2000; Möller & Beheregaray, 2001; Ross, 1977;

Wang, Chou, & White, 1999; Wang, Chou, & White, 2000a; Wang,

Chou, & White, 2000b).

In Argentinian waters, Tursiops gephyreus was comprehensively

described in 1908, based on two specimens collected on the La

Plata River estuary (Lahille, 1908). Afterward, this name was used

for all bottlenose dolphins in the southwestern Atlantic up to the

1970s, when Tursiops was considered a polymorphic species and

researchers reverted to using T. truncatus without explicit

justification (Hershkovitz, 1966). More recently it has been

suggested that bottlenose dolphins from southern South America

should be recognized as a subspecies (Barreto, 2000; Costa, Rosel,

Daura-Jorge, & Simões-Lopes, 2016) or a separate species

(Barreto, 2004; Wickert, 2013; Wickert, von Eye, Oliveira, &

Moreno, 2016). Nevertheless, comparisons of specimens from this

area to bottlenose dolphins from other areas of its distribution

must be performed in order to understand the relationship among

the different morphotypes.

Geometric morphometrics has been used to access the morpho-

logical variations in skulls of dolphins, being successfully applied to

verify interspecific (Amaral, Coelho, Marugán-Lobón, & Rohlf, 2009),

ontogenetic (del Castillo, Flores, & Cappozzo, 2014; del Castillo,

Segura, Flores, & Cappozzo, 2016; del Castillo, Viglino, Flores, &

Cappozzo, 2017; Parés-Casanova & Fabre, 2013; Sydney, 2010; Syd-

ney, Machado, & Hingst-Zaher, 2012), sexually dimorphic (del Castillo

et al., 2014; Monteiro-Filho, Monteiro, & Reis, 2002) and geographic

variation (Jefferson & Waerebeek, 2004; Monteiro-Filho et al., 2002;

Perrin, Thieleking, Walker, Archer, & Robertson, 2011). However, until

now, this has not been done for bottlenose dolphins in South America.

Thus, we studied skull variations in bottlenose dolphins from different

oceanic regions, using 2D-geometric morphometrics, in order to dif-

ferentiate Tursiops truncatus and Tursiops gephyreus. Our aim was to

provide sound morphological information to help clarifying the species

status.

2 | MATERIALS AND METHODS

Two-dimensional geometric morphometrics analysis (GM) was used to

assess the skull variations among specimens of the genus Tursiops.

Both, landmarks and semilandmarks were used to describe the skull

morphology of the specimens (Bookstein, 1991; Bookstein, 1997;

Gunz, Mitteroeker, & Bookstein, 2005; MacLeod, 2013; Rohlf &

Marcus, 1993). Here, we use the terms truncatus and gephyreus (sensu

Wickert et al., 2016) to refer, respectively, to the morphotypes desig-

nated to the taxonomic unit T. truncatus and T. gephyreus (sensu

Lahille, 1908 and Wickert et al., 2016).

A sample of 201 well-preserved adult skulls of bottlenose dol-

phins from different oceanic regions was analyzed. Skulls were con-

sidered adults when the specimens' age, assessed through growth

layer groups in teeth (Hohn, Scott, Wells, Sweeney, & Irvine, 1989),

was higher than 5 years (Barreto, 2016) or had fused bones, closed

sutures and closed alveoli (Tavares et al., 2010). A full list of speci-

mens, sex, locality, and museums is available in supplemental online

material, Appendix I.

The GM-analyses encompassed five geographic groups for compari-

sons (Figure 1): Eastern North Pacific Ocean (ENPO) (California, N = 30),

Western South Atlantic Ocean—truncatus (WSAO—t) (Atlantic coast of

South America, from Ceará, Brazil to Patagonia, Argentina, N = 57),

Western South Atlantic Ocean—gephyreus (WSAO—g) (Atlantic coast of

South America, from Paraná, Brazil to Buenos Aires Province, Argentina

N = 71), Eastern North Atlantic Ocean (ENAO) (United Kingdom,
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including the holotype of the species T. truncatus, referred as Delphinus

truncatus Montagu 1821, N = 23), and Eastern South Atlantic Ocean

(ESAO) (Namibia and South Africa, N = 20).

The skulls were photographed in three different views: dorsal,

ventral, and lateral. The camera was fixed in a standard distance (1 m),

with a small aperture to increase the depth of field. The rostrum was

kept parallel to the ground during the shots of dorsal and ventral

views. A total of 201 images of skulls in dorsal view were analyzed,

176 in lateral view, and 153 in ventral view (Table 1). Sample size dif-

ferences among the views are related to the exclusion of specimens

with broken or badly preserved skull structures, or positional prob-

lems during the photo acquisition and only detected during image

processing.

