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Abstract: Megamouth sharks Megachasma pelagios Taylor, Compagno, and Struhsaker, 1983, are a large-
bodied, planktivorous, deep-sea species with peculiar morphology. Since their initial description
in the late 20th century, many individuals of different sizes have been reported, but few studies
examined ontogenetic changes in body shapes. Here, we assess the growth changes in their heads and
fins based on length measurements from nine different-sized individuals (177–544 cm in total length).
Bivariate analyses showed that the head becomes larger relative to body length with increasing
body size (i.e., positive allometry), whereas the relative size of the caudal fin remains constant (i.e.,
isometric growth). This trend differs from basking sharks and apparently resembles whale sharks
and some baleen whales, although they are all large-bodied filter feeders. Given that relative mouth
size is linked to feeding modes, our results suggest that megamouth sharks have different feeding
modes from ram-feeding basking sharks and may have some similarity with suction-feeding whale
sharks and engulfment-feeding baleen whales.

Keywords: ichthyology; chondrichthyes; elasmobranch; lamniformes; megachasmidae; ontogeny

Key Contribution: As megamouth sharks grow, their head proportions become larger, but there
seems to be no significant change in parts such as the caudal fin. This trend is similar to that of whale
sharks and baleen whales rather than basking sharks, suggesting that megamouth sharks may differ
in their feeding methods from those of basking sharks.

1. Introduction

On 19 November 1976, a large adult male shark about 4.5 m long was captured by
a US research vessel, AFB-14, about 42 km Northeast of Oahu, Hawaii. At that time, it
was obvious that the shark was a new species that was previously unknown to science,
as it exhibited a highly unusual tadpole-like bauplan with very large and long head, a
short but broad and rounded snout, a huge mouth with numerous small, hooked teeth,
and a cylindrical trunk that tapered rearward from the head. Thus, it was described and
designated as the holotype of a new species, the megamouth shark Megachasma pelagios
Taylor, Compagno, and Struhsaker, 1983, and classified as a sole surviving member of the
family Megachasmidae within the order Lamniformes [1]. While it was initially suggested
that megamouth sharks are closely related to another large, filter-feeding species, basking
sharks, Cetorhinus maximus (Gunnerus, 1765), in the family Cetorhinidae [2], the subsequent
molecular and paleontological analyses did not support the suggestion but instead support
the distinctiveness of Megachasmidae from other clades [3–6]. Currently, Megachasmidae
is considered to be an early-diverging lineage located outside the Lamnidae + Cetorhinidae
clade within the Lamniformes [6]. After description and naming by Taylor et al. [1], more
than 200 individuals of megamouth sharks have been reported to date [7]. Increasing

Fishes 2023, 8, 300. https://doi.org/10.3390/fishes8060300 https://www.mdpi.com/journal/fishes

https://doi.org/10.3390/fishes8060300
https://doi.org/10.3390/fishes8060300
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-2158-7918
https://orcid.org/0000-0001-9731-1769
https://doi.org/10.3390/fishes8060300
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8060300?type=check_update&version=1


Fishes 2023, 8, 300 2 of 12

evidence suggests that megamouth sharks are a filter-feeding, deep-sea species and pri-
marily feed on epipelagic and mesopelagic invertebrates such as krill. Despite their rare
status, they have cosmopolitan distributions, occurring widely in the Atlantic, Indian, and
Pacific Oceans [5,8–12]. Currently, megamouth sharks are listed as “Least Concern” on the
IUCN Red List. They can reach 7 m in body length [10,11] and are found at various depths,
ranging from the surface to 1500 m [7,10,13]. A possible segregation among different onto-
genetic stages or between sexes as well as seasonal migrations are also recognized [9,12].
However, much remains unknown about the ecology and biology of this enigmatic shark
species [11,12].

Ontogenetic changes in body shape have long been examined for many taxa as they
provide insights into how animals may or may not shift their ecology as they increase in
size [14–17]. In sharks, relatively small-bodied species (e.g., spiny dogfish Squalus acanthias
Linnaeus, 1758) have isometric growth, conserving overall proportions throughout on-
togeny [14,15,18–20]. In contrast, while still having isometric scaling in various parts of the
body [14,20,21], large carcharhiniform and lamniform sharks undergo allometric scaling
during ontogeny in some body regions [14,15,19–22]. For example, basking sharks show a
negative allometry in the head and caudal fin (i.e., head and fins become smaller relative
to the body as they grow) in the manner of large carnivorous sharks such as white sharks
Carcharodon carcharias Linnaeus, 1758, and tiger sharks Galeocerdo cuvier Peron and Lesueur,
1822 [15]. Given that megamouth sharks share many constraints regarding swimming and
feeding with basking sharks [5], it would be important to examine whether they exhibit
similar negative allometric growth. Amorim et al. [23] noted that despite some minor
differences, the body proportion of a juvenile megamouth shark “agrees well” with that
of adults, indicating an isometric growth; however, this has yet to be confirmed through
morphometric analyses. Nakaya [8], Watanabe and Papastamatiou [11], and Yu et al. [7]
investigated the allometric relationships among multiple variables of different-sized meg-
amouth sharks, but these studies only examined several basic variables (e.g., total length,
body mass) and did not compare results to other species.

In this study, we examine growth changes in various body parts of megamouth sharks
based on the measurements from nine different-sized individuals reported in the literature.
Specifically, we determine whether the variables scale isometrically or allometrically as the
animals increase in size. The results are compared with other sharks, especially basking
sharks, to provide insights into the ecology of this enigmatic species. Our results open the
possibility that the feeding method of megamouth sharks is different from basking sharks.

