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1. ABSTRACT 
 

Delphinidae have a highly modified skull, resulting from their secondary adaptation to a fully aquatic 

lifestyle. This is characterized by skull telescoping and the posterior migration of the nasal bones, 

resulting in a vertical arrangement of the nasal passages, facilitating breathing at the water surface. 

Across the family, skull shape is notoriously diverse, thought to be related to their ecological 

diversity, which makes delphinids an interesting family to study, considering the potential ecological 

factors driving morphological change.  

In this study, I used geometric morphometrics to quantify the shape changes in cranial morphology 

across the family Delphinidae, and test for correlations with potential ecological drivers. I tested the 

hypotheses that skull shape change correlates well with ecological descriptors, and that multiple 

ecological variables are needed to fully characterise the diverse skull morphologies present in the 

family. A total of 138 2D images and 34 3D models were collated from multiple sources. For each 2D 

image a set of 38 landmarks were digitised using ImageJ and 52 landmarks were placed on each 3D 

model using MorphoDig. Procrustes superimposition and Principal Component Analyses were 

performed in MorphoJ, thus creating a Morphospace plot of skull shape change in delphinids. Each 

specimen position was compared with 12 ecological variables that could be evolutionary drivers of 

skull shape change. These included characteristics associated with feeding ecology, acoustic ability, 

habitat characteristics and taxonomy. One-way ANOSIM and one-way PERMANOVA were performed 

to test for significance of any separations seen on the morphospace between the species assigned to 

each variable category. Finally, multicollinearity and multivariate correlations were carried out, to 

test for possible influence of multiple variables in skull shape change. 

My results showed that the variables best correlating with variations in skull shape are related to 

taxonomy, feeding ecology and melon size. Furthermore, multivariate testing showed that other 

feeding related variables (diet, dentition and dive depth) and whether a species occupies a coastal or 

a pelagic habitat, are also factors that correlate with cranial morphology. These results support 

previous suggestions that skull shape changes are driven by feeding differences and phylogenetic 

relationships, but also emphasize the importance of melon shape, which has not typically been 

considered as an important driver of cranial morphology. The results also support the hypothesis 

that more than one variable have contributed to the extensive diversity in skull shapes, implying co-

dependency of several ecological factors in determining morphological change in this group.  
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2. INTRODUCTION  
 

The relationship between skull morphology and ecology in vertebrates is the subject of extensive 

and ongoing research. For instance, beak size and shape in Galapagos finches – traditionally used to 

illustrate Darwin’s theory of natural selection – were shown to correlate with feeding adaptations 

(Grant et al., 1986, 2003, 2017, 2019). Further studies on this subject have shown similar patterns in 

a wide range of taxonomic groups, including ungulates (Pérez-Barberia et al, 1999), South American 

canids (de Moura Bubadué et al., 2016) and crocodiles (McCurry et al., 2017). Diet and feeding 

habits have been suggested to be major drivers of skull morphology, with parallels being drawn 

between distant taxonomic groups that share similar feeding adaptations, as shown by convergent 

skull shapes between crocodiles and odontocete cetaceans (McCurry et al, 2017). 

In this context, cetaceans are a particularly interesting model group. Alongside sirenians (sea cows), 

they are one of only two fully aquatic, extant mammal orders (Perrin et al., 2009). Having evolved 

from terrestrial mammals, cetaceans underwent significant morphological modifications in response 

to their aquatic lifestyle (Berta, 2012; Thewissen et al., 2009). This is especially evident in their highly 

derived skulls, characterized by extensive telescoping (Miller, 1923). Telescoping results from the 

migration of the nasal bones from the tip of the snout to the top of the skull and consequent vertical 

arrangement of the external nares, allowing for rapid and efficient gas exchange during locomotion 

at the water’s surface (Rommel et al., 2002; Churchill et al., 2018). Associated with this change, the 

rostral bones (premaxilla and maxilla) have undergone a considerable and varying degrees of 

anterior elongation in different genera. Posteriorly the maxilla has migrated over the orbit, such that 

the exposure of the frontal bone in dorsal view is much reduced (Berta et al., 2015; Roston et al., 

2019), and the occipital bone has migrated dorsally extending over the parietal bones. This has 

resulted in a considerable antero-posterior shortening of the intertemporal region of the skull 

(Churchill et al, 2018), resulting in a telescope-like overlap of cranial bones (Moran et al., 2011). The 

degree of telescoping varies across extant odontocetes and can be extreme, relative to Pakicetus, 

the oldest known cetacean ancestor (Berta, 2012): Figure 1. 
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Delphinidae are the most morphologically and ecologically diverse family of odontocetes (Berta, 

2015) and because of this diversity, their taxonomic classification is continually being revised as 

studies continue to improve our understanding of their phylogeny (e.g., Vilstrup et al., 2011; 

Jedensjö et al., 2017; Geisler and Sanders, 2003). Currently, there are 17 recognised genera and 37 

delphinid species (Committee on Taxonomy, 2018; Perrin, 2021). Delphinids have a cosmopolitan 

distribution and, therefore, have adapted to a wide range of water temperatures and environments, 

from polar through to tropical regions, deep ocean to shallow coastal waters, and rocky shores to 

riverine habitats (Berta, 2012; McGowen et al., 2020; Jefferson, 2015). Body size varies greatly: the 

largest species, the orca or killer whale (Orcinus orca), can reach 9.5m in length, whereas the 

smallest species, Hector’s dolphin (Cephalorhynchus hectori), measures just 1.25m in length (Myers 

et al., 2021; Berta, 2015; Jefferson, 2015). Morphological diversity is particularly evident in the skull, 

specifically in its size, shape and rostral proportions. (Walmsley et al., 2013; McCurry et al., 2017). 
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Skull shapes have traditionally been assigned to two morphotypes: brevirostrine - short, wide skulls, 

such as are seen in in Short-finned pilot whales, Globicephala macrorhynchus; and longirostrine - 

long, narrow skulls, such as are seen in the common dolphin, Delphinus delphis. These morphologies 

are thought to have been directly influenced by a wide range of biotic and abiotic factors (Rommel 

et al., 2002; Barnes, 1990; Berta et al., 2014; Amaral et al., 2009): Figure 2.  

 

Figure 1. Skulls displaying  extremes of longirostry (a. Delphinus delphis) and brevirostry,  

(b. Globicephala macrorhynchus). 

 

The family Delphinidae is first recorded in the Miocene (some 12 million years ago [Ma]) and 

underwent a rapid speciation accompanied by a variety of morphological adaptations and niche 

specialisation (Berta, 2012; Perrin et al., 2009). The factors underpinning this rapid speciation are 

not fully understood (Norris, 2000; Steeman et al., 2009; McGowen et al., 2020), but changes in the 

dynamics of ocean circulation and habitat fragmentation are believed to be important drivers (Berta, 

2012; Steeman et al., 2009).   

The cyclical expansion and contraction of coastal habitats during the Pleistocene climatic oscillations 

are hypothesized to have been an important driver of cranial morphology (Moura et al., 2013, 

Amaral et al., 2012) due to adaptations to new and rapidly changing aquatic habitats and feeding 

ecologies. Rostral elongation has been suggested to be an adaptation linked to niche and diet 

specialisation (Natoli et al., 2006; Amaral et al., 2012). For these reasons, understanding how the 

skull morphology of delphinids is influenced by specific environments and feeding ecologies can help 

identify which variables are likely to exert the greatest impact on their survival.  

Ancestral delphinids were ram feeders (Galatius et al., 2020; Berta et al., 2006), approaching prey 

and swallowing it whole along with the surrounding water (Hocking et al., 2017; Ronje et al., 2017).  

Suction feeding is considered to have first appeared in the late Cenozoic, concurrent with the 
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restructuring of oceans and dispersal of odontocetes to deeper waters and is thought to have 

evolved multiple times within odontocetes (Werth, 2006b). Rapid expansion of the oral cavity and 

coordinated lingual depression (Ito et al., 2002; Werth, 2006a) creates a pressure difference 

between the buccal cavity and the surrounding liquid medium. This produces a hydrodynamic force 

on the prey item, pulling it into the mouth where it then gets trapped and swallowed (Werth, 

2006a). Key features of suction feeders are therefore an increased musculature associated with the 

tongue and an enlarged hyoid (Johnston and Berta, 2011; Bloodworth and Marshall, 2005).  

Three genera, Orcinus (orca), Pseudorca (false killer whale) and Feresa (pygmy killer whale), have 

adopted a modified type of ram feeding, referred to as ‘tear’ feeding in my study. Prey is chased, 

grasped by large teeth and subsequently torn apart before being ingested (Werth, 2006b). 

Delphinids employing this mode of feeding do not rely exclusively on a diet of fish, squid and other 

marine invertebrates, such as is typical of other delphinids, but can also eat mammals and birds, 

which are often too large to be swallowed whole (Hocking et al., 2017). The robust skulls of tear 

feeders correlate with extra jaw strength and large masseter muscles, accommodated by a large 

temporal fossa (Galatius et al., 2020). 

The size and shape of the rostrum and mandible, patterns of dentition, and the shape and 

proportions of the zygomatic, post-orbital processes and temporal fossae are all relevant to 

determining the biomechanical characteristics required for specific feeding strategies (Macleod et 

al., 2007; Kane and Marshall, 2009; Bloodworth and Marshall, 2005). However, it is not clear 

whether differences in prey choice or the strategy employed are the main drivers of cranial 

diversification (Mead and Potter, 1995; Macleod et al., 2006, 2007; McCurry et al., 2017). 

The emergence of echolocation, around 32 Ma, drove another major restructuring of the skull 

(Macleod et al., 2007). Vibrations produced in the nasal passages are focussed through the melon, a 

fatty organ on the forehead, and emitted into the surrounding water as sound waves (Huggenberger 

et al., 2017). The skull supports the melon as well as being the site of attachment for muscles, 

tendons and blubber (Rommel et al., 2002). It is this musculature that modifies the shape of the 

melon and ‘tunes’ the emitted sound beams (Harper et al., 2008). The melon is essential for 

echolocation and communication and is therefore fundamental to a dolphin’s survival and life 

underwater. The shape and size of the melon could reflect echolocating abilities and frequencies of 

communicative whistles used, which in turn could correlate with optimal size of social groups and 

social behaviour (Ness, 1967; Churchill et al., 2018).  

Interspecific cranial variations are well documented among delphinids, and distinct morphotypes 

have been identified in some species. Bottlenose dolphins have been extensively studied and can be 
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differentiated into distinct pelagic and coastal ecotypes (Perrin et al., 2011; Louis et al., 2014), with 

coastal ecotype having a long, narrow skull compared to the short, broad skull of the pelagic ecotype 

(Fruet et al., 2017; Moura et al., 2020). Interspecific size variation has been documented in other 

species and is marked enough to have led to suggestions that such ecotypes might be valid species 

(e.g., Orca ecotypes with different diet specialisations; Barrett-Lennard and Heise, 2006; Foote et al., 

2009; de Bruyn et al., 2013). 

Previous works on ecological drivers of cranial shape have mostly focussed on individual species 

from geographically restricted populations of various species such as bottlenose dolphin, Tursiops 

truncatus (Parés-Casanova and Fabre, 2013; Mead and Potter, 1995)and common dolphin, Delphinus 

delphis (Murphy and Rogan, 2006; Natoli et al., 2006), or genera within pilot whales, Globicephala 

(Marina et al., 2019), Humpback dolphins, Sousa (Jefferson and Van Waerebeek, 2005), Tucuxi and 

Guiana dolphins, Sotalia (Monteiro-Filho et al., 2002). Other works have tackled whole subfamilies, 

e.g., Lissodelphininae (Galatius and Goodall, 2016). However, it is unclear whether morphological 

patterns observed in the above research can be extrapolated across the delphinids as a group and 

whether these variations reflect the effects of other environmental variables.  

Few studies have focused on skull shape across the entire Delphinidae family, and a comprehensive 

approach is introduced here to untangle the complex relationships between ecology and skull 

morphology. The present study aims at conducting a comprehensive investigation into patterns of 

morphological variation across 31 of the 33 currently recognized delphinid species. Using geometric 

morphometric analyses, I aim to quantify skull morphological variation and understand it in the 

context of this group’s ecological diversity. The strength of the present research lies in the detailed 

characterisation of ecological factors potentially underpinning the variety of skull shape observed in 

delphinids, as well as in the application of state-of-the-art methods in shape analysis of 2D and 3D 

skull structures. 

I will test the hypothesis that multiple ecological variables explain the diverse skull morphologies 

found in the family Delphinidae. In addition to feeding strategy, I will test the influence of coastal vs 

pelagic habitat, depth of feeding dives, geographical range, feeding niche and taxonomic 

classification. I will also test for correlations with other external morphological features including 

melon size, adult size, dentition, as well as behavioural characteristics such as average group size 

and whistle frequency. This hypothesis can be confirmed if no single variable can fully correlate with 

cranial morphological variation across Delphinidae, and that skull shape can be best explained by a 

multivariate approach.  
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3. MATERIALS AND METHODS 
 

3.1 Two-dimensional data 
 

3.1.1 Two-dimensional image preparation 
 

High-resolution digital photographs of Delphinidae skulls had previously been obtained by members 

of Dr Moura’s research team from three museum collections: 174 skull photographs from the 

Natural History Museum in London, 11 from the National Museum of Natural History at the 

Smithsonian Institution in Washington and 54 from the National Museum of Nature and Science in 

Tokyo. These photographs include 31 of the 33 currently accepted species (neither Cephalorhynchus 

hectori nor Orcaella heinsohni were available; Table 1; Committee on Taxonomy, 2018). 

Furthermore, skull images of river dolphins of the families Pontoporiidae and Iniidae were included 

to represent an extreme coastal morphology, i.e.,, reflecting complex topography and shallow 

waters of riverine environments and not of an open water habitat (McCurry et al., 2017).  

The dorsal surface of each skull was photographed using protocols described in (Oxford-Smith, 

2016).  

 

Table 1. List of delphinid species (plus the two river dolphin species) and number of specimens 

included in the 2D study. 

 

Delphinidae # specimens 

Genus Species Common name  

Cephalorhynchus 

 

 

 

Cephalorhynchus commersonii Commerson's dolphin 6 

Cephalorhynchus eutropia Chilean dolphin 1 

Cephalorhynchus heavisidii  Heaviside's dolphin 

1 

Delphinus Delphinus delphis Common dolphin 7 

Feresa Feresa attenuata Pygmy killer whale 4 

Globicephala 

 

Globicephala macrorhynchus Short finned pilot whale 2 

Globicephala melas Long finned pilot whale 3 

Grampus Grampus griseus Risso's dolphin 5 

Lagenodelphis Lagenodelphis hosei Fraser's dolphin 7 

Lagenorhynchus 

 

 

Lagenorhynchus acutus Atlantic White-sided dolphin 6 

Lagenorhynchus albirostris White beaked dolphin 5 

Lagenorhynchus australis Peale’s dolphin 4 
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Lagenorhynchus cruciger Hourglass dolphin 4 

Lagenorhynchus obliquidens Pacific white-sided dolphin 3 

Lagenorhynchus obscurus Dusky dolphin 

5 

Lissodelphis 

 Lissodelphis borealis  

Northern Right whale 

dolphin  

5 

Orcaella Orcaella brevirostris Irrawaddy Dolphin 1 

Orcinus Orcinus orca Orca 2 

Peponocephala Peponocephala electra Melon-headed whale 1 

Pseudorca Pseudorca crassidens False killer whale 5 

Sotalia Sotalia fluviatilis Tucuxi 4 

Sousa 

 

 

Sousa plumbea 

Indian Ocean humpback 

dolphin 

3 

Sousa teuszii Atlantic humpback dolphin 1 

Stenella 

 

 

 

 

 

Stenella attenuata Pantropical spotted dolphin 8 

Stenella clymene Clymene dolphin 5 

Stenella coeruleoalba Striped dolphin 5 

Stenella frontalis Atlantic spotted dolphin 2 

Stenella longirostris Spinner dolphin 
5 

Steno Steno bredanensis Rough toothed Dolphin 7 

Tursiops 

 

 

Tursiops aduncus 

Indo Pacific bottlenose 

dolphin 

5 

Tursiops truncatus Common bottlenose dolphin 4 

River dolphins  

Inia Inia geoffrensis Amazon river dolphin 1 

Pontoporia Pontoporia blainvillei Franciscana 1 

 

 

3.1.2 Digitisation of two-dimensional images 
 

Image pre-processing and landmark placement was carried out using the software ImageJ (Rasband, 

2018). Brightness and contrast for each photograph were adjusted to improve clarity of details of 

the skull and to enhance features of interest. Photographs were viewed in monochrome to enhance 

skull margins. Skulls with obvious damage were discarded at this stage. 