Landmark selection prioritized the use of type I and II landmarks

to describe the skull traits (Bookstein, 1991) and was partially based

on Monteiro-Filho et al. (2002) and Sydney et al. (2012). Anatomical

nomenclature of the bottlenose dolphin's skull bones follows Mead

and Fordyce (2009). Curved structures, as well as hard to mark points

(e.g., rostrum outline) were described using semilandmarks. We

followed MacLeod (2013) analyzing landmarks and semilandmarks

together without any a priori mathematical adjustment. Fifteen land-

marks and six semilandmarks were used in the dorsal analysis

(Figure 2); sixteen landmarks and six semilandmarks were used in the

lateral analysis (Figure 2); and thirty-one landmarks were used to

describe the ventral view of the skull (Figure 2). MakeFan6

(Sheets, 2002) was used to create the frames to plot the

F IGURE 1 Distribution of
samples used in this study. ENAO,
Eastern North Atlantic Ocean; ENPO,
Eastern North Pacific Ocean; ESAO,
Eastern South Atlantic Ocean;
WSAO, Western South Atlantic
Ocean, including gephyreus and
truncatus forms. Circles indicate the
approximate location where animals

were collected and may indicate more
than one animal

TABLE 1 Sample size analyzed of
the Truncatus groups for the different
skull views Skull view

Groups

ENPO WSAO—t WSAO—g ENAO ESAO Total

Dorsal 30 57 71 23 20 201

Lateral 26 52 63 19 16 176

Ventral 22 42 58 17 14 153

Abbreviations: ENAO, Eastern North Atlantic Ocean; ENPO, Eastern North Pacific Ocean; ESAO, Eastern South Atlantic Ocean; WSAO—g, Western South

Atlantic Ocean—gephyreus; WSAO—t, Western South Atlantic Ocean—truncatus.
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semilandmarks. Landmarks and semilandmarks were acquired through

TPSDig2, version 2.0 (Rohlf, 2004). A full description of landmarks

and semilandmarks is presented in supplemental online material,

Appendix II.

Skulls of vertebrates have an internal plane of symmetry and this

is an example of what Klingenberg, Barluenga, and Meyer (2002) call

“object symmetry.” However, biological structures are rarely perfectly

symmetrical and, therefore, the degree of asymmetry on these fea-

tures should be addressed through the study of the symmetric and

asymmetric components (Klingenberg et al., 2002). Skulls of the Del-

phinidae family (including Tursiops) are left-skewed (Leatherwood &

Reeves, 1990; Jefferson & LeDuc, 2018), thus, as in other studies

where the analyzed structures are symmetrical objects

(e.g., Barros, 2013; Barros et al., 2017; Trevisan, Marochi, Costa, San-

tos, & Masunari, 2016), we used the symmetrical components to

access the general differences among the morphotypes, but the asym-

metric components were also considered to better understand the

overall variations among the skulls.

The Procrustes correction, that is, orthogonal least square super-

position (Rohlf & Slice, 1990), of the raw coordinates was performed

in order to adjust the position and size of the specimens. A Principal

Component Analysis (PCA) was used to ordinate the specimens in the

morphospace after the Procrustes superimposition and allowed the

detection of outliers (Viscosi & Cardini, 2011).

The variation in the size of the different groups was tested using

a univariate ANOVA of the log-transformed Centroid Size (logCS)

values (Klingenberg, 2011). This analysis was performed after testing

for normality (Shapiro–Wilk's test) and homoscedasticity (Levene's

test), as well as skewness and kurtosis. The statistical significance

(α-level = .05) of the shape differences were tested through Canonical

Variate Analysis (CVA) over the “procrusted coordinates” of the sym-

metrical components. The P-values for all the pairwise tests were

based on Procrustes distances (Klingenberg, 2011). Furthermore, we

regressed shape (i.e., the Procrustes coordinates) on size (logCS) to

test the influence of skull size on shape.

Considering the two morphotypes recognized for the South

American Coast (truncatus and gephyreus), a Discriminant Function

Analysis (DFA) with leave-one-out cross-validation among the groups

WSAO—t and WSAO—g was performed. This allowed us to obtain

the correct-classification percentages of the Procrustes distances and

evaluate phenotypic divergence among the groups.

All Geometric Morphometrics methods were performed in Mor-

phoJ (Klingenberg, 2011). Shape changes across the morphotypes

observed in the CVA roots were represented using wireframes

(Viscosi & Cardini, 2011).

3 | RESULTS

The one-way ANOVA based in the configurations' centroids found

significant size differences among Tursiops groups in both dorsal, lat-

eral, and ventral views of the skull (Dorsal—F4, 199 = 220.8, p < .0001;

Lateral—F4, 174 = 16.71, p < .0001; Ventral—F4, 152 = 127.2,

p < .0001). Tukey's post hoc test revealed that almost all groups vary

significantly for size, and the differences are more expressive when

observing the dimensions of the dorsal view of the skull (Table 2). In

dorsal and ventral view, the gephyreus morphotype (WSAO—g) has

the largest skull, while the population representing the Eastern North

Atlantic Ocean smaller (Figure 3).