2. Materials and Methods

Data from a total of 26 morphometric, straight-line measurements (Figure 1 and
Table S1) of the various parts of the body of megamouth sharks were collected from the
literature. Twenty-three of them are the same as in Ahnelt et al. [15], who examined the
ontogenetic growth of basking sharks. We included three additional measurements from
pectoral fins, which are considered important for controlling body posture during slow-
speed swimming [24] in megamouth sharks. A total of nine individuals were included in
the analyses (Table 1 and Table S1), although a few measurements were unavailable for
some specimens [1,23,25–30]. Preoral length provided by Lee and Shao [28] (NMMBP8950
and ASIZP0071582) were considered as errors and excluded from the analyses.
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Figure 1. Morphometric measurements used in this study. A. Body measurements. B. Head 
measurements. C. Caudal fin measuresments. 1. Body length; 2. Precaudal length; 3. Presecond 
dorsal length; 4. Prefirst dorsal length; 5. Head length; 6. Prebranchial length; 7. Prespiracular 
length; 8. Preorbital length; 9. Prepectoral length; 10. Prepelvic length; 11. Pectoral anterior margin 
length; 12. Pectoral height; 13. Pectoral base length; 14. First dorsal base length; 15. First dorsal 
height; 16. Second dorsal base length; 17. Second dorsal height; 18. Internarial distance; 19. Prenarial 
length; 20. Preoral length; 21. Eye length (horizontal); 22. Mouth width; 23. Dorsal caudal margin 
length; 24. Terminal caudal lobe length; 25. Upper postventral caudal margin length; 26. Lower 
postventral caudal margin length; 27. Preventral caudal margin length. Illustrations are after 
Compagno [5] and Ebert and Dando [9]. 

although a few measurements were unavailable for some specimens [1,23,25–30]. 
Preoral length provided by Lee and Shao [28] (NMMBP8950 and ASIZP0071582) were 
considered as errors and excluded from the analyses.  

The measurements were log 10-transformed, and rounded to three decimal places. 
Log 10-transformation of the measurement data (with positively skewed distributions) 
allowed us to normalize the distributions [31], reduce the effects of outliers, and reduce 
the level of heteroscedasticity in the analyses of allometric relationships [32]. Each 
length(x) was linearly regressed against total body length (y) as Log10 (y) = m Log10 (x) + 
b. The regression analyses were performed with Microsoft Excel and GraphPad 

Figure 1. Morphometric measurements used in this study. (A). Body measurements. (B). Head
measurements. (C). Caudal fin measuresments. 1. Body length; 2. Precaudal length; 3. Presecond
dorsal length; 4. Prefirst dorsal length; 5. Head length; 6. Prebranchial length; 7. Prespiracular length;
8. Preorbital length; 9. Prepectoral length; 10. Prepelvic length; 11. Pectoral anterior margin length;
12. Pectoral height; 13. Pectoral base length; 14. First dorsal base length; 15. First dorsal height; 16.
Second dorsal base length; 17. Second dorsal height; 18. Internarial distance; 19. Prenarial length;
20. Preoral length; 21. Eye length (horizontal); 22. Mouth width; 23. Dorsal caudal margin length;
24. Terminal caudal lobe length; 25. Upper postventral caudal margin length; 26. Lower postventral
caudal margin length; 27. Preventral caudal margin length. Illustrations are after Compagno [5] and
Ebert and Dando [9].

Table 1. A list of individuals of megamouth sharks used in this study.

Specimen ID BPBM
22730 N/A WAM

P.29940-001 N/A MZB12906 ASIZP0071582 NMMBP8950 SIO
07-53 N/A

Ontogenetic
stage Adult Juvenile Adult Adult Juvenile Adult Adult Juvenile Subadult

Sex Male Male Male Female Male Female Female Female Female

Body Length
(mm) 4460 1900 5150 5440 1767 4830 4870 2265 3667

Location Hawaii,
USA Brazil Australia Mikizaki,

Japan
Sumatra,
Indonesia

Hualien,
Taiwan

Hualien,
Taiwan Mexico Ibaraki,

Japan

Source [1] [23] [25] [26] [27] [28] [28] [29] [30]
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The measurements were log 10-transformed, and rounded to three decimal places. Log
10-transformation of the measurement data (with positively skewed distributions) allowed
us to normalize the distributions [31], reduce the effects of outliers, and reduce the level
of heteroscedasticity in the analyses of allometric relationships [32]. Each length(x) was
linearly regressed against total body length (y) as Log10 (y) = m Log10 (x) + b. The regression
analyses were performed with Microsoft Excel and GraphPad (https://www.graphpad.com
(accessed on 9 November 2022)), and 95% confidence intervals of slopes were calculated.
Additionally, to examine whether growth patterns of megamouth sharks are unique, the
changes in head length and mouth width associated with change in body length were
compared with those of six other lamniform species [33].

Institutional abbreviations are as follows: ASIZP, Academia Sinica, Taipei, Taiwan;
BPBM, Bishop Museum, Honolulu, HI, USA; MZB, Museum Zoologicum Bogoriense, Cib-
inong, Bogor, Indonesia; NMMB, National Museum of Marine Biology and Aquarium,
Taipei, Taiwan; SIO, Marine Vertebrate Collection of the Scripps Institution of Oceanogra-
phy, CA, USA; WAM, Western Australian Museum, Perth, Australia.

3. Results

Results of all linear regressions are summarized in Table S2 and Figures S1–S4.

3.1. Head Measurements

Head length showed slightly positive allometry with a slope (with 95% confidence
interval) of 1.103 (1.057–1.149) (Figure 2A). Similarly, prebranchial length showed slightly
positive allometry with a slope of 1.155 (1.013–1.298) (Figure S1, Table S2). Internarial
distance (i.e., the width between the nares) also showed positive allometry with a slope of
1.245 (1.159–1.332) (Figure S1, Table S2).
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Figure 2. Linear regressions of selected log10-transformed Megachasma pelagios head measurements
against log10-transformed total body length. (A). Head length. (B). Mouth width; (C). Eye length.

While prespiracular length (Figure S1) and preorbital length (Figure S1) had slopes
of >1 (1.205 and 1.243, respectively), 95% confidence intervals included 1 (0.8384–1.572
and 0.9365–1.549, respectively). Prenarial length (Figure S1) had a slope of 1.424 with
95% confidence intervals including 1 (0.8036 to 2.044). Likewise, mouth width (Figure 2B)
and anteroposterior length of the region between the snout tip and the mouth (Figure S1)
had slopes of >1 (1.190 and 1.381, respectively), but 95% confidence intervals included 1
(0.8426–1.537 and 0.2888–2.474 respectively). Collectively, a majority of head measurements
showed positive allometry against total lengths, although the results are provisional for
some parts in which 95% confidence intervals overlapped 1.

