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Evidence of Non-Random Social Interactions between Pairs
of Bait-Attracted White Sharks in Gansbaai (South Africa)
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Emilio Sperone 4

1 Sharks Studies Center—Scientific Institute, 58024 Massa Marittima, Italy
2 Department of Physical Sciences, Earth and Environment DSFTA, University of Siena, 53100 Siena, Italy
3 Department of Economics and Law, University of Macerata, 62100 Macerata, Italy
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* Correspondence: primo.micarelli@unisi.it

Abstract: Knowledge about the social behavior of sharks is a growing research field, but not many
observations are available on the social interactions between pairs of sharks in the presence of passive
surface bait and mainly related to aggregations. Between 2009 and 2018, in Gansbaai, South Africa,
415 white sharks were sighted, and 525 surface-generated social interactions were identified, exhibited
by 169 different white sharks. The mean sighting rate was 0.91 (range 0.18–1.53) white sharks per
hour. Eight patterns of social interaction were exhibited: swim by, parallel swim, follow/give way,
follow, give way, stand back, splash fights, and piggyback. Non-random interactions occurred when
pairs of specimens approached the passive surface bait, confirming that the white sharks made a
real choice, showing a dominance hierarchy during the ten years of data collection. Evidence of
non-random social interactions in the surface behavior of bait-attracted white sharks Carcharodon
carcharias in Gansbaai’s transient population was the goal of this research.

Keywords: social behavior; elasmobranchs; behavior; Carcharodon carcharias

1. Introduction

Social interactions occur when the behavior of an individual specifically modifies
that of another of the same species [1]. Social behavior consists of interactions among
conspecifics and results in relationships of variable form, duration, and function. It pro-
vides a broad array of behavioral phenomena, including many of the complex forms of
cooperation and conflict that are of particular interest to behavioral biologists [2].Social be-
havior is usually composed of a wide range of modules that affect different contexts of the
individual’s life, including reproduction, sexual segregation, game behavior, schooling or
grouping, cooperation, aggression, and predatory activity; it consists of both genetic bases
and precise behavioral units that constitute an intraspecific code that can be instinctive or
learned during life [3].

The most observed social modules are those related to aggression [4–7]. Intraspecific
competition occurs when two or more organisms of the same species have simultaneous
access to a limited resource [8], and the access is commonly established through competitive
events that rarely take the form of a direct confrontation. The signalman thus gains an
advantage should the recipient decide to withdraw [9]. Intraspecific aggression, in addition
to being instinctive, is one of the greatest nuances of sociality: threats, skirmishes, and fights
have such a low intensity as to rarely reach harmful consequences for the contenders, thus
revealing the presence of any braking mechanisms that promptly interrupt hostilities [3].

Such behaviors can be considered social, as sociability involves several individuals
living and/or interacting together, which can lead to the formation of complex social
structures [10–13] were the first to conduct research on the social behavior of elasmobranchs,
carrying out the first quantitative analyses of domination and subordination in captive
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specimens of the dogfish Mustelus canis. Subsequently, Myrberg and Gruber (1974) [14]
identified a dominance hierarchy among scalloped hammerhead sharks Sphyrna tiburo
depending on size and an apparent predominance of males over females. The direct
observations and the passive acoustic tracking of the scalloped hammerhead shark also
showed a social behavior that involved the grouping of specimens in a small area, the
so-called home range [15].

Social interactions among white sharks, however, have received little attention, but
increasing evidence suggests that this species is socially complex [16–19]. Some studies
have reported that white sharks often congregate near whale or seal carcasses, and several
discrete categories of social interactions have been defined [16,20,21].

As far as white sharks are concerned, the braking mechanism seems to be represented
by the establishment of a dimensional hierarchy: the large specimens are dominant com-
pared to the smaller ones, which are identified as subordinate specimens [22,23]. The
size, however, is not the only factor influencing the establishment of the hierarchy, but the
direction of some relationships of dominance is typically determined by an asymmetry in
the competitive behavior of individuals towards each other [24]; in the case of the Gansbaai
(South Africa), white shark population, it particularly occurs among specimens of similar
sizes. Sperone et al. (2010) [17] suggested that, in the case of sharks of similar lengths,
animals need to adopt rituals to establish the social hierarchy: the individuals that manifest
all or most aggressive attitudes is considered dominant, while the individual who receives
them or initiates most of the acts of submission is considered subordinate. These domi-
nance relationships form the hierarchical structure of the specimens [10,25]. In this study,
the long-term observation of the multiple social-interaction patterns exhibited by white
sharks with the help of video recordings proved to be useful to evaluate their frequency
and priority in establishing the hierarchical relationships between pairs of sharks in the
presence of passive prey.

Knowledge about the social behavior of sharks is growing, based on the data that
researchers are collecting in different areas of the world. Findlay et al. (2016) [26], in
Mosselbay (South Africa), who tried to evaluate whether the white shark forms non-
random associations with conspecifics in coastal environments or whether the simultaneous
presence of several specimens at the same time and space is entirely due to chance, indicated
that the aggregations formed by a very conspicuous number of specimens during certain
periods of the year are of an asocial type and due to the presence of external factors, such as
the availability of prey, or for reproductive purposes. Subsequently, Schilds et al. (2019) [19]
stated that white sharks in the Neptune Islands (South Australia) did not randomly co-occur
with their conspecifics but formed four distinct communities or “social groups” in areas
where large numbers of white sharks can be sighted throughout the year, including during
periods of low seal abundance. Schilds et al. (2019) [19] hypothesized that the observed
sex-dependent variations in co-occurrence were linked to intraspecific competition for
resources, providing new insights into the aggregatory behavior of white sharks at a
seal colony.

Gansbaai is a white shark aggregation site recognized worldwide, and it is the only
location in the world where cage-diving trips operate daily, weather permitting [27]. White
sharks frequently prey on Cape fur seals (Arctocephalus pusillus pusillus) at rookeries off
southern Africa and particularly during autumn and winter, when juvenile seals leave to for-
age offshore for the first time, making them vulnerable to predation by white sharks [28–31].
Gansbaai is a white shark hotspot because the white sharks predate on the resident seals,
but the diet also includes fishes and other elasmobranchs. It is an important seasonal feed-
ing ground among individual sharks rather than an adult aggregation site, or a pupping or
nursery area [32].

In the present study, we aimed to confirm whether the social interactions that occurred
between pairs of white sharks’ specimens, when they approached surface bait in the Dyer
Island Nature Reserve in Gansbaai, South Africa, were non-random events, and that such
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interactions were not linked to chance but linked to choice, which aimed at establishing a
dominance hierarchy.

2. Materials and Methods

2.1. Study Area

Observations were performed at Dyer Island’s Nature Reserve, which is located on
the continental shelf 7.5 km off Gansbaai, South Africa (34◦41′ S; 19◦24′ E) and includes
two islands (Figure 1): Dyer Island (the larger) is a low-profile island ca. 1.5 km long and
0.5 km wide, and it is characterized by the presence of different sea bird colonies; Geyser
Rock (the smaller) is ca. 0.5 km long and 0.18 km wide, and it hosts a colony of Cape fur
seals Arctocephalus pusillus pusillus (Schreber, 1775). The reserve is located in the Agulhas
Bioregion, which is the meeting point between the Benguela Current, which is the meeting
point between the Benguela Current (the eastern boundary current of the subtropical vortex
located in the southern Atlantic Ocean) and the Agulhas Current (the current forming the
western limit of the Indian Ocean). In summer, intensified south-easterly trade winds result
in upwelling, causing the cold waters of Benguela origin to enter the bay (Jury, 1985). The
upwelling along the coast results in high biological productivity, which in turn supports
large fish stocks, including pilchard, anchovy, and hake [33]. A white shark population
is regularly present between March and September in the waters off of the Dyer Island’s
Nature Reserve. Micarelli et al., 2021b, stated that the low number of resightings recorded in
Gansbaai, five in 11 years, corresponding to 1.2% of the population, showed that the white
shark population attending this area has a transient behavior. Towner et al. (2013a) [34], in
Gansbaai, identified 532 unique individuals, resulting in an estimated super-population
size of 908, mainly made up of immature females with a sex ratio of 1:2.2:0.8 for males,
females, and unsexed, respectively [32].

 
Figure 1. Map of Dyer Island’s Nature Reserve in Gansbaai, South Africa (34◦41′ S; 19◦24′ E).

2.2. Data Collection

During ten scientific expeditions performed between March and May 2009–2018 in
the study area, social interactions among white sharks were observed and recorded, and
behaviors were later identified from the videos using social displays described by Martin
(2003) [16]. White sharks are more abundant around the study area during the austral
autumn because they feed on young cape fur seals [17]. During our activities, recorded
water temperatures ranged from 13.5◦ to 18 ◦C, and underwater visibility from 2 to 5 m
(measured to the nearest 0.5 m with a Secchi disc). In total, there were nearly 420 hours
of direct observation from the boat, including approximately 200 h from the diving cage.
Observations occurred aboard the boat “Barracuda” (Shark Diving Unlimited owner), a
12 m long boat, between 2009 and 2013, and between 2014 and 2018 aboard “Slashfin”
(Marine Dynamics), a 14 m long boat. A 4 m long, 3 m high, and 2 m deep rectangular
floating cage made of galvanized steel was used for underwater observations; it housed up
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to three researchers at a time and was moored to the side of the boat. White sharks were
sighted at two areas in Gansbaai, Geyser Rock, and Joubertsdam, as reported by Towner
et al. (2013a) [34] and Micarelli et al. (2021a) [35], because sharks sighting areas in the
Gansbaai gulf changed for unknown reasons, moving from the first area to the second
area, and the boat was anchored in both locations at a depth of ~8–10 m, with similar
bottom characteristics.

Sharks were attracted to the area around the boat by chumming, following methodologies
of the Ferreira and Ferreira (1996) [36], Laroche et al. (2007) [37], and Sperone et al. (2010) [17].
The chum was a mixture of seawater, cod liver oil, fish blood, and pilchards, and an
additional 2–3 kg of slices of tuna were used as bait, which were maintained at the sea
surface by floats following the methods described by Sperone et al. (2010) [17] and Micarelli
et al. (2021a) [35]. Observations from the boat lasted 6–8 h per day, whereas underwater
observations lasted 2–4 h per day.

The sex and maturity of sharks were determined by underwater observations from
the diving cage. Following Compagno et al. (2005) [38], males with total length (TL)
<3.5 m and females with TL <4.5 m were considered immature specimens. Shark length
was estimated to the nearest 0.5 m based on observations as sharks passed in front of the
measured diving cage of 4.0 m length. Shark sex was determined based on the presence or
absence of claspers by observing and filming the pelvic area. Identification of individuals
was obtained through photo identification and compilation of specific identification cards,
and it was also based on a larger pattern, including not only the different notches of the
dorsal fin, but also the following characteristics: caudal fin features, pelvic fin patterns,
presence or absence of claspers, gill slashes and body patterns, presence of scars, and/or
presence of ectoparasites [32,39]. The identification of the specimens was necessary to
verify the dominant and the recessive specimen, as reported in the identification forms
compiled by the observers to optimize the analysis during each annual expedition. The
surface behavior of white sharks was always recorded by the same team using digital photo
cameras and digital video cameras and identified and confirmed from the video using
social displays described by Martin (2003) [16].

All observations considered for this paper refer to interactions between two sharks. In
our sampling model, aimed at identifying and recording the animals that exhibited social
behaviors, a virtual “observation arena” with free-living sharks was drawn to optimize the
team’s visual sightings from the boat.

This arena, defined as a function of the possibility of observing behavior on the surface
up to a maximum depth of ~2–3 m depending on the daily visibility, was bounded in a
rectangular area whose longest side was represented by the boat and by ~10 m from the
boat’s aft and bow, while the shorter side corresponded to ~10 m of distance perpendicular
to the boat (Figure 2). The surface area of the “observation arena” was approximately
32 × 10 m (=320 m2) between 2007 and 2013 and 34 × 10 m (=340 m2) between 2014 and
2018. The bait of floating tuna slices was placed inside the arena, with the aim of activating
social behavior (occurring in competitive situations and including aggressive, submissive,
and defensive behaviors) of an individual that qualifies, modifies, or otherwise alters the
act of another individual of bait-attracted white sharks. As soon as the animals entered
the “observation arena” in the direction of the bait, the observations began. An interaction
began when two sharks approached each other within a distance of two body lengths, and
it ended when two sharks were more than two body lengths apart, moving in different
directions, and were not observed together again for at least 2 min, following methods
described by Sperone et al. (2010) [17].

4



Diversity 2023, 15, 433

Figure 2. Virtual “observation arena” based on “Slashfin”, the 14 m long boat (Marine Dynamics).

2.3. Statistical Analysis

Tests for the linear-independence hypothesis were carried out, through the use of
chi-square statistics, to verify the independence between the variable pairs of sex/behavior
exhibited, maturity/behavior exhibited, and sex/maturity on behavior exhibited.

To investigate the presence of causality between behavior and bait, we used Cochran’s
Q test. Cochran’s Q test is based on the null hypothesis (H0), where there is no significant
difference in the effectiveness of treatments (the choice is causal) and the alternative (H1),
where there is a significant difference in the effectiveness of treatments (the choice is not
causal). It is a non-parametric statistical test used to verify whether k treatments (or number
of studies) have similar effects. Generally, the test statistic refers to two-way randomized
block design, where the response variable takes only two possible outcomes, coded as 0
or 1, denoting failure or success, respectively. It is Often used to assess whether different
observers of the same phenomenon have consistent results (interobserver variability). All
statistics were made using Excel 16.44.

3. Results

In total, 415 sharks were sighted, and 525 surface-generated social interactions were
identified and exhibited by 169 different white sharks (Figure 3).