The regression of the Procrustes coordinates on logCS indicated

a significant influence of skull size on the shape of the skull in all views

(Dorsal—p < 0.0001; Lateral—p < .0001; and Ventral—p < .0001).

However, a high percentage of prediction was obtained only for the

dorsal view (Dorsal—Total Sums of Squares [TSS] = 0.5306,

Predicted = 32.72%; Lateral—TSS = 0.9185, Predicted = 4.24%;

Ventral—TSS = 0.3628, Predicted = 12.92%). We thus described the

allometric variation in shape only for the dorsal view of the skull.

The wireframes demonstrated that smaller specimens (logCS

close to 4.1) with more negative regression scores tend to have a large

and robust neurocranium and a robust but short snout, the temporal

crest is markedly pronounced, and the distance between the nasal

opening and the posterior limit of the neurocranium is long due to the

forward position of this trait. Larger specimens (logCS close to 4.6)

with more positive regression scores tend to have a narrower skull

F IGURE 2 Landmarks (full circles) and semilandmarks (open
circles) for dorsal (D), lateral (L), and ventral (V) views of T. truncatus'
skull. Combs and fans are represented
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profile, with an elongated and slim rostrum. The posterior portion of

the neurocranium is rounded and anteriorly oriented while the nasal

opening is posteriorly oriented (Figure 4).

The CVA showed significant statistical shape differences between

all analyzed groups in dorsal, lateral, and ventral skull views (p-values

ranging from <.001 to <.0001). Statistical results of CVA are summa-

rized in Table 3.

The CVA of the GM analysis of the skulls' dorsal view produced

four canonical roots. However, the percentages of variation related to

CV3 and CV4 were low (less than 5%). Thus, the morphological dis-

crimination between groups was based on both CV1 and CV2. The

CV1 (52.61% of the explained variation) indicates differentiation

between the skull morphology of the group composed by the

gephyreus morphotype (WSAO—g) from the one formed by the

truncatus morphotype. In contrast, the CV2 (38.9%) showed a longitu-

dinal factor that distinguished the skull morphology of geographical

groups composed by the truncatus morphotype specimens located at

the Western South Atlantic Ocean (WSAO-t) from those at the East-

ern North and South Atlantic Oceans (ENAO and ESAO). The speci-

mens of the Eastern North Pacific Ocean (ENPO) remained close to

what is the mean shape for the observed variation axes (Figure 5).

Considering the geographic groups established, along the CV1

axis, the WSAO—g specimens presented negative scores and the skull

pattern associated with these values tends to present a narrower skull

profile, marked by a slim rostrum and neurocranium. The back portion

of the neurocranium is also forwardly oriented while the nasal open-

ing is posteriorly oriented. The proximal tips of the premaxillae are

close to the nasal opening and they do not extend past the posterior

border of the nasal opening, which is rounded (Figure 5—see CV1−).

However, almost all specimens from the other geographical groups

composed by truncatus morphotypes presented positive scores on the

CV1. Their skulls seem to be more robust with a shorter and broader

rostrum and neurocranium. The temporal crest is markedly pro-

nounced and the distance between the nasal opening and the poste-

rior limit of the neurocranium is long due to the forward position of

this trait. The proximal tips of the premaxillae are more laterally devi-

ated from the border of the nasal opening and extend past the poste-

rior limit of the nasal opening, which is not curved (Figure 5—see

CV1+).

According to the variation explained by the CV2 axis, all speci-

mens of ENAO and almost all of ESAO exhibited negative scores,

which could be translated in a longer and more robust rostrum, and a

longitudinally compressed but laterally robust neurocranium, when

compared to the other groups. The nasal opening is discrete and with

a straight posterior margin. The proximal tips of the premaxillae are

close to the nasal opening, and the antorbital maxillary notch is later-

ally pronounced (Figure 5—see CV2−). The WSAO—t specimens

exhibited positive scores in the CV2. In comparison with specimens

from the ESAO, their skull morphology seems to be characterized by a

relatively narrow rostrum with a longitudinally elongated but laterally

narrowed neurocranium. The nasal opening is larger, with the poste-

rior border gently curved. The proximal tips of the premaxillae are

anteriorly farther from the nasal opening and the antorbital notch is

close to the rostrum and anteriorly oriented (Figure 5—see CV2+).