 After this pre-processing, a total of 44 landmarks were digitised onto each image, targeting features 

that are homologous across all species (Figure 3). Landmark selection both sought to target aspects 

of cranial shape variation that have been hypothesized to correlate with ecological and 

environmental adaptations and aimed to summarize as much morphological variation as possible. All  
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Landmarks included the 3 types described by Bookstein (1991): Type I landmarks represent locations 

of biologically homologous points, such as bone sutural joints (e.g., 27, 28, outermost points of 

occipital/parietal suture; Type II landmarks identify an ‘’extreme” location, such as the endpoint of a 

structure or the deepest curvature along a sutural margin (e.g., 1, tip of the rostrum; 30, anterior 

most point of occipital/parietal suture); Type III landmarks are constructed geometrically (e.g., 2-7, 

lateral most points at ⅟₄, ⅟₂ and ¾ of rostrum length from rostral tip). To achieve consistency in 

placing landmarks at ⅟₄, ⅟₂ and ¾ of rostrum length, a line was initially drawn between the antorbital 

notches to define the base of the rostrum. Subsequently, the midpoint of this line and was 

connected to the tip of the rostrum. Markers were then set at the halfway point along the rostrum 

and at positions coinciding with ⅟₄ and ¾ of rostral length from the rostral tip. Finally, lines were 

drawn parallel to the base line at all intermediate positions thus specified to identify the location of 

landmarks along the rostral margins. 

 

3.1.3  Geometric morphometric analysis of two-dimensional data 
 

Procrustes superimposition 

The XY coordinates of all landmarks from each image were imported into the software MorphoJ 

(Klingenberg, 2011). Odontocete skulls are asymmetrical in the nasofacial region (Coombes et al., 

2020) and so the asymmetrical component was removed at this stage. Effects of scale, translation 

and rotation were removed from the original configurations of digitised landmarks through 

Procrustes superimposition (Zelditch, 2004; Bookstein, 1999).  

On importing the coordinates, it emerged that landmark selection appeared to be problematic in the 

case of certain specimens, due to incompleteness of original material, post-mortem deformation, or 

the fact that some points of interest were masked by museum labels. Outlier analysis identified 

seven skull specimens and six landmarks which were removed from the sample, leaving 38 

landmarks in total and discarding images of Lissodelphis peronii resulted in elimination of this 

species. Table S1 in the supplementary materials lists landmarks that could not be confidently 

digitized, as well as specimens that had to be removed from the dataset. (Figure 3 and Table 2 

illustrate and define the landmarks that were retained). 
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Figure 2. Position of 38 landmarks used in the 2D study, shown on the dorsal view of the skull of Stenella 

coeruleoalba, (Striped dolphin). 

  

Table 2. Description of landmark placement on the 2D images. 

 

1 Tip of rostrum 

2, 3 Lateral most points of rostrum profile at ⅟₄ of rostrum length from anterior tip 

4, 5 Lateral most points of rostrum profile at ⅟₂ of rostrum length from anterior tip 

6, 7 Lateral most points of rostrum profile at ¾ of rostrum length from anterior tip 

8, 9 Posterior most point of antorbital notch 

10, 11 Point of premaxilla/maxilla suture at ⅟₂ of rostrum length 

12 Midline of premaxilla at ⅟₂ of rostrum length 

13, 14 Anterior point of lacrimal 

15, 16 Lateral most points of maxilla 

17, 18 Greatest skull width 

19, 20 Posterior most point of temporal fossa 

21, 22 Anterior most point of occipital condyle 

23, 24 Posterior most point of occipital condyle 

25 Centre of nuchal crest 

26 Posterior most point of cranium 

27, 28 Lateral most points of occipital/parietal suture 
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29 Posterior point of inflection of occipital/parietal suture 

30 Anterior most point of inflection of occipital/parietal suture 

31 Posterior most inflection of occipital parietal suture 

32, 33 Outermost point of external nares (width of external nares) 

34, 25 Premaxilla/ethmoid/nasal bone contact 

26, 37 Anterior most point of external nares 

38 Posterior most point of external nares at nasal/ethmoid suture 

 

Principal Component Analysis, PCA 

A variance-covariance matrix of the Procrustes-fitted landmark coordinates was then subjected to 

Principal Component Analysis in order to derive shape scores. PCA eliminates possible correlations 

among the original variables (landmark coordinates) and identifies a new system of axes (the 

principal components) along which the greatest amount of variation in the data can be visualized. 

The scores (coordinates) along the PC axes represent specific configurations of landmarks and so can 

be thought of as shape variables. 

Lollipop graphs were generated for the first two principal components. These graphs represent the 

amount and direction of landmark displacement from an initial shape (e.g., mean shape in this work) 

to a target shape, summarizing the contribution of each landmark to shape variation along any 

particular principal component. The graphs help visualise the direction and magnitude of shape 

variation in different regions of the skull along each principal component. 

 

Descriptive variables 

Twelve descriptive variables were chosen that could be considered as potential drivers of delphinid 

skull shape. Table 3 lists these variables and the source of the data used. 

Taxonomy was categorised and included as a variable to better quantify skull shape relative to 

species classification, which was traditionally based on skull shape (Berta, 2015). Feeding variables 

include mode of feeding, diet, dentition, depth of the feeding dive, and feeding niche (i.e., open 

water or benthic). Environmental variables capture aspects of a coastal vs. pelagic ecology, and 

geographic range. Echolocation variables address size of the melon, size of social groups, and 

frequency of whistles (from 0-30 kHz; see Figure S1). Adult size was also considered. 
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Table 3. Descriptive variables, categories used and sources of data. 

 

Variable Category Variables Reference Categorization 

Classification and 
physical traits 

Taxonomy 
McGowen et al., 2020; 

Berta et al., 2015 

1: Lissodelphininae;                
2: Delphininae;                         

3: Globicephaloninae 

Adult size (body length 
in metres) 

Kunhara et al., 2009 
1: 1-2m; 2: 2-4m; 3: 4-6m; 4: 

>6m 

Size of melon Harper et al., 2008 1: small; 2: large 

Environment 

Habitat 
Moura et al., 2013 

Costa et al., 2016 

1: coastal; 2: pelagic; 3: both 
coastal and pelagic; 4: 

riverine 

Geographic range 
Jefferson et al., 2005 

Marina et al., 2019 

1: polar; 2: circumpolar; 3: 
tropical; 4: pantropical; 5: 

temperate/anti-tropical; 6: 
cosmopolitan; 7: 

antitropical/temperate 

Feeding ecology 

Feeding strategy 

Werth et al., 2006a, 
2006b 

Kane et al., 2009 

1: ram feeder; 2: suction 
feeder; 3: both ram and 

suction feeder 

Diet McCurry et al., 2017 

1: primarily fish; 2: primarily 
squid; 3: both fish and squid; 
4: generalist (e.g., fish, squid, 

crustaceans); 5: generalist 
feeder but including also 

birds and mammals 

Dentition (number of 
teeth) 

Armfield et al., 2013 
1: <10 teeth; 2: 10–40 teeth; 
3: 40–110 teeth; 4: 110–180 

teeth; 5: 180–250 teeth 

Depth of feeding dive Hastie et al., 2006 

1: 1-10m; 2: 10-50m; 3: 50-
100m; 4: 100-300m; 5: 300-

1000m; 6: greater than 
1000m 

Feeding niche Norris, 2000 
1: open water feeder; 2: both 

benthic and open water 
feeder 

Society / group size 
(number of 
individuals) 

Gygax, 2002 

1: <30 individuals; 2: 20-50 
individuals; 3: 50-100 
individuals; 4: >100 

individuals 

Whistle frequencies 
Madsen et al., 2004 

Rendell et al., 1999 

0: no whistle; 1: <10 kHz; 2: 
middle range up 5-20 kHz; 3: 

full range up to 30 kHz 
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3.1.4  Statistical analysis of two-dimensional data 

 

The appropriate values of the variables were assigned to the first two PC scores for each species. 

The software PAST3 (PAleontological Statistics; Hammer et al., 2001) was used to perform a one-way 

ANOSIM (Analysis Of SIMilarities; Clarke, 1993) and a one-way PERMANOVA (PErmutational 

Multivariate ANalysis Of Variance; Anderson, 2001). 

ANOSIM is used to test the null hypothesis that rank-converted inter-species distances within the 

pre-defined species groups are similar to rank-converted inter-species distances between the pre-

defined species groups, that is to test if the specimens are clustered or widely spread within the 

morphospace. PERMANOVA tests the null hypothesis that the means of various groups are similar, 

i.e., testing the difference in distance between groups and therefore, how separated they are. 

These tests were carried out on data for the delphinids only, i.e., excluding the two river dolphins. 

River dolphins were kept in the morphospace plots to illustrate their position relative to the space 

occupied by delphinid species. 

For each descriptive variable, colour coded PCA plots identifying species included in each category 

were produced using the software R (R Core team, 2020), package ggpubr: ggplot2 (Wickham, 2016). 

 

3.1.5 Multivariate analysis of two-dimensional data 
 

The package mctest (Imdad et al., 2019) was used to carry out a multicollinearity test to detect the 

possible occurrence of a strong correlation between two or more explanatory variables. 

Multicollinearity may produce unduly inflated correlations in regression models, among other issues, 

or incorrect estimates of the response variables. 

As an extension of simple regression between a predictor and a response variable, multivariate 

multiple regression was performed to establish the strength and significance of the correlation 

between each of the PC1 and PC2 axes and the combined descriptive predictors. A linear model of 

regression was employed using R packages mmr and lmtest (Condylios, 2020; Zeileis and Hothorn, 

2020). 
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3.2  Three-dimensional data 
 

3.2.1. Three-dimensional image preparation 
 

In addition to the 2D analysis, 34 3D models were analysed, representative of 14 of the 17 genera 

(Globicephala, Lagenodelphis and Sotalia are not represented; Committee on Taxonomy, 2018) and 

two species of river dolphins (Table 4).  

Logistical constraints associated with the reliance on data collected from museum collections, meant 

that this study mostly relied on data already available. The 2D dataset (128 images) includes a more 

comprehensive representation of Delphinid inter and intra-specific diversity than that of the 3D 

dataset (34 models). However, 3D skulls will inevitably be distorted when represented through 2D 

images, and therefore, inclusion of the 3D dataset allows for a more accurate analysis of skull shape 

to be carried out, although with less statistical power associated with lower representation of 

Delphinid diversity.  

Of these, 28 models were sourced from Phenome10k.org (Goswami, 2015), an online database of 3D 

images maintained by the Natural History Museum of London. The six remaining images were 

produced through photogrammetry from specimens hosted at the National Museum of Nature and 

Science in Tokyo.  

These 3D models were based on a total of 300-500 digital photographs per skull, taken with a high-

resolution DSLR camera with a fixed lens by Dr Moura. The photographs were taken by moving 

around the skull and they covered dorsal, ventral, and lateral perspectives ensuring an overlap of at 

least 60% between frames. Particularly close-up pictures were taken of skull areas of significant 

complexity e.g., the area under the eye orbits and around the internal nares. These images were 

assembled into 3D models by Dr Kent Mori, researcher of 3D imaging at the National Museum of 

Nature and Science in Tokyo, through an ongoing collaboration with Dr Moura. 
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Table 4. List of Delphinidae (+2 river dolphin) species and number of specimens included in the 3D 
study. 

 

Delphinidae # specimens 

Genus Species Common name  

Cephalorhynchus 
Cephalorhynchus 

commersonii Commerson's dolphin 
3 

Delphinus Delphinus delphis Common dolphin 1 

Feresa Feresa attenuata  Pygmy killer whale 3 

Grampus Grampus griseus Risso's dolphin 3 

Lagenorhynchus 

Lagenorhynchus acutus 
Atlantic White-sided 

dolphin 
1 

Lagenorhynchus cruciger Hourglass dolphin 1 

Lissodelphis Lissodelphis borealis 
Northern Right whale 

dolphin 
3 

Orcaella Orcaella heinsohni Australian snubfin dolphin 1 

Orcinus Orcinus orca Orca 1 

Peponocephala Peponocephala electra Melon-headed whale 2 

Pseudorca Pseudorca crassidens False killer whale 1 

Sousa Sousa teuszii Atlantic humpback dolphin 1 

Stenella Stenella coeruleoalba Striped dolphin 2 

Steno Steno bredanensis Rough toothed Dolphin 1 

Tursiops 
 

Tursiops aduncus 
Indo Pacific bottlenose 

dolphin 
1 

Tursiops truncatus 
Common bottlenose 

dolphin 
4 

River dolphins  
Inia Inia geoffrensis Amazon river dolphin 2 

Pontoporia Pontoporia blainvillei Franciscana 3 

 

 

3.2.2 Digitisation of the three-dimensional data 
 

The software MorphoDig (Lebrun, 2018) was used to place landmarks on all 34 3D models. A total of 

59 landmarks were chosen using the same principals as described for the 2D analysis incorporating 

Type I (e.g., 49, 50 squamosal/exoccipital suture) and Type II landmarks (e.g., 1 tip of the rostrum; 

13,14 posterior most points of premaxilla; Bookstein, 1991).  As the models were not size scalable, it 

was not possible to place geometrically constructed Type III landmarks.  
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3.2.3 Geometric morphometrics of three-dimensional data 
 

Procrustes superimposition 

The XYZ coordinates of the landmarks were input into the software MorphoJ, the analysis set to 3 

dimensions and with the asymmetrical component removed as per 2D data. Procrustes 

superimposition was carried out and each sample inspected to assess whether a set of landmarks or 

the specimen would be removed, as per the 2D images. 

Elimination of seven landmarks resulted in a final set of 52 landmarks. Due to the small sample size, 

a specimen was not necessarily discarded if there was a broken bone. Instead, the landmark set was 

eliminated from all models e.g., landmarks 45-48, 55, 56 related to the pterygoid bone which is often 

damaged on delphinid skulls. For this reason, numbering of landmarks is not sequential (Figure 4 and 

Table 5 show the 3D landmark positions). 
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Figure 3. Position of the 54 landmarks, shown on a 3D model of the skull of Stenella coeruleoalba, 

(Striped dolphin) as seen in a) dorsal, b) lateral, c) ventral and d) posterior views. 
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Table 5. Description of landmark placement on 3D models. 