As an exception, eye length exhibited negative allometry (Figure 2C), with a slope of
0.6507 (0.4732–0.8283).

3.2. Body Measurements

Length between the snout tip and the point just anterior to the caudal fin (Figure S2)
showed slightly positive allometry with a slope of 1.070 (1.033–1.106). Similarly, length
between the snout tip and the first dorsal fin showed weak positive allometry (Figure S2)

https://www.graphpad.com
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with a slope of 1.114 (1.050–1.179). Likewise, length between the snout tip and the sec-
ond dorsal fin (Figure S2) showed positive allometry with a slope of 1.076 (1.001–1.152)
(Figure S2, Table S2). Additionally, the length of the region anterior to the pectoral fin
(Figure S2) showed positive allometry with a slope of 1.120 (1.048–1.192).

Prepelvic length (Figure S2) showed isometric scaling with a slope of 1.004 (0.6213–1.387).

3.3. Dorsal Fin Measurements

Length of the first dorsal fin base (Figure S3) showed a slope of 1.161 (0.8637–1.458),
indicating an isometric growth. Height of the first dorsal fin also scaled isometrically
(Figure S3) with a slope of 0.8800 (0.6585–1.102). The second dorsal fin height (Figure S3)
had a slope of <1 (0.6622) but its 95% confidence intervals encompassed 1 (0.2332–1.091).
While the correlation coefficient was statistically significant (p = 0.0082), R2 value was low
(0.6556) for this variable.

Anteroposterior length of the base of the second dorsal fin (Figure S3) showed positive
allometry with a slope of 1.229 (1.079–1.379).

3.4. Pectoral Fin Measurements

Length of the pectoral fin base showed positive allometry (Figure 3A) with a slope
of 1.224 (1.008–1.440). Other pectoral fin regions exhibited isometric scaling. The anterior
margin of pectoral fin (Figure 3B) showed a slope of 1.031 (0.9203–1.142). Pectoral fin height
(Figure 3C) had a slope of 0.9923 (0.8254–1.159).
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3.5. Caudal Fin Measurements

Dorsal caudal margin of the dorsal lobe of the caudal fin (Figure 4A) showed isometric
growth with a slope of 0.9533 (0.8414–1.065). Similarly, length between the fork of the
caudal fin and the terminal caudal lobe also scaled isometrically (Figure S4), with a slope of
1.088 (0.8133–1.363). Lastly, the length of terminal caudal lobe (Figure S4) showed isometric
growth with a slope of 1.038 (0.7062–1.370). Collectively, all measurements on the upper
lobe of the caudal fin showed isometric growth.

Preventral margin of the lower lobe (Figure 4B) showed negative allometry with a
slope of 0.9065 (0.8343–0.9786). In contrast, length of the postventral caudal margin of the
lower lobe showed isometric scaling (Figure 4C) with a slope of 0.9419 (0.6271–1.212).

3.6. Comparisons with Other Lamniform Shark Species

The allometric slopes of head length and mouth width against body length in meg-
amouth sharks tended to be steeper than those seen in other lamniform shark species
(Figure 5). The slopes tended to be close to, or lower than, 1.0 in lamniforms (except for
megamouth sharks), indicating isometric or negatively allometric scaling. Additionally,
megamouth sharks had wider mouths than other lamniform species for a given body length
(Figure 5B). Collectively, head dimensions increased at faster rates relative to body length
in megamouth sharks compared to other lamniform species.
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4. Discussion

We showed that 14 of the 26 measurements taken from megamouth sharks scale
positively and 9 of them scale isometrically against total length (Table S2). Although 95%
confidence intervals of slopes included 1 for the five variables from the head (Table S2),
these results might represent “soft” isometry [34], associated with small sample sizes
and wide confidence intervals. Indeed, the estimates of slopes (1.190–1.424) are well
above 1. Moreover, we found at least one of these variables (the mouth width) is larger
and increases at a faster rate in megamouth sharks than other lamniform species. This
result shows that megamouth sharks deviate from the main trend of negative allometry
to isometry seen in other lamniform species (Figure 5B). Collectively, our results indicate
that head measurements generally scale positively in megamouth sharks, unlike other
lamniform species.

Intriguingly, only three variables we examined show negative allometry. One of
them (second dorsal fin height) had a low R2 value, suggesting that this result represents
individual variations rather than general patterns during growth (Table S2). Collectively,
our results showed largely positive allometric growth during the ontogeny of megamouth
sharks, especially around the head, as well as isometric scaling in the caudal fin. Such a
growth trend differs from that of basking sharks, which show negative allometric growth
in the caudal fin and head [15]. It also differs from the growth patterns of white sharks and
tiger sharks, in which the caudal fin scales negatively [14,15,19,20,22]. Isometric growth
trends in caudal fins, as we observed for megamouth sharks, were reported for a variety
of small-bodied sharks, such as nurse sharks Ginglymostoma cirratum Bonnaterre, 1788,
and spiny dogfish [14,18]. Given that megamouth sharks are the third largest extant shark
species in the world, being only smaller than whale sharks Rhincodon typus Smith, 1828,
and basking sharks [11], it is intriguing that the changes in relative length of multiple
body regions during the growth of this species are similar to those of smaller shark species,
rather than its distant large relatives. It should be emphasized, however, that the results
presented in this work should be considered preliminary due to the relatively small sample
size (n = 9). In some cases, we may have failed to detect allometric relationships (“soft”
isometry) [34], as discussed earlier. While individuals of both sexes were pooled in our
analyses, we feel this is reasonable due to the absence of sex differences in body shapes in
this species. Moreover, although our dataset covers an extensive size range (177–544 cm in
total length), medium-sized individuals (250–350 cm) are lacking [8], partially limiting our
analyses. Note, however, that some studies of fossil organisms used even fewer specimens
than this study to successfully detect allometric growth trends [35–37]. To advance our
understanding of the relative growth of megamouth sharks, detailed length measurements
from various parts of the body, rather than just total length and weight, should be reported
when new individuals are found in future studies.