For the GM analysis for the skulls' lateral view, only the first three

CV-roots (CV1, CV2, and CV3) were used. These 3 CV-roots pres-

ented higher percentages of variation and were used as the basis to

differentiate the groups. As observed in the dorsal view analysis, the

TABLE 2 Results of Tukey's post hoc
test for the size differences between the
pairs of the Truncatus groups analyzed
(dorsal, lateral, and ventral views of the
skull), showing the Q values (lower
diagonal) and the p values (upper
diagonal)

Dorsal view (N = 201) ENAO ENPO ESAO WSAO—g WSAO—t

ENAO (N = 23) – <.0001 <.0001 <.0001 <.0001

ENPO (N = 30) 7.25 – <.01 <.0001 <.0001

ESAO (N = 20) 12.7 5.451 – <.0001 <.0001

WSAO—g (N = 71) 33.19 25.94 20.49 – <.0001

WSAO—t (N = 57) 23.06 15.81 10.36 10.13 –

Lateral view (N = 176)

ENAO (N = 19) – <.0001 0.377 <.05 0.9993

ENPO (N = 26) 8.03 – <.0001 0.06723 <.0001

ESAO (N = 16) 2.54 10.56 – <.0001 0.2528

WSAO—g (N = 63) 4.32 3.7 6.86 – <.05

WSAO—t (N = 52) 0.33 7.7 2.87 3.9 –

Ventral view (N = 153)

ENAO (N = 17) – 1 <.0001 <.0001 <.0001

ENPO (N = 22) 7.25 – <.0001 <.0001 <.0001

ESAO (N = 14) 12.7 5.451 – <.0001 <.0001

WSAO—g (N = 58) 33.19 25.94 20.49 – <.01

WSAO—t (N = 42) 23.06 15.81 10.36 10.13 –

Note: Significant values are highlighted in bold.

Abbreviations: ENAO, Eastern North Atlantic Ocean; ENPO, Eastern North Pacific Ocean; ESAO, Eastern South Atlantic Ocean; WSAO—g, Western South

Atlantic Ocean—gephyreus; WSAO—t, Western South Atlantic Ocean—truncatus.
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morphological differences between the individuals denoted by CV1

(60.16% of the variation) are strongly related to the distinction

between the gephyreus and truncatus morphotypes. The CV2 (22.17%)

distinguished the truncatus morphotype geographical groups, in a lon-

gitudinal component within the Atlantic Ocean (i.e., Western from

Eastern). The CV3 (11.07%) showed a latitudinal factor segregating

specimens from the Eastern North Atlantic and those from the East-

ern South Atlantic. The specimens of the Eastern North Pacific Ocean

remained close to what is the consensus figure for the observed varia-

tion axes (Figure 6).

Specimens located at the negative CV1 scores (WSAO—g) have a

larger area occupied by the temporal fossae in the neurocranium, in

contrast to the other groups. The pterygoid hamulus is more devel-

oped and discretely displaced forward, and the occipital condyle is

elevated and less posteriorly projected. The ventral portion of the lac-

rimal bone appears to be broad and dorsally oriented (Figure 6—see

CV1−). Conversely, the geographical groups formed by truncatus mor-

photypes (i.e., WSAO—t, ENAO, ESAO, and ENPO) have a smaller

area occupied in the neurocranium by the temporal fossae. The ptery-

goid hamulus is developed and discretely backward projected and the

occipital condyle is lowered and backward projected. The ventral por-

tion of the lacrimal bone is also broad but ventrally oriented

(Figure 6—see CV1+).

The skull variation in the CV2 indicated that the WSAO—t speci-

mens, located at negative scores, have a broader and ventrally ori-

ented lacrimal bone when compared to the other groups. Their

temporal fossae seem to be smaller, backward and ventrally oriented

and the occipital condyle is elevated and less posteriorly projected.

The pterygoid hamulus is short and less projected ventrally, narrowing

the distance between the tip of this bone and the basicranium

(Figure 6—see CV2−). On the other hand, specimens from Eastern

Atlantic Ocean (ENAO and ESAO) have a skull pattern with the ros-

trum slightly turned downwards, the transition between the rostrum

and the neurocranium seems to be flattened except for a frontal

“stop” in the neurocranium that causes an abrupt projection of the

vertex. The occipital condyle is well pronounced posteriorly, and the

pterygoid bone is long and ventrally projected, expanding the distance

between the tip of this bone and the basicranium (Figure 6—see

CV2+).

North and South groups of the Eastern Atlantic Ocean segregate

in the CV3. Specimens from the South (ESAO) exhibited negative

scores for this axis. This means, in reference to the other groups, that

their skulls have a rostrum slightly turned downwards, the transition

between the rostrum and the neurocranium seems to be flattened

except for a frontal concavity in the neurocranium that causes a pro-

jection of the vertex. The occipital condyle is well pronounced poste-

riorly and the pterygoid bone is short and posteriorly projected,

narrowing the distance between the tip of this bone and the bas-

icranium (Figure 6—see CV3−). Specimens from the ENAO show a

skull morphology marked by an accentuated concavity between the

rostrum and the neurocranium and, opposed to the specimens from

Eastern South Atlantic, they presented a frontal bone projection

instead of a depression. Also, in these specimens, the occipital condyle

is not markedly projected posteriorly, which is not evident in the other

groups. The pterygoid bone is downwardly projected, increasing the

distance between the tip of this bone and the basicranium (Figure 6—

see CV3+).