 

Landmark Position 
1, 2 Tip of rostrum 

3 Point on premaxilla of melon positioning 

5, 6 Posterior most point of antorbital notch 

7, 8 Anterior point of lacrimal bone 

9, 10 Lateral most margin of maxilla 

11, 12 Lateral most margin of premaxilla 

13, 14 Posterior most points of premaxilla 

15, 16 Widest point of external nares 

17, 18 Frontal/supra-orbital/ parietal suture 

19, 20 Anterior most point of external nares 

21 Posterior most point of nasal/ethmoid bone 

22 Point at nuchal crest in line with dorsal notch of foramen magnum 

23, 24 Largest vertical opening of foramen magnum 

25, 26 Widest points of foramen magnum 

27, 28 Widest part of skull on squamosal 

29, 30 Widest part of exoccipital 

31, 32 Outermost and ventral most point of exoccipital 

33, 34 Ventral most point of basioccipital 

35, 36 Posterior most point of temporal fossa on occipital 

37, 38 Dorsal most point of temporal fossa on occipital 

39, 40 Anterior most point of temporal fossa on frontal 

41, 42 Ventral most point of temporal fossa on squamosal 

43, 44 Ventral point of frontal at anterior of postorbital process 

49, 50 Squamosal/exoccipital suture at temporal fossa 

51, 52 Anterior of pterygoid/palatine suture 

53, 54 Widest points of occipital condyle 

57 Posterior end of vomer 

58 Ridge at back of nares 

59 Vertex of the skull 

  

 

 

 



26 
 

Principal Component Analysis, PCA 

A variance-covariance matrix of the Procrustes superimposed coordinates was generated and a PCA 

performed. As per 2D study, the location of greatest variation along the first two PCs were identified 

through visualisation on the lollipop graphs, and each specimen plotted on a morphospace delimited 

by PC1 and PC2.  

 

3.2.4  Statistical and Multivariate analysis of three-dimensional data 
 

The first two PC scores generated were assigned the same classifiers as the 2D data and the same 

statistical analyses were carried out:  

PAST3 was used to run one-way ANOSIM and one-way PERMANOVA; R (R Core team 2020) package 

ggpubr and ggplot (Wickham, 2016) were used to produce colour-coded morphosaces; mctest 

(Imdad et al., 2019) was used to carry out a multicollinearity test; and mmr and lmtest (Condylios, 

2020; Zeileis and Hothorn, 2020) were used to carry out generated a multivariate multiple 

regression. 
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4.RESULTS 
 

4.1. Two-dimensional data 

 
4.1.1 Geometric Morphometric analysis of two-dimensional data 
 

The PCA analysis of the 2D data show that the first two principal components cumulatively account 

for 66.83% of the total variance (Figure 5; PC1 = 54.06%; PC2 = 12.77%). Further components give 

proportionally little additional information. 

Regarding the patterns of differentiation in skull shape identified by the resulting PCA, before any 

consideration of classification of data points, there is an apparent discontinuity on the morphospace 

between two groups. This suggests two distinct morphologies within Delphinidae, which will be 

called morphogroup 1 and morphogroup 2 and are emphasised by hand drawn ellipses in Figure 5. 

Morphogroup 1 mostly occupies the top left of the PCA plot and is characterized by lower PC1 scores 

and higher PC2 scores. The majority of morphogroup 2 species are more broadly spread along PC1 

and mostly have higher PC1 scores than morphogroup 1. 

There are also three apparent outliers. Two correspond to the Amazon river dolphin, Inia geoffrensis 

and Franciscana, Pontoporia blainvillei, plotting in the direction of the highest PC1 scores. The third 

corresponds to Orcaella brevirostris on the lower left of the morphospace, with a very low PC1 and 

PC2 score. This taxon is notable for having an unusual morphology and ecology among delphinids. 

 

 

  

 

 

 

 

 

 

 

Figure 4. Morphospace plot delimited by PC1 and PC2, suggesting two types of skull morphology within 
Delphinidae. The inset shows a scree plot of eigenvalues. Pb: Pontoporia blainvillei; Ig: Inia geoffrensis; Ob: 

Orcaella brevirostris. 
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Considering the skull shape changes in relation to the morphospace, most shape change along PC1 

involved a relative narrowing and lengthening of the rostrum (Figure 6-a). PC2 represents a relative 

broadening of both the rostrum and cranium, as well as a relative shortening of the skull. Overall 

variation along PC1 shows greater displacement in rostral landmarks, whereas PC2 mostly reflects 

displacement of landmarks on the cranium (Figure 6-b). This variation along PC1 and PC2 is also 

represented using wireframe graphs (Figure 7). 

Along both PC1 and PC2, rostral landmarks are displaced anteriorly and internally, whereas, along 

PC2, landmarks on the posterior half of the rostrum are displaced externally. Displacement of 

landmarks along the anterior margin of the cranium and at the widest point of the skull, is internal 

and posterior along PC1 and contrastingly, displacement is external and anterior along PC2.  

Cranial landmarks show similar shifts along PC1 and PC2, although they are relatively more 

pronounced along PC2. Along both PC1 and PC2, all landmarks show a displacement towards the 

centre of the skull, i.e., an anterior and internal movement of the posterior margin of the cranium 

and a posterior displacement of the external nares.          

           

 

 

 

 

 

 

 

 

 

 

 

    

 

 

Figure 5. Lollipop graph visualising variation of landmarks along a) PC1 and b) PC2 axis, set at 0.1 in the 
positive direction of the mean. 
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Figure 6. Wireframe graph of dorsal view of a delphinid skull visualising variation along a) PC1 and b) PC2. 

 

Integrating the morphological results from the lollipop graphs with the PCA morphospace, shows 

that morphogroup 1 include specimens with broad skulls with a short, blunt beak (Figure 8). These 

species belong to the genera Globicephala, Feresa, Grampus, Peponocephala, Pseudorca and 

Orcinus, typically described as having brevirostrine skulls.  

Morphogroup 2 specimens exhibit a morphology typically described as longirostrine and show 

greater variation along the PC1 axis, reflecting substantial variation in relative beak length, with 

some species presenting relatively short rostra. Dolphins of the genus Cephalorhynchus, with the 

shortest rostra, are found on the lower left of the plot, while the genus Delphinus is located at the 

farthest most right with the longest relative rostrum length within Delphinidae.  
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Figure 7.  Morphospace plot delimited by PC1 and PC2 based on 2D landmarks on Delphinidae and river 
dolphin skulls. Red ellipsoid groups Delphinidae belonging to Morphogroup 1, blue ellipsoid groups those 
belonging to Morphogroup 2. Pb: Pontoporia blainvillei; Ig: Inia geoffrensis; Oh: Orcaella brevirostris*; Cc: 

Cephalorhynchus commersonii*; Lo: Lagenorhynchus obscurus; Gm: Globicephala macrorhynchus*; Pe: 
Peponocephala electra; Oo:Orcinus orca; Fa: Feresa attenuata; Pc: Pseudorca crassidens; Gg Grampus 
griseus; Dd: Delphinus delphis*. *representing examples of extremes of longirostry and brevirostry. 

 
 

4.1.2 Group separation within the morphospace based on descriptive variables 
 

4.1.2.1 Taxonomy, melon size and mode of feeding  
 

When the skull specimens are grouped according to the 12 descriptive variables, three lead to 

considerable separation of discrete groups within the morphospace, namely taxonomy, melon size 

and mode of feeding. Both one-way ANOSIM and one-way PERMANOVA global tests show high 

correlation coefficients for these variables (R values 0.57, 0.69, 0.66 respectively) and significant 

differentiation between the discrete groups in the morphospace, (p-values 0.0001 for all three; 

Table 6). 
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These three variables are also notable for showing little overlap between morphogroup 1 and 

morphogroup 2 (Figure 9-a-c), and it therefore appears that the differentiation identified with these 

three variables is to some extent associated with the distinction between the relevant groups. 

Morphogroup 1 mostly includes members of the Globicephaloninae (Figure 9-a), which present a 

large melon (Figure 9-b) and feed by suction or tear (Figure 9-c). 

Morphogroup 2 is composed of members of the Delphininae and Lissodelphininae (Figure 9-a), have 

small melons (Figure 9-b) and feed by either ram or a combination of ram and suction (Figure 9-c).   

 

4.1.2.1 Feeding ecology variables 
 

The variables Diet, Dentition and Dive depth result in significant p-values=0.0001 in global one-way 

ANOSIM and one-way PERMANOVA testing, but R (0.37, 0.34, 0.37 respectively) and F (31.42, 33.38, 

19.4) values were lower suggesting these variables display less of a correlation with morphology and 

explain less of the variation described. They also showed a lower proportion of significant pairwise 

values between categories (Table S3), suggesting that the significant global tests are mostly driven 

by a subset of categories within each variable that differentiates well from all others in the 

morphospace. 

Specifically, when classifying the specimens according to diet, (Figure 9-d) the categories ‘Fish’, 

‘Squid’ and a ‘Generalist diet including mammals’, separate well in the morphospace. However, the 

categories ‘Squid & Fish’ and ‘Generalist’ overlap almost entirely and do not show significant 

separation from ‘Fish’ in pairwise one-way ANOSIM pairwise testing (Bonferroni-corrected and non-

corrected p-values alike). In terms of skull shape, these two categories might be functionally 

indistinct, i.e., both represent broad diet types. Pairwise one-way PERMANOVA give significant p-

values for each category, although Bonferroni-corrected p-values do not show significance between 

‘Fish’ and ‘Fish&Squid’ (Table S3). 

When species on the morphospace are classified according to dentition (Figure 9-e), morphogroup 1 

with the lowest PC1 scores (shortest rostra) clearly has the lowest tooth count (<50) while 

morphogroup 2 species with the highest PC1 score (longest rostra) of all delphinids have the highest 

tooth count (>200). These two extremes are well separated from all other categories in the 

morphospace and results in significant pairwise testing for both one-way ANOSIM and one-way 

PERMANOVA (Table 6). Other tooth count categories overlap considerably, which together with low 
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global R and F values suggest these results might be mostly driven by the extreme categories 

mentioned above. 

Clear separation of deep divers (>1000m) from other categories is evident (Figure 9-f). This group 

includes the morphogroup 1 specimens with high PC2 and the low PC1 scores. One-way ANOSIM and 

one-way PERMANOVA pairwise tests involving this category show it to be significantly distinct from 

any other dive depth category (all p-values=0.0001). All of the remaining dive depth categories 

overlap considerably, which is reflected in weak global correlation values. 

 

4.1.2.3 Habitat variables 
 

When the specimens are classified according to ecology, the morphospace shows much overlap 

between coastal and pelagic skull shapes (Figure 9- g). 

Coastal species spread across the full extent of the morphospace along PC1, corresponding to 

morphogroup 2 and including Orcaella. Variation along PC2 encompasses the full spread of 

morphogroup 2 skulls.  

Species that are known to occupy both coastal and pelagic environments are not placed at the 

extremes of either PC axis, i.e., low/high PC 1 and low/high PC2 

One-way ANOSIM and one-way PERMANOVA pairwise testing show significant separation of coastal 

and pelagic morphologies (p<0.05; Bonferroni-corrected and non-corrected alike), although the 

‘Both’ category was not significantly differentiated from other categories. Global one-way ANOSIM 

and one-way PERMANOVA show significant p-values (0.0017, 0.0001 respectively) however the 

correlation coefficient, R and F are both low (0.09, 8.66; Table 6). 

4.1.2.4   Remaining variables showing little separation 
 

The remaining descriptive variables, Feeding niche, Range, Size and Social (group size) show very 

little differentiation within the morphospace, with a large degree of overlap (Figure S2). This is 

reflected by low values of R (0.04, 0.24, 0.2, 0.02) and F (5.29, 5.34, 14.1, 3.31 respectively) 

produced in global one-way ANOSIM and one-way PERMANOVA, however p-values show the 

differentiation to be significant (0.0001) for adult size. 

When assigned to the whistle categories, both one-way ANOSIM and one-way PERMANOVA global 

testing resulted in significant p-values=0.0001 but a low correlation coefficient (R) and low F statistic 
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(0.21, 13.63; Table 6) likely explained by the overlap of the categories 5-20 and 0-30kHz in 

morphospace (Figure 9-h). Pairwise testing show significant non-corrected p-values <0.05 for all 

categories, and Bonferroni-corrected, for all but <10kHz and 0-30kHz categories. 

 

Table 6. Results from global one-way ANOSIM and one-way PERMANOVA testing of the 2D data. 
Significance codes: ** all pairwise p-values significant, *over half of the pairwise p- values significant. 

 

Variable One-way ANOSIM One-way PERMANOVA 

R p-values F p-values 

Mode of Feeding 0.66 0.0001**    87.14 0.0001**   

Melon Size 0.69 0.0001**    94.11 0.0001** 

Taxonomy 0.57 0.0001**   94.17 0.0001**    

Diet 0.37 0.0001*   31.42 0.0001**   

Dive depth 0.37 0.0001*  19.4 0.0001*  

Dentition 0.34 0.0001*   33.38 0.0001*   

Range 0.24 0.0001*  5.34 0.0001*   

Whistle frequency 0.21 0.0001**    13.63 0.0001**  

Adult size 0.2 0.0001*  14.1 0.0001*  

Ecology 0.09 0.0017*  8.66 0.0001* 

Feeding niche 0.04 0.1011 5.29 0.0113* 

Size of group 0.02 0.254 3.31 0.0099* 
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Figure 9. Morphospace coloured by descriptive variables, a) taxonomy, b) melon size, c) mode of feeding, d) 
diet, e) dentition, f) dive depth g) ecology. River dolphins shown here as a comparative morphology. 
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4.1.3  Multivariate analysis of two-dimensional data 
 

4.1.3.1 Multicollinearity 
 

VIF diagnostics detects collinearity between Melon Size and other variables, with VIF of 16.2 (Table 

7). VIF results for Taxonomy are also high at 8.17, although not significantly colinear (>10). 

 

Table 7. VIF Diagnostics from the multicollinearity testing of the 2D dataset. A VIF > 10 detects collinearity. 

 

 VIF Detection 

Ecology 3.03 0 

Range 4.06 0 

Melon Size 16.20 1 

Diet 1.88 0 

Mode of feeding 2.55 0 

Whistle 2.54 0 

Taxonomy 8.17 0 

Dentition 5.39 0 

Size 2.37 0 

Social 2.45 0 

Feeding niche 2.72 0 

Depth of dive 3.22 0 

 

The correlation matrix (Table 8) shows that the size of the melon is strongly correlated with 

Taxonomy, with a correlation coefficient of 78.03%.  

Melon vs Dentition show a strong inverse correlation (-70.39%), i.e., the larger the melon, the fewer 

teeth the delphinid has. 

Taxonomy vs range and Melon size vs Depth of dive have correlation coefficients > 60% (63% and 

62% respectively).  
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Table 8. Correlation matrix from the multicollinearity testing of the 2D data. Correlation coefficients >0.7 shows the significance (marked red); correlation coefficients > 
0.6 (marked pale red) show high correlation. 