0

10

20

30

40

50

60

70

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Sharks exhibiting behavior Total sharks

Figure 3. White sharks (Carcharodon carcharias) exhibiting social behavior each year and the total
number of white sharks sighted per year.
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Observed social interactions were classified into one of the following eight interaction
patterns as described by Martin in 2003 [16] (Figure 4). Most of the sharks appeared
individually in the “observation arena” during the expeditions. The reduced numbers
of observations that occurred in 2017 and 2018 were linked to the decline in white shark
sightings observed in Gansbaai since 2017 because of the presence of a pair of killer whales
(Micarelli et al. 2021b) [35]. The displays are listed in descending order with respect to the
performance percentages observed between 2009 and 2018 (Figure 5).

 

Figure 4. Eight social behaviors observed among white sharks (Carcharodon carcharias): swim by (A);
parallel swim (B); follow/give way (C); follow (D); give way (E); stand back (F); splash fight (G);
piggyback (H).
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Figure 5. Percentage frequencies of social behavior modules observed between 2009 and 2018 in
white sharks (Carcharodon carcharias).

Swim by: two sharks in parallel but not on collision courses swam slowly past one
another at a close range, usually between 0.5 m and 2.5 m (Figure 4A). The end of the
interaction occurred when the sharks passed each other. This display was exhibited during
the observations in 39.48% of cases.

Parallel swim: two sharks swam close to one another and maintained a parallel course
in the same direction (Figure 4B). The distance between the sharks ranged from 0.5 m
to 2.0 m. The interaction usually ended when the followed shark moved away and did
not reappear within 5 min. This display was exhibited during the observations in 18.27%
of cases.

Follow/give way one shark followed another, causing the followed one to give way.
The interaction ended when the followed shark turned left or right at an angle of about
45–90◦ and did not reappear within 5 min (Figure 4C). The distance between sharks usually
ranged from 1 m to 2.5 m. This display was exhibited during the observations in 16.89%
of cases.

Follow: one shark followed the other one, repeating its movements and usually with
the jaw gaping (Figure 4D). The display ended when the followed shark moved away in a
straight direction and did not reappear within 5 min. In this case, the distance between
the sharks usually ranged from 0.5 m and 2 m. This display was exhibited during the
observations in 15.18% of cases. (The differences between follow/give way and follow consist in
the fact that in the first case, the followed shark quickly moves away with a sharp angle of 45–90◦,
while in the second case, the following shark keeps its mouth open and repeats the movements of the
followed one and this moves away fast without veering).

Give way: two sharks swam on a collision course, and the interaction ended when one
shark turned left or right at an angle of ~45◦ and did not reappear within 5 min (Figure 4E).
This display was exhibited during the observations in 6.87% of cases.

Stand back: simultaneous deviation of two colliding individuals with no established
dominant (Figure 4F). This display was exhibited during the observations in 1.96% of cases.

Splash fight: this interaction began when one shark rolled onto its side at the surface
and directed splashes towards the other one; the other could respond by returning similar
splashes (Figure 4G). It ended when one of the sharks retreated. This display was exhibited
during the observations in 1.18% of cases.

Piggyback: for this behavior, one shark descended onto the back of the other one, and
the two animals swam in unison for several seconds (Figure 4H). It ended when the sharks
separated. This interaction occurred only once, for 22 s, and between a male and a female
shark of similar sizes. This display was exhibited during the observations in 0.19% of cases.

7



Diversity 2023, 15, 433

The Chi-square test of independence is a statistical hypothesis test used to determine
whether two variables are likely to be related (dependency) or not (independency). This
test is very useful when studying variables evaluated through frequency counts. More
precisely, the statistic test is obtained by solving for the ratio between the mean squared
error from the theoretical frequencies and their weights:

χ2 =
∑i ∑j

(
n(i,j) − n̂(i,j)

)2

n̂(i,j)
(1)

Here, n(i,j) denote the absolute joint frequency, where i and j are numerical indices
(raw data) representing two random discrete variables and n̂(i,j) stands for the absolute
joint frequency in case of independence. This latter, in the denominator, refers to the
weights negatively related with the n(i,j)’s significance (dependency). Thus, in the case
of a strongly causal (and then estimable) relationship between two variables, n̂(i,j) would
decrease, improving the significance of the test (a higher χ2’s test statistic).

In this study, we tested the independence between the following two pairs of variables:
exhibited behavior/sex and exhibited behavior/maturity. As highlighted in Table 1, every
variable (sex and maturity) shows p-values close to zero, leading to the rejection of the
null hypothesis in favor of the alternative of dependency. According to the χ2’s test
statistics addressed for every variable accounted for, the highest result is associated with
females/immatures. Thus, immature female specimens would have significantly exhibited
more social behaviors in 10 years of data collection (Table 1).

Table 1. Chi-square test. Table on the left refers to the test addressing the two pairs of variables. The
χ2’s test statistics are 78.43 (Sex); 87.24 (Maturity); 63.69 (Sex/Maturity). The table on the right refers
to the test addressed for every variable accounted for. The χ2’s test statistics are 63.21 (Males/Adults);
65.17 (Males/Immatures); 73.61 (Females/Adults); 84.19 (Females/Immatures). The significance
codes stand for: *** significance at 1%, ** significance at 5%, * significance at 10%.

Sex/Maturity
(X)

Patterns/Behavior
(Y)

Sex p-Value 0.00

Maturity p-Value 0.00

Sex/Maturity p-Value 0.00

Chi–Square on social behavior (p-Value)

Total specimen 0.00 ***

Males 0.00 ***

Females 0.00 ***

Adults 0.00 ***

Immatures 0.00 ***

In this analysis, the random (casuality) or non-random (non-casuality) occurrence of
the social interactions was tested using Cochran’s Q test, where the treatments denote how
the presence of the bait affects the sharks’ behaviors. It is a non-parametric test applied to
the analysis of two-way categorical variables (success = 1, unsuccess = 0). Thus, in technical
terms, the test requires a binary variable of interest and assesses whether the proportion of
causal links (“successes”) is the same between the groups.

In this study, the nominal outcome is a causal and non-causal link according to
shark’s behavior, where the groups refer to the numerical indices i and j (raw data) of the
nominal variable y(i,j). In this way, one would be able to test whether the effectiveness
of the treatments is different between the groups. More precisely, we can investigate the
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presence of heterogeneity between observations without incurring linear problems such as
multicollinearity, heteroskedasticity, asymptotic distributions, and exogeneity.

Let the degrees of freedom be k − 1 = 1; the resulting p-value is lower than the signifi-
cance level (α = 5%), so one should reject the null hypothesis in favor of the alternative
(Table 2):

Table 2. Cochran’s test results: the “Test Statistic” refers to the Chi-squared distribution, the “critical
value” is the threshold above which one should reject the null hypothesis, the “df” stands for the
degrees of freedom, “p-value” denotes the probability of wrongly choosing the true hypothesis,
and “significance level” denotes the probability of rejecting the null hypothesis when it is true
(Type I Error).

Test Statistic 175,98

Chi-squared distribution (critical value) 3,840

df 1

p-Value (one-tailed) 0,027

significance level 0,050

H0. There is no significant difference in the effectiveness of treatments (the choice is casual).

H1. There is a significant difference in the effectiveness of treatments (the choice is not casual).

4. Discussion

Not many observations are available on the social behaviors of sharks, particularly
about white sharks, and they are mainly related to aggregations. In fact, although sharks are
often seen as solitary predators, it has been observed that some shark species can aggregate
not simply in response to environmental changes, but in actual groups of mutually attracted
individuals [40–42].

Such behaviors have been observed in the following orders: Heterodontiformes [43],
Hexanchiformes [44], Squatiniformes [45], and Carcharhiniformes [46,47]. At the same
time, evidence of social interactions has also been reported in planktophagouses [48], in
large predators [49], in coastal water species [46,50], and in reef sharks [47,51–53]. Several
theories have been proposed for the reasons for these aggregations: the formation of
groups could be attributed to communication, to the transfer of social information [46], to
predation, to the protection of the group [52,54], and to reproduction [55–59].

In addition, the white shark, although mostly solitary, has been reported to aggregate at
a number of sites worldwide: these include Seal Island, Gansbaai, and Mossel Bay in South
Africa [60], Guadalupe Island in Mexico [61], the Chatham Islands in New Zealand [62],
Cape Cod in Massachusetts, USA [63], and Neptune Islands in Australia [64]. Most
aggregation sites have been suggested to provide important feeding grounds for white
sharks [65], and aggregations have been shown to be driven by the seasonal availability
and abundance of prey species [64,66,67]. At the same time, sharks have been observed
to develop and maintain complex social behaviors such as dominance hierarchies [13,14]
and stable social bonds [68], as well as to be able to learn social information [69,70]; these
abilities are due to the fact that sharks are characterized by a high ratio between brain mass
and body mass [71–73], comparable to that of mammals.

However, the highly mobile nature of sharks, combined with the difficulty of tracking
their movements in the open sea, makes it difficult to study their social interactions.

The hypotheses of intraspecific associations and groupings are mainly based on direct
observations in the field [52] and on some recent tracking data thanks to acoustic satellite
telemetry [50] or the use of passive receivers [74–76]. By aggregating, individuals facilitate
social interactions and mating [77].
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Furthermore, some observations have revealed unusual adaptation mechanisms, par-
ticularly in some shark species [78]; among these, the seven-gill sharks Notorynchus cepe-
dianus seem to use multiple feeding strategies depending on both size and type of prey,
adopting strategies of social facilitation and hunting in packs to deal with larger prey such
as Cape fur seals Arctocephalus pusillus pusillus [44].

The scientific literature has also begun to outline what the traits of the sociobiological
background are of the elasmobranchs, and how this comes to structure itself beyond
instinct [57,79,80]. Clues to this presumed influence are provided by the different forms of
learning currently proven in elasmobranchs, such as those inherent in hunting: individuals
can improve the techniques of searching and capturing prey over time, thus increasing
their successes [79] and individual surface behavior of white sharks in the presence of
bait is not a simple stimulus–response reflex, but rather a complex tactical situation with
plastic responses [39].

Although for years the white shark has been considered a solitary species, some studies
have led researchers to affirm that, in reality, it is a socially complex species [16,17]. For
example [81], in southern California, hypothesized that juvenile white sharks form distinct
communities during critical early phases of ontogeny and how a tendency to co-occur
across life stages may originate from the formation of these communities in early ontogeny.
Schilds et al. (2019) [19], in Australia in the Neptune Islands, found that white sharks did
not randomly co-occur with their conspecifics, but formed four distinct communities. Off
Guadalupe Island, Mexico, animal-borne telemetry receivers revealed that white sharks
varied in the number of associations they formed and occurred most often when white
sharks were swimming in straight paths or when they were turning frequently. While many
associations were likely random, there was evidence of some stronger associations [82].

Klimley (2000) [83] defined the white shark as an “eavesdropper” species that is
capable of interpreting and exploiting the successes of others during foraging; this feature
is also called “social learning” or the possibility for some animals to extrapolate information
gained from other individuals [79,84]. If it is true that juvenile white sharks form distinct
communities, as claimed by Anderson et al. (2021) [81], the establishment of a hierarchy,
in the presence of passive surface bait, is favorable for both individuals concerned, as it
averts a direct confrontation and, therefore, the possibility of injury, presenting a gain both
in terms of energy and the possibility of preserving themselves for future predation [17].
An example of the presence of a hierarchy in white sharks occurs during their scavenging
activity, in which two possibilities of behavior are highlighted: either there is an approach
to a carcass depending on the size order of the sharks present [23] or, in the event of
numerous specimens intent on feeding, the larger ones have access to the portions with
more fat and therefore energetically more beneficial, while the subordinate specimens feed
on the remainder or pieces floating in the sea. This mechanism allows the reduction in
collisions and life-threatening injuries. If there is no competition for a resource, aggression
is minimal [85].

The analysis of the data collected in 10 years of observations showed how sharks did
not form random social interactions and that this is not linked to chance but linked to
choice to create a dominance hierarchy between them, and immature females were more
inclined to do so. In Gansbaai, the white shark population is numerically dominated by
females [32], probably explaining why females exhibit such behaviors.

Thus, despite having been regarded as a solitary species for many years [38], and
if it is true that intraspecific competition ethogram occurs when two or more organisms
of the same species have simultaneous access to a limited resource [8] and the access is
commonly established through competitive events that rarely take the form of a direct
confrontation, the white shark turns out to be an animal capable of exhibiting social
behaviors in particular situations.

Specifically, the results of the social interactions exhibited by pairs of bait-attracted
white sharks in the Dyer Island’s Nature Reserve show both competitive modules of follow
and follow/give way, and “mild” observation modules [17], such as parallel swim and
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swim by: the latter, in fact, as shown in Figure 5, was the most observed social behavior.
As already noted in the study by Sperone et al. (2012) [40] in Gansbaai, these “mild”
observation modules reflect a type of extremely calm approach and an initial hesitation,
thus confirming the studies by Bromilow (2014) [86] and the observations made by Martin
et al. (2005) [29], who argued that the white shark certainly has a more aggressive approach
with natural prey rather than with passive ones, when the investigation period is of
longer duration.

In particular, although this species was considered by many to be myopic [16,87,88],
recently, Micarelli et al. (2021a) [36], in the Gansbaai population, stated that white sharks
implement their predatory choices to energetically richer prey, thanks especially to their
visual ability, which plays an important role in adults and immatures with dietary shifts in
their feeding patterns and, as noted in juvenile white sharks in the study by Lisney et al.
(2007) [89], the olfactory bulbs are relatively smaller and the optic roof relatively larger
than in adults; for this reason, in Gansbaai, immatures tended to be more observant in the
hunting area and confronted each other in capturing prey, exhibiting the social interactions
with the modules described by Martin in 2003.