The CVA of the GM analysis of the skulls' ventral view produced

four canonical roots. The percentage of variation related to CV4 was

low (nearly 6%), so the morphological comparisons between groups

were based on CV1, CV2, and CV3 axes. As observed in the analyses

of the dorsal and lateral skull views, the CV1 (62.86% of the explained

variation) indicated differentiation between the skull morphology of

the geographical groups composed by the gephyreus morphotype

(WSAO—g) from those of the truncatus morphotype. The CV2

(21.08%) showed a longitudinal factor distinguishing the truncatus

specimens located at the Western South Atlantic Ocean (WSAO-t)

F IGURE 3 Box plot of the log-transformed centroid sizes for the
dorsal, lateral, and ventral skull views in five groups of Tursiops.
Horizontal line = median; box = first interquartile; vertical
bar = second interquartile

6 HOHL ET AL.



from those at the Eastern portion of the Atlantic Ocean (ENAO and

ESAO). The CV3 (10.13%) demonstrated a latitudinal factor that dis-

tinguishes the North (ENAO) from the South specimens (ESAO) in the

Eastern Atlantic Ocean. The specimens of the Eastern North Pacific

Ocean (ENPO) remained close to what is the mean shape for the

observed variation axes (Figure 7).

Specimens of the gephyreus morphotype from the Western South

Atlantic Ocean (WSAO—g) exhibited negative CV1 scores denoting a

narrower rostrum in comparison to the others. The paraoccipital pro-

cesses are laterally pronounced, and the tips of the occipital condyles

are close to each other and posteriorly projected. The choana opening

is elongated and the palatine surface of the pterygoid is short, with

F IGURE 4 Regression scatterplot
and wireframes of the deformation
related to the values of the log-
transformed centroid size. The light
grey in the wireframes represents the
mean shape for the data set

TABLE 3 Results of the CVA for the
morphometric variation found between
the pairs of the Truncatus groups
analyzed (dorsal, lateral, and ventral
views of the skull), showing the
Procrustes distances (lower diagonal) and
p-values (upper diagonal)

Dorsal view (N = 201) ENAO ENPO ESAO WSAO—g WSAO—t

ENAO (N = 23) – <.0001 <.001 <.0001 <.0001

ENPO (N = 30) 0.0352 – <.00001 <.0001 <.0001

ESAO (N = 20) 0.0298 0.0409 – <.0001 <.0001

WSAO—g (N = 71) 0.0781 0.0716 0.0977 – <.0001

WSAO—t (N = 57) 0.0467 0.0233 0.0542 0.0605 –

Lateral view (N = 176)

ENAO (N = 19) – <.0001 <.0001 <.0001 <.0001

ENPO (N = 26) 0.0848 – <.0001 <.0001 <.0001

ESAO (N = 16) 0.0489 0.0677 – <.0001 <.0001

WSAO—g (N = 63) 0.0591 0.0684 0.0621 – <.0001

WSAO—t (N = 52) 0.0722 0.0575 0.0817 0.0596 –

Ventral view (N = 153)

ENAO (N = 17) – <.0001 <.0001 <.0001 <.0001

ENPO (N = 22) 0.0549 – <.0001 <.0001 <.0001

ESAO (N = 14) 0.0734 0.0450 – <.0001 <.0001

WSAO—g (N = 58) 0.0776 0.0374 0.0639 – <.0001

WSAO—t (N = 42) 0.0552 0.0359 0.0648 0.0446 –

Note: Significant values are highlighted in bold.

Abbreviations: ENAO, Eastern North Atlantic Ocean; ENPO, Eastern North Pacific Ocean; ESAO, Eastern South Atlantic Ocean; WSAO—g, Western South

Atlantic Ocean—gephyreus; WSAO—t, Western South Atlantic Ocean—truncatus.
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F IGURE 5 CVA scatterplots of the first pair of canonical variates roots (CV1 vs. CV2) for the dorsal skull view, showing the variation in the
shape of the Tursiops groups through the wireframes, relative to the negative and positive extremes of the CV axes. ENAO, Eastern North
Atlantic Ocean; ENPO, Eastern North Pacific Ocean; ESAO, Eastern South Atlantic Ocean; WSAO—g, Western South Atlantic Ocean—gephyreus;

WSAO—t, Western South Atlantic Ocean—truncatus

F IGURE 6 CVA scatterplots of the first two pairs of canonical variates roots (CV1 vs. CV2 and CV1 vs. CV3) for the lateral skull view,
showing the variation in the shape of the Tursiops groups through the wireframes, relative to the negative and positive extremes of the CV axes.
ENAO, Eastern North Atlantic Ocean; ENPO, Eastern North Pacific Ocean; ESAO, Eastern South Atlantic Ocean; WSAO—g, Western South
Atlantic Ocean—gephyreus; WSAO—t, Western South Atlantic Ocean—truncatus
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the pterygoid tips transversely separated from each other (Figure 7—

see CV1−). The geographical groups composed by the truncatus mor-

photype tended to have positive CV1 scores. This denotes that they

have a broader rostrum and neurocranium across the ventrolateral

crest, occipital condyles more apart from each other and anteriorly

positioned, an elongated palate roof and reduced interpterygoid space

as main distinguishing features from the truncatus morphotype

(Figure 7—see CV1+).