 

                  Ecology        Range        Melon         Diet   Mode of 
feeding 

Whistle     Taxonomy    Dentition         Size       Social Feeding 
niche    

Dive 
depth 

Ecology        1 0.32 0.20 0.24 -0.24 0.13 0.29 -0.02 0.38 0.56 -0.12 0.49 

Range          0.32 1 0.40 -0.06 -0.23 0.51 0.63 -0.34 0.45 0.06 -0.39 0.39 

Melon          0.20 0.40 1 0.06 0.33 0.20 0.78 -0.70 0.57 -0.12 -0.34 0.62 

Diet           0.24 -0.06 0.06 1 0.32 -0.33 -0.02 -0.08 0.12 -0.07 0.21 0.18 

Mode of 
feeding    

-0.24 -0.23 0.33 0.32 1 -0.07 0.06 -0.51 0.16 -0.29 0.22 0.21 

Whistle        0.13 0.51 0.20 -0.33 -0.07 1 0.47 -0.27 0.36 0.04 -0.20 0.15 

Taxonomy       0.29 0.63 0.78 -0.02 0.06 0.47 1 -0.44 0.54 0.09 -0.31 0.47 

Dentition     -0.02 -0.34 -0.70 -0.08 -0.51 -0.27 -0.44 1 -0.36 0.28 0.06 -0.39 

Size           0.38 0.45 0.57 0.12 0.16 0.36 0.54 -0.36 1 0.13 -0.08 0.52 

Social         0.56 0.06 -0.12 -0.07 -0.29 0.04 0.09 0.28 0.13 1 0.24 0.22 

Feeding niche  -0.12 -0.39 -0.34 0.21 0.22 -0.20 -0.31 0.06 -0.08 0.24 1 -0.04 

Depth of dive      0.49 0.39 0.62 0.18 0.21 0.15 0.47 -0.39 0.52 0.22 -0.04 1 
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4.1.3.2 Multivariate regression 

When carrying out the multivariate regression, including all variables simultaneously, the highest correlation estimate of any predictor (descriptive) variable 

in PC1 is 17% for Melon Size, (t=0). Other variables showing significant correlation include Feeding Niche and Dive Depth (t<0.001), as well as Taxonomy and 

Size (t<0.01), although the correlation coefficients were all low (<3%; Table 9). In this context, the intercept between all variables also shows a significant 

contribution (t<0.001), with a correlation coefficient of 16%, suggesting that multiple variables might be necessary to explain the observed skull shape 

variation. 

 

Table 9. Multivariate coefficients from the multivariate testing of the 2D data. Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

    PC1 coefficients  PC2 coefficients 

Estimate Std Err T value Pr(>ItI) Significance  Estimate Std Err T value Pr(>ItI) Significance 

Intercept 0.16 0.05 3.45 0.00 ***  0.00 0.03 -0.12 0.91  

Ecology 0.01 0.01 1.53 0.13   0.00 0.01 -0.72 0.47  

Range 0.00 0.00 3.25 0.00 **  0.00 0.00 -2.09 0.04 * 

Melon Size -0.17 0.03 -5.94 0.00 ***  -0.02 0.02 -0.82 0.42  

Diet 0.00 0.00 0.30 0.76   -0.01 0.00 -3.60 0.00 *** 

Mode of feeding -0.01 0.00 -3.11 0.00 **  -0.01 0.00 -1.91 0.06 . 

Feeding niche -0.02 0.00 -4.28 0.00 ***  -0.01 0.00 -3.91 0.00 *** 

Dentition 0.01 0.01 1.12 0.26   -0.01 0.00 -1.66 0.10 . 

Whistle 0.00 0.00 0.56 0.57   0.01 0.00 2.55 0.01 * 

Depth of dive -0.02 0.00 -4.83 0.00 ***  0.01 0.00 3.87 0.00 *** 

Taxonomy 0.03 0.01 2.50 0.01 *  0.02 0.01 3.02 0.00 ** 

Size 0.02 0.01 2.26 0.03 *  0.02 0.01 3.44 0.00 *** 

Social 0.01 0.00 1.55 0.12   0.00 0.00 1.34 0.18  
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ANOVA (Analysis of Variance) tests resulted non-significant F values for Ecology and Social  and so these variables could be removed from the model (Table 

10). 

 

Table 10. Type II MANOVA tests: Pillai test statistic. Significant codes: 0'***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1. 

 

 Df Test 

stat 

Approx. 

F 

Num 

Df 

Den Df Pr(>F) Significance 

Ecology 1 0.03 2.05 2 113 0.13  

Range 1 0.16 11.15 2 113 0.00 *** 

Size of melon 1 0.25 18.38 2 113 0.00 *** 

Diet 1 0.12 7.83 2 113 0.00 *** 

Mode of feeding 1 0.08 5.16 2 113 0.01 ** 

Feeding niche 1 0.18 12.34 2 113 0.00 *** 

Dentition 1 0.05 3.01 2 113 0.05 . 

Whistle 1 0.05 3.28 2 113 0.04 * 

Depth of dive 1 0.34 29.09 2 113 0.00 *** 

Taxonomy 1 0.09 5.68 2 113 0.00 ** 

Size 1 0.10 6.49 2 113 0.00 ** 

Social 1 0.03 1.55 2 113 0.22  

 

After removing the Ecology and Social variables, multivariate testing gives a significant intercept of 19%, the melon accounting for 20% of the variance in 

skull shape along PC1 (t=0). All other variables have small estimated values <2%, other than Taxonomy (4%), although Mode of Feeding, Feeding niche, Dive 

depth and Taxonomy result in t < 0.001. Dentition, Whistle and Diet variables are not significant.  The intercept between all variables along PC2 also gives a 

small, significant contribution (t), with the correlation coefficient estimate of 1%. 
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The second ANOVA results in significance between the model including all variables and the model with ecology and social removed PrIFI = 0.02. The 

intercept for PC1 increases from 16 to 19% when variables are removed. Notably the melon estimate increases from -17 to -20% along PC1. There is 

minimal change in the coefficients for PC2 (Table 11). 

 

Table 11. Multivariate coefficients from the multivariate test of the 2D data. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

    PC1 coefficients  PC2 coefficients 

Estimate Std Err T 

value 

Pr(>ItI) Significance  Estimate Std Err T value Pr(>ItI) Significance 

Intercept 0.19 0.05 4.10 0.00 ***  0.01 0.03 -0.17 0.87 . 

Range 0.01 0.00 2.55 0.01 *  0.00 0.00 -2.16 0.03 * 

Size of melon -0.20 0.03 -6.90 0.00 ***  -0.02 0.02 -0.96 0.34  

Diet 0.00 0.00 0.65 0.52   -0.01 0.00 -4.66 0.00 *** 

Mode of feeding -0.02 0.00 -4.54 0.00 ***  -0.01 0.00 -2.06 0.04 * 

Feeding niche -0.02 0.00 -4.69 0.00 ***  -0.01 0.00 -3.81 0.00 *** 

Dentition 0.00 0.01 0.81 0.42   -0.01 0.00 -1.48 0.14 
 

Whistle 0.00 0.00 0.22 0.82   0.01 0.00 2.42 0.02 * 

Depth of dive -0.01 0.00 -3.64 0.00 ***  0.01 0.00 4.63 0.00 *** 

Taxonomy 0.04 0.01 3.47 0.00 ***  0.02 0.00 3.38 0.00 *** 

Size 0.02 0.01 3.13 0.00 **  0.02 0.00 3.61 0.00 *** 
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4.2 Three-dimensional data 

 
4.2.1 Geometric Morphometric analysis of three-dimensional data 
 

The first two principal components of the 3D PCA cumulatively account for 64.95% of total variance 

(Figure 10 - scree plot; PC1 = 51.49%; PC2 = 13.46%).  Further components give proportionally little 

additional information. 

There is not a clear separation of two morphotypes as with the 2D data, although there are five 

specimens that plot with visibly lower PC1 scores than the main cluster of skull specimens. These are 

the river dolphin samples, two Amazon river dolphin, Inia geoffensis, and three Franciscanas, 

Pontoporia blainvillei, included as a visual reference to what an extreme coastal morphology can be 

expected to look like. 

 

 

 

Figure 10. Morphospace plot delimited by PC1 and PC2 based on 3D landmarks for Delphinidae. The inset 
shows a scree plot of eigenvalues. Pb: Pontoporia blainvillei; Ig: Inia geoffrensis. 
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Lollipop graphs show that variation along PC1 (Figure 11a-c) represents: a shortening of the rostrum; 

an anterior shift of the point at which the melon attaches onto the rostrum; and a broadening of the 

cranium. As per the 2D data, the variation along PC1 is greater for rostral landmarks than for those 

on the cranium. Variation along PC2 (Figure 12a-c) represents a ventral displacement of the occipital 

bone and occipital condyle, and enlargement of the temporal fossa. 

Landmarks identifying the tip of rostrum are displaced posteriorly and dorsally along PC1, while the 

point on the maxilla where the melon attaches is displaced anteriorly and ventrally. Contrastingly, 

the component of displacement along PC2 emphasizes movement of landmarks anteriorly and 

ventrally, with the melon being placed further back on the rostrum. 

The anterior margins of the cranium are displaced anteriorly along both PC1 and PC2 although this 

movement is marginal. This displacement along PC1 is attributed to the dorsoventral compression of 

the cranium There is a slight movement for these features along PC2 where the displacement of 

landmarks is at the posterior margin of the cranium, shifting ventrally. The foramen magnum shifts 

in a way that suggests a ‘down and under’ displacement of the occipital bone. Enlargement of the 

temporal fossa along PC2 is represented at its margins. There is minimal displacement of the 

external nares along either PC axis. 

This variation along PC1 and PC2 is also represented using wireframe graphs (Figure 13). 
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Figure 11. Lollipop graph illustrating variation of landmarks along PC1 on the a) lateral, b) dorsal and 
c) posterior view of Delphinidae skulls set at 0.1 in the positive direction from the mean. 
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Figure 12. Lollipop graph illustrating variation of landmarks along PC2 on the a) lateral, b) dorsal and c) 
posterior view of Delphinidae skulls set at 0.1 in the positive direction from the mean. 
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Figure 13. Wireframe graph of a) lateral view, b) dorsal, and c) posterior view of 3D model of a delphinid 

skull visualising variation along PC1 and PC2. 

 

 

Although there is no clear separation between the two morphotypes identified in the 2D study, 

differentiation in the 3D morphospace is apparent once specimens are labelled (Figure 14). Ellipsoids 

group together brevirostrine morphotypes (red), akin to morphogroup 1 and longirostrine (blue) 

morphotypes (morphogroup 2). Morphological interpretation of the lollipop graphs shows that a low 

PC1 score represents a long rostrum, and low PC2 a small temporal fossa. Cephalorhynchus spp. 

have the shortest rostrum of the longirostrine delphinids and the highest PC1 score.  

One of the C. commersonii samples (and a Lagenorhynchus acutus sample) is shown to place in a 

similar position on the morphospace to brevirostrine Peponocephala electra. P. electra have the 

longest rostra of the brevirostrine delphinids, and smallest temporal fossa compared to Pseudorca 

crassidens, i.e., the highest PC2 score of the brevirostrine morphotype. There is relatively little 

rostral variation within brevirostrine delphinids although variation along PC2 is relatively greater. 
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The river dolphins, Inia geoffrensis and Pontoporia blainvillei, on the far left, display extreme 

longirostry. As in 2D, the Orcaella species (O. heinsohni) is shown to be a potential outlier and plots 

with an unusually high PC2 score and one of the highest PC1 scores. 

 

 

Figure 14. Morphospace plot delimited by PC1 and PC2 based on 3D landmarks on Delphinidae and river 
dolphin skulls. Red ellipsoid groups Delphinidae belonging to Morphogroup 1, blue ellipsoid groups those 
belonging to Morphogroup 2. Pb: Pontoporia blainvillei; Ig: Inia geoffrensis; Oh: Orcaella heisohnii*;  Sb: 
Steno bradenensis; St: Sousa teuszii; Cc: Cephalorhynchus commersonii*; La: Lagenorhynchus acutus; Pe: 
Peponocephala electra*; Oo: Orcinus orca; Fa: Feresa attenuata; Pc: Pseudorca crassidens; Gg: Grampus 

griseus; Dd: Delphinus delphis*.* including images of extremes of longirostry/brevirostry.  

 

4.2.2  Group separation in morphospace 
 

4.2.2.1     Taxonomy, melon size and mode of feeding  
 

Overlaying the Taxonomy, Melon Size and Mode of Feeding variables onto the 3D skull morphospace 

creates visually distinct groupings (Figure 15a-c). Global one-way ANOSIM and one-way 

PERMANOVA tests for these variables show significant results (all p-values=0.0001; Table 7) but R 

and F values are low for each (R: 0.42, 0.52, 0.65 respectively; F: 14.32, 26.42, 18.17 respectively). In 

addition, distinct separation between the two melon size categories gave significant pairwise p-

values=0.0001. 
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Taxonomy (Figure 15-a) shows distinct separation of Globicephaloninae from both the 

Lissodelphinae and Delphininae on the morphospace, while Lissodelphinae and Delphininae show 

considerable overlap. Pairwise test results are consistent with this, by showing significant p-values 

between Globicephaloninae and Lissodelphinae (0.0005, 0.0001: one-way ANOSIM and one-way 

PERMANOVA respectively; Table S4) and Delphininae (0.0001, 0.0001), but a non-significant p-value 

between Lissodelphinae and Delphininae (0.2068, 0.2252).  

Separation by Mode of Feeding is particularly noticeable in the 3D data (Figure 15-c), with each 

category displaying as a distinct cluster. Ram and suction feeding cluster on the left and right of the 

morphospace respectively, and combination feeders plot between the two. One-way ANOSIM and 

one-way PERMANOVA pairwise testing show significant separation between all categories except 

between suction and tear feeders Table S4). 

 

4.2.2.2 Feeding ecology variables 
 

Diet, Dentition and Depth of Dive result in significant global one-way ANOSIM and one-way 

PERMANOVA (all p-values= 0.0001) but low correlation values and a low F statistic (R: 0.34, 0.52, 

0.46 respectively and F: 5.06, 5.95 and 9.58 respectively; Table 7). Excluding Orcaella, the Australian 

snubfin dolphin sample, a possible outlier, from these three plots would better define the separation 

of these categories. 

When species are categorised by Diet (Figure 15-d), we see a distinct separation between ‘Squid’ and 

‘Generalist including mammals’. However, there is substantial overlap between the ‘Fish and Squid’ 

or ‘Generalist’ categories. When considering these generalist diets, variation along PC1 and PC2 

extends over much of the morphospace whereas variation along PC1 and PC2 is small for ‘Squid’ and 

‘Generalist including mammals’. Pairwise testing is consistent with this observation, resulting in 

significant p-values (<0.05) between all categories except ‘Squid’ and ‘Generalist including mammals’ 

(0.2181, 0.2156 one-way ANOSIM and one-way PERMANOVA respectively) and ‘Fish and Squid’ or 

‘Generalist’ categories (0.0691, 0.7516). In addition, one-way PERMANOVA gives a non-significant p-

value between those with a diet of ‘Squid’ and a ‘Fish&Squid diet (0.589; Table S4). 

When species on the morphospace are categorised by Dentition (Figure 15-e) there is clear 

separation of all categories, except the ‘50-100 teeth’ category which extends the full range across 

PC1 and PC2. Pairwise testing results in non-significant p-values (0.5562, 0.2171, 0.1548) between 

this category and any other. Brevirostrine species with high PC1 and PC2 have a low tooth count <50, 
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while longirostrine species with low PC1 and low PC2 have >200 teeth. Significant pairwise tests 

confirm this separation (p=0.0014, 0.0016, ANOSIM and PERMANOVA respectively; Table S4).  