In the future, having highlighted and confirmed the presence of non-random social
behaviors between pairs of sharks in Gansbaai in the presence of passive surface bait final-
ized to establish a dominance hierarchy, it would be interesting to apply network analysis
methodologies to evaluate the possible presence in this area of distinct social groups, as
already observed in the Neptune Islands in Australia [19], or in southern California [82],
where non-random co-occurrence of juvenile white sharks at seasonal aggregation sites
were recorded. Because Reinero et al. 2022 [90] stated that environmental factors influence
the prey discrimination of white sharks in Gansbaai during their surface passive prey
predatory behavior and that tide range is the most important factor that influences the
white sharks’ prey choice, followed by underwater visibility, water temperature, and sea
conditions, it will also be important to deepen the understanding of whether social behav-
iors of white sharks may also be affected by potential factors such as abiotic conditions,
natural prey and competitor species, and interspecific interactions.
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Abstract: Seas and oceans are contaminated by persistent organic pollutants (POPs), which are
released into the environment by human activities. The chemical-physical properties of POPs induce
high persistence and toxicity in marine organisms from the lowest to the highest trophic levels.
Phyto- and zooplankton are at the base of the food chain, and they can adsorb and accumulate these
xenobiotic compounds. Therefore, all planktophagous species, including the whale shark (Rhincodon
typus), are susceptible to ingesting these contaminants during feeding. From October to December,
whale sharks migrate along the north-west coast of Madagascar in search of dense patches of plankton.
During scientific expeditions to the whale sharks’ foraging areas in the waters of the island of Nosy
Be (which is in the north-west of Madagascar), plankton samples were taken. In these samples,
the presence and levels of some chlorinated xenobiotics (HCB, DDT and its metabolites, and PCBs)
were evaluated in order to estimate the possible impact of whale shark diet on organochlorine (OC)
accumulation. The fresh plankton biomass sampled from this region did not seem to be sufficient for
the sustenance of the animals, which suggests that the daily contamination input of Rhincodon typus
individuals, depending on their plankton diet, is minimal.

Keywords: zooplankton; pollution; legacy contaminants; POPs; DDTs; PCBs; HCB; Rhincodon typus;
contaminant intake

1. Introduction

Zooplankton plays an important role in regulating the patterns and mechanisms
through which both matter and energy are transferred from the base to the upper levels
of food webs [1]. Zooplankton is a key vehicle through which persistent contaminants
entering the marine environment are transferred from primary producers to higher trophic
levels, since it accumulates pollutants from both water and food [2]. Zooplankton provides
an essential food source for numerous species, and its fluctuations in spatio-temporal distri-
bution might influence the biodiversity trends in various marine organisms [3], including
whale sharks.

The whale shark, Rhincodon typus (Smith, 1828), is the largest known fish-like ver-
tebrate in the world, with an uncertain maximum size [4]. It has been included in the
CITES Appendix II since 2002. The species was also listed as vulnerable in the IUCN
Red List in 2000 [5], a status that was confirmed in 2005 [6], and in 2016, the conservation
status was then reclassified as endangered in order to address its decreasing population
trend [7]. Whale sharks are panoceanic planktivores and are cosmopolitan in distribution,
inhabiting all tropical and warm temperate seas, except the Mediterranean [8]. They spend,
on average, 7.5 h/day feeding at the surface on dense plankton dominated by calanoids,
copepods, sergestids, chaetognaths, and fish larvae [9–13]. The filtering apparatus of R.
typus, unlike that of Cetorhinus maximus and Megachasma pelagios, is incapable of filtering
large volumes of water, but it seems to be adapted to a combination of filter and suction
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feeding, making it more versatile than that of the other two filtering sharks, and thereby
allowing whale sharks to target a wider variety of prey [14].

Most of the information on the species of the whale shark is derived from studies
conducted in coastal areas [15,16], where, seasonally, various individuals aggregate based
on environmental factors, such as the seasonal productivity of plankton [17–20], the repro-
duction in fish [21], crab egg releases [22,23], and ocean current trends [24]. The discovery
of several aggregation sites of these animals around the world, including in the waters
of Nosy Be Island in Madagascar, has significantly increased the number of sightings in
recent years, and in many areas, these encounters have helped to develop a profitable and
increasingly popular tourism industry [8,25–28].

However, increasing human activity in whale shark feeding grounds has, in turn,
increased chemical pollution from urban wastewaters, vessels, agriculture, and also waste.
Primary information regarding contaminant uptake in elasmobranch species is still lacking,
though, as well as the potential physiological effects of pollutants on the whale shark
species [20,29]. As a result, even if pollution has not yet been considered as one of the main
threats to the survival of the whale shark species, the negative effects on the health of this
organism may worsen the situation [30,31]. Contaminants entering the marine environment
are readily absorbed by organic matter, and they are taken up and absorbed by plankton
at the base of marine food webs [32,33]. Marine zooplankton has relatively high lipid
reserves, and it can accumulate hydrophobic organochlorine compounds (OCs) [34–36].
Several studies have shown that sharks bioaccumulate and biomagnify certain metals and
metalloids in their tissues as well as organochlorine contaminants [2]. Although POPs have
been regulated since the 1970s and banned in production and in use by the 2001 Stockholm
Convention (initially there were 12, called the “dirty dozen”, but there are now a total of 29,
plus another 6 that are under review) [37], large quantities of persistent organic pollutants
(POPs) have been released into the environment. Due to their propensity for long-range
transport, high environmental persistence, bioaccumulation potential, and intrinsic toxicity,
POPs continue to present a global problem today [38]. Dichlorodiphenyltrichloroethane
(DDT) and polychlorinated biphenyls (PCBs), for instance, are still found in countries within
the Northern Hemisphere, where they have actually been banned already for a long period
of time [2]. Contamination of marine environments has been linked to increasing levels of
lethal and sub-lethal effects to individuals, populations, and ecosystems [24,39]. Chronic
or intermittent exposure to OCs and trace elements results in severe effects on aquatic
organisms at different physiological, cellular, and behavioral levels [24]. In this study,
zooplankton samples were collected between November and December of 2019 along the
coast of Nosy Be Island in the foraging areas of whale sharks. The samples were analyzed
in order to evaluate the presence and the levels of OCs, particularly hexachlorobenzene
(HCB), 29 PCB congeners, and DDT with its metabolites (DDTs). Knowing the feeding
habits of the whale shark [9] and the amount of fresh plankton biomass present in this area
at the time of the elasmobranch visitation [12], it was also possible to evaluate the input of
organochlorine contamination through the animal’s diet.

2. Materials and Methods

2.1. Study Area

Nosy Be (≈13◦39′ S; 40◦20′ E), in the Antsiranana Province, is a volcanic island located
in the Mozambique Channel, 8 km (km) off the Northwest coast of Madagascar (Figure 1).
The island is roughly 22.5 km long and 15 km wide with an area of 312 square km, and
Mont Lokobe is its highest peak at 450 m. Water depths on the continental platform around
Nosy Be are generally shallow, rarely exceeding 40 m. Water temperatures around Nosy
Be vary from about 24 ◦C in August to about 28 ◦C in February. The difference between
the lowest and highest possible tides is 4.44 m, with an average of 2.22 m. This great
fluctuation in tidal level gives rise to strong tidal currents in restricted channel areas [40].
Nosy Be is a small island of Madagascar, famous for its own largely endemic animal and
plant biodiversity [41]. The distribution, status, and abundance of whale sharks are poorly
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documented in Madagascar [42,43]. North-western Madagascar is a significant hotspot for
marine megafauna species, including whale sharks, cetaceans, and sea turtles, as well as for
coral biodiversity [44]. Nosy Be, specifically, is likely to be a feeding area for planktivores:
R. typus here is often associated with surface schools of mackerel tuna feeding on small
pelagic fishes (Clupeidae) [45]. The population structure of whale sharks, the majority of
which are juvenile males, is common within their coastal feeding areas [46]. Among the
various impacts in Nosy Be and the larger Madagascar area, both anthropogenic (fishing
methods, uncontrolled tourism, and recreational activities) and environmental (tropical
cyclones—from November to April—and climate change effects generally) have amplified
over the last four decades, and the stress related to increased pollution associated with
dredging, coastal development, deforestation, and intensive agriculture should not be
overlooked [45]. This is particularly the case for those species, such as the whale shark,
which are already considered at risk, and that will be in need of conservation in the
near future.

 
Figure 1. Study area (south-eastern Nosy Be, in north-western Madagascar). Green dots represent
plankton sampled during active feeding behavior of whale sharks. Orange dots represent plankton
sampled during passive feeding behavior, and pink dots represent plankton sampled during vertical
feeding behavior. White “X”s represent plankton sampled when no whale sharks were present.
Numbers near the dots represent sample IDs.

2.2. Samples Collection

One expedition, coordinated by the Sharks Studies Centre, was carried out in November–
December of 2019 with the logistical support of Manta Diving boats. Departing from the
beach of Ampasikely (S 13◦20′47.9335′′ E 48◦11′19.824′′) on small tourist boats, the team
collected zooplankton samples in the coastal waters of the south-eastern side of the island
from approximately 08:30 to 13:30. The plankton samples were collected with a 200 μm mesh
size net with a 50 cm diameter mouth. Once the net had been ballasted (2–5 kg) and tied with
a rope to the boat, it was towed for 10 min at a speed of 2 knots. Afterwards, the net was
recovered and repeatedly rinsed with sea water from the outside to the inside in order to
recover any material stuck to its walls. Plankton entrapped in the collector at the base of the
net was then retrieved and filtered through a 0.50 μm filter, wrapped in a sheet of aluminum
foil using a spatula, placed inside plastic jars, and, finally, stored in a refrigerator. Zooplankton
collected in the feeding area of the whale sharks was sampled during or immediately after the
sharks displayed a feeding behavior (active, passive, and vertical), following the definition
by [47]. Furthermore, upon returning from each sampling trip, a control sample was taken
near the coast where, according to the local guides and fishermen, whale sharks are never
encountered. This was conducted at a depth of at least 10 m in order to avoid breaking the net
along the seafloor. Upon returning from the survey, each sample was divided into sub-samples
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for the different analyses. A part of the sample was used for taxonomic investigations [12],
and another aliquot was frozen at −20 ◦ C for toxicological analyses. A total of 28 zooplankton
samples were analyzed for OC determination (Figure 1).

2.3. Sample Preparation and OC Determination

Frozen plankton samples were weighed. All samples were <1 g, so a standard weight
of 0.100 g was used for OC determination. HCB, DDTs, and PCBs were determined
according to U.S. Environmental Protection Agency (EPA) method 8081/8082 modified
according to Marsili et al. (2016) [39]. Samples were then freeze-dried for 2 days, and were
subsequently homogenized manually with a mortar. Cellulose thimbles were pre-extracted
in a Soxhlet for 9 h with 150 mL of n-hexane in order to remove impurities. Next, the
thimbles were evaporated under a fume hood for one hour and placed in the stove at
100 ◦C for another hour. A total of 0.100 g of the plankton samples were loaded into each
cellulose thimble, spiked with 100 μL 1 ng/μL of PCB n◦ IUPAC30 (International Union of
Pure and Applied Chemistry) [47], and then extracted in a Soxhlet apparatus for 9 h with
200 mL of n-hexane. The extracted organic material (EOM%; lipid content) was calculated
gravimetrically in each sample.

The extract was then saponified with 10 mL of sulphuric acid (98% AnalR © Normapur,
VWR chemicals) for 12 h to obtain lipid sedimentation. Supernatant solution was recovered
and evaporated to 10 mL with Rotavapor 110 at constant temperature of 45 ◦C. The extract
then underwent liquid chromatography on a column containing Florisil (VWR chemicals,
ph 8.5; mesh size 150–250 μm) that had been dried at 110 ◦C for 1 h, and everything was
eluted with 90 mL of n-hexane. This phase further purified the apolar phase of the lipids
that could not be saponified. The extract was then evaporated and spiked with 100 μL of
hexane 0.15 ng/μL of PCB209, which was used as the second internal standard.

The analytical method used was High Resolution Capillary Gas Chromatography
with an Agilent 6890 N and a 63 Ni ECD and an SBP-5 bonded phase capillary column
(30 m long, 0.2 mm internal diameter). The carrier gas was nitrogen with a head pressure of
15.5 psi (splitting ratio 50/1). The scavenger gas was argon/methane (95/5) at 40 mL/min.
The oven temperature was 100 ◦C for the first 10 min, after which it was increased to 280 ◦C
at 5 ◦C/min. The injector and detector temperatures were 200 and 280 ◦C, respectively. A
mixture of specific isomers was used to calibrate the system, evaluate recovery, and confirm
the results.

The standard injected was prepared with 50 ng/mL of HCB, 100 ng/mL of DDT (pp′DDT,
pp′DDD, pp′DDE, op′DDD, op′DDE), 200 ng/mL of op′DDT, and 2 μg/mL of Arochlor 1260.
For the evaluation of the linearity in the instrumental response and the instrumental sensitivity,
the following quantities of the standard were injected: 1, 2, and 4 μL. Capillary gas chromatog-
raphy revealed 29 PCB congeners (IUPAC no. 95, 99, 101, and 118—pentachlorobiphenyls; 128,
135, 138, 144, 146, 149, 151, 153, and 156—hexachlorobiphenyls; 170, 171, 172, 174, 177, 178, 180,
183, and 187—heptachlorobiphenyls; 194, 195, 196, 199, 201, and 202—octachlorobiphenyls;
and 206—nonachlorobiphenyls). Total PCBs (∑PCBs) were quantified as the sum of all con-
geners. Total DDTs (∑DDTs) were calculated as the sum of the isomers op′DDT, pp′DDT,
op′DDD, pp′DDD, op′DDE, and pp′DDE. The limit of detection (LOD) for all compounds
analyzed was 0.1 ng/kg (ppt).