Individuals from the Eastern Atlantic Ocean (ENAO and ESAO)

have negative CV2 scores and this denotes a broader rostrum and

neurocranium across the ventrolateral crest, occipital condyles more

apart from each other and projected posteriorly, a reduced palate roof

and interpterygoid space (Figure 7—see CV2−). In opposition,

truncatus specimens from the Western Atlantic Ocean (WSAO—t)

exhibit positive CV2 scores denoting a narrower rostrum. The land-

marks of the ventrolateral crests tend to align, suggesting a more flat-

tened shape of the anterior portion of the ventral neurocranium. The

paraoccipital processes are more laterally pronounced, and the tips of

the occipital condyle are discreetly close to each other and anteriorly

positioned. The choana opening is shortened, the palatine surface of

the pterygoid is elongated, and the pterygoid tips are closer to each

other (Figure 7—see CV2+).

Specimens of the Eastern North Atlantic Ocean (ENAO) have

negative CV3 scores presenting a more elongated and broader ros-

trum, a developed palatine surface of the pterygoid and its hamu-

lus, marked posteriorly projection of the paraoccipital processes

and reduction of the occipital condyles. The basicranium bones are

longitudinally and laterally shortened (Figure 7—see CV3−). How-

ever, southern specimens (ESAO) have positive CV3 scores

denoting the longitudinal and lateral hypertrophy of the bas-

icranium bones, reduction of the palatine surface of the pterygoid,

and robust and posteriorly projected occipital condyles. The ros-

trum seems to be relatively short and narrow. The paraoccipital

processes are laterally and anteriorly positioned (Figure 7—see

CV3+).

The cross-validation percentage from the Discriminant Function

Analysis performed between WSAO—t and WSAO—g showed that all

animals, independent of the area where they were collected, were

easily separated in truncatus or gephyreus morphotypes, with more

than 98% of certainty (Table 4).

F IGURE 7 CVA scatterplots of
the first two pairs of canonical
variates roots (CV1 vs. CV2 and CV1
vs. CV3) for the ventral skull view,
showing the variation in the shape of
the Tursiops groups through the
wireframes, relative to the negative
and positive extremes of the CV axes.
ENAO, Eastern North Atlantic Ocean;

ENPO, Eastern North Pacific Ocean;
ESAO, Eastern South Atlantic Ocean;
WSAO—g, Western South Atlantic
Ocean—gephyreus; WSAO—t,
Western South Atlantic Ocean—
truncatus

TABLE 4 Discriminant Function Analysis (DFA) results based on
Procrustes Distances followed by cross-validation percentage of
species morphotypes analyzed (gephyreus and truncatus groups) in
the West South Atlantic Ocean (South American Coast) for different
cranial orientations

Skull view DFA p-values Cross-validation (%)

Dorsal <.0001 98–100

Lateral <.0001 100–100

Ventral <.0001 98–100

Note: Significant values are highlighted in bold.
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4 | DISCUSSION

4.1 | Geographic variation

Bottlenose dolphins are distributed globally and are known to exhibit

morphological variations between the different regions where they

occur. Morphotypes (or sub-species and species) identified in the

Eastern Pacific, Western Atlantic, Black Sea, and Indian oceans, as

well as in southern Australia, differ in coloration, body dimensions,

skull structures and genetic markers (Barreto, 2000; Charlton-Robb

et al., 2011; Fruet et al., 2017; Ross & Cockcroft, 1990; Simões-

Lopes & Daura-Jorge, 2008; Viaud-Martinez, Brownell Jr,

Komnenou, & Bohonak, 2008; Walker, 1981; Wickert, 2013; Wickert

et al., 2016). Furthermore, within specific regions (e.g., Atlantic and

Pacific coasts of the USA, coast of Peru) identification of different

morphotypes, usually related to coastal and pelagic environments

have also been identified (Costa et al., 2016; Hoelzel, Potter, &

Best, 1998; Mead & Potter, 1995; Ngqulana, Pistorius, Galatius,

Plön, & Hofmeyr, 2019; Perrin et al., 2011; Waerebeek et al., 1990).