 

 

4.2.2.3     Habitat variables 
 

Considerable overlap is seen between coastal and pelagic skull shapes (Figure 15-g). Variation along 

both PC1 and PC2 extends the full range for both coastal and pelagic samples. However, if Orcaella 

were excluded from the dataset (being a potential outlier) the pelagic category would dominate the 

right side of the morphospace i.e., species with high PC1 scores. One-way ANOSIM and one-way 

PERMANOVA testing was not possible due to the reduced sample size, i.e., there is only a single 

sample in ‘both’ category (Table 14). 

 

 

4.2.2.4      Remaining variables showing little separation 
 

The other variables, Whistle, Range, Size, Social and Feeding niche result in very little separation in 

morphospace (Figure S3a-e). The only clear separation is seen on the Range morphospace (Figure 

S3-b) and is that of the tropical species Orcaella, (Australian snubfin dolphin) and Sousa, (humpback 

dolphins), with the highest PC2 scores. The reduced sample size of the 3D data reduces the power of 

the statistical tests, and for some variables one-way ANOSIM and one-way PERMANOVA testing was 

not possible (Table 7). One-way ANOSIM and one-way PERMANOVA was only possible for the 

whistle variable, which shows a non-significant result (p-value=0.089) and low R=0.095 and a 

significant p=0.02 but very low F=3.18. 
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Table 12. Results from one-way ANOSIM and one-way PERMANOVA, based on 3D geometric 
morphometrics. Three variables shown in red show particular global significance; **significance shown in all 

pairwise p-values, * significance shown in majority of pairwise p-value 

 

Variable One-way ANOSIM One-way PERMANOVA 

 R p-values F p-values 

Mode of feeding 0.65 0.0001* 18.17 0.0001* 

Size of melon 0.52 0.0001** 26.42 0.0001** 

Taxonomy 0.42 0.0001* 14.32 0.0001* 

Dentition 0.52 0.0001* 9.58 0.0001* 

Dive depth 0.46 0.0001 5.95 0.0003 

Diet 0.34 0.0008* 5.06 0.002 

Range - - - - 

Whistle frequency 0.1 0.0885 3.18 0.02 

Adult size - - - - 

Ecology - - - - 

Size of group - - - - 

Feeding niche - - - - 
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Figure 15. Morphospace coloured by descriptive variables, a) taxonomy, b) melon size, c) mode of feeding, 
d) diet, e) dentition, f) dive depth, g) ecology. 
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4.2.3   Multivariate analyses of three-dimensional data 

 

4.2.3.1. Multicollinearity 
 

VIF diagnostics detects co-linearity between Ecology, Range, Melon size, Mode of Feeding, Whistle, 

Taxonomy and Dentition, with Taxonomy and Melon size resulting in particularly high VIF factors > 

80. The correlation matrix (Table 14) shows that correlation coefficients for Range vs Whistle, Melon 

vs Taxonomy are very high at 85.49% and 87.95% respectively. Taxonomy vs Dentition and Diet vs 

Mode of feeding also appear to be collinear as they have high correlation coefficients of 70.93% and 

71.82% respectively.  

Dentition vs Melon and Dentition vs Mode of Feeding also have high coefficients just below the 70% 

threshold for significance (69% and 68%). 

 

Table 13. VIF diagnostics from the multicollinearity testing of the 3D dataset. A VIF > 10 detects collinearity. 

 

 VIF Detection 

Ecology 10.99 1 

Range 10.4 1 

Size of melon 84.5 1 

Diet 5.65 0 

Mode of feeding 17.62 1 

Whistle 34.82 1 

Taxonomy 85.99 1 

Dentition 21.52 1 

Size 4.42 0 

Social 1.53 0 

Feeding niche 9.62 0 

Depth of dive 4.17 0 
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Table 14. Correlation matrix from the multicollinearity testing of the 3D data. Correlation coefficients >0.7 shows the significance (marked red); correlation coefficients 
> 0.6 marked orange show high correlation . 

 

 

                  

Ecology        Range        Melon         Diet   Mode of 

feeding 

Whistle     Taxonomy    Dentition         Size       Social Feedingniche    Depth of 

dive 

Ecology        1 0.40 0.34 0.16 0.06 0.33 0.29 -0.23 0.62 0.15 -0.56 0.61 

Range          0.40 1 0.27 -0.06 0.00 0.85 0.57 -0.48 0.48 -0.17 -0.53 0.45 

Melon          0.34 0.27 1 -0.02 0.32 0.16 0.88 -0.69 0.43 0.18 -0.36 0.61 

Diet           0.16 -0.06 -0.02 1 0.71 -0.14 0.03 -0.19 0.19 -0.27 0.07 0.01 

Mode of 

feeding    

0.06 0.00 0.32 0.71 1 0.01 0.32 -0.68 0.15 -0.34 0.23 0.15 

Whistle        0.33 0.85 0.16 -0.14 0.01 1 0.51 -0.43 0.51 -0.10 -0.29 0.30 

Taxonomy       0.29 0.57 0.88 0.03 0.32 0.51 1 -0.72 0.53 0.06 -0.48 0.57 

Dentition     -0.23 -0.48 -0.69 -0.19 -0.68 -0.43 -0.72 1 -0.31 0.20 0.12 -0.45 

Size           0.62 0.48 0.43 0.19 0.15 0.51 0.53 -0.31 1 0.11 -0.46 0.28 

Social         0.15 -0.17 0.18 -0.27 -0.34 -0.10 0.06 0.20 0.11 1 -0.14 0.09 

Feedingniche  -0.56 -0.53 -0.36 0.07 0.23 -0.29 -0.48 0.12 -0.46 -0.14 1 -0.36 

Depth of 

dive      

0.61 0.45 0.61 0.01 0.15 0.30 0.57 -0.45 0.28 0.09 -0.36 1 
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4.2.3.2 Multivariate Regression 
 

Coefficients for PC1 have an intercept of 34% giving a significant t value <0. Melon Size shows the highest correlation estimate of 24%, (t=0). Size, Ecology, 

Mode of Feeding, Dentition, Depth of Dive and Social all generate significant t values, but with relatively low correlation estimates (7%, 5%, 5%, 4%, -1% and 

2% respectively). 

The intercept for PC2 (12%) is not shown as being significant (t=0.3), although Depth of Dive and Social have significant t values < 0.05 and both variables 

have a coefficient estimate of-2%. 

Table 15. multivariate coefficients from the multivariate test of the 3D data. Significance codes:. ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

    PC1 coefficients  PC2 coefficients 

Estimate Std Err t value Pr(>ItI) Significance  Estimate Std Err t value Pr(>ItI) Significance 

Intercept -0.34 0.08 -3.97 0 **  0.12 0.11 1.08 0.3  

Ecology 0.05 0.03 1.95 0.07 .  -0.03 0.03 -0.88 0.39  

Range 0 0 0.85 0.41   0 0.01 0.14 0.89  

Size of melon 0.24 0.07 3.33 0 **  0.08 0.09 0.87 0.4  

Diet -0.02 0.01 -1.76 0.1   0 0.01 -0.2 0.84  

Mode of 

feeding 

0.05 0.02 3.38 0 **  0.01 0.02 0.4 0.69  

Feeding niche 0.01 0.02 0.87 0.4   -0.01 0.02 -0.51 0.61  

Dentition 0.04 0.01 2.94 0.01 * *  -0.02 0.02 -1.29 0.21  

Whistle 0.02 0.02 1.12 0.28   -0.01 0.02 -0.31 0.76  

Dive depth -0.01 0.01 -2.24 0.04 ***  -0.02 0.01 -2.37 0.03 * 

Taxonomy -0.05 0.04 -1.06 0.3 ***  -0.02 0.05 -0.32 0.76  

Size -0.07 0.01 -4.72 0 ***  0.03 0.02 1.43 0.17  

Social -0.02 0.01 -2.83 0.01 *  -0.18 0.01 -2.42 0.03 * 
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ANOVA testing shows that Range, Diet, Feeding niche Whistle and Taxonomy have no significance so are removed from the model (Table 16). 

 

Table 16. Type II MANOVA Tests: Pillai test statistic based on the 3D data. Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 Df Test stat Approx. F Num Df Den Df Pr(>F) Significance 

Ecology 1 0.42 5.53 2 15 0.02 * 

Range 1 0.06 0.48 2 15 0.63  

Melon size 1 0.47 6.56 2 15 0.01 ** 

Diet 1 0.22 2.17 2 15 0.15  

Mode of feeding 1 0.52 7.97 2 15 0 ** 

Feeding niche 1 0.15 1.31 2 15 0.3  

Dentition 1 0.62 12.4 2 15 0 *** 

Whistle 1 0.16 1.47 2 15 0.26  

Depth of dive 1 0.29 3.03 2 15 0.08 . 

Taxonomy 1 0.08 0.64 2 15 0.54  

Size 1 0.78 26.94 2 15 0 ** 

Social 1 0.35 4.03 2 15 0.04 * 

 

Multivariate testing of the new model shows a significant intercept of 13%, the Melon variable generating the highest estimate of 13%. Ecology, Mode of 

Feeding, Social and Size have estimates of 4%, 2%, 1% and 6% respectively and give significant t values (<0.05, <0.01, <0.1 and 0). Dentition and Depth of 

Dive do not have a significant influence on skull morphology along PC1. 

The variables Range, Diet, Mode of Feeding, Feeding niche, Whistle and Taxonomy were removed from the original linear model to produce a significant F 

statistic of 0.02. PC1 intercept changes from 34% to 13%. PC two intercept changes from 12% to 5%. The intercept of the PC2 coefficient is 5% and results in 

a non-significant t value (0.41). Size of Melon and Depth of dive show particular significance (t=0) and have estimates of 8% and-2% respectively. Dentition 

and Social variables show significant t values (<0.05) and coefficient estimates of 1% and 2% respectively.  
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Table 17. Multivariate coefficients from the multivariate test of the 3D data. Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

    PC1 coefficients  PC2 coefficients 

Estimate Std Err T value Pr(>ItI) Significance  Estimate Std Err T value Pr(>ItI) Significance 

Intercept -0.13 0.06 -2.19 0.04 *  0.05 0.02 0.85 0.41  

Ecology 0.04 0.02 2.27 0.03 *  -0.01 0.02 -0.65 0.52  

Size of melon 0.13 0.02 6.64 0 ***  0.08 0.01 4.64 0 *** 

Mode of feeding 0.02 0.01 2.95 0.01 **  0.01 0.01 1.14 0.27  

Dentition 0.01 0.01 1.34 0.2   -0.01 0.01 -2.16 0.04 * 

Depth of dive -0.01 0.01 -1.22 0.24   -0.03 0.01 -3.87 0 *** 

Size -0.06 0.01 -4.14 0 ***  0.01 0.01 0.82 0.42  

Social -0.01 0.01 -1.84 0.08 .  -0.02 0.01 -2.79 0.01 * 
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5. DISCUSSION 
 

 5.1 Variation in cranial morphology found in this study 
 

Variation in Delphinidae skull shape is characterised by a clear separation between species typically 

described as having a brevirostrine (morphogroup 1) and those described as having a longirostrine 

(morphogroup2) morphology. These two morphotypes appear to correlate well with certain external 

variables. Notably, Globicephaloninae, exhibit a brevirostrine morphology with short rostra and 

broad, robust skulls, and largely correspond to morphogroup 1. Conversely, Lissodelphininae and 

Delphininae mostly exhibit a longirostrine morphology characteristic of morphogroup 2, with an 

overall narrower skull, and a more prominent beak of varying length. Although this separation is less 

apparent on the 3D morphospace relative to the 2D, overlaying taxonomy onto the 3D morphospace 

makes this separation discernible. 

 
Brevirostrine Globicephaloninae have high PC1 and PC2 mostly higher than the longirostrine 

Delphininae and Lissodelphininae, however, a clear separation of these morphotypes (and 

consequently taxa) is not seen with the 3D models. Logistical constraints of my data collection 

meant that a smaller, less comprehensive set of 3D models were available to me as I relied on data 

previously collected from museum collections. The 3D models were representative of 17 of the 33 

the delphinid species, compared to representation of 31 species in the 2D dataset, therefore the 3D 

dataset generated less power.  

 

Had a larger 3D dataset been available it may not have been necessary to use the 2D images, 

however, this study suggests the majority of variation is seen from the dorsal view. Therefore, even 

though 3D components were missing, e.g., the temporal fossa (represented by PC2 in the 3D PCA) 

and hyoid morphology known to be important factors in feeding, 2D results inform us of the 

importance in variation of the skull width, represented by PC2. 

 
Both morphogroups differ in the level of variation observed, with brevirostrine morphologies 

displaying relatively little variation along PC1 (i.e., in rostral length for both 2D and 3D datasets) in 

comparison to those specimens with longirostrine morphologies. This means that there are some 

species which show a morphology that is perhaps neither typically brevirostrine nor longirostrine. In 

fact, brevirostry and longirostry are shown by this study to be just one aspect of variation in 
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delphinid skull morphology. In addition to this rostral variation, PC2 reveals that temporal fossa size 

and shape, as well as occipital bone placement, also vary considerably between taxa. The 2D data 

generated greater degrees of significance although 2D images do not capture details of 3D 

structures, such as, size of temporal fossa, implying that much of the variation is captured on the 

dorsal view of the skull. 

The river dolphin specimens were included in the PCA as an example of an extreme coastal 

morphology. When removed from the 2D dataset, the difference in morphospace positioning was 

negligible and, therefore, unmeaningful, interpretation of the morphospace remaining the same. 

When removed from the 3D, the morphospace is not as clear, i.e., groupings are less clear, and 

separation is smaller. Including the river dolphins in the 3D PCA simply aids in visualisation of the 

specimens, however river dolphin data was removed from the statistical tests. 

 

5.2  Feeding ecology as a potential driver of skull shape differences 
  

The skull shape differences observed in this study appear to correlate well with the ‘Mode of 

Feeding’ variable, and clearly separate specimens within the morphospace, most noticeably on the 

3D based analyses (Figure 15-c). Suction feeding species appear to have a brevirostrine morphology, 

while those employing ram feeding appear at the opposite side of the morphospace and exhibit a 

typical longirostrine morphology. Those delphinids combining both ram and suction (called 

combination feeders on the plots), are placed between the two predominant modes of feeding, 

while tear feeders cluster within the group of suction feeders.  

Ancestral delphinids are thought to have fed by ram and had an intermediate skull morphology, like 

that of extant bottlenose dolphins (Werth, 2006b; Galatius et al., 2020). Rostral proportions are 

believed to have altered with the appearance of suction feeding in the Miocene (Werth, 2006b) in 

response to changing feeding ecologies and therefore feeding strategies have been suggested as a 

major driver of skull shape divergence in delphinids (Berta, 2012; Rommel et al., 2002; Fordyce, 

1994). 

Further descriptive variables associated with feeding, namely ‘Dentition’, ‘Diet’ and ‘Depth of dive’ 

also result in clear morphospace separation (Figures 9-d, e and 15-d, e). In particular, the four 

categories of dentition create distinct clusters in the 3D morphospace. The majority of morphogroup 

1 species have a tooth count of less than 50 and largely feed by suction, and thus do not require 

teeth to catch prey. Teeth may in fact, create an obstruction for prey entering the oral cavity, 
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however, retention of some teeth is advantageous to hold onto slippery cephalopod prey before 

ingestion (Werth, 2006b). Furthermore, brevirostry means the tooth row is shortened so there is 

simply not the space for many teeth, due to developmental constraints. This is shown in tear 

feeders, where despite their reliance on teeth for capturing and manipulating prey, they still have 

less than 50 teeth, although tooth count is at the upper end of this range, e.g., orca, 40-56 (O’Conner 

et al., 2020). Teeth are large, pointed and interlocking, thus providing the strength necessary for 

gripping and tearing prey, contrasting the small, conical teeth of delphinids employing ram or 

combination feeding (Werth, 2006b; Hocking, 2017).  Particularly longirostrine species have a high 

tooth count of over 150 (150-200 and >200 categories) made possible by having a longer tooth row. 