The heterocercal caudal fin of megamouth sharks bears a horizontally directed ver-
tebral column with a small curvature (low “Cobb’s angle”) and posteriorly directed
hypochordal rays [38]. Such fin morphology is a basal condition for lamniforms, and
the caudal fin with a dorsally oriented vertebral column seen in basking sharks and Lam-
nidae is a derived character [38]. Although our results should be considered somewhat
provisional, we suggest several explanations for why megamouth sharks retain isometric
growth patterns in the caudal fin instead of the negative allometry seen in white and
basking sharks. Megamouth sharks feed primarily on slow-moving zooplankton such as
euphausiids, copepods, and jellyfishes [11,26,30]. Although little information is available
for the diet of juveniles, tooth morphology does not appear to change during growth [27],
suggesting that diets do not change, either. It is possible, therefore, that no change in
feeding ecology is reflected by little changes in the shape or proportion of caudal fins.
Indeed, isometric growth in the caudal fin was reported for nurse sharks [14], which also
prey on slow-moving organisms, including benthic fishes and invertebrates, without show-
ing dramatic changes in diets during growth [20,39]. Of note, basking sharks also prey
on small zooplankton and do not exhibit ontogenetic changes in diets, yet this species
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shows negative allometry in the caudal fin [15]. Basking sharks have a unique caudal
fin morphology among lamniforms with a dorsally oriented vertebral column, yet they
have posteriorly directed hypochordal rays, unlike ventrally directed hypochordal rays in
Lamnidae. Thus, their caudal fin is morphologically intermediate between heterocercal
and homocercal morphotypes [15,38]. Such distinct morphology is thought to reflect a
unique lifestyle of this species, cruising at a slow speed with the mouth opened to collect
foods [15,38,40]. Perhaps the difference in the shape of the caudal fin, or the growth trend,
raises the possibility that the foraging mode of megamouth sharks is different from that
of basking sharks. Another explanation, perhaps simpler, is that because megamouth
sharks are phylogenetically less derived than basking sharks and other lamnid species
within Lamniformes (e.g., [11,41–43]), they retain their morphologically basal condition
throughout their lifespan.

We found that the heads of megamouth sharks show positive allometry during growth,
unlike basking sharks which exhibit negative allometry [15]. While eye size shows negative
allometry, this trend is common among vertebrates, including large sharks [15,44,45]. Given
that head shape in vertebrates, including sharks, is closely linked to their diet and feeding
modes [19], our findings raise the possibility that megamouth and basking sharks, both
of which are filter feeders, use different feeding modes. Interestingly, the feeding mode
of megamouth sharks is controversial. It was initially suggested that megamouth sharks
are a ram feeder (i.e., swimming towards prey and catching it without using suction forces
generated by the mouth) like basking sharks [1]. However, Compagno [46] raised the
possibility of suction feeding (i.e., quickly opening the mouth to generate suction forces to
collect prey), as in whale sharks, based on the morphological characteristics of megamouth
sharks, including the heavy and anteroposteriorly elongated jaw, restricted internal gill
openings, relatively weak body musculature, and relatively soft fins. Further, Nakaya
et al. [47] suggested that megamouth sharks are an engulfment feeder (similar to rorqual
and humpback whales) in that they approach zooplankton swarms and engulf prey-laden
water by expanding the gape laterally and ventrally. Tomita et al. [48] provided support
for the ram feeding mode, based on their analyses which showed that the ceratohyal of
megamouth sharks is not stiff enough to produce suction forces.

Comparing the scaling pattern of the megamouth shark’s head and mouth to that
of other aquatic animals with known feeding modes may shed some light on this is-
sue. Mobulid rays are large planktivorous elasmobranchs that employ ram feeding [49].
Setyawan et al. [50] showed that the head width of the reef manta ray Mobula alfredi Krefft,
1868, scales negatively against body length, similar to basking sharks. Additionally, we
found that in lamniform sharks with a conical head similar to basking sharks, mouth width
and head length scale isometrically or negatively (Figure 5). In general, Lamniform sharks
with a conical head are fast swimmers, and they ram-feed on their prey by approaching
close enough to consume it [48,51]. While one species included in our analyses (goblin
sharks Mitsukurina owstoni Jordan, 1898) has a slightly different head morphology com-
pared to typical conical shape in lamniforms (i.e., elongated and flattened), it nevertheless
shares a pointed head tip and also performs ram-feeding [48,52]. Given that mouth width
is strongly correlated with the perimeter of the upper jaw in sharks [33], isometric to nega-
tively allometric scaling of the mouth width in lamniforms (excluding megamouth sharks)
suggest that the shape of the head remains conical or becomes more pointed as the shark
grows. Given that conical head shape in sharks reduces drag while swimming [14,19], nar-
rowing or conserving the conical morphology of the head in “typical” lamniform might be
advantageous to their ram-feeding behavior, as they have to swim fast enough to approach
the prey [51]. While basking sharks cruise at a slower speed during feeding than expected
for their size, they nevertheless capture zooplankton by strong forward swimming [53–56].

In contrast, the lack of conical head morphology [1,11] combined with the appar-
ent positive scaling of the head size suggests that head shape and its growth pattern in
megamouth sharks are not optimal for the obligate ram-feeding mode seen in basking
sharks and other lamnid species. Our result of positive allometry for the heads of meg-
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amouth sharks is similar to that of whale sharks [44,57]. Additionally, the largemouth
bass Micropterus salmoides Lacépède, 1802, considered as a behavioral analogue of meg-
amouth sharks by Nakaya et al. [47] in its being a slow-swimming, high-volume suction
feeder [51,58], show isometric [59,60] to positive allometry in the heads [61]. In rorqual and
humpback whales, considered as another behavioral analogue of megamouth sharks by
Nakaya et al. [47] by their engulfment feeding mode, the dimensions of the jaw and skull
scale positively [62,63]. These comparisons suggest that the head of megamouth sharks’
scales like that of a suction or engulfment feeder. Although Tomita et al. [48] argued against
the obligate suction feeding mode in megamouth sharks, these authors noted that the
engulfment feeding mode is not inconsistent with their results given that the engulfment
feeding is a derived mode of ram feeding. Their suggestion that the ceratohyal of meg-
amouth sharks is not stiff enough to perform obligate suction feeding [48], coupled with
the results of this study, might imply that the feeding mode of this species is engulfment,
or at least differs from the obligate ram feeding mode of basking sharks. By having a larger
head relative to body, larger megamouth sharks may be able to engulf larger amounts of
food and water, increasing the efficiency of their feeding activities. Another potential piece
of evidence that megamouth sharks are engulfment feeders comes from their diet; stomach
contents analyses showed that megamouth sharks feed primarily on krill (euphausiid)
that form dense swarms [30], rather than the dispersed prey of basking sharks [55]. To
capture such dense swarms, suction or engulfment feeding modes are more efficient than
the ram-feeding mode employed by basking sharks [56]. Nevertheless, as Watanabe and
Papastamatiou [11] noted, the feeding behavior of megamouth sharks should be directly
observed by biologging technology with animal-borne video cameras [64] in future studies
to resolve this debate.