2.4. Data Analysis

Data were processed with STATISTICA 7.1 software. A Shapiro–Wilk test was used
to check the distribution of the data. The Shapiro–Wilk test utilizes the null hypothesis
principle: the null hypothesis is that the population is normally distributed (p > 0.05). In the
non–normally distributed data, a Kruskal–Wallis test was applied, and in those normally
distributed or normalized with Log transformation, a t-test and a Pearson test were applied.
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3. Results and Discussion

3.1. POP Concentrations in Plankton Samples

Table 1 summarizes POP concentrations, expressed in ng/g dry weight (d.w.), detected
in plankton samples, and divided between the functions of the shark feeding behavior (ac-
tive (A), passive (P), vertical (V)), and the control area (C)) where the shark was not present.

Table 1. HCB, PCB, and DDT levels in plankton samples divided by the feeding behavior of the
whale shark (vertical, passive, and active). Control refers to plankton sampled when no shark was
around. N = number of samples; SD = Standard Deviation; Min = Minimum; Max = Maximum;
SE = Standard Error. All values are expressed in ng/g dry weight.

Vertical

Compound N
Mean ± SD
(Min–Max)

Median SE

HCB 7 2.80 ± 4.02
(0.47–10.9) 1.35 1.64

PCBs 7 114.55 ± 160.04
(26.16–436.49) 47.39 65.33

DDTs 7 44.20 ± 29.26
(15.17–93.57) 34.65 11.95

DDTs/PCBs 7 0.64 ± 0.22
(0.21–0.83) 0.64 0.09

Passive

Compound N
Mean ± SD
(Min–Max)

Median SE

HCB 5 1.65 ± 1.05
(0.70–2.93) 1.08 0.47

PCBs 5 65.81 ± 25.68
(38.95–98.05) 57.16 11.48

DDTs 5 44.40 ± 21.06
(23.65–74.98) 37.27 9.42

DDTs/PCBs 5 0.65 ± 0.06
(0.61–0.76) 0.64 0.03

Active

Compound N
Mean ± SD
(Min–Max)

Median SE

HCB 5 0.72 ± 0.19
(0.51–1.01) 0.68 0.09

PCBs 5 41.07 ± 16.10
(28.55–67.91) 34.69 7.20

DDTs 5 25.85 ± 6.02
(18.11–32.96) 26.28 2.70

DDTs/PCBs 5 0.68 ± 0.22
(0.44–0.95) 0.63 0.10

Control

Compound N
Mean ± SD
(Min–Max)

Median SE

HCB 11 0.89 ± 0.81
(0.41–3.31) 0.68 0.24

PCBs 11 47.76 ± 14.49
(27.99–73.62) 49.74 4.37

DDTs 11 30.21 ± 10.16
(14.54–54.46) 26.81 3.06

DDTs/PCBs 11 0.65 ± 0.20
(0.46–1.09) 0.60 0.06

20



Diversity 2023, 15, 911

In the (V) samples, the mean levels of HCB and PCBs were higher than in the other
samples; DDTs had levels comparable to those of sample (P), and both were higher than
(A) and (C). The differences between the four groups, however, were not statistically
significant (p < 0.05) with the non-parametric Kruskal–Wallis H test. This is probably
due to the low sample number evaluated and the high standard deviation that was
detected. The average abundance pattern for the target contaminants in plankton was
PCBs > DDTs > HCB, regardless of the type of feeding behavior and the sampling area.
Considering all of the zooplankton samples together, PCBs ranged from 26.16 ng/g
d.w. to 436.49 ng/g d.w. (x = 64.71 ± 77.14), DDTs ranged from 14.54 ng/g d.w. to
93.57 ng/g d.w. (x = 35.14 ± 18.46), and HCB ranged from 0.41 ng/g d.w. to 10.90 ng/g
d.w (x = 1.42 ± 2.05). Evaluating the representativeness of these results from a quantitative
point is challenging, especially because sources for bibliographic comparison are scarce.
There are very few previous studies on OC levels in plankton globally (Table 2), and only
one was conducted near the wide-ranging area covered by this study [2].

Table 2. Bibliographic research on studies in which PCBs, DDTs, and HCB were evaluated in
phyto- and zooplankton all over the world. Values are expressed in mean ± SD or as a range of
minimum-maximum. w.w. = wet weight; d.w. = dry weight; l.w. = lipid weight.

Area Sample Type PCBs DDTs HCB Ref.

Gulf of Mexico and
Caribbean Zooplankton <3–678

ng/g w.w.
0.2–34

ng/g w.w. [48]

Turku Arcipelago
(Finland) Zooplankton 38

ppm l.w. [49]

Southern Ocean Zooplankton and
phytoplankton

0.30–0.37
ng/g d.w.

19
ng/g d.w. [50]

Terranova Bay (Antartide) Zooplankton
(copepods)

575
ng/g l.w.

400
ng/g l.w.

109
ng/g l.w. [51]

East coast of
Newfoundland (Canada) Zooplankton 85.7

ng/g l.w.
22.3

ng/g lw
6.4

ng/g l.w. [52]

Pelagos Sanctuary
(Maditerranean Sea)

Zooplankton
(Meganyctiphanes

norvegica)

84.6–210.2
ng/g w.w.

45.3–163.2
ng/g w.w.

3.5–11.6
ng/g w.w. [53]

Portugal Plankton

61–159
ng/g d.w. (February) [54]68–155

ng/g d.w.
(April)

48–76
ng/g d.w. (north)

12–63
ng/g d.w.

(July)

3–7
ng/g d.w. (south)

Maditerranean Sea Zooplankton 0.76–353
ng/g d.w.

2.5
ng/g d.w. [55]

Strait of Georgia British
Columbia (Canada) Zooplankton 52.2–364

ng/g l.w. [56]

Coastal Transect in British
Columbia (Canada)

Zooplankton
0.2–0.8

ng/g l.w. (north) [57]
0.6–1.2

ng/g l.w. (south)

Atlantic, Indian and Pacific
Oceans Zooplankton 30–692

pg/g d.w. [58]

Gulf of Tadjoura (Djibouti) Zooplankton 109.7–636.1
ng/g d.w.

21.42–79.2
ng/g d.w. [2]

Weizhou Island
(China) Zooplankton 0.77 ± 0.20

ng/g d.w.
0.20 ± 0.08
ng/g d.w. [59]

The results obtained in our study were in line with those conducted in Portugal [54],
while those recorded in the Southern Ocean [50] were considerably lower. The most
interesting comparison is with the study conducted in Djibouti [2], which is 3000 km north
of Nosy Be, in which PCB levels were higher despite the similarity of the area. On the other
hand, DDTs were consistent with the aforementioned studies [2,50,54].
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The only two studies in which HCB analysis was carried out were those conducted in
the Mediterranean Sea [55] and in Weizhou Island [59], and in both cases, our results were
higher.

3.2. PCB Congeners Composition

The PCB content was mostly dominated by eight congeners: PCB(149 + 118), PCB153,
PCB138, PCB180, PCB170, PCB201, and PCB206, with contributions > 50% (Figure 2).

 

Figure 2. PCB fingerprint registered in all of the plankton samples. Values are expressed in percentage
(%) on total PCBs. X-axis represents the 29 PCB congeners detected in the plankton samples.

It should be emphasized that the PCB abundance model is very similar to what is
usually reported for biotic matrices, where the most recalcitrant PCB congeners (in par-
ticular, PCB153, PCB138, and PCB180) constituted the majority of PCB burdens. Among
these, congener 22′44′55′ (PCB153) was the most abundant in all of the samples, probably
due to the fact that this congener is particularly persistent as it has chlorines in positions
2, 4, and 5 of both rings of the biphenyl [60–62] and has no adjacent unsubstituted car-
bons in the ortho-meta position [63]. It is also very important in toxicological terms as
a mutagenic, teratogenic, and carcinogenic compound, and also as an endocrine disrup-
tor [64]. PCB118—which was present in high percentages in all of the samples—is also
important toxicologically because it shares the previously mentioned characteristics [64].
Figure 2 shows the very high SDs, particularly for the congeners PCB153, PCB180, and
PCB201. Therefore, we investigated whether the differences in feeding behavior type could
be related to a different PCB fingerprint between the groups. With the t-test, performed
following the verification of the Gaussian distribution of the data and considering the
percentage values, significant differences (p < 0.05) were identified: (V) differs from (P) for
PCB178 and PCB196 as well as from (A) for PCB172, and only in the case of PCB196 we
had the highest percentages in (V); (P) differs from (A) and from (C) for PCB99, always
in lower percentages in (P); (P) differs from (A) for PCB151 and from (C) for PCB178,
and PCB178 were present with higher percentages in (P), unlike PCB151; and, finally, (A)
had significantly higher percentages of PCB172 and PCB199 than (C). Thus, only a few
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congeners differ significantly between the different feeding behaviors, and among these,
the most representative PCB congeners were not present. This result could have been
influenced by the high SD recorded within each group for the individual samples that were
analyzed. For this purpose, the PCB fingerprint results are reported separately for the four
behavioral groups (Table 3). Analyzing the data, PCB180 has a high SD both in (V) and
in (P), PCB201 has a high SD in both (V) and in (C), and even in (C), the SD for PCB201 is
greater than the mean value.

Table 3. PCB fingerprint registered in the plankton samples divided by feeding behavior. Values are
expressed in mean percentage (%) on total PCBs ± Standard Deviation.

Compound
Vertical

N = 7
Passive
N = 5

Active
N = 5

Control
N = 11

95 3.48 ± 1.46 2.74 ± 2.41 3.26 ± 0.59 3.61 ± 2.94
101 3.14 ± 1.92 2.68 ± 1.49 2.81 ± 1.04 2.78 ± 0.71
99 3.44 ± 1.60 2.02 ± 0.75 3.73 ± 0.94 3.37 ± 0.92

151 2.28 ± 1.16 1.61 ± 0.55 2.45 ± 0.44 2.02 ± 0.70
144 + 135 1.89 ± 1.10 1.69 ± 0.67 2.32 ± 0.43 2.25 ± 1.08
149 + 118 8.40 ± 2.62 8.01 ± 3.18 8.40 ± 2.10 8.75 ± 1.53

146 2.57 ± 0.91 2.63 ± 2.77 3.02 ± 1.37 3.23 ± 0.79
153 14.82 ± 3.38 15.16 ± 3.56 13.80 ± 1.25 13.59 ± 5.51
138 9.18 ± 3.01 9.14 ± 1.81 7.36 ± 1.22 7.45 ± 3.07
178 2.38 ± 0.87 4.09 ± 1.16 3.33 ± 2.45 2.54 ± 1.34
187 4.43 ± 1.02 5.47 ± 2.04 4.32 ± 0.66 3.94 ± 1.49
183 2.05 ± 0.43 2.85 ± 2.34 1.98 ± 0.58 2.38 ± 0.84
128 1.37 ± 0.48 1.61 ± 0.78 1.16 ± 0.26 1.10 ± 0.29
174 2.85 ± 1.01 3.90 ± 1.46 4.05 ± 2.52 2.90 ± 1.22
177 1.75 ± 0.49 1.76 ± 0.55 1.71 ± 0.51 1.46 ± 0.46

156 + 171 + 202 1.55 ± 0.39 1.93 ± 0.84 1.24 ± 0.42 1.32 ± 0.30
172 1.23 ± 0.40 1.41 ± 0.74 2.34 ± 0.85 1.23 ± 0.44
180 7.66 ± 6.94 8.02 ± 5.26 5.06 ± 1.12 4.70 ± 1.75
199 2.17 ± 1.24 2.49 ± 2.67 3.15 ± 1.06 1.53 ± 0.40
170 5.54 ± 2.94 5.51 ± 3.28 3.77 ± 2.09 4.68 ± 1.69
196 3.40 ± 0.70 2.09 ± 0.52 2.62 ± 0.97 3.23 ± 2.10
201 4.43 ± 3.34 5.20 ± 2.07 4.31 ± 1.54 10.56 ± 11.44
195 2.85 ± 1.82 4.02 ± 3.43 4.61 ± 2.26 4.44 ± 2.39
194 2.29 ± 0.96 1.95 ± 1.19 2.97 ± 1.17 2.31 ± 1.40
206 5.31 ± 2.91 4.53 ± 2.68 6.69 ± 1.51 5.48 ± 2.31

3.3. DDT Isomer Composition and Ratios

The relative contribution to the total DDT content (Figure 3) was pp′DDE (43.2%) >
op′DDT (23.8%) > pp′DDT (13.2%) > op′DDD (7.3%) > pp′DDD (6.7%) >op′DDE (6.4%).
For the first three isomers (pp′DDE, op′DDT, and pp′DDT), a similar trend was observed
in the behavioral groups, while minimal differences existed for op′DDD, pp′DDD, and
op′DDE (Table 4). The only significant difference between the groups was between (V)
and (A) for pp′DDT, with a higher percentage in group (A). Typically, technical DDT is
composed of pp′DDT (77.1%), op′DDT (14.9%), pp′DDD (0.3%), op′DDD (0.1%), pp′DDE
(4.0%), op′DDE (0.1%), unidentified compounds (3.5%) [65], and a (pp′DDE/pp′DDT)
ratio of 0.05. If the ratio (pp′DDE/pp′DDT) has high values, it can be deduced that the
majority of the active substance (pp′DDT) has been degraded to pp′DDE, and, therefore,
there were no recent deposits of insecticide into that ecosystem [66]. In all the zooplankton
samples the pp′DDE/pp′DDT ratio had a mean value of 4.55, with a range from 0.78 to
12.97. Clearly, this is a value higher than 0.05 of the technical DDT, but is not so high as
to suggest an historic introduction of the pesticide. The (pp′DDE/DDTs) ratio, as well as
having a similar meaning to the (pp′DDE/pp′DDT) ratio, can also indicate the efficiency
of the metabolic processes [67]. In fact, the (ppDDE/DDTs) ratio indicates the relative
abundance of metabolized forms of DDT. In this study, zooplankton showed a ratio that
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varied from 0.23 to 0.65, with a mean of 0.43. A value of this ratio equal to 0.6 is considered
critical, while higher values indicate that there are no new contamination inputs in the
study area [68]. The value found in our samples thus highlighted an alarming situation.