However, until now all studies focused on comparisons within specific

areas, without comparisons between oceanic basins. The only trans-

oceanic study that has been published dealt with genetic differences,

and observed that coastal populations have less genetic variability

and, in most cases, were significantly different from pelagic groups

(Natoli, Peddemors, & Hoelzel, 2004).

In the present study, we describe skull variations in Tursiops along

its geographic distribution. The skulls, when analyzed in dorsal, ventral

and lateral views, indicated a clear differentiation between the groups,

in a pattern similar to what was observed by Natoli et al. (2004) on

the molecular level. Our results indicate a clear distinction between

individuals that inhabit the Atlantic and Pacific oceans. Additionally,

within the Atlantic Ocean, there is an evident differentiation of speci-

mens from the eastern (United Kingdom + South Africa/Namibia) and

western (South America) regions. A latitudinal separation was also

observed, considering specimens from the North (United Kingdom)

and South (South Africa/Namibia) Atlantic Ocean.

We analyzed specimens that for the most part were stranded ani-

mals, accumulated over time in museum collections. Therefore, it was

not possible to ascertain if they were from coastal or oceanic

populations if these existed in that area. However, it can be assumed

that each collection should have specimens from oceanic and coastal

animals. Thus, the variation observed in this work probably reflects

the aggregated variability of bottlenose dolphins in each sampled

region.

It is possible that the separation detected between east/west and

north/south animals may be related to the existence of differences

between coastal and oceanic morphotypes. In South Africa, there are

two species of bottlenose dolphins, the Common bottlenose dolphin,

T. truncatus, and the Indo-Pacific bottlenose dolphin, T. aduncus, with

the former occupying areas further offshore than the latter, which

typically inhabits coastal environments (Hale et al., 2000; Ross, 1977;

Wang, 2018). In Scottish waters, where most of the specimens from

the United Kingdom used in this study are from, there are also

bottlenose dolphins in coastal and oceanic environments (Cheney

et al., 2013). In the Atlantic coast of South America, there are also

bottlenose dolphins in both environments, and it has been proposed

that the truncatus morphotype is more pelagic when compared with

the gephyreus morphotype that apparently has a restricted coastal dis-

tribution (Barreto, 2000;Costa et al., 2016; Wickert et al., 2016).

Therefore, except for South African and Southwestern Atlantic speci-

mens, it is unknown if the specimens analyzed were from coastal or

pelagic populations, and this might have contributed to the observed

differences. However, as stated before, the approach used here

allowed to evaluate the cumulative variability of bottlenose dolphins

in each region, indicating overall differentiation between large areas.

4.2 | Status of Tursiops gephyreus Lahille, 1908

In South America's Atlantic coast, the taxonomic status of bottlenose

dolphins has been under discussion since the 1970s. However, only in

the early 2000's more in-depth studies on skull morphology indicated

that two morphologically distinct forms existed and that they

deserved taxonomic differentiation (Barreto, 2000, 2004). Recently,

other studies used a larger set of samples, confirming the previously

observed differences and the need to taxonomically separate the two

distinct lineages (Costa et al., 2016; Wickert et al., 2016).

One of the characters pointed out in previous works that differ-

entiated the two morphological groups, and corroborated in the pre-

sent analysis, is skull size, with animals from the gephyreus group

being larger. The results reported here also support previous descrip-

tive analyses, that identified the ascending process of the right pre-

maxilla as a diagnostic character for T. gephyreus (Wickert, 2013;

Wickert et al., 2016). These works identified that in this species the

right premaxilla has a falciform shape, reaching the posterior margin

of the external bony nares, while in T. truncatus the premaxilla is

straighter, projecting posteriorly from the margin of the narial open-

ing. The same characteristic was observed in the present study for

animals in the truncatus and gephyreus groups (Figure 8).

This study and previous studies were performed with skulls that

were collected in its majority from stranded animals. The distribution

of specimens from both morphotypes suggests a distribution of the

gephyreus group south of Paraná State in Brazil, approximately at

25.6oS, and for the truncatus group strandings are common north of

central Rio Grande do Sul State, at 31.0oS. Therefore, in the area

between 25.6oS and 31.0oS, both morphotypes probably occur in

sympatry, or at least parapatry if there is any longitudinal separation

in their distribution (Costa et al., 2016). However, analysis of photo-

identified dolphins along the coast of southern and southeastern Bra-

zil observed a strong differentiation in dorsal fin shapes and coloration

of both morphotypes in the field, reporting that both forms were not

seen together (Simões-Lopes et al., 2019). The latter authors prefer to

use the term “ecotype” to separate the two groups, and identified rec-

ognizably distinct distribution patterns between them, but with an

area of overlap in their distribution, along the shallow and nearshore

waters of the southern Brazilian coast. Thus, if interbreeding was
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occurring between the two morphotypes, at least in this area speci-

mens should exhibit intermediate characters. However, all animals,

independent of the area where they were collected, were easily sepa-

rated in the two morphological groups by the Discriminant Function

Analysis, with more than 98% of certainty.