The anterior margin and the height of pectoral fins show isometric scaling. This result
is consistent with the studies on other shark species, including other lamniforms [20,21]. In
contrast, pectoral fin bases showed positive allometry. This result is different from other
lamniform species [21], in which pectoral fin width scales isometrically. Tomita et al. [24]
found that the pectoral fins of megamouth sharks are highly flexible and mobile, unlike
those of fast-swimming sharks (such as shortfin mako and salmon sharks) which have
stiff, relatively immobile fins. Based on this, Tomita et al. [24] suggested that the pectoral
fins of megamouth sharks are specialized for maintaining body posture during slow-
speed swimming. Given that pectoral fin bases are attachment sites for various pectoral
muscles [24], the positive allometric scaling of megamouth sharks in this part may indicate
that muscle volumes supporting pectoral fins increase disproportionally as they grow in
order to maintain maneuverability in the water.

5. Conclusions

Despite the small sample size, we show that megamouth sharks exhibit positive
allometric scaling in the head and isometric growth in the caudal fin. Such trends differ
from another planktivorous lamniform species, basking sharks, in which both the head
and the caudal fin scale negatively. We also found that the head length and mouth width
of megamouth sharks grow faster (relative to body length) compared to other lamniform
sharks. Such allometric trends are different from the isometric to negatively allometric
growth trends seen in many ram-feeding sharks, but rather similar to those of suction-
feeding whale sharks and engulfment-feeding rorqual whales. We suggest that megamouth
sharks have different feeding mode from obligate, ram-feeding basking sharks, the species
often thought to have a comparable ecology to megamouth sharks. However, the sample
size should be expanded and electronic tagging experiments are needed in future studies
to draw firm conclusions.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8060300/s1, Table S1: Measurements of Megachasma pelagios
specimens used in the analyses.; Table S2: Slopes and associated statistics for bivariate regressions of
Log10-transformed trait measurements from Megachasma pelagios. Figure S1: Bivariate regressions
of Log10-transformed Megachasma pelagios head measurements against the Log10-transformed total
body length. A. Head length. B. Prebranchial length. C. Internarial distance. D. Prespiracular length;
E. Preorbital length; F. Prenarial length; G. Mouth width; H. Preoral length; I. Eye length.; Figure S2:
Bivariate regressions of Log10-transformed Megachasma pelagios body measurements against the
Log10-transformed total body length. A. Precaudal length. B. Prefirst dorsal length. C. Presecond
dorsal length. D. Prepectoral length; E. Prepelvic length.; Figure S3. Bivariate regressions of Log10-
transformed Megachasma pelagios dorsal fin measurements against the Log10-transformed total body
length. A. First dorsal base length. B. First dorsal height. C. Second dorsal height. D. Second dorsal
base length.; Figure S4. Bivariate regressions of Log10-transformed Megachasma pelagios caudal fin
measurements against the Log10-transformed total body length. A. Dorsal caudal margin length.
B. Upper postventral caudal margin length. C. Terminal caudal lobe length. D. Preventral caudal
margin length. E. Lower postventral caudal margin length.

Author Contributions: Conceptualization, C.-g.Y. and Y.Y.W.; methodology, C.-g.Y.; formal analysis,
C.-g.Y.; investigation, C.-g.Y. and Y.Y.W.; writing—original draft preparation, C.-g.Y.; writing—review
and editing, Y.Y.W.; visualization, C.-g.Y.; supervision, Y.Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: No research samples were collected in this study.

Data Availability Statement: This study is based on published data. Refer to cited articles for the
original data.

Acknowledgments: We thank the editors, and three anonymous reviewers for their constructive,
rigorous comments, which have greatly improved the quality of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Taylor, L.R.; Compagno, L.J.V.; Struhsaker, P.J. Megamouth—A new species, genus, and family of lamnoid shark (Megachasma

pelagios, family Megachasmidae) from the Hawaiian Islands. Proc. Calif. Acad. Sci. 1983, 43, 87–110.
2. Maisey, J.G. Relationships of the megamouth shark, Megachasma. Copeia 1985, 1, 228–231. [CrossRef]
3. Martin, A.P.; Naylor, G.J. Independent origins of filter-feeding in megamouth and basking sharks (order Lamniformes) inferred

from phylogenetic analysis of cytochrome b gene sequences. In Biology of the Magamouth Shark; Yano, K., Morrissey, J.F.,
Yabumoto, Y., Nakaya, K., Eds.; Tokai University Press: Tokyo, Japan, 1997; pp. 39–50.

4. Naylor, G.J.P.; Martin, A.P.; Mattison, E.G.; Brown, W.M. Interrelationships of lamniform sharks: Testing phylogenetic hypotheses
with sequence data. In Molecular Systematics of Fishes; Kocher, T.D., Stepien, C.A., Eds.; Academic Press: New York, NY, USA,
1997; pp. 199–218.

5. Compagno, L.J.V. Sharks of the World: An Annotated and Illustrated Catalogue of Shark Species Known to Date: Bullhead, Mackerel and
Carpet Sharks (Heterodontiformes, Lamniformes and Orectolobiformes); FAO Species Identification Guides for Fishery Purposes; Food
and Agriculture Organization of the United Nations: Rome, Italy, 2001; Volume 2, p. 269.

6. Mitchell, M.G.; Ciampaglio, C.N.; Jacquemin, S.J. Convergent evolution in tooth morphology of filter-feeding lamniform sharks.
Southeast. Geol. 2018, 53, 63–80.