 

Figure 3. DDT fingerprint registered in all the plankton samples. Values are expressed in percentage
(%) on total DDTs.

Table 4. DDT fingerprint (expressed in percentage (%) on total DDTs) and DDT isomer ratios registered
in the plankton samples divided by feeding behaviour. op′DDTs = (op′DDD + op′DDE + op′DDT).

Compound
Vertical

N = 7
Passive
N = 5

Active
N = 5

Control
N = 11

op′DDE 6.11±4.59 8.84 ± 7.45 2.98 ± 1.17 7.25 ± 5.15
op′DDD 8.10 ± 2.43 5.41 ± 2.30 7.94 ± 1.89 7.45 ± 1.79
op′DDT 20.86 ± 10.12 24.91 ± 13.42 20.01 ± 5.30 26.66 ± 9.15
pp′DDE 49.45 ± 9.90 39.78 ± 9.25 42.49 ± 8.21 41.73 ± 11.25
pp′DDT 8.59 ± 3.60 13.95 ± 8.96 20.20 ± 11.85 12.27 ± 4.57
pp′DDD 6.89 ± 1.61 7.12 ± 3.00 6.38 ± 2.36 6.62 ± 2.80

pp′DDE/pp′DDT 6.91 ± 3.68 4.39 ± 3.67 2.89 ± 1.91 4.08 ± 2.43
(pp′DDE + pp′DDD)/pp′DDT 7.80 ± 3.96 5.26 ± 4.52 3.30 ± 2.18 4.68 ± 2.59

pp′DDE/DDTs 0.49 ± 0.10 0.40 ± 0.09 0.42 ± 0.08 0.42 ± 0.11
op′DDTs/DDTs 0.35 ± 0.09 0.39 ± 0.11 1.47 ± 1.33 0.40 ± 0.10

op′DDT/pp′DDT 2.91 ± 2.45 2.70 ± 2.10 1.47 ± 1.33 2.45 ± 1.20

Another ratio used as an indicator of fresh or altered residues [69] was that between
the sum of pp′DDE and pp′DDD on the pp′DDT [(pp′DDE + pp′DDD)/pp′DDT].

Normally, a value of 1 is taken to distinguish between legacy and recent DDT in-
puts [70]. The mean value found for all of the samples was 5.23, with a range in different
feeding behavior from 3.30 (A) to 7.80 (V). A total of 100% of the 28 samples had a value
of this ratio > 1. These results suggest the recent use of DDT in the Nosy Be area, likely
illegally. This theory is further supported by the relationship that is seen between the
op′ isomers of DDT and DDTs [(op′DDE + op′DDD + op′DDT)/DDTs]. A sum of op′
isomers that exceed 20% of total DDT suggests a non-insecticide (or industrial) source of
this xenobiotic [71]. In fact, the waste products from the processing of technical DDT are
generally enriched with op′ isomers with respect to pp′DDT: the resulting compound finds
application on an industrial level, and it is not subject to regulation for the use of DDT
insecticide mixtures [72]. The value for all of the samples was 0.37, with a range of 0.21–0.56.
The same results were obtained by separating the four types of sampling with the values
of this ratio that were higher than 20% (Table 4), and this suggests that there is an excess
of op′ isomers used in DDT mixtures, which possibly indicates that the xenobiotic is of
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industrial origin. Furthermore, the (op′DDT/pp′DDT) ratio is considered a discriminating
indicator between the use of Technical DDT and dicofol [69,73]. The latter is a miticidal
pesticide and acaricide synthesized from DDT and, thus, the isomers op′DDT, op′DDE,
pp′DDT, or pp′-Cl-DDT (1,2,2,2-tetrachloro-1,1-bis(4-chlorophenyl)ethane—a chlorinated
DDT intermediate that leads to dicofol prior hydrolysis)—-are usually found in formula-
tions of this pesticide [60,74]. Dicofol is very toxic to aquatic organisms, and it is highly
bioaccumulative and degrades moderately slowly in both soil and sediments. It can be
identified as a POP in terms of its long-range transport potential exhibiting a higher Arctic
contamination potential [75]. Dicofol is also known to be neurotoxic and to possess en-
docrine disrupting properties, and this is the case both as an original product and with
decomposition products [76]. Dicofol was listed in Annex A of the Stockholm Convention
on Persistent Organic Pollutants only after the ninth meeting of the Conference of the
Parties held in 2019 [77].

The concentration range of DDT impurities can vary widely. The total DDT content
was found between 0.3% and 14.3% of the total weight of dicofol [78], although dicofol
produced in China was reported to have on average 20% of DDT [73,79]. Given that in tech-
nical DDT, it is typically ~0.19 [80], and given that op′DDT shows a shorter half-life than
pp′DDT in the environment [81], it seems reasonable to assume the influence of dicofol-type
contamination when encountering an (op′DDT/pp′DDT) value > 0.2. In these samples, the
mean value of this ratio was 2.42, ranging from 0.36 to 7.79. Values of this ratio > 0.2 were
observed in 37% of the samples, and this indicates possible dicofol contamination. After ap-
plying the data log transformation to meet the criterion for normality, an attempt was made
to evaluate whether there was a correlation between the [(pp′DDE+pp′DDD)/pp′DDT]
and (pp′DDE/pp′DDT) ratios, which would have further confirmed the possible presence
of dicofol. This is always linked to the degradation of the pp′-Cl-DDT impurity of dicofol,
which, by degrading into pp′DDE, would increase the values of the ratios. The significant
Pearson correlation coefficient (Figure 4) suggests this as a possible route of contamination
for the analyzed zooplankton.

 

Figure 4. Pearson’s correlation between [(op′DDE+op′DDD)/pp′DDT] and (pp′DDE/pp′DDT) in all
the analysed plankton samples. R = 0.695; p < 0.0001.

Finally, we evaluated the relationship between DDTs and PCBs, the ratio of which
(DDTs/PCBs) is indicative of contamination that is more likely to be of agricultural origin
if the value is >1, and more likely to be of industrial origin if the value is <1 [82]. A total
mean value for 28 samples of 0.65 with a range in the different groups between 0.64 (V)
and 0.68 (A) indicates that in the waters of Nosy Be, where the plankton were sampled,
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the greatest impact is likely to be generated from the industrialized areas. This seems to
contrast with the fact that agriculture (cotton, tobacco, coffee, cacao, and cinnamon, as
well as other spices) is the main activity in the area and makes the largest contribution to
Madagascar’s economy, employing about 85% of the population, followed by tourism, the
production of goods with low added value, and then the mining sector [83]. However, the
area surrounding Madagascar, which is very important for the richness of biodiversity, is
considered as one of the areas with the greatest human impact [84].

3.4. Potential POPs Uptake in the Whale Shark

Three samples collected in the control area and three in the feeding area for each of the
feeding behaviors were analyzed for mesozooplankton composition, and the results were
reported in Bava et al. [12]. No significant differences were found between the feeding and
the control areas. The total number of individuals was 472.44 ± 44.32 ind/m3 (mean ± S.E.).
The most common taxonomic group was Copepoda, followed by Appendicularia, Mol-
lusca, and Chaetognatha. Biomass was calculated for each sample with the method of
Di Capua et al. [85]. Wet biomass was 30.51 ± 3.57 mg/m3, and 80% was represented
by size class ≤ 2 mm, mostly by Copepoda. Wet biomass was higher in the control area
compared to the feeding area, probably due to the absence of predator pressure, including
the whale shark. However, this difference was not statistically significant. In the Nosy Be
area at the time of zooplankton sampling, 48 whale sharks of approximately 4 m (m) were
identified. On average, a whale shark about 4 m in length filters 326 m3/h of water [9].
In a habitat rich in planktonic species, such as Cabo Catoche (Mexico), which has a fresh
plankton biomass of 4.5 g/m3, a 4 m long individual collects about 1467 g/h of plankton.
By filtering for 7.5 h/day on the surface, it takes in about 11,002.5 g of plankton per day,
which at 1.357 kJ/g corresponds to 14,931 kJ/day (3569 kcal/day) [9]. Considering that
the total fresh biomass found in Nosy Be is about 30.51 mg/m3, a 4 m whale shark could
ingest about 74.60 g of plankton per day, which would correspond to about 101.23 kJ/day
(24.19 kcal/day). This calculation allows us to deduce that in the waters of the island of
Nosy Be, the individuals of R. typus cannot obtain the energy necessary to maintain their
body biomass from plankton alone, and this is insufficient for their survival. In the feeding
grounds in which whale sharks were identified in Nosy Be, in addition to plankton, there
are also tuna, anchovies, mackerels, and other small nektonic species, and, as suggested by
Diamant et al. [86], based on routine visual observations of sharks following—and occasion-
ally successfully feeding on—bait fish, they could be the primary target when the sharks are
near Nosy Be. There are not many studies in the literature that demonstrate this hypothesis,
with the exception of the work by Boldrocchi and Bettinetti [87] carried out in the Gulf of
Tadjoura (Djibouti), where whale sharks were filmed while feeding on a school of anchovies,
probably belonging to the genera Encrasicholina or Stolephorus, or also in Honduras [88],
the Philippines [89], the Azores [90], and Baja California (Mexico) [91]. The low amount of
plankton ingested daily, on average, by the whale shark makes this ingestion route of little
importance in the contribution to the total load of contamination assumed with the diet
by the large filter feeder. To quantify the input of organochlorines through the ingestion
of plankton based on the toxicological results obtained, we determined 74.60 g/day diet
of plankton × 101.27 ng/g (HCB + DDTs + PCBs) in plankton = 7554.74 ng/day input
of OCs with the plankton. Considering that a 4 m shark weighs about 500 kg [92], our
findings would correspond to a daily intake of OCs equal to 15.11 ng/kg. This value turns
out to be even lower than the quantity established for humans, which is defined as the
daily allowable level without experiencing any harmful effects. The thresholds estimated
by the World Health Organization (WHO) are 60 and 1200 μg/person/day, respectively,
for PCBs and DDTs [93]. Considering a man who weighs 73 kg, these values correspond
to an allowance of 822 ng/kg/day of PCBs and 16,438 ng/kg/day of DDTs. The EFSA
Scientific Panel on Contaminants [94] estimated an average daily intake of non-dioxin like
PCBs (NDL-PCBs) of about 15 ng/kg of body weight (assuming a body weight of 60 kg)
per day for the “average” consumer, 20 ng/kg of body weight per day for large consumers
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of meat products, and about 35 ng/kg of body weight per day for large consumers of
fish and fishery products. These comparisons were reported to demonstrate that a local
whale shark’s intake of these xenobiotics on a plankton-only diet is negligible. It would
be interesting to have subcutaneous biopsies of these animals in order to evaluate the real
levels of the accumulated organochlorines, and also to consider other routes of intake, such
as small fishes, as has been suggested by Diamant et al. [86].

4. Conclusions

This study was the first to evaluate organochlorines in mesozooplankton along the
island of Nosy Be that were sampled during the seasonal aggregation of whale sharks, and
that were toxicologically evaluated by the function of the different feeding behaviors in
this species. The results were preliminary, especially since the number of samples for each
group was limited. Despite this, we can still conclude that the levels of the three xenobiotics
investigated were lower than in other areas of the world. The fingerprint of DDTs is
particularly interesting as it seems to highlight an important contamination by dicofol
or, in any case, a recent introduction of DDT. Additionally, a greater presence of PCBs
was observed compared to other xenobiotics, in particular of the congeners considered
more recalcitrant, such as PCB153, PCB138, and PCB180. There were also no substantial
differences between the feeding areas of the whale shark and those where the whale shark
was not encountered, either in terms of the characterization and the volume of biomass
or the levels of contamination. Finally, we found that the amount of plankton consumed
on average per day by the whale shark may not only be insufficient for the growth of its
biomass and for its overall energy requirements but that it may also contribute a truly
negligible amount of contaminants, and so it absolutely cannot be considered a potential
toxicological hazard for this filter feeder shark.
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Abstract: Between 2007 and 2022, 112 specimens of newborn and young pelagic sharks were recorded
in the waters of Tuscany Region, in the South Ligurian–North Tyrrhenian Seas (north-western
Mediterranean basin). The sharks belonged to the Carcharhinus plumbeus (n = 14), Prionace glauca
(n = 66), Isurus oxyrinchus (n = 16), Mobula mobular (n = 5) Alopias vulpinus (n = 7) and Hexanchus griseus
(n = 4) species. Each animal was correctly identified thanks to the photographs or videos collected.
All specimens were incidentally captured with set nets in inshore shallow waters, except bluntnose
six-gill sharks, which were bycatch of deep-water bottom-trawl fishery. Body mass, sex, total length
and biometric measurements were recorded in 34 baby sharks following the Mediterranean Large
Elasmobranches Monitoring (MEDLEM) protocol. The presence of very evident and often non-healed
umbilical scar confirmed that some of the sample specimens were newborn. Further confirmation
came from the comparison between the total length observed and the size at birth known for the
sampled species as reported in the literature. Some baby sharks were preserved in the Museums
of Natural History of Pisa and Florence University collections. The importance of the coastal area
studied as a possible shark nursery is discussed.