It appears, therefore, that number of teeth is, in large part, determined by relative length of the 

skull. The dentition categories 50-100 and 100-150 do not show clear distinction of rostral length 

within the morphospace, extending across the entirety of the morphospace (Figures 9-e and 15-e), 

thus dentition is not solely determined by rostral length.   

Categorical spread over the 3D morphospace showing dentition, is distinct (as it is when considering 

other variables), however the considerably smaller sample size of the 3D dataset is likely 

characterized by lower statistical power.  

Considering diet, delphinids of morphogroup 1 feed on squid or have a generalist diet of large prey 

including mammals consistent with the mode of feeding employed. Species of morphogroup 2 tend 

to have more generalist diets of fish and squid with/without other marine invertebrates (Figures 9-d 

and 15-d).  

Depth of feeding dives is likely of less relevance in driving skull morphology, except perhaps beyond 

a certain threshold of extremely deep dives. Morphogroup 1 delphinids that dive to depths of more 

than 1000m separate well in the morphospace (Figure 9-f and 15-f). This suggests that brevirostry is 

optimal for deep dives, which can be related to a teulophagus diet and suction feeding. Data is 

missing for shallow divers of either 1-10m or 10-50m on the 3D morphospace (Figure 15-f) and other 

dive categories, 50-100m and 100-300m, show considerable overlap over the morphospace.  

 
 

5.3  Habitat as a potential driver of skull morphology 
 

Habitat has been suggested as a driver of cranial differences, in particular of rostral length in 

delphinids (Natoli et al., 2006; Amaral et al., 2012, 2009). Studies into cranial morphology of intra-

specific variation suggest a potential role in coastal and pelagic ecology in driving skull shape (Moura 
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et al., 2013; Costa et al., 2016; Oudejans et al., 2015; del Castillo et al., 2017; Perrin, 1975). The 

results of my study suggest that this habitat distinction is insufficient to explain morphological 

variation across the whole family, with coastal and pelagic species being dispersed throughout 

morphospace (Figure 9-g and 15-g) and no distinct categorical separation on either 2D or 3D PCA. 

However, comparing the morphospace with the morphotypes 1 and 2 (Figure 5 and 14), it appears 

that species that are part of the brevirostrine morphogroup 1 tend to occupy mostly pelagic 

habitats, while species in morphogroup 2 often occupy coastal habitats, particularly those with a 

high PC1 score in the 2D morphospace or low PC1 in the 3D morphospace. River dolphins, which can 

be said to occupy an extreme coastal habitat (McCurry and Walmsley, 2017; McCurry and Pyenson, 

2019) and are characterised by hyper-longirostrine morphologies (McCurry et al., 2017), occupy a 

position on the opposite edge of the morphospace relative to pelagic brevirostrine species.  

The only example of a species with short rostrum occupying a mainly coastal habitat, are those 

within the genus Orcaella. These species prefer low salinity coastal waters, and feed 

opportunistically on coastal and estuarine prey, using a combination of both ram and suction feeding 

(Beasley et al., 2002, 2005; Werth, 2006a). Although its skull morphology is quite distinct from all 

other cetaceans, it’s short and relatively wide skull resembles a brevirostrine morphology. It could 

be that this genus’ occupation of coastal environments is recent, and that the skull shape is 

therefore maladapted, but not enough information is currently available to support this hypothesis.  

Intraspecific studies on skull shape, also suggest that the overlap observed between coastal and 

pelagic species, might result from ongoing environmental adaptation in many delphinid species. A 

distinction between coastal and pelagic ecotypes is well recognised in bottlenose dolphins (Moura et 

al., 2013), whereby coastal ecotypes typically have a narrower skull, longer rostrum and show 

greater disparity in morphology relative to pelagic ecotypes (Fruet et al.,2017; Oudejans et al., 

2015). These morphological differences are consistent with and seem to converge towards the 

extreme morphotypes and their ecology identified here. Another example is the orca, which is a 

brevirostrine species inhabiting both coastal and pelagic waters. Studies have recognised ecotypes 

characterized by specialisation on different ecological resources, namely, diet and habitat, e.g., 

North Pacific ‘transients’ are found in coastal waters while North Pacific ‘offshore’ ecotypes inhabit a 

pelagic ecology (Foote et al., 2009 Moura et al., 2015).   

In this study, ecotypes were not identified.  The two orca samples used (2D) showed considerable 

differences in PC2 scores, which could be due to the skulls being from different ecotypes. The skull 

specimens used in this study were obtained opportunistically from museum collections and had very 

little, if any, extraneous information attached.  Therefore, a number of potential sources of 
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intraspecific variation could not be fully accounted for. For example, sexual dimorphism is 

documented in many species/genera, particularly small pelagic delphinids (e.g., Fraser’s dolphin, 

Lagenodelphis hosei; Perrin et al., 2003) and yet the sex of the specimen was not known. Other 

species have some degree of known geographic variation, but details are still poorly described, e.g., 

humpback dolphins (Jefferson and Van Wearebeek, 2005) and dusky dolphins (Van Waerebeek et 

al., 1993) and were not available for this study. 

The large overlap in morphospace between pelagic and coastal species might also be due to the fact 

that several species easily cross between these two habitats. It is not uncommon for delphinid 

species to be observed in both coastal and pelagic waters, e.g., common dolphins, are often seen in 

pelagic waters although their critical habitat is coastal (Perrin, 2021). Furthermore, ecology of some 

delphinids will change depending on movement of prey species, e.g., studies have revealed pelagic 

prey species in the stomach contents of dusky dolphins, Lagenoryhnchus obscurus inhabiting 

Argentinian coastal waters, which is thought to be due to individuals following their food source 

daily, moving offshore and into deeper waters (De Castro et al., 2016).  

 

 

5.4  Biomechanical drivers of skull shape differences 
 

Brevirostry is thought to provide biomechanical advantages for suction feeding (McCurry et al., 

2017; Walmsley et al., 2013). Shortening of the rostrum minimises the mouth opening and reduces 

lateral gape, thus limiting movement of water into the oral cavity (Werth, 2006a, 2006b; Bloodworth 

and Marshall, 2005). Broadening of the skull i.e., lateral expansion via dorsoventral compression of 

the skull, maximises oral capacity, increasing the pressure differentiation between the buccal cavity 

and the surrounding water, thus accentuating the suction force created (Ito et al., 2002; Bloodworth 

and Marshall, 2005; Werth, 2000, 2017). Protrusion of the upper jaw presents due to soft tissues, 

i.e., the large melon and its associated tendons and connective tissues and will further increase the 

suction force exerted on prey (Wainwright et al, 2015; Ferry et al., 2015; Werth, 2006a). This can be 

seen in the blunt, bulbous profile, typical of Globicephaloninae (Harper et al., 2008).  

In contrast, longirostry has been proposed to provide biomechanical advantages for a ram feeding 

strategy (McCurry et al., 2017; Bloodworth and Marshall, 2005). Approaching prey and opening the 

mouth in a liquid medium forms a bow wave at the tip of the rostrum which moves towards the 

prey, effectively pushing it away from the predator. Increasing rostrum length facilitates the 

movement of water across the oral cavity, reducing this bow wave (Bloodworth and Marshall, 2005; 
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Werth, 2006b). Exerting a suction force on the prey item can also lessen the effect of this wave 

(Bloodworth and Marshall, 2005) and thus, combining ram with suction could provide an overall 

more efficient method for prey capture. The degree of suction used varies between species and is 

thought to be reflected by skull morphology (Werth, 2006a), a shorter rostrum generating higher 

intraoral suction but a longer rostrum facilitating a faster jaw opening.  

Consistently, morphogroup 2 delphinids with long rostra are shown to feed solely by ram, suggesting 

a rostral length threshold for suction feeding, i.e., suction has an upper limit of rostrum length 

beyond which it is no longer possible. Equally, my results suggest there could be a lower threshold of 

skull width, below which suction alone is not sufficient for prey capture. For example, 

Cephaloryhnchus spp. with short rostra, comparable to morphogroup 1 species, but a relatively 

narrow skull, would not generate sufficient suction force, as oral expansion is limited by the 

dimensions of the skull. At the same time, a ram strategy alone would produce a large bow wave, so 

a combination of the two might be needed. Variation in rostral length of combination feeders is 

extensive and includes all species within Lissodelphininae (with shorter rostrum than Delphininae) 

and the Delphininae with short rostra (e.g., Lagenodelphis hosei). Morphogroup 2 species have a 

longer rostrum associated with faster jaw opening (McCurry et al., 2017; Perrin, 1975; Walmsley et 

al., 2013) and has been hypothesised to be advantageous for feeding on small, agile prey. However, 

it has also been suggested that short rostra are more manoeuvrable in water, producing less drag 

and enabling capture of agile prey, such as squid (Perrin, 1975; del Castillo, 2017)  

 
Species that are typically described as having a brevirostrine skull but which do not feed by suction, 

are the tear feeders, namely false killer whales, (Pseudorca crassidens), pygmy killer whales, (Feresa 

attenuata) and orca, (Orcinus orca). Tear feeding involves catching prey with large interlocking teeth 

and is thus categorised as a kind of ram feeding (Berta and Lanzetti, 2020; Galatius, et al., 2020). The 

prey’s flesh is torn through vigorous head movements or, in the case of orca, prey is ripped apart 

between two or more individuals hunting cooperatively (Hocking et al., 2017; Werth, 2006b). For 

this, the short, blunt rostrum and robust cranium, typical of these species, produces a stronger biting 

force relative to a longirostrine morphology (McCurry et al., 2017). Tear feeders have large temporal 

fossa thought to provide larger resistance to strain from the rapid opening and closing of the jaw 

during feeding (Rommel et al., 2002) as well as, to accommodate the robust musculature needed for 

jaw strength and stabilisation of the head, when gripping large prey and tearing flesh (McCurry et 

al., 2017; Okamura and Fujiwara, 2020; Perrin et al., 2003).  

The size of the temporal fossa and prey size niche have been linked in previous studies (MacCleod et 

al., 2006; Perrin, 1975). Large temporal fossa are thought to provide a biomechanical advantage to 
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consume large prey, whereas species with a diet made up of various small fish, such as the common 

dolphin, are mostly characterised by small temporal fossa and feed by ram (Perrin, 2021).  

My results on the 3D dataset confirm this pattern. For example, common dolphins and rough 

toothed dolphins, Steno bredanensis, are both ram feeders with similar PC1 scores but different PC2 

scores (Figure 15-d). This reflects most skull variation is in temporal fossa size. While common 

dolphin feed on small, schooling fish, such as anchovies and sardines (Perrin, 2021) a rough-toothed 

dolphins’ diet consists of larger fish, with studies suggesting a preference for the relatively large 

mahi-mahi (Coryphaena hippurus; Pitman and Stinchcomb, 2002). Consistently, they also have the 

largest temporal fossa of any ram feeder in my study. Their teeth are characterized by being covered 

in fine ridges (unlike the smooth conical teeth of other delphinids; Werth, 2006b) and could be a 

further indication of prey choice as the ridges may aid in tearing large prey (Perrin, 2021). 

The apparent correlation between habitat type and the extremes of the two skull types suggests 

some type of biomechanical benefit for specific morphologies in coastal vs pelagic habitats. Hyper-

longirostrine river dolphins and delphinid species presenting particularly long rostra, e.g.,  Indian 

ocean humpback dolphins (Sousa plumbea) and common dolphin only occupy coastal habitats, 

suggesting an upper limit of rostrum length to thrive in a pelagic environment and longirostry being 

a better adaptation for a coastal ecology. 

 
 

5.5 Differences in melon shape 
   

In this study, melon size is identified as being strongly correlated with skull shape. Although a 

significant predictor in all statistical analysis, biological inference is limited by the use of only two 

(largely qualitative) categories. Had more specific data been available, a more detailed 

categorisation would have been possible. For example, two species categorized as having small 

melons are humpback dolphins, referred to in the literature as having moderately sized melons 

(Ross, 2002) and rough toothed dolphins, have a small, flat and unusually sloping melon, that does 

not create a discernible forehead crease between melon and rostrum (Jefferson, 2002). 

Nevertheless, differences in skull shape that could reflect melon shape differences were found in 

this study. 3D PCA identified shape changes in the ascending processes of the maxilla, whereby the 

maxilla and premaxilla extend laterally and dorsoventrally flatten out as the rostrum shortens. This 

broadening of the dorsal bones provides a larger platform for the melon to sit on, and a larger area 
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for facial muscles to connect as the rostrum shortens.  These changes in skull morphology could 

reflect an adaptive value for the melon shape in species with different ecologies. For example, 

Globicephaloninae species may have a greater reliance on echolocation for prey location during their 

characteristic deep dives, where light is scarce.  A larger and more malleable melon might enable 

better focus of echolocation beams (Au et al., 2004). A larger melon is thought to provide greater 

acoustic focusing capability for these species (Harper et al., 2008; Koopman et al., 2018). River 

dolphins have large melons to navigate the murky riverine waters and on 2D PCA Inia and 

Pontoporia are shown to have relative skull widths comparable to brevirostrine species. The skulls 

are robust to carry the melon and, in addition, accommodate musculature for increased mandibular 

stabilisation due to their hyper-longirostry.  

Furthermore, echolocating clicks and communicative whistles need to travel further through open 

water and pelagic morphogroup 2 delphinids have modified, concave foreheads to accommodate a 

larger melon (del Castillo et al., 2016) as seen in Peale’s dolphin (Lagenorhynchus australis; del 

Castillo, 2017). Coastal commerson’s dolphins (Cephalorhynhus Commersonii), are referred to as 

having a relatively large melon and present this forehead concavity as well. The acoustic complexity 

of narrow fjords and rocky inlets might require greater reliance on echolocation for navigation 

(Heinrich et al., 2010).  

Regardless of the inherit limitations associated with classification systems used, this study has 

identified melon shape as a significant variable, that has so far not been considered fully in 

determining skull shape in delphinids and deserves further consideration in future studies. 

 
 

5.6 Effect of the remaining variables 
 

Geographic variation in cranial morphologies has been recognised in many delphinid species, 

however in this study, geographic range shows little correlation with the diversity of skull shape 

across delphinids (Figure S2).   

Some isolated patterns can still be seen which could reflect a generalised effect of thermoregulation 

in some groups. For example, delphinids from morphogroup 2 with short rostra (e.g., 

Lissodelphininae, some of the Cephalorhynchus and Lagenorhyncus spp) have a polar/circumpolar 

range.  Similarly, brevirostrine species tend to be found in warmer water, but none of the 

morphospace analyses supports a significant correlation. This could partly reflect the fact that 
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previous studies identified most geographic variation to be found at the intraspecific level, e.g., La. 

obscurus skulls from New Zealand and African waters are shorter than those from Peru/Chile (Van 

Waerebeek et al., 1993), which was not comprehensively sampled in our study. 

 

 

5.7  Correlation between variables 
 

The results of this study, in particular those from the multivariate multicollinearity testing, suggest 

that there isn’t one single variable that fully explains morphological variation, but rather that 

multiple variables correlate to some extent with skull shape differences. This means that focussing 

on single explanatory variables, will likely not lead to accurate models to explain the ecological 

drivers of skull morphology in its entirety.  