7. Yu, C.-J.; Joung, S.-J.; Hsu, H.-H.; Lin, C.-Y.; Hsieh, T.-C.; Liu, K.-M.; Yamaguchi, A. Spatial–Temporal Distribution of Megamouth
Shark, Megachasma pelagios, inferred from over 250 Individuals Recorded in the Three Oceans. Animals 2021, 11, 2947. [CrossRef]
[PubMed]

8. Nakaya, K. Biology of the megamouth shark, Megachasma pelagios (Lamniformes: Megachasmidae). In Proceedings of the
International Symposium, into the Unknown, Researching Mysterious Deep-Sea Animals, Okinawa, Japan, 23–24 February 2007;
pp. 69–83.

9. Ebert, D.A.; Dando, M. On Board Guide for the Identification of Pelagic Sharks and Rays of the Western Indian Ocean; SmartFish
Programme; Food and Agriculture Organization of the United Nations; Rome & Indian Ocean Commission: Port Louis,
Mauritius, 2014; p. 109.

10. Kyne, P.M.; Liu, K.M.; Simpfendorfer, C. Megachasma Pelagios. In The IUCN Red List of Threatened Species; IUCN Global Species
Programme Red List Unit: Cambridge, UK, 2019.

https://www.mdpi.com/article/10.3390/fishes8060300/s1
https://www.mdpi.com/article/10.3390/fishes8060300/s1
https://doi.org/10.2307/1444816
https://doi.org/10.3390/ani11102947
https://www.ncbi.nlm.nih.gov/pubmed/34679967


Fishes 2023, 8, 300 11 of 12

11. Watanabe, Y.Y.; Papastamatiou, Y.P. Distribution, body size and biology of the megamouth shark Megachasma pelagios. J. Fish Biol.
2019, 95, 992–998. [CrossRef]

12. Liu, S.Y.V.; Joung, S.J.; Yu, C.-J.; Hsu, H.-H.; Tsai, W.-P.; Liu, K.M. Genetic diversity and connectivity of the megamouth shark
(Megachasma pelagios). PeerJ 2018, 6, e4432. [CrossRef]

13. Weigmann, S. Annotated checklist of the living sharks, batoids and chimaeras (Chondrichthyes) of the world, with a focus on
biogeographical diversity. J. Fish. Biol. 2016, 88, 837–1037. [CrossRef]

14. Irschick, D.J.; Hammerschlag, N. Morphological scaling of body form in four shark species differing in ecology and life history.
Biol. J. Linn. Soc. 2015, 114, 126–135. [CrossRef]

15. Ahnelt, H.; Sauberer, M.; Ramler, D.; Koch, L.; Pogoreutz, C. Negative allometric growth during ontogeny in the large pelagic
filter-feeding basking shark. Zoomorphology 2020, 139, 71–83. [CrossRef]

16. Sternes, P.C.; Higham, T.E. Hammer it out: Shifts in habitat are associated with changes in fin and body shape in the scalloped
hammerhead (Sphyrna lewini). Biol. J. Linn. Soc. 2022, 136, 201–212. [CrossRef]

17. Rohner, C.A.; Richardson, A.J.; Marshall, A.D.; Weeks, S.J.; Pierce, S.J. How large is the world’s largest fish? Measuring whale
sharks Rhincodon typus with laser photogrammetry. J. Fish Biol. 2011, 78, 378–385. [CrossRef] [PubMed]

18. Reiss, K.L.; Bonnan, M.F. Ontogenetic scaling of caudal fin shape in Squalus acanthias (Chondrichthyes, Elasmobranchii): A
geometric morphometric analysis with implications for caudal fin functional morphology. Anat. Rec. 2010, 293, 1184–1191.
[CrossRef] [PubMed]

19. Fu, A.L.; Hammerschlag, N.; Lauder, G.V.; Wilga, C.D.; Kuo, C.-Y.; Irschick, D.J. Ontogeny of head and caudal fin shape of an
apex marine predator: The tiger shark (Galeocerdo cuvier). J. Morphol. 2016, 277, 556–564. [CrossRef] [PubMed]

20. Irschick, D.J.; Fu, A.; Lauder, G.; Wilga, C.; Kuo, C.-Y.; Hammerschlag, N. A comparative morphological analysis of body and fin
shape for eight shark species. Biol. J. Linn. Soc. 2017, 122, 589–604. [CrossRef]

21. Cooper, J.A.; Pimiento, C.; Ferrón, H.G.; Benton, M.J. Body dimensions of the extinct giant shark Otodus megalodon: A 2D
reconstruction. Sci. Rep. 2020, 10, 14596. [CrossRef]

22. Lingham-Soliar, T. Caudal fin allometry in the white shark Carcharodon carcharias: Implications for locomotory performance and
ecology. Naturwissen 2005, 92, 231–236. [CrossRef]

23. Amorim, A.F.; Arfeli, C.A.; Castro, J.I. Description of a juvenile megamouth shark, Megachasma pelagios, caught off Brazil. Environ.
Biol. Fishes 2000, 59, 117–123. [CrossRef]

24. Tomita, T.; Tanaka, S.; Sato, K.; Nakaya, K. Pectoral Fin of the Megamouth Shark: Skeletal and Muscular Systems, Skin Histology,
and Functional Morphology. PLoS ONE 2014, 9, e86205. [CrossRef]

25. Berra, T.M.; Hutchins, J.B. A specimen of megamouth shark, Megachasma pelagios (Megachasmidae) from Western Australia. Rec.
West. Aust. Mus. 1990, 14, 651–656.

26. Yano, K.; Yabumoto, Y.; Tanaka, S.; Tsukada, O.; Furuta, M. Capture of a mature female megamouth shark, Megachasma pelagios,
from Mie, Japan. In Proceedings of the 5th Indo-Pacific Conference, Nouméa, New Caledonia, 3–8 November 1997; pp. 335–349.

27. White, W.T.; Fahmi, M.A.; Sumadhiharga, K. A juvenile megamouth shark Megachasma pelagios (Lamniformes: Megachasmidae)
from Northern Sumatra, Indonesia. Raffles Bull. Zool. 2004, 52, 603–607.

28. Lee, P.F.; Shao, K.T. Two new records of Lamniform shark from the waters adjacent to Taiwan. J. Fish. Soc. Taiwan 2009, 36,
303–311.