Keywords: North Italian waters; young of the year; umbilical scar; incidental catch; MEDLEM

1. Introduction

The Mediterranean basin displays relatively high chondrichthyan richness, with 7%
of the total number of elasmobranchs being represented inside the basin [1–7]. Due to their
life history traits, sharks and rays are particularly susceptible to over-exploitation, and their
populations have very low resilience. Species often show restricted distributions and small
population sizes, dependent on mating, spawning, nursery and breeding grounds, or on
specific habitats [4,8]. Although there is no real direct fishery targeting large cartilaginous
fishes in the Mediterranean, they are incidentally caught, mainly with gillnets and bottom
longlines targeting European hake [9]. Surface drifting longlines, targeting tuna and
swordfish, also capture some pelagic shark species as bycatches or discards [9–15].
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To face the biodiversity loss and to increase the effectiveness of the conservation
measures in the Mediterranean basin, it is important to establish a common procedure to
collect data on shark individuals that are accidentally captured, sighted at sea or stranded.
In this light, the Mediterranean Large Elasmobranchs Monitoring (MEDLEM) database
aims at contributing to the improvement in knowledge on the presence, spatial distribution
and bycatch of large cartilaginous fishes species present in the Mediterranean and Black
Seas. Officially established in 1985 [16], it became fully operational in 2000, beginning
to record data on elasmobranch catches, sightings, strandings and historical records in a
single database [17,18].

More recently, in Tuscany Region (Italy, north-western Mediterranean), monitoring
activities foreseen by MEDLEM were included into the former Tuscany Observatory for
Cetacean in 2007, now Tuscany Observatory for Biodiversity (Osservatorio Toscano Bio-
diversità (OTB)) sensu art. 11 Regional Law 30/2015, together with the monitoring of
strandings and incidental capture of cetaceans and sea turtles. This action taken by Tus-
cany Region represents a real contribution to the international effort for the conservation
of the marine ecosystem and its resources. In Tuscany, the Region Administration has
created a coordinated and synergic system among its technical instruments, represented by
ARPAT (Environmental Protection Agency, Tuscany Region), universities, research centers,
museums, aquaria, environmental associations and fishermen [19].

The main features of the MEDLEM Database Application are (i) the implementation
of data collection, especially for bycatch evaluation; (ii) the standardization of data entry
procedures; (iii) effective data sharing among the participating countries; and (iv) free
access to the website for participants.

In the Ligurian and North Tyrrhenian Seas, pelagic sharks represent a limited part of the
commercial bycatch of professional longline fishery targeting sword fish and tuna. The most
frequently caught species are Prionace glauca (Linneo, 1758), followed by Isurus oxyrinchus
(Rafinesque, 1810), Lamna nasus (Bonnaterre, 1788), Alopias vulpinus (Bonnaterre, 1788) and
Carcharhinus plumbeus (Nardo, 1827) [20]. Sharks of the genus Carcharhinus are represented in
the Mediterranean Sea by at least eight species [21,22], but there is a great lack of information
about species identity, abundance and distribution, mainly due to the scarcity of catches
and the difficulty in their correct identification, especially for juveniles.

Due to the low reproduction rate of elasmobranchs, newborn records are very limited
in comparison to other reproductive strategies, for example, those displayed by many
osteichthyes. Knowledge about the early stages of juvenile sharks is extremely poor,
and newborns require particular attention. Furthermore, the need to identify grounds
of possible aggregation or nursery areas is very important for eventually establishing a
protection area for a local and regional management plan of the maritime space.

Data gathered in the study area, shown in this paper, can provide useful information
for this purpose. Juvenile numbers and detailed morphometrics, although representing
a still-too-small data set for species and sex, feature an important initial database to
be improved.

2. Materials and Methods

2.1. Study Area

The study area encompassed the marine waters of Tuscany, in Italy, between the
Ligurian and the North Tyrrhenian Seas, in the north-western part of the Mediterranean
basin; relating to bluntnose six-gill sharks records, we also considered the northernmost
part of Latium Region (Figure 1). The data analyzed in this paper were collected in Tuscany
during the period of 2007–2022.

2.2. Sampling Protocols

The sampling protocol adopted is characterized by the word “large”, which defines
the nature of the database (Mediterranean Large Elasmobranchs Monitoring). This refers
to maximum size reached by each different species; particularly, we only consider sharks

33



Diversity 2023, 15, 806

with more than 100 cm in total length (TL) and batoids with more than 150 cm in disc
width (DW) as maximum sizes [23]. Applying this rule to the species in the Mediter-
ranean and Black Seas, we restricted the MEDLEM protocol to 16 different families and
7 orders [24]. Thanks to the collaboration of several research institutes, military authorities,
professional and recreational fishermen, and NGOs, a great amount of valuable information
on catches, sightings and strandings of large cartilaginous fishes was archived into the
regional database.

 

Tuscany

Latium

Figure 1. Map of the study area: coasts of Tuscany and northern Latium counties; Ligurian and North
Tyrrhenian Seas (north-western Mediterranean basin).

When some of these stakeholders get involved in a capture event (or more rarely, in a
stranding one), it is strongly recommended to immediately call the free blue number 1530,
made available 24 h a day throughout the national territory by the Italian Port Authority; it
is also very useful to take and send some photographs of the whole specimens or of some
details (fins, teeth, ventral part, etc.), which can help correct taxonomic identification, sex
attribution or size estimation. If the cartilaginous fish is still alive, it is advisable to free it
at sea. On the contrary, if the specimens are dead, the Port Authority calls some reference
numbers, in particular ARPAT’s, as coordinator of the regional nets, which activate all the
necessary procedures to recover the shark. Spatial–temporal data about catches, strandings
or sightings (date, time, country, latitude, longitude, etc.) are registered; then, the species
and fishing gear responsible for capture are annotated and communicated to the MEDLEM
account (medlemcontact@gmail.com).

2.3. Biological and Biometrical Parameters

When possible, all biological parameters were collected. Total length was recorded to
the nearest centimeter with a measurement tape; body mass, with an electronic dynamome-
ter to the nearest gram; sex and all the other thirty-one biometrical measurements, following
the MEDLEM protocol: fork length and from snout tip to pre-caudal pit, 1st dorsal origin,
2nd dorsal origin, pectoral fin origin, pelvic fin origin, anal fin origin, 1st gill opening
and 5th gill opening; head (snout–eye length, snout–mouth length, snout–nostril length,
1st-5th gill opening length, horizontal diameter eye and vertical diameter eye); pectoral
fin (base length, anterior margin length, posterior margin length and height); 1st dorsal
fin (anterior margin length, posterior margin length, height and base length); caudal fin
(dorsal lobe length, terminal margin length, sub-terminal margin length, ventral lobe length,
post-ventral margin length and pre-ventral margin length); and claspers (outer length and
inner length) [23].

Species identification and taxonomic nomenclature followed [22,25–27]. Some speci-
mens were preserved in alcohol at 75% and were stored in the collections of Museum of
Natural History of Pisa University and Museum of Natural History of Florence University,
zoological section, La Specola. Photographs of the examined specimens were stored in the
digital archives of the authors and are available for further comparisons. Genetic samples
were collected from all the specimens.
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For this paper’s purpose, individuals were divided into four size groups based on the
observed length and related information in the available literature: newborn, young of the
year, juveniles and adults. Newborn (NB) size corresponded to the size at birth; young
of the year (YOY) were considered those individuals of age 0; the separation between
juveniles (JUV) and adults (ADL) was determined according to the total length (LT) at
which 50% of the population reached sexual maturity (LT50). According to the literature,
the four groups were established for six species of interest (Table 1).

Table 1. The four size groups established in the present paper according to the bibliography.
NB = newborn; YOY = young of the year; JUV = juveniles; ADL = adult; TL = total length;
DW = disc width.

Species NB (cm) YOY (cm) JUV (cm) ADL (cm) References

I. oxyrinchus 60 < TL ≤ 70 70 < TL ≤ 100 100 < TL ≤ 200 TL > 200 [28,29]
P. glauca 35 < TL ≤ 45 45 < TL ≤ 80 81 < TL ≤ 180 TL > 180 [28,29]

C. plumbeus 56 < TL ≤ 75 75 < TL ≤ 100 100 < TL ≤ 140 TL > 140 [29–31]
A. vulpinus 114 < TL ≤ 160 160 < TL ≤ 170 170 < TL ≤ 300 TL > 300 [29,32,33]
H. griseus 65 < TL ≤ 74 74 < TL ≤ 100 100 < TL ≤ 300 TL > 300 [29,34,35]

M. mobular 160 < DW ≤ 180 DW > 300 [4,8,36]

We focused on newborn or young of the year specimens of six species: P. glauca,
I. oxyrinchus, A. vulpinus, C. plumbeus, H. griseus and M. mobular.

2.4. Biometrical and Statistical Analyses

We show the average ± 1 SD, and minimum and maximum values of each measure
for each species. In the case of a single specimen, we present one value. In the case of
samples with size ≥ 3 and at least 3 records/sex, we tested if sexual differences in body
morphometrics were present within each species (P. glauca and C. plumbeus) with Student’s
t-test and Levene’s test for variance homogeneity. In addition, to detect if occurrence of
sex was a stochastic or an actual pattern, we applied the χ2 test with Yates’s correction
for <5 expected frequencies. We performed all analyses with IBM SPSS, 20.0 release.

3. Results

From 2007 to 2022, in the study area, 222 large elasmobranch records belonging to
10 different species were registered as bycatch, sightings or, rarely, stranding events; all the
data of the findings are reported in Table S1 (Supplementary Materials). The most frequent
species was the blue shark P. glauca (40 %) (Table 2; Figure 2).

Table 2. Elasmobranchs registered in South Ligurian–North Tyrrhenian Seas between 2007 and 2022;
* = disc width.

Species Total Range (TL, cm) Number of Measured Individuals

Prionace glauca 89 45–300 62
Mobula mobular 39 96–370 * 8

Hexanchus griseus 27 80–420 22
Alopias vulpinus 22 120–432 14
Isurus oxyrinchus 21 70–200 13

Carcharhinus plumbeus 15 54–211 11
Cetorhinus maximus 6 295–800 6
Alopias superciliosus 1

Carcharodon carcharias 1 350 1
Aetomylaeus bovinus 1 80 * 1

Total 222 138
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Figure 2. Percentage of species registered in the period 2007–2022 in the study area; 0% = 0.0045%
(n = 1).

In total, 51% (n = 112) of the total elasmobranchs registered in the study area were
“juveniles” (YUV + YOY + NB) and were exclusive to six species: P. glauca, I. oxyrinchus,
A. vulpinus, C. plumbeus, H. griseus and M. mobular. A total of 78% of the data refer to
bycatch events; 18%, to sightings; and only 4%, to strandings. Details of the fishing gear
responsible for capture are shown in Figure 3.

Figure 3. Types of fishing gear causing bycatch of young individuals in South Ligurian–North
Tyrrhenian Seas.

Especially for three species, a predominance of juveniles or newborns with respect
to adult specimens was highlighted as follows: C. plumbeus (93%), I. oxyrinchus (76%) and
P. glauca (73%). When examined, some of these individuals showed an almost-healed
umbilical scar visible on the ventral side, in the midpoint of the line joining the origin of the
pectoral fins, to confirm their “newborn” condition; in particular, in seven sandbar sharks,
the umbilical mark was still an open hole (on the left in Figure 4) [31].

For some species, mainly the three most abundant ones, juveniles and newborn
individuals were concentrated in very restricted areas.

Detailed measurements of the 35 examined young individuals are reported in Table S2.

3.1. Prionace Glauca

Blue shark was the most abundant species, with 66 immature individuals: 26 JUV
(90 < TL < 160 cm), 38 YOY (49,5 < TL < 81 cm) and 1 NB (TL = 45 cm). They were mainly
captured with set nets or fishing poles, at depths between 3 and 75 m (exceptionally, one
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little blue shark was captured at 200 m with a bottom trawl), in two restricted areas close to
the Meloria (Marine Protected Area) and Vada shoals (approximately 42.405–43.980◦ N)
(Figure 5d); for the most part, sharks were captured or sighted in the spring–summer period
(May to August) and were often captured alive and released at sea. Sixteen individuals
were examined (Table S2).

Figure 4. Some examples of the ventral side of the examined individuals where the almost-healed
umbilical scar is more evident (red circle); PGL = blue shark P. glauca, CPL = sandbar shark C. plumbeus
and IOX = mako shark I. oxyrinchus. Note the seven sandbar sharks (on the left) with the umbilical
mark still open.

(a)

(b) (c)

Figure 5. Cont.
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Figure 5. Geographical distribution of the findings, South Ligurian–North Tyrrhenian
Seas (2007–2022). (a) All the species (222 individuals); (b) I. oxyrinchus; (c) P. glauca;
(d) H. griseus; (e) A. vulpinus; (f) C. plumbeus; (g) M. mobular. Black symbols = adult individuals; white
or gray symbols = juveniles (NB + YOY + JUV); red circles = coastal concentration of “juveniles”.

3.2. Carcharhinus Plumbeus

A total of 14 newborn sharks were accidentally caught with set nets in recent years:
2018 (n = 1), 2019 (n = 1), 2020 (n = 2), 2021 (n = 9) and 2022 (n = 1). All the captures
were registered in September and October and in a restricted area between Tirrenia and
Gombo (Pisa) at the mouth of the Arno River and “Fiume Morto Nuovo” in very shallow
waters (7–15 m depth) between 43.607◦ N and 43.736◦ N (Figure 5b). Total length ranged
between 54 and 90 cm (n = 10); weight, between 0.9 and 4 kg (n = 9), in 2 females and
7 males. Four baby sharks were still alive and were released at sea. Seven dead sharks
were examined; they had a still-open birth mark (Table S2, Figure 4).