The results reported here from the analysis of the two mor-

photypes along South America's Atlantic Coast as well with other oce-

anic regions support the separation of animals from Southern Brazil,

Uruguay, and Argentina (WSAO—g, T. gephyreus) from specimens of

NE/SE/S Brazil (WSAO—t, T. truncatus). The present study is the most

comprehensive morphometrical approach to bottlenose dolphins'

skulls hitherto, providing morphological support to consider these two

lineages as separate species (Wickert et al., 2016).

Moreover, the study performed by Fruet et al. (2017) using both

nuclear (microsatellite) and mitochondrial molecular markers from

specimens from the SWA found minimal connectivity between line-

ages (both current and historical), suggesting they are following dis-

crete evolutionary trajectories. More recently, de Oliveira et al. (2019)

also separated bottlenose dolphins from WSAO in two “biological

units,” northern and southern. The northern unit seems to occur in a

wide range of depths, including offshore waters and is consistent with

the T. truncatus morphology. The southern unit was described as

having a coastal distribution, occurring in very shallow waters and

estuaries, and being consistent with the previous description of

T. gephyreus. The results from the present work, not only corroborates

the differences within the WSAO observed in previous works with

different methodologies, but also compares with specimens from

more distant areas, making it clear that Tursiops gephyreus,

Lahille, 1908 should be recognized with full species status as pro-

posed by Lahille in 1908.

The recognition of Tursiops gephyreus as a full species also has

implications for conservation, because this lineage is undergoing a

strong population decline in Argentina (Coscarella, Dans, Degrati,

Garaffo, & Crespo, 2012) and facing several threats from anthropogenic

activities in Southern Brazil (see Fruet et al., 2016). This is particularly

serious because T. gephyreus, has a more restricted pattern of occur-

rence, limited distribution (only occurs in coastal waters of Southern

Brazil, Uruguay, and Central Argentina; Wickert et al., 2016), small pop-

ulation size (Coscarella et al., 2012; Vermeulen & Bräger, 2015) and

much lower genetic diversity (Fruet et al., 2017). The list of the endan-

gered fauna of Rio Grande do Sul State in Brazil, has been updated in

2014 according to IUCN criteria and the coastal-estuarine population,

referred herein to T. gephyreus was classified as “vulnerable” due to

high anthropogenic pressure and declining habitat quality (Rio Grande

do Sul, 2014). Moreover, the IUCN Red List of Threatened Species 2019

added the Lahille's Bottlenose dolphin as Vulnerable (VU—D1) in the

global assessment (Vermeulen, Fruet, Costa, Coscarella, &

Laporta, 2019). In conclusion, independent of its taxonomic status, it is

essential that conservation strategies should be implemented quickly to

avoid that this discrete evolutionary lineage of Tursiops from the SWA

becomes extinct in the near future since there are no more than

400 mature individuals of Lahille's bottlenose dolphin in SWA.

ACKNOWLEDGMENTS

We thank Prociência Fellowship Program/UERJ, FAPERJ (L.S.L.H.:

E-26/101.070/2013; O.R.-B.: E-26/111.279/2014), CAPES/DS,

and CNPq (O.R.-B.: 302162/2012-7) for financially supporting this

work. J.C.W. was supported by Coordenaç~ao de Aperfeiçoamento

de Pessoal de Nível Superior (CAPES), Brazil. Additional funding

was provided by the Cetacean Society International (CSI) under the

Grants-in-Aid of Research, and Universidade Federal do Rio Grande

do Sul, Brazil (Edital Miss~ao de Curta Duraç~ao no exterior

001/2011). I.B.M. was supported by Conselho Nacional de Des-

envolvimento Científico e Tecnológico (CNPq) and Marinha do Bra-

sil, (through the Project “A fauna de odontocetos no Brasil:

subsídios para conservaç~ao”; CNPq 557182/2009-3 and

404558/2012-7); F.L.S. was supported by Sociedade para Pesquisa

em Microcirculaç~ao S/C. The Research Group “Evoluç~ao e Bio-

diversidade de Cetáceos/CNPq.” has contributed to this work. We

also would like to thank all museum curators that allowed us access

to the collections under their care, with a special mention to

Dr. Jerry Herman, Senior Curator of Vertebrates, National

Museums Scotland, Edinburgh. We also thank Dr. E Bouskela and

staff of BioVasc—UERJ for all support, and the two anonymous ref-

erees that provided useful suggestions to improve the manuscript.

F IGURE 8 Skull morphology of Tursiops gephyreus and Tursiops
truncatus correlated with the wireframe (black lines) representing the
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premaxilla (RP) has a falciform shape, reaching the posterior margin of
the external bony nares, while in T. truncatus the premaxilla is
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