29. Castillo-Géniz, J.L.; Ocampo-Torres, A.I.; Shimada, K.; Rigsby, C.K.; Nicholas, A.C. Juvenile megamouth shark, Megachasma
pelagios, caught off the Pacific coast of Mexico, and its significance to chondrichthyan diversity in Mexico. Cienc. Mar. 2012, 38,
467–474. [CrossRef]

30. Sawamoto, S.; Matsumoto, R. Stomach contents of a megamouth shark Megachasma pelagios from the Kuroshio Extension:
Evidence for feeding on a euphausiid swarm. Plankton Benthos Res. 2012, 7, 203–206. [CrossRef]

31. Currie, P.J. Allometric growth in tyrannosaurids (Dinosauria: Theropoda) from the Upper Cretaceous of North America and Asia.
Can. J. Earth Sci. 2003, 40, 651–665. [CrossRef]

32. Campione, N.E.; Evans, D.C. A universal scaling relationship between body mass and proximal limb bone dimensions in
quadrupedal terrestrial tetrapods. BMC Biol. 2012, 10, 60. [CrossRef]

33. Engelman, R. Giant, swimming mouths: Oral dimensions of extant sharks do not accurately predict body size in Dunkleosteus
terrelli (Placodermi: Arthrodira). PeerJ 2023, 11, e15131. [CrossRef]

34. Brown, C.M.; Vavrek, M.J. Small sample sizes in the study of ontogenetic allometry; implications for palaeobiology. PeerJ
2015, 3, e818. [CrossRef]

35. Houck, M.A.; Gauthier, J.A.; Strauss, R.E. Allometric Scaling in the Earliest Fossil Bird, Archaeopteryx lithographica. Science 1990,
247, 195–198. [CrossRef]

36. Mallon, J.C.; Evans, D.C.; Zhang, Y.; Xing, H. Rare juvenile material constrains estimation of skeletal allometry in Gryposaurus
notabilis (Dinosauria: Hadrosauridae). Anat. Rec. 2022, 306, 1–23. [CrossRef]

37. Yun, C.-G.; Peters, G.F.; Currie, P.J. Allometric growth in the frontals of the Mongolian theropod dinosaur Tarbosaurus bataar. Acta
Palaeontol. Pol. 2022, 67, 601–615. [CrossRef]

38. Kim, S.H.; Shimada, K.; Rigsby, C.K. Anatomy and evolution of heterocercal tail in lamniform sharks. Anat. Rec. 2013, 296,
433–442. [CrossRef] [PubMed]

https://doi.org/10.1111/jfb.14007
https://doi.org/10.7717/peerj.4432
https://doi.org/10.1111/jfb.12874
https://doi.org/10.1111/bij.12404
https://doi.org/10.1007/s00435-019-00464-2
https://doi.org/10.1093/biolinnean/blac035
https://doi.org/10.1111/j.1095-8649.2010.02861.x
https://www.ncbi.nlm.nih.gov/pubmed/21235570
https://doi.org/10.1002/ar.21155
https://www.ncbi.nlm.nih.gov/pubmed/20583262
https://doi.org/10.1002/jmor.20515
https://www.ncbi.nlm.nih.gov/pubmed/26869274
https://doi.org/10.1093/biolinnean/blx088
https://doi.org/10.1038/s41598-020-71387-y
https://doi.org/10.1007/s00114-005-0614-4
https://doi.org/10.1023/A:1007609617773
https://doi.org/10.1371/journal.pone.0086205
https://doi.org/10.7773/cm.v38i2.2071
https://doi.org/10.3800/pbr.7.203
https://doi.org/10.1139/e02-083
https://doi.org/10.1186/1741-7007-10-60
https://doi.org/10.7717/peerj.15131
https://doi.org/10.7717/peerj.818
https://doi.org/10.1126/science.247.4939.195
https://doi.org/10.1002/ar.25021
https://doi.org/10.4202/app.00947.2021
https://doi.org/10.1002/ar.22647
https://www.ncbi.nlm.nih.gov/pubmed/23381874


Fishes 2023, 8, 300 12 of 12

39. Robinson, M.P.; Motta, P.J. Patterns of growth and the effects of scale on the feeding kinematics of the nurse shark (Ginglymostoma
cirratum). J. Zool. 2002, 256, 449–462. [CrossRef]

40. Speed, C.W.; Field, I.C.; Meekan, M.G.; Bradshaw, C.J.A. Complexities of coastal shark movements and their implications for
management. Mar. Ecol. Prog. Ser. 2010, 408, 275–293. [CrossRef]

41. Stone, N.R.; Shimada, K. Skeletal Anatomy of the Bigeye Sand Tiger Shark, Odontaspis noronhai (Lamniformes: Odontaspididae),
and Its Implications for Lamniform Phylogeny, Taxonomy, and Conservation Biology. Copeia 2019, 107, 632–652. [CrossRef]

42. Vella, N.; Vella, A. The complete mitogenome of the Critically Endangered smalltooth sand tiger shark, Odontaspis ferox (Lamni-
formes: Odontaspididae). Mitochondrial DNA B Resour. 2020, 5, 3319–3322. [CrossRef] [PubMed]

43. Sternes, P.C.; Wood, J.J.; Shimada, K. Body forms of extant lamniform sharks (Elasmobranchii: Lamniformes), and comments on
the morphology of the extinct megatooth shark, Otodus megalodon, and the evolution of lamniform thermophysiology. Hist. Biol.
2022, 35, 1–13. [CrossRef]

44. Garrick, J.A.F. Additional information on the morphology of an embryo whale shark. Proc. U. S. Natl. Mus. 1964, 115, 1–8.
[CrossRef]

45. Lisney, T.J.; Collin, S.P. Relative eye size in elasmobranchs. Brain Behav. Evol. 2007, 69, 266–279. [CrossRef]
46. Compagno, L.J.V. Relationships of the megamouth shark, Megachasma pelagios (Lamniformes: Megachasmidae), with comments

on its feeding habits. In Elasmobranchs as Living Resources: Advances in the Biology, Ecology, Systematics, and the Status of the Fisheries;
Pratt, H.L., Gruber, S.H., Taniuchi, T., Eds.; NOAA Technical Report NMFS; NMFS: Springfield, VA, USA, 1990; pp. 357–379.