3.3. Isurus Oxyrinchus

In the period 2016–2022, ten juveniles shortfin mako sharks were registered
(106 cm < TL < 135 cm), together with five young of the year (80 < TL < 88.5 cm) and
only one newborn of 70 cm in total length, released alive. These 16 “small” sharks were
mainly captured between May and July with set nets and fishing poles in a restricted area
between Livorno (Vada and Meloria shoals) and the mouth of the Arno River (Pisa), at
approximately 42.601–43.678◦ N (Figure 5c) at depths of about 10 to 70 m. Six dead fish
were examined; see Table S2 for details.
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3.4. Hexanchus Griseus

Only four young individuals of this species were captured, two of them with bottom
trawls at depths of 301–366 m and two in more shallow waters; two were considered
juveniles, and two, young of the year. The YOY specimens were captured slightly to the
south of the study area, in the northern part of Latium Region (North Tyrrhenian Sea)
(Figure 5e); they were 80 and 87.5 cm long, a male and a female, respectively. Three dead
fish were examined (Table S2).

3.5. Alopias Vulpinus

Seven individuals all classified as newborn were registered in 2017 (n = 2) and 2020
(n = 5). The total length ranged between 120 and 147 cm (n = 3); the weight, between
3.5 and 7 kg (n = 7). All the sharks except one were incidentally captured with set nets at
depths between 7 and 15 m close to the Arno River (Pisa) at 43.628–43.677◦ N (Figure 5f).
Two dead individuals were examined (Table S2).

3.6. Mobula Mobular

Five individuals were captured or sighted between 2008 and 2019 in coastal waters at
a depth of about 20 m. Their disc width ranged between 96 and 180 cm. Only one ray was
dead and was examined (Table S2bis).

The average ± 1 SD, and minimum and maximum values of each measure for each
species are reported in Table S3. For the two most numerous species (see Biometrical and
Statistical Analyses), we obtained the following data: For P. glauca, the average values of
almost all body morphometrics were similar between males and females (all not significant,
with p ranging from 0.65 to 0.866). It is worth noticing that two body measures slightly
differed between sexes. In particular, the pectoral fin height resulted a little larger in
females than in juvenile males (p < 0.065), as did the caudal fin sub-terminal margin length
(p < 0.096). In C. plumbeus, the average values were identical or much similar between sexes
(p ranging from 0.164 to 0.969), except the caudal fin ventral lobe length, which was lightly
larger in females than males (p < 0.03). Detailed results (homogeneity tests, degrees of
freedom and significance) of the comparison of body morphometrics between sexes for the
two considered species are shown in Table S4.

The occurrence of sexes in our sample did not deviate significantly (χ2 with Yate’s
correction = 0.518, 1 d.f., p = 0.657).

4. Discussion

Prionace glauca is a widespread species in the Mediterranean, and it often represents the
most important bycatch fraction of tuna and swordfish longline fishery, especially in Italy,
Malta, Morocco and Tunisia [9]. This species is also incidentally captured in recreational
fishing in Tuscany. It is listed in Annex 3 of the Berna and Barcelona Conventions and
as Vulnerable in the IUCN Red List for the Mediterranean basin. Adults reach 380 cm in
total length (TL), generally between 180 and 300 cm; the total length of newborns, usually
15–30 in number, is 35–45 cm [23,37,38]. The observation of newborns in the period of
May–September is compatible with the fact that complete embryos have been observed by
other authors in May–July [37,39,40].

Isurus oxyrinchus is occasionally caught with swordfish longlines. Its very low repro-
ductive capacity may cause a rapid decline also in the Mediterranean basin and Italian
seas [41]. For this reason, shortfin mako shark is listed in Annex A3 of the Berna Conven-
tion and Annex A2 of the Bonn and Berna Conventions; moreover, it is listed as Critically
Endangered in the IUCN Red List. Adults reach 400 cm in total length (TL), generally
150–200 cm in TL, while newborns, usually 4–25 in number, are 60–70 cm in TL [23,36].

The cosmopolitan species, i.e., present in all the Mediterranean basin, A. vulpinus is
often bycatch in professional fishery. Listed in Annex 3 of the Barcelona Convention and as
Vulnerable in the IUCN Red List, adults reach 600 cm. At birth, young specimens are more
than 100 cm long, up to 120 cm in TL [29,32,33].
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Carcharhinus plumbeus is an endangered shark species in the Mediterranean Sea [42]
considered a protected species in the inventory of Turkish Fisheries Act Marine Protected
Species [43]. It is listed in Annex 3 of the Barcelona Convention and as Endangered in the
IUCN Red List. Adults can reach 240–300 cm in total length (TL), generally 220 cm in TL,
while newborns are 45–75 cm in TL, usually 5–12 in number [23,36]. In the Mediterranean
Sea, the size at birth of C. plumbeus ranges from 45 cm [44,45] to 65 cm [44–46]. The species
grows larger in western Atlantic waters compared with Mediterranean waters, as the
maximum size at birth recorded was 72 cm [30], and it was 75 cm for the overall northern
Atlantic [47]. Our sample ranged between 54 and 90 cm in TL, which is a relatively larger
length interval than the data cited above. According to Capapé [46], in the waters of Gulf
Gabès, the highest number of sandbar shark juveniles was observed in the summer months.
According to Carlsson [30], neonate sandbar sharks (<age 1) usually reside in primary
nursery areas, where they are born in the first period of summer. Therefore, it can be
assumed that the specimens described in the present paper either (1) were born and resided
off the Tirrenia–Gombo coast (Pisa) or (2) were born elsewhere and migrated from another
area. At present, the available data do not allow us to give a definitive answer to these
questions. As a matter of fact, the occurrence of several specimens (n = 7) with a partially
healed umbilical scar (a still-“open” mark) could indicate that the coast of Pisa can serve as
a probable nursery ground for C. plumbeus. This is a promising possibility for the survival
of such an endangered shark species in the Mediterranean Sea. Similar considerations can
also be valid for other species, such as I. oxyrinchus and P. glauca.

Recently, in the current year (21 May 2023), all Carcharinidi spp. entered Appendix II
of Cites (https://cites.org/eng/app/appendices.php (accessed on 21 May 2023)).

On one hand, the ecological characteristics of the coastal waters of northern Tuscany
can indicate a potential favorable habitat for YOY individuals of different large elasmo-
branch species, according to the conventional shark nursery area theory (e.g., having high
productivity and low exposure to potential predators; and adults and juveniles in open
and coastal waters, respectively) [48].

On the other hand, the high abundance of both YOY and juvenile sharks alone
does not warrant a definitive classification of the study area as a nursery. According
to Heupel et al. [49], three testable criteria should be examined for an area to be considered
a shark nursery: (1) higher-than-average density of YOY sharks in the area, (2) tendency for
YOY sharks to remain or return to the area for extended periods and (3) the area being used
repeatedly over the years. Further effort will be spent to verify these criteria; particularly,
there is a need for accurate collection of fishery data and the implementation of tagging
studies in the study area, as well as the monitoring of environmental conditions, especially
related to water temperature, which appears to play an important role in defining the
putative nursery habitat of YOY blue and shortfin mako sharks [28].

Regarding body size analysis, the investigated sample is undoubtedly too small to
appropriately represent the morphological variability of each species. However, some
weak differences that we detected in three body morphometrics suggest that sexual size
dimorphism could be exhibited even in the newborn or juvenile stage in the investigated
species. Forthcoming studies on larger samples per species and per sex will be necessary to
address the presence or absence of early sexual dimorphism in body measures.

The apparent growing trend of reports of large cartilaginous fishes in our region,
especially of “juveniles” (Figure 6), does not correspond to a real numerical increase in
these species but rather to ever-increasing attention paid to and sensitivity towards the
problems related to the exploitation and conservation of this group of fishes. From the
foregoing, it emerges that our region is confirmed as an area of high interest from the
marine biodiversity point of view, where it is necessary to perform monitoring activity
with ever-increasing commitment.
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Figure 6. Trend of the individuals (adult + ”juveniles”) recorded over the years in the study area.

For some species, the phenomenon we are observing suggests a probable recovery
in terms of abundance. In particular, in Italian waters, in the last decade, we observed a
positive trend referred, above all, to the presence of young specimens of blue shark and
shortfin mako in the bycatch of small-scale fishery [50].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d15070806/s1, Table S1: All the detailed information about
the findings; LAT = latitude, LONG = longitude, ADL = adult, JUV = juvenile, NB = newborn,
Table S2: Detailed measurements of 35 examined young individuals, Table S2bis: Detailed measure-
ments of young M. mobular examined, Table S3: Descriptive statistics (average ± 1 SD, and minimum
and maximum values) of each measure for each species, Table S4: Detailed results (homogeneity
tests, degrees of freedom and significance) of the comparison of body morphometrics between sexes
of the two considered species, C. plumbeus and P. glauca.
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Abstract: The trophic ecology of the Pelagic Thresher shark (Alopias pelagicus) was evaluated based on
chemical ecology using stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) in the vertebrae and
muscles. Individuals were caught between August 2013 and October 2019 on both the coasts of Baja
California Sur, Mexico. In Bahía Tortugas, the mean vertebrae (n = 35) values were 12.72 ± 1.06‰
(δ15N) and −14.79 ± 0.61‰ (δ13C), while in muscles (n = 32) these values were 16.63 ± 0.76‰
(δ15N) and −17.18 ± 0.39‰ (δ13C). In Santa Rosalía, the mean vertebrae (n = 125) isotopic values
were 14.4 ± 1.59‰ (δ15N) and −14.18 ± 0.51‰ (δ13C), while in muscles (n = 43), these values were
18.08 ± 0.96‰ (δ15N) and −16.43 ± 0.34‰ (δ13C). These results show higher δ15N values in Santa
Rosalía as an effect of baseline isotopic differences between the two regions, whereas the δ13C values
were lower in Bahía Tortugas, suggesting offshore ecological behavior (p < 0.05). In Santa Rosalía,
there were significant differences by sex for δ15N in muscle, whereas the δ13C showed ontogenetic
shifts, indicating that neonates feed in coastal areas more commonly than juveniles or adults (p < 0.05).
Neither sex nor ontogenetic differences were observed in Bahía Tortugas (p > 0.05), suggesting a high
overlap between their isotopic niches. Therefore, Alopias pelagicus uses the same ecological niche
throughout its life, and there is consistency between sexes. The mean trophic position for both tissues
and regions was 4.5, which corresponds to a tertiary predator, without any differences between stages
or sex. Due to their higher energetic needs, juveniles and females showed the greatest isotopic niche
amplitude; thus, their ecological niche is the widest.

Keywords: chemical ecology; stable isotopes; vertebrae; muscle; trophic shifts

1. Introduction

The Pelagic Thresher shark Alopias pelagicus (Nakamura inhabits tropical and temper-
ate oceanic waters throughout the Indo-Pacific Ocean, including the eastern coast from
Mexico to northern Peru, with no records in the Atlantic Ocean. It is found up to 300 m
deep, and its length can reach up to 4.28 m [1]. Thresher sharks are characterized by
their long tail, which measures half their body length, and that they use to corner and to
disorient and stun the fish and pelagic invertebrates that are part of their diet. This species
is considered to be oophagous, due to the egg capsules and fragments of shell found in the
stomachs of embryos [2]. Liu et al. [3] established that the Pelagic Thresher shark has two
embryos per litter, with a long gestation period of nine months, and they mature at the age
of eight years, which suggests that this species is extremely vulnerable to overexploitation
and in need of close monitoring.

Mexican fisheries land some of the largest shark catches in the world, dominated
mainly by mustelids, but other species such as A. pelagicus also represent a significant
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component [4]. Fisheries along the coasts of Baja California are diverse and opportunistic,
while A. pelagicus and Isurus oxyrinchus (Rafinesque) are specifically targeted for their meat
and fins [4].

There is scarce knowledge regarding their biology, with few studies carried out into
their age, growth, and reproduction in the northwestern Pacific [3,5] and Ecuador [2]. The
trophic ecology of A. pelagicus has mainly been examined in the waters off Ecuador [6–8],
with Lara et al.’s [9] being the only dietary study in Mexican waters. Polo-Silva et al. [6]
found the giant squid Dosidicus gigas (d’Orbigny to be the main prey in its diet, followed
by the lanternfish Benthosema panamense (Tåning) and the squid Sthenoeuthis oulaniensis
(Lesson). Similar results were obtained by Calle-Morán [7], who reported as the main prey
the Red Flying Squid Ommastrephes bartramii (Lesueur), the Jumbo Squid D. gigas, the Pur-
pleback Fying Squid S. oualaniensis, and the South Pacific Hake Merluccius gayi (Guichenot).
Garcia-Olvera [10] reported anchovy Engraulis mordax (Girard) to be its main prey, followed
by the family of lanternfishes Myctophidae, and Paralabrax spp. (Girard). The same topic
has been recently studied in Indonesia for the first time [11], with the following identified as
the three top prey species: the Frigate Tuna Auxis thazard (Lacepède), the Purpleback Flying
Aquid S. oualaniensis, and the Spiny Lanternfish Dasyscopelus spinosus (Steindachner).

The most common method used to analyze prey is to extract the stomach and identify
stomach contents to the lowest taxonomical level possible, but it is also possible to obtain
samples via non-lethal methods [12]. One technique that has been used previously is
stomach flushing, also referred to as gastric lavage. This technique involves pumping water
via a tube down the throat of the animal into the stomach, expelling the stomach contents
via the mouth [12]. Another less widely used method is applying forceps to evert the
stomachs of small sharks. However, since this involves either restraining the shark upside
down, or anesthetizing the animal before reaching into its mouth, it is not appropriate for
larger species [12].

Stable isotope analysis, particularly using nitrogen and carbon, allows us to evaluate
the structure and dynamics of ecological communities, with this approach combining the
benefits of both trophic-level and food web paradigms in food web ecology [13]. Moreover,
this method is less invasive than others previously mentioned, since stable isotope samples
can be taken by extracting blood or by performing biopsies [14]. Values of δ15N are used to
estimate trophic levels and breadth; consumers are isotopically enriched by 3–4‰ relative
to their prey [13,15]. In contrast, values of δ13C remain relatively unaffected by trophic
level (0.5–1‰), providing information about trophic habitat use across the inshore-offshore
gradient [15,16].