In both datasets, Melon size is shown to be strongly correlated with both Taxonomy and Dentition, 

(Table 8; 14) suggesting these traits might be biologically co-dependent. The significant correlation 

coefficient for melon vs dentition (2D, -70%; 3D 68%) suggest that as the melon increases in size, 

tooth count decreases.  This can also partially explain the collinearity detected between taxonomy 

and dentition in the 3D dataset.  Collinearity was detected only in the 3D dataset between mode of 

feeding and diet (71%). In this sense, suction feeders tend to feed solely on squid, tear feeders eat 

larger prey (including mammals), while ram and combination feeders have a more generalist diet of 

fish, squid and other marine invertebrates.   

The high correlation value generated between range and whistle (85%) in the 3D dataset is 

interesting as neither the range nor whistle show significant separation within the morphospace. 

However, when the two are compared, the species with a polar/circumpolar range are shown as the 

non-whistling species within Lissodelphininae, namely: Cephalorhynchus commersonii, 

Lagenorhnchus cruciger and Lissodelphis borealis. It has been postulated that these Southern Ocean 

species use acoustic crypsis to avoid predation by orca (Morisaka et al., 2007) and it is therefore 

possible that predation could be a relevant, and yet untested variable.  

 One reason for this co-dependency could be related to early embryogenesis processes. Embryonic 

development of the craniofacial region, including the jaws, teeth, hyoid, larynx as well as external 

and middle ears, is dependent on a cascade of neural pathways. An upstream change in this 

development could naturally lead to modifications in other associated traits further down the line, 

affecting morphological but also physiological traits and behaviour (Wilkins et al., 2014). This is well 
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known in other mammal taxa, and it is related to the pathways associated with neural crest cells, 

i.e., stem cells specific to vertebrates, whose pattern of migration during development, gives rise to 

specific cells and tissue types of the craniofacial region. The idea that external environmental 

pressures are driving the occurrence of traits semi concurrently, (not as a package but not 

independently either) neglects the potential importance of underlying developmental and genetics 

of phenotypic traits and the inter-relatedness of morphologies as described by Darwin’s 

domestication syndrome (Wilkins et al., 2014). 

 

5.8 Limitations of the Study 
 

Sampling for this study was done opportunistically from museum collections. This enables the 

acquisition of data from species/locations that can be very challenging to obtain from the field, but 

this has accompanying challenges in terms of data completeness that can sometimes limit our 

biological interpretations.  

Museum tags did not always include detailed biological details of the specimen, such as geographic 

location or habitat, which given the known intra-specific diversity of some dolphin species (see 

introduction for more details) limits accurate ecological categorisation.  A delphinid’s habitat cannot 

be determined based on the location where the skull was found, due to potential for post-mortem 

drifting. Furthermore, specimen age or sex was not always available on the tag, thus sexual 

dimorphism or development was not considered (although visibly juvenile specimens were removed 

from the dataset). For example, in small pelagic delphinids, such as Lagenodelphis hosei, the males 

have a larger braincase, larger temporal fossae and smaller external nares than females, therefore, 

biased sex sampling could affect the results.  

The best strategy to mitigate this bias is to obtain good intraspecific representation, and in this 

context the 2D dataset was considerably more complete than the 3D dataset. Therefore, the 

reduced sample size of the 3D dataset could have underpinned and/or emphasised certain group 

separation, and thus bias biological interpretations.  

 In this context, inclusion of the river dolphins may also skew the results, particularly in the 3D 

dataset where they represent 5 out of 34 specimens. The decision to include the river dolphin 

specimens in the PCA was to provide an example of an extreme coastal morphology. When removed 

from the 2D dataset, the difference in morphospace positioning was negligible and, therefore, 

interpretation of the morphospace remains the same. When removed from the 3D dataset, the 
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morphospace separation between groups determined by environmental classification is not as 

visually clear, but the patterns of separation remain the same. Therefore, Including the river 

dolphins in the 3D PCA simply aids in visualisation of the ecological separations found. River dolphin 

data was removed from all the statistical tests, and therefore the interpretation of which variables 

best correlated with dolphin skull shape remains unchanged. 

Furthermore, the 3D models were not size scalable, and therefore, placement of Type III landmarks 

was not possible. This means that some of rostral landmarks used in the 2D dataset are missing from 

3D models. However, the 3D models allow for a more accurate representation of all other skull 

features, as projection of a 3D shape into a 2D image necessarily involves some level of shape 

distortion. Therefore, the two datasets are effectively complementary in the context of this study.  

As written in the Methods section, the use of both 2D images and 3D models, was to obtain as broad 

a view of cranial morphology as possible. Logistical constraints regarding data acquisition, however, 

limited the size of the 3D dataset. This study suggests that the majority of variation in skull shape in 

delphinids, is seen in the dorsal surface of the skull. Therefore, even though some aspects of skull 

shape change shown to be important by the 3D dataset (e.g.,, the temporal fossa and hyoid 

morphology) were missing from the 2D dataset, most of the relevant variation is seen in the 

perspective represented in the 2D dataset. 

 

 

5.9 Future Studies 
 

For there to be an expansion of the knowledge in this subject area, future studies should be carried 

out on a more comprehensive 3D dataset (i.e.,, including all delphinid species and more 

representation of intraspecific diversity), of size scalable models. Size-scalable models allow Type III 

landmarks to be placed (e.g.,, rostral semi-landmarks) giving a more accurate representation of the 

skull shape changes. Further taxonomic classification and a better understanding of melon 

morphology may provide further insight into factors driving cranial morphology in Delphinidae. 

Collection of melon data is challenging due to the fast degradation of soft material, and difficulty in 

carrying out imaging data from live specimens of all delphinid species, nevertheless, specific data on 

melon size would allow for a more accurate classification of the melon size variable and avoid lack of 

power associated with using only categorical classification used in this study. 
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6. CONCLUSIONS 
 

In this study I set out to explore potential drivers of cranial morphology in Delphinids. By examining 

skulls through geometric morphometric analysis, I showed that although brevirostrine vs 

longirostrine shapes explains a significant proportion of differentiation, there are other relevant 

patterns found. Brevirostrine species fall neatly into distinct categories, i.e., large melons; 

suction/tear feeders; diet of squid/ large prey which is torn; fewer than 50 teeth and are deep divers 

of pelagic waters. Longirostrine delphinids, on the other hand, show greater degrees of variation, for 

example in relative rostrum length and the morphology of the ascending maxillary processes. This 

feature could also reflect melon shape, which my analyses consistently identify as correlating well 

with overall morphology in Delphinidae.  

Aspects of feeding ecology such as mode of feeding, diet, dentition and depth of feeding dives are 

also correlated with cranial morphology seen across Delphinidae, although to varying extents. 

However, no single variable appears to fully explain the diversification of delphinid skull shape, and 

this study shows that variation is likely better explained by a combination of variables. This supports 

my hypothesis that multiple factors affect skull shape in delphinids shape. The correlation with 

taxonomy is notable and displayed a significant separation on both the 2D and 3D morphospace. 

Cranial morphology has always been important in the classification of odontocetes, with delphinid 

systematics originally being based on skull shape (Berta, 2006; Le Duc et al, 1999; Geisler and 

Sanders, 2003), and as such, this correlation is expected. A close relationship between skull shape 

and phylogeny has been previously noted (Jedensjö et al, 2017; Galatius et al, 2020) and between 

taxonomy and molecular phylogeny (McGowen et al, 2020). Therefore, it is likely that drivers of skull 

shape in delphinids are also drivers of adaptive radiation and speciation in the group. 
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7. SUPPLEMENTARY MATERIALS 
 

Table S1. Justification for landmark/specimen removal from landmark registration on 2D images. 

 

 

LANDMARK Reason for removal 

Landmarks 2, 3 – foremost point of 

maxilla/premaxilla suture 

Rostrum warped and/or broken at tip in some specimens 

Landmarks 19, 20 – maxilla/frontal suture Locus not clearly visible in several specimens 

Landmarks 36, 37 – infraorbital foramen Locus not clearly visible in several specimens 

SPECIMEN Reason for removal 

Sousa chinensis A Broken lacrimal bones on both sides; landmarks 15,19,20 

could not be digitized 

Globicephala macrorhynchus C Broken lacrimal; landmark 19 could not be digitized 

Peponocephala electra A Broken lacrimal; landmark 15 could not be digitized 

Lagenorhychus obscurus C 

Orcaella brevirostris B Juvenile * 

Lissodelphis borealis C Juvenile * 

Lissodelphis peronii B Rostrum missing; landmarks 1-14 could not be digitized 

 

*juveniles have a significantly different skull morphology to that of adults. 
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Figure S1. Chart to show range of whistle frequencies used by each Delphinidae species. Source: Madsen et 

al., 2004; Rendell et al., 1999; Morisaka et al., 2011. 

 

 

 

Table S2. Justification for landmark removal from landmark registration on 3D images. 

 

Landmark/specimen removal Reason for deselection 

4 Ambiguity of location on some specimens 

45-48 Skull often damaged 

55-56 Skull often damaged  
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Table S3 Pairwise results from one-way ANOSIM and one-way PERMANOVA for 12 descriptive variables a) non-corrected p-values, b) Bonferroni corrected p-values, for 

2D data. 

 

TAXONOMY 

a) Non-corrected p-values 

Taxonomy ANOSIM  PERMANOVA 

 Lissodelphininae Delphininae Globicephaloninae  Lissodelphininae Delphininae Globicephaloninae 

Lissodelphininae  0.0001 0.0001   0.0001 0.0001 

Delphininae 0.0001  0.0001  0.0001  0.0001 

Globicephaloninae 0.0001 0.0001   0.0001 0.0001  

 

b) Bonferroni-corrected p-values 

Taxonomy ANOSIM  PERMANOVA 

 Lissodelphininae  Delphininae  Globicephaloninae  Lissodelphininae  Delphininae  Globicephaloninae  

Lissodelphininae  0.0003 0.0003   0.0003 0.0003 

Delphininae 0.0003  0.0003  0.0003  0.0003 

Globicephaloninae 0.0003 0.0003   0.0003 0.0003  

 

 

MELON 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

Melon Small Large  Small Large 

Small  0.0001   0.0001 

Large 0.0001   0.0001  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

Melon Small Large  Small Large 

Small  0.0001   0.0001 

Large 0.0001   0.0001  

 

 

MODE OF FEEDING 

a) Non-corrected p-values  

 ANOSIM  PERMANOVA 

 Ram  Suction  Combination  Tear  Ram  Suction Combination  Tear 

Ram  0.0001 0.0001 0.0001   0.0001 0.0001 0.0001 

Suction 0.0001  0.0001 0.0001  0.0001  0.0001 0.0107 

Combination 0.0001 0.0001  0.0001  0.0001 0.0001  0.0001 

Tear 0.0001 0.0001 0.0001   0.0001 0.0107 0.0001  

 

b)Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Ram  Suction  Combination  Tear  Ram  Suction  Combination  Tear 

Ram  0.0006 0.0006 0.0006   0.0006 0.0006 0.0006 

Suction 0.0006  0.0006 0.0006  0.0006  0.0006 0.0642 

Combination 0.0006 0.0006  0.0006  0.0006 0.0006  0.0006 

Tear 0.0006 0.0006 0.0006   0.0006 0.0642 0.0006  
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DIET 

 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Fish Squid Fish&Squid Generalist Gen incl. 
Mammals 

 Fish Squid Fish & Squid Generalist  Gen incl. 
Mammals 

Fish  0.0044 0.2725 0.0057 0.0023   0.003 0.0378 0.0017 0.0037 

Squid 0.0044   0.0001 0.0002  0.003  0.0001 0.0001 0.0003 

Fish & Squid 0.2725 0.0001  0.0005 0.0001  0.0378 0.0001  0.0001 0.0001 

Generalist 0.0057 0.0001 0.0005  0.0001  0.0017 0.0001 0.0001  0.0001 

Gen incl. 
Mammals 

0.0023 0.0002 0.0001 0.0001   0.0037 0.0003 0.0001 0.0001  

 

 

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Fish Squid Fish & 
Squid 

Generalist  Gen incl. 
Mammals 

 Fish Squid Fish & 
Squid 

Generalist  Gen incl. 
Mammals 

Fish  0.044 1 0.057 0.023   0.03 0.378 0.017 0.037 

Squid 0.044   0.001 0.002  0.03  0.001 0.001 0.003 

Fish & Squid 1 0.001  0.005 0.0001  0.378 0.001  0.001 0.001 

Generalist 0.057 0.001 0.005  0.0001  0.017 0.001 0.001  0.001 

Gen incl. 
Mammals 

0.023 0.002 0.001 0.001   0.037 0.003 0.001 0.001  
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DENTITION 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 <50 50-100 100-150 150-200 >200  <50 50-100 100-150 150-200 >200 

<50  0.0001 0.0001 0.0001 0.0001   0.0001 0.0001 0.0001 0.0001 

50-100 0.0001  0.0108 0.6533 0.0284  0.0001  0.0159 0.8697 0.0137 

100-150 0.0001 0.0108  0.1305 0.0005  0.0001 0.0159  0.0075 0.0002 

150-200 0.0001 0.6533 0.1305  0.0022  0.0001 0.8697 0.0075  0.0021 

>200 0.0001 0.0284 0.0005 0.0022   0.0001 0.0137 0.0002 0.0021  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 <50 50-100 100-150 150-200 >200  <50 50-100 100-150 150-200 >200 

<50  0.0001 0.0001 0.0001 0.0001   0.0001 0.0001 0.0001 0.0001 

50-100 0.0001  0.0108 1 0.0284  0.0001  0.0159 1 0.0137 

100-150 0.0001 0.0108  1 0.0005  0.0001 0.0159  0.0075 0.0002 

150-200 0.0001 1 1  0.0022  0.0001 1 0.0075  0.0021 

>200 0.0001 0.0284 0.0005 0.0022   0.0001 0.0137 0.0002 0.0021  
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DIVE DEPTH 

 

 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 1-10m 10-50m 50-100m 100-300m 300-1000m >1000m  1-10m 10-50m 50-100m 100-300m 300-1000m >1000m 

1-10m  0.0382 0.7652 0.3577 0.0005 0.0001   0.0264 0.1094 0.0045 0.0002 0.0001 

10-50m 0.0382  0.2858 0.0796 0.0466 0.0007  0.0264  0.3155 0.1248 0.1049 0.0034 

50-100m 0.7652 0.2858  0.0002 0.0301 0.0001  0.1094 0.3155  0.3598 0.17 0.0001 

100-300m 0.3577 0.0796 0.0002  0.7785 0.0001  0.0045 0.1248 0.3598  0.2204 0.0001 

300-1000m 0.0005 0.0466 0.0301 0.7785  0.0001  0.0002 0.1049 0.17 0.2204  0.0001 

>1000m 0.0001 0.0007 0.0001 0.0001 0.0001   0.0001 0.0034 0.0001 0.0001 0.0001  

 

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 1-10m 10-50m 50-100m 100-300m 300-1000m >1000m  1-10m 10-50m 50-100m 100-300m 300-
1000m 

>1000m 

1-10m  0.573 1 1 0.0075 0.0015   0.396 1 0.0675 0.003 0.0015 

10-50m 0.573  1 1 0.699 0.0105  0.396  1 1 1 0.051 

50-100m 1 1  0.003 0.4515 0.0015  1 1  1 1 0.0015 

100-300m 1 1 0.003  1 0.0015  0.0675 1 1  1 0.0015 

300-1000m 0.0075 0.699 0.4515 1  0.0015  0.003 1 1 1  0.0015 

>1000m 0.0015 0.0105 0.0015 0.0015 0.0015   0.0015 0.051 0.0015 0.0015 0.0015  
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ECOLOGY 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Coastal Pelagic Coastal&Pelagic  Coastal Pelagic Coastal&Pelagic 