47. Nakaya, K.; Matsumoto, R.; Suda, K. Feeding strategy of the megamouth shark Megachasma pelagios (Lamniformes: Megachasmi-
dae). J. Fish Biol. 2008, 73, 17–34. [CrossRef]

48. Tomita, T.; Sato, K.; Suda, K.; Kawauchi, J.; Nakaya, K. Feeding of the megamouth shark (Pisces: Lamniformes: Megachasmidae)
predicted by its hyoid arch: A biomechanical approach. J. Morphol. 2011, 272, 513–524. [CrossRef]

49. Stiefel, K.M. Evolutionary trends in large pelagic filter-feeders. Hist. Biol. 2020, 33, 1477–1488. [CrossRef]
50. Setyawan, E.; Stevenson, B.C.; Izuan, M.; Constantine, R.; Erdmann, M.V. How Big Is That Manta Ray? A Novel and Non-Invasive

Method for Measuring Reef Manta Rays Using Small Drones. Drones 2022, 6, 63. [CrossRef]
51. Wilga, C.D.; Motta, P.J.; Sanford, C.P. Evolution and ecology of feeding in elasmobranchs. Integr. Comp. Biol. 2007, 47, 55–69.

[CrossRef] [PubMed]
52. Nakaya, K.; Tomita, T.; Suda, K.; Sato, K.; Ogimoto, K.; Chappell, A.; Sato, T.; Takano, K.; Yuki, Y. Slingshot feeding of the goblin

shark Mitsukurina owstoni (Pisces: Lamniformes: Mitsukurinidae). Sci. Rep. 2016, 6, 27786. [CrossRef]
53. Sims, D.W. Filter-feeding and cruising swimming speeds of basking sharks compared with optimal models: They filter-feed

slower than predicted for their size. J. Exp. Mar. Biol. Ecol. 2000, 249, 65–76. [CrossRef]
54. Sims, D.W. Can threshold foraging responses of basking sharks be used to estimate their metabolic rate? Mar. Ecol. Prog. Ser.

2000, 200, 289–296. [CrossRef]
55. Sims, D.W. Sieving a living: A review of the biology, ecology and conservation status of the plankton-feeding basking shark

Cetorhinus maximus. Adv. Mar. Biol. 2008, 54, 171–220.
56. Ferry, L.A.; Paig-Tran, E.M.; Gibb, A.C. Suction, Ram, and Biting: Deviations and Limitations to the Capture of Aquatic Prey.

Integr. Comp. Biol. 2015, 55, 97–109. [CrossRef]
57. Wolfson, F.H. Records of seven juveniles of the whale shark, Rhiniodon typus. J. Fish Biol. 1983, 22, 647–655. [CrossRef]
58. Wainwright, P.; Carroll, A.M.; Collar, D.C.; Day, S.W.; Higham, T.E.; Holzman, R.A. Suction feeding mechanics, performance, and

diversity in fishes. Integr. Comp. Biol. 2007, 47, 96–106. [CrossRef]
59. Richard, B.A.; Wainwright, P.C. Scaling the feeding mechanism of largemouth bass (Micropterus salmoides): Kinematics of prey

capture. J. Exp. Biol. 1995, 198, 419–433. [CrossRef] [PubMed]
60. Wainwright, P.C.; Richard, B.A. Predicting patterns of prey use from morphology of fishes. Environ. Biol. Fishes 1995, 44, 97–113.

[CrossRef]
61. Yokogawa, K. Morphological variations in the largemouth bass Micropterus salmoides with particular emphasis on growth-related

changes. Aquac. Sci. 2014, 62, 361–374.
62. Pyenson, N.D.; Goldbogen, J.A.; Shadwick, R.E. Mandible allometry in extant and fossil Balaenopteridae (Cetacea: Mammalia):

The largest vertebrate skeletal element and its role in rorqual lunge-feeding. Biol. J. Linn. Soc. 2013, 108, 586–599. [CrossRef]
63. Kahane-Rapport, S.R.; Goldbogen, J.A. Allometric scaling of morphology and engulfment capacity in rorqual whales. J. Morphol.

2018, 279, 1256–1268. [CrossRef] [PubMed]
64. Watanabe, Y.Y.; Papastamatiou, Y.P. Biologging and Biotelemetry: Tools for Understanding the Lives and Environments of Marine

Animals. Annu. Rev. Anim. Biosci. 2023, 11, 247–267. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/S0952836902000493
https://doi.org/10.3354/meps08581
https://doi.org/10.1643/CG-18-160
https://doi.org/10.1080/23802359.2020.1814886
https://www.ncbi.nlm.nih.gov/pubmed/33458146
https://doi.org/10.1080/08912963.2021.2025228
https://doi.org/10.5479/si.00963801.115-3476.1
https://doi.org/10.1159/000100036
https://doi.org/10.1111/j.1095-8649.2008.01880.x
https://doi.org/10.1002/jmor.10905
https://doi.org/10.1080/08912963.2019.1711072
https://doi.org/10.3390/drones6030063
https://doi.org/10.1093/icb/icm029
https://www.ncbi.nlm.nih.gov/pubmed/21672820
https://doi.org/10.1038/srep27786
https://doi.org/10.1016/S0022-0981(00)00183-0
https://doi.org/10.3354/meps200289
https://doi.org/10.1093/icb/icv028
https://doi.org/10.1111/j.1095-8649.1983.tb04224.x
https://doi.org/10.1093/icb/icm032
https://doi.org/10.1242/jeb.198.2.419
https://www.ncbi.nlm.nih.gov/pubmed/9318056
https://doi.org/10.1007/BF00005909
https://doi.org/10.1111/j.1095-8312.2012.02032.x
https://doi.org/10.1002/jmor.20846
https://www.ncbi.nlm.nih.gov/pubmed/30194740
https://doi.org/10.1146/annurev-animal-050322-073657

	Introduction 
	Materials and Methods 
	Results 
	Head Measurements 
	Body Measurements 
	Dorsal Fin Measurements 
	Pectoral Fin Measurements 
	Caudal Fin Measurements 
	Comparisons with Other Lamniform Shark Species 

	Discussion 
	Conclusions 
	References