Coastal  0.0004 0.6387   0.0007 0.0895 

Pelagic 0.0004  0.1252  0.0007  0.0004 

Coastal and Pelagic 0.6387 0.1252   0.0895 0.0004  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Coastal Pelagic Coastal&Pelagic  Coastal Pelagic Coastal&Pelagic 

Coastal  0.0012 1   0.0021 0.2685 

Pelagic 0.0012  0.3756  0.0021  0.0012 

Coastal and Pelagic 1 0.3756   0.2685 0.0012  

 

 

WHISTLE 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 No 
Whistling 

<10 kHz 5-20 kHz 0-30 kHz  No 
Whistling 

<10 kHz 5-20 kHz 0-30 kHz 

No whistling  0.0001 0.0002 0.0007   0.0001 0.0001 0.0001 

< 10 kHz 0.0001  0.0001 0.0229  0.0001  0.0001 0.0079 

10-20 kHz 0.0002 0.0001  0.0046  0.0001 0.0001  0.0037 

0-30 kHz 0.0007 0.0229 0.0046   0.0001 0.0079 0.0037  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 No 
Whistling 

<10 kHz 5-20 kHz 0-30 kHz  No 
Whistling 

<10 kHz 5-20 kHz 0-30 kHz 

No whistling  0.0006 0.0012 0.0042   0.0006 0.0006 0.0006 

< 10 kHz 0.0006  0.0006 0.1374  0.0006  0.0006 0.0474 

10-20 kHz 0.0012 0.0006  0.0276  0.0006 0.0006  0.0222 

0-30 kHz 0.0042 0.1374 0.0276   0.0006 0.0474 0.0222  

 

RANGE 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Polar  Circum 
polar 

Tropical Pantropic
al 

Temp/ 
antitrop 

Cosmo Temp/ 
pantr 

 Polar  Circum 
polar 

Tropical Pantro
pical 

Temp/ 
antitrop 

Cosmo Temp/ 
pantr 

Polar  0.0065 0.0001 0.0165 0.0004 0.1563 0.0278   0.0025 0.0002 0.0115 0.0237 0.0769 0.0417 

Circumpolar 0.0065  0.0001 0.0001 0.0001 0.0169 0.0001  0.0025  0.0001 0.0002 0.0009 0.0026 0.0004 

Tropical 0.0001 0.0001  0.5777 0.0135 0.0267 0.0881  0.0002 0.0001  0.0709 0.3672 0.0262 0.0131 

Pantropical 0.0165 0.0001 0.5777  0.0117 0.1831 0.1635  0.0115 0.0002 0.0709  0.4594 0.2222 0.3313 

Temperate/ 
antitropical 

0.0004 0.0001 0.0135 0.0117  0.5582 0.006  0.0237 0.0009 0.3672 0.4594  0.4645 0.2944 

Cosmopolitan 0.1563 0.0169 0.0267 0.1831 0.5582  0.3866  0.0769 0.0026 0.0262 0.2222 0.4645  0.4426 

Temperate/ 
Pantropical 

0.0278 0.0001 0.0881 0.1635 0.006 0.3866   0.0417 0.0004 0.0131 0.3313 0.2944 0.4426  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Polar  Circum 
polar  

Tropical Pantrop Temp/ 
antitrop 

Cosmo Temp/ 
pantrop 

 Polar  Circum 
polar 

Tropical Pantrop Temp/ 
antitrop 

Cosmo Temp/ 
panatr 

Polar  0.1365 0.0021 0.3465 0.0084 1 0.5838   0.0525 0.0042 0.2415 0.4977 1 0.8757 

Circumpolar 0.1365  0.0021 0.0021 0.0021 0.3549 0.0021  0.0525  0.0021 0.0042 0.0189 0.0546 0.0084 

Tropical 0.0021 0.0021  1 0.2835 0.5607 1  0.0042 0.0021  1 1 0.5502 0.2751 

Pantropical 0.3465 0.0021 1  0.2457 1 1  0.2415 0.0042 1  1 1 1 

Temperate/ 
antitropical 

0.0084 0.0021 0.2835 0.2457  1 0.126  0.4977 0.0189 1 1  1 1 

Cosmopolitan 1 0.3549 0.5607 1 1  1  1 0.0546 0.5502 1 1  1 

Temperate/ 
pantropical 

0.5838 0.0021 1 1 0.126 1   0.8757 0.0084 0.2751 1 1 1  

 

 

SIZE 

 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 1-2m 2-4m 4-6m >6m  1-2m 2-4m 4-6m >6m 

1-2m  0.3477 0.0001 0.0413   0.0352 0.0001 0.0878 

2-4m 0.3477  0.0001 0.1379  0.0352  0.0001 0.1344 

4-6m 0.0001 0.0001  0.0454  0.0001 0.0001  0.1057 

> 6m 0.0413 0.1379 0.0454   0.0878 0.1344 0.1057  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 1-2m 2-4m 4-6m >6m  1-2m 2-4m 4-6m >6m 

1-2m  1 0.0006 0.2478   0.2112 0.0006 0.5268 

2-4m 1  0.0006 0.8274  0.2112  0.0006 0.8064 

4-6m 0.0006 0.0006  0.2724  0.0006 0.0006  0.6342 

> 6m 0.2478 0.8274 0.2724   0.5268 0.8064 0.6342  

 

 

SOCIAL 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 <30 20-50 50-100 >100  <30 20-50 50-100 >100 

<30  0.0007 0.6658 0.9161   0.0073 0.0445 0.0308 

20-50 0.0007  0.9482 0.954  0.0073  0.4656 0.4791 

50-100 0.6658 0.9482  0.1426  0.0445 0.4656  0.6481 

>100 0.9161 0.954 0.1426   0.0308 0.4791 0.6481  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 <30 20-50 50-100 >100  <30 20-50 50-100 >100 

<30  0.0042 1 1   0.0438 0.267 0.1848 

20-50 0.0042  1 1  0.0438  1 1 

50-100 1 1  0.8556  0.267 1  1 

>100 1 1 0.8556   0.1848 1 1  
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FEEDING NICHE 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Open water Open &Benthic  Open water Open&Benthic 

Open water  0.1015   0.0137 

Open water and 
benthic feeder 

0.1015   0.0137  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Open water Open & Benthic  Open water Open & Benthic 

Open water  0.1015   0.0137 

Open water and 
benthic feeder 

0.1015   0.0137  
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Figure S2 Mophospace with categorical colouring of the descriptive variables a) Range, b) Feeding niche, c) Size and d) Social -group size. 
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Table S4 Pairwise results from one-way ANOSIM and one-way PERMANOVA for 12 descriptive variables a) non-corrected p-values, b) Bonferroni corrected p-values of 

the 3D data. 

 

 TAXONOMY 

a) Non-corrected p-values 

Taxonomy ANOSIM  PERMANOVA 

 Lissodelphininae Delphininae Globicephaloninae  Lissodelphininae Delphininae Globicephaloninae 

Lissodelphininae  0.2068 0.0005   0.2252 0.0001 

Delphininae 0.2068  0.0001  0.2252  0.0001 

Globicephaloninae 0.0005 0.0001   0.0001 0.0001  

 

b) Bonferroni-corrected p-values 

Taxonomy ANOSIM  PERMANOVA 

 Lissodelphininae Delphininae Globicephaloninae  Lissodelphininae Delphininae Globicephaloninae 

Lissodelphininae  0.6204 0.0015   0.6756 0.0003 

Delphininae 0.6204  0.0003  0.6756  0.0003 

Globicephaloninae 0.0015 0.0003   0.0003 0.0003  

 

 

MELON 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

Melon Small Large  Small Largee 

Small  0.0001   0.0001 

Large 0.0001   0.0001  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

Melon Small Large  Small Large 

Small  0.0001   0.0001 

Large 0.0001   0.0001  

 

 

MODE OF FEEDING 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Ram Suction  Combination  Tear  Ram Suction  Combination  Tear 

Ram  0.0007 0.0001 0.001   0.001 0.0002 0.0009 

Suction 0.0007  0.008 0.1663  0.001  0.0015 0.5504 

Combination 0.0001 0.008  0.0003  0.0002 0.0015  0.0003 

Tear 0.001 0.1663 0.0003   0.0009 0.5504 0.0003  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Ram Suction  Combination  Tear  Ram Suction  Combination  Tear 

Ram  0.0042 0.0006 0.006   0.0006 0.0006 0.0006 

Suction 0.0042  0.048 0.9978  0.0006  0.0006 0.0642 

Combination 0.0006 0.048  0.0018  0.0006 0.0006  0.0006 

Tear 0.006 0.9978 0.0018   0.0006 0.0642 0.0006  
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DIET 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Squid Fish & 
Squid 

Generalist Gen incl. 
mamm 

 Squid Fish & 
Squid 

Generalist Gen incl. 
mamm 

Squid  0.0325 0.0382 0.2181   0.0589 0.0048 0.1256 

Fish & Squid 0.0325  0.0691 0.0047  0.0589  0.7516 0.0182 

Generalist 0.0382 0.0691  0.0016  0.0048 0.7516  0.0004 

Gen incl. Mammals 0.2181 0.0047 0.0016   0.1256 0.0182 0.0004  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Squid Fish & 
Squid 

Generalist Gen incl. 
mamm 

 Squid Fish & 
Squid 

Generalist Gen incl. 
mamm 

Squid  0.195 0.2292 1   0.3534 0.0288 0.7536 

Fish & Squid 0.195  0.4146 0.0282  0.3534  1 0.1092 

Generalist 0.2292 0.4146  0.0096  0.0288 1  0.0024 

Gen incl. mammals 1 0.0282 0.0096   0.7536 0.1092 0.0024  
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DENTITION 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 <50 50-100 100-150 150-200 >200  <50 50-100 100-150 150-200 >200 

<50  0.0002 0.0008 0.0236 0.0014   0.0024 0.0005 0.0215 0.0016 

50-100 0.0002  0.5562 0.2171 0.1548  0.0024  0.1898 0.1169 0.0284 

100-150 0.0008 0.5562  0.0468 0.0093  0.0005 0.1898  0.0509 0.0069 

150-200 0.0236 0.2171 0.0468  0.4716  0.0215 0.1169 0.0509  0.599 

>200 0.0014 0.1548 0.0093 0.4716   0.0016 0.0284 0.0069 0.599  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 <50 50-100 100-150 150-200 >200  <50 50-100 100-150 150-200 >200 

<50  0.002 0.008 0.236 0.014   0.024 0.005 0.215 0.016 

50-100 0.002  1 1 1  0.024  1 1 0.284 

100-150 0.008 1  0.468 0.093  0.005 1  0.509 0.069 

150-200 0.236 1 0.468  1  0.215 1 0.509  1 

>200 0.014 1 0.093 1   0.016 0.284 0.069 1  

 

DIVE DEPTH 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 10-50m 50-100m 100-300m 300-1000m >1000m  10-50m 50-100m 100-300m 300-1000m >1000m 

10-50m  0.3351 0.0233 0.0643 0.0288   0.2005 0.0226 0.0658 0.0264 

50-100m 0.3351  0.2993 0.2638 0.0032  0.2005  0.8664 0.6282 0.0028 

100-300m 0.0233 0.2993  0.3266 0.0002  0.0226 0.8664  0.3483 0.0001 

300-1000m 0.0643 0.2638 0.3266  0.0026  0.0658 0.6282 0.3483  0.0032 

>1000m 0.0288 0.0032 0.0002 0.0026   0.0264 0.0028 0.0001 0.0032  
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b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 10-50m 50-100m 100-300m 300-1000m >1000m  10-50m 50-100m 100-300m 300-1000m >1000m 

10-50m  1 0.233 0.643 0.288   1 0.226 0.658 0.264 

50-100m 1  1 1 0.032  1  1 1 0.028 

100-300m 0.233 1  1 0.002  0.226 1  1 0.001 

300-1000m 0.643 1 1  0.026  0.658 1 1  0.032 

>1000m 0.288 0.032 0.002 0.026   0.264 0.028 0.001 0.032  

 

 

WHISTLE 

a) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 No whistling <10 kHz 5-20 kHz 0-30 kHz  No whistling <10 kHz 5-20 kHz 0-30 kHz 

No whistling  0.0096 0.4375 0.6188   0.0029 0.656 0.3313 

< 10 kHz 0.0096  0.0779 0.1399  0.0029  0.0311 0.023 

10-20 kHz 0.4375 0.0779  0.3556  0.656 0.0311  0.5698 

0-30 kHz 0.6188 0.1399 0.3556   0.3313 0.023 0.5698  

 

b) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 No whistling <10 kHz 5-20 kHz 0-30 kHz  No whistling <10 kHz 5-20 kHz 0-30 kHz 

No whistling  0.0576 1 1   0.0174 1 1 

< 10 kHz 0.0576  0.4674 0.8394  0.0174  0.1866 0.138 

10-20 kHz 1 0.4674  1  1 0.1866  1 

0-30 kHz 1 0.8394 1   1 0.138 1  
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RANGE – insufficient data 

SIZE - insufficient data 

 

SOCIAL 

c) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 <30 20-50 >100  <30 20-50 >100 

<30  0.0299 0.7962   0.0248 0.4835 

20-50 0.0299  0.343  0.0248  0.343 

>100 0.7962 0.343   0.4835 0.3561  

 

d) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 <30 20-50 >100  <30 20-50 >100 

<30  0.0897 1   0.0744 1 

20-50 0.0897  1  0.0744  1 

>100 1 1   1 1  

 

FEEDING NICHE 

c) Non-corrected p-values 

 ANOSIM  PERMANOVA 

 Open water Open &Benthic  Open water Open&Benthic 

Open water  0.9991   0.9043 

Open water and 
benthic feeder 

0.9991   0.9043  
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d) Bonferroni-corrected p-values 

 ANOSIM  PERMANOVA 

 Open water Open & Benthic  Open water Open & Benthic 

Open water  0.9991   0.9043 

Open water and 
benthic feeder 

0.9991   0.9043  
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Figure S3 Mophospace with categorical colouring of the descriptive variables a) Range, b) Feeding niche, c) Size d) Social -group size and e) whistle. 
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1.Delphininae 

 

Delphinus delphis 

 

 

 

 

 

 

 

 

Stenella coeruleoalba 
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Sousa teuszii 

 

 

 

 

 

 

 

 

 

 

Tursiops aduncus 
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Tursiops truncatus 

 

 

 

 

 

 

 

2. Lissodelphininae 

 

 

Cephalorhynchus commersonii 
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Lagenorhynchus cruciger 

 

 

 

 

 

 

 

Lagenorhynchus acutus 
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Lissodelphis borealis 

 

 

 

 

 

 

 

 

 

 

Steno bredanensis 
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3. Globicephaloninae skulls 

 

Feresa attenuata 

 

 

 

 

 

 

 

 

Grampus griseus 
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Orcinus orca 

 

 

 

 

 

 

 

 

Orcaella heinsohni 
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Peponocephala electra 

 

 

 

 

 

 

 

 

Pseudorca crassidiens 

 

 

 

 

 

 

 

 

 

Figure S4: Dorsal, lateral and posterior views of the 3D models of Delphinidae skulls used in this study. 