For slow-growing species such as sharks, the isotopic signals given off by the muscle
tissue provide information about the prey assimilated by the predator 1–2 years prior
to its consumption [14,16]. Other tissues such as vertebrae are metabolically inert and
contain growth layers that can record ecological information over the lifespan of a single
individual [16,17]. Ontogenetic shifts in the use of trophic habitat often reflect changes in
survival strategies. While juveniles use their energy to grow, adults prioritize activities
such as reproduction [18]. These changes in feeding habits are common in sharks and
rays, as these species are able to shift their prey types and feeding areas as they grow [19].
Understanding the ecological life history of pelagic species is important to ensure their
survival, especially in long-living species such as elasmobranchs [18].

The combined assessment of trophic ontogeny in A. pelagicus from multiple regions,
focusing on different tissues and life stages, allows us not only to analyze their feeding
behaviors, but also to isotopically compare tissues with different metabolic rates and relate
these to areas with unique oceanographic conditions.

Considering that stable isotopes of the Pelagic Thresher shark have only been only
studied in Ecuadorian waters, the aim of this study is to examine the trophic ontogeny
of this species in both the coastal areas of Baja California Sur, Mexico, by analyzing the
nitrogen and carbon stable isotopes in vertebrae and muscles.
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2. Materials and Methods

2.1. Study Area and Sample Collection

Samples were collected in two areas: the fishing town of Bahía Tortugas (27◦39′35′′
N; 114◦52′35′′ W), located on the western coast of the Baja California Sur Peninsula, and
Santa Rosalía (27◦20′20′′ N; 112◦16′01′′ W), located on the eastern coast of Baja California
Sur (Figure 1).

Figure 1. Location of two study areas, Bahia Tortugas and Santa Rosalía in Baja California Sur, Mexico.

Bahía Tortugas (BT) is known for the frequent upwelling phenomenon that occurs
there, which provides nutrients to the surface that remain available for primary production.
Therefore, this region exhibits a high phyto- and zooplankton biomass, which results in the
high productivity of fishery resources [20].

Santa Rosalia (SR) is located in the Gulf of California, the only evaporation basin of the
Pacific Ocean, due to its location between two hot land masses and the absence of freshwater
inflow to the region. The variable depth of the Gulf of California, the characteristics of its
habitat, and its unique location in a transition zone between temperate and tropical faunal
regions endows the area with a unique biological richness [21].

In BT, samples of A. pelagicus were collected using artisanal long-line fishery equipment
from August 2013 to August 2016. In SR, samples were collected by fishermen using gill
nets from October 2017 to October 2019. The total and precaudal length (TL and PL)
were measured and the sex was determined by the presence of claspers in males. Sexual
maturity in males was established via the size and condition of the clasper (rotation,
calcification, and semen presence) and the development of the testes. Males were divided
into two reproductive stages. Juvenile/Immature: short and non-calcified clasper; testes
soft, elongated, and not lobated. Adult/Mature: calcified claspers with fully lobated testes.

Approximately 20 g of muscle along with one or more vertebrae from the dorsal region
near the head was sampled from each individual organism. The samples were stored in
polyethylene bags properly identified and transported on ice to the CICIMAR-IPN. They
were frozen in the laboratory until analysis.

2.2. Laboratory Analysis

The vertebrae were defrosted, cleaned, and dried. The radius of each vertebra was
measured using a digital vernier and related to the precaudal length by linear regression.
Based on this equation and on the size at maturity, as proposed by Romero-Caicedo et al. [2],
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three ontogenetic stages in each vertebra were determined. For neonates, the first visible
growth layer was sampled. Juvenile samples were those taken from the far end of the
growth layer—up to 8.6 mm radius for males and 8.7 mm radius for females. For mature
sharks, samples were taken from the outer edge of the vertebra when the radii exceeded
8.6 and 8.7 mm, respectively. Thus, for each vertebra of a mature shark, three samples
were taken, while for each vertebra of an immature shark, two samples were taken. The
samples were extracted using a microdrill with a 1 mm bit and were exposed for 24 h to a
hydrochloric acid steam bath to remove inorganic carbon.

Approximately 5 g of each muscle sample was put into vials. As elasmobranchs retain
urea and fat in their tissues, which can influence δ15N and δ13C values (depleting their
heavy isotope values), these products had to be removed. Urea was extracted following
Kim and Koch‘s [22] methods, using a mechanic bath (Bransonic M 8800) wherein each
sample was washed three times with 10 mL deionized water for 15 min. The samples were
then lyophilized at 0.123 mbar and −40 ◦C for 48 h, and then ground and homogenized
in an agate mortar. Lipids were not removed since Post et al. [23] suggested an arithmetic
correction that could be used to remove lipids from the isotopic signature, as follows:

δ13C corrected = δ13C sample − 3.32 + 0.99 × C:N (1)

The δ13C and δ15N values were determined at the Instituto Andaluz de Ciencias de la
Tierra in Granada, Spain, using a DELTA plus XL, Thermo-Finnagen isotope ratio mass
spectrometer ( IRMS, Bremen, Germany). The isotopic results are expressed as δ values:

δ13C or δ15N = 1000 × [(Rsample/Rstandard) − 1] (2)

where Rsample and Rstandard are the 13C/12C or 15N/14N ratios of the sample and standard,
respectively. The standards were Vienna-Pee Dee Belemnite limestone for carbon and
atmospheric N2 for nitrogen. The units are expressed as parts per thousand (per mil, ‰).

2.3. Data Analysis

The normality of data was assessed by the Kolmogorov–Smirnov–Lilliefors test and
variance homogeneity by the Levene test. These were used to test the null hypothesis that
a set of data originated from a normal and homoscedastic distribution. If they did, we used
a parametrical test to assess for significant differences in mean δ13C and δ15N between
sexes, stages, and regions. In this case, the most appropriate test was a three-factor analysis
of variance (ANOVA), considering that we had three independent categorical variables
and one dependent continuous variable. This test reveals whether the variance arose by
chance or was the influence by the factors. If the data were not normally distributed, we
used a Kruskal–Wallis test, which is accurate when applied to non-parametric data with
three categorical variables. Moreover, using this non-parametric test allowed us to perform
statistical analysis without necessarily transforming the data.

Estimates of the trophic position (TP) were calculated using the R package tRophicPo-
sition [24]. A different base organism was used for each region: particulate organic matter
(POM) for SR (δ15NPOM= 11.1‰, TPPOM = 1) [25] and the pelagic red crab Pleuroncodes
planipes (Stimpson) (δ15NPleuroncodes planipes = 12.10‰, TPPleuroncodes planipes = 2) [20] for BT. As
the trophic discrimination factor (TDF), 1.95‰ was used for vertebral tissue and 2.44‰ for
muscle tissue [14].

To determine the niche breadth and trophic overlap between stages, sexes, and regions,
we used the package SIBER (Stable Isotope Bayesian Ellipses in R) from the program R [26].
This analysis uses measurements based on ellipses calculated by a covariance matrix
that defines their area (Standard Ellipse Corrected Area, SEAc) to show the trophic niche
breadth. Using this method, it is possible to obtain the overlap between ellipses, whereby
values close to 1 represent high trophic overlap [26].
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3. Results

For BT, a total of 35 vertebrae and 32 muscle samples were used. For SR, a total of 125
vertebrae and 32 muscle samples were used.

Non-parametrical tests were applied to the δ13C vertebrae data in BT (F = 8.405,
p = 0.007), as well as to the δ15N (D = 0.094, p = 0.007) and δ13C (F = 6.178, p = 0.003)
vertebrae data in SR, since these did not follow a normal or homoscedastic distribution.

The δ15N values in vertebrae and muscles were higher in SR than in BT (X2 = 37.848,
p = 7.648 × 10−10 and F = 49.54, p = 8.84 × 10−10, respectively), and the δ13C also pre-
sented less negative vertebrae and muscle values in SR (X2 = 26.854, p = 2.194 × 10−7 and
F = 75.8, p = 6.62 × 10−13, respectively) (Figure 2; Table 1). In BT and SR, the isotopic niches
presented an overlap of 39% in the vertebrae and an overlap of 23% in the muscles. More-
over, the δ15N values were 4‰ higher in the muscles than in the vertebrae (X2 = 125.07,
p < 2.2 × 10−16) (Figure 2; Table 1).

Figure 2. δ15N and δ13C values (mean ± SD ‰) of A. pelagicus in Bahía Tortugas (BT) and Santa
Rosalía (SR) in vertebrae and muscles.

Table 1. Summary of δ15N and δ13C values (mean ± SD ‰) by maturity stage and sex in vertebrae
and muscles of A. pelagicus in Bahía Tortugas (BT) and Santa Rosalía (SR).

Vertebrae BT (n = 35) Muscle BT (n = 32) Vertebrae SR (n = 125) Muscle SR (n = 43)

δ15N δ13C δ15N δ13C δ15N δ13C δ15N δ13C

Neonates 12.67 ± 1.17 −14.6 ± 0.53 14.91 ± 1.59 −13.84 ± 0.41
Juveniles 12.74 ± 1.18 −14.97 ± 0.68 16.83 ± 0.79 −17.26 ± 0.46 14.47 ± 0.87 −14.6 ± 0.42 17.78 ± 0.76 −16.48 ± 0.29

Adults 12.79 ± 0.67 −14.78 ± 0.59 16.51 ± 0.74 −17.12 ± 0.35 14.89 ± 1.15 −14.27 ± 0.51 17.83 ± 0.85 −16.32 ± 0.4
Females 12.92 ± 1.21 −14.89 ± 0.42 16.61 ± 0.81 −17.19 ± 0.39 14.31 ± 1.64 −14.21 ± 0.52 17.95 ± 0.77 −16.42 ± 0.37
Males 12.34 ± 0.56 −14.59 ± 0.85 16.66 ± 0.70 −17.16 ± 0.43 14.67 ± 1.45 −14.08 ± 0.49 17.44 ± 0.74 −16.29 ± 0.33
Mean 12.72 ± 1.06 −14.79 ± 0.61 16.63 ± 0.76 −17.18 ± 0.39 14.4 ± 1.59 −14.18 ± 0.51 18.08 ± 0.96 −16.43 ± 0.34

Statistical tests confirmed the similarity of trophic habits of A. pelagicus in BT between
maturity stages (neonates, juveniles, and adults) and sexes (females and males) for both
tissues (Table 2). In SR, the δ15N remained constant between stages for both tissues, while
the values for female were higher than those for males in the muscles. The δ13C showed
significant differences between stages in vertebral tissue (Table 2). Even when statistical
differences were only significant in SR, the δ13C values were more negative in both regions
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in juveniles and more positive in neonates (Table 1). However, females presented lower
δ13C values than males in both areas and tissues (Table 1).

The SIBER analysis showed an overlap of between 41% and 68% in all groups (except
sexes) for vertebrae in BT (27%) (Figures 3 and 4; Table 3). Juveniles and females presented
wider ellipse areas for both tissues in BT and for vertebrae in SR (Table 3).

(a) (b) 

(d) (c) 

Figure 3. Isotopic niche (ellipses) by stage, sex, and tissue of A. pelagicus in Bahía Tortugas (BT). (a)
Vertebral tissue by stage; (b) muscle tissue by stage; (c) vertebral tissue by sex (d); muscle tissue
by sex.

(a) (b) 

(c) (d) 

Figure 4. Isotopic niche (ellipses) by stage, sex, and tissue from A. pelagicus in Santa Rosalía (SR).
(a) Vertebral tissue by stage; (b) muscle tissue by stage; (c) vertebral tissue by sex; (d) muscle tissue
by sex.
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Table 2. δ15N and δ13C ANOVA and Kruskal–Wallis analysis of vertebrae and muscles of A. pelagicus
based on maturity stage and sex in Bahía Tortugas (BT) and Santa Rosalía (SR).

Vertebra BT Muscle BT Vertebra SR Muscle SR

δ15N δ13C δ15N δ13C δ15N δ13C δ15N δ13C

F p X2 p F p F p X2 p X2 p F p F p

Stage 0.22 0.64 2.97 0.23 1.59 0.22 1.19 0.28 1.08 0.58 19.42 6.08 × 10−5 2.93 0.09 0.38 0.54
Sex 2.37 0.13 0.09 0.75 0.02 0.88 0.007 0.93 2.21 0.14 1.11 0.30 5.68 0.02 0.042 0.84

Table 3. Stable Isotope Bayesian Ellipses in R (SIBER) analysis: Standard Ellipse Corrected Area,
SEAc (‰2) and overlap (%) from vertebrae and muscles of A. pelagicus based on maturity stages and
sex in Bahía Tortugas (BT) and Santa Rosalía (SR).

Vertebra BT Muscle BT Vertebra SR Muscle SR

SEAc Overlap SEAc Overlap SEAc Overlap SEAc Overlap

Neonates 1.9
48

1.79
49Juveniles 2.74

41
1.24

47
3.17

54
0.78

48Adults 1.4 0.86 1.94 1.27
Males 1.1

27
0.83

44
2.28

68
1.31

46Females 1.67 1 2.68 0.9
Overlap of neonates and adults: 41% Overlap of neonates and adults: 55%

The estimated TP values obtained in BT were 4.6 (vertebrae) and 4.4 (muscle). These
values for SR were 4.3 (vertebrae) and 4.5 (muscle). No statistical differences were shown
between regions, tissues, sexes, or maturity groups (p < 0.05).

4. Discussion

4.1. Comparison between Regions

The Gulf of California presents relatively high baseline δ15N values due to the den-
itrification processes that occur in the minimum oxygen zone [27], where 14N is mostly
consumed, leaving a 15N-enriched nitrate pool [28]. Thus, δ15N values of particulate or-
ganic matter in the Gulf of California are higher (11.1‰) than those on the western coast of
Baja California Sur (8.5‰) [27]. The same pattern was shown for A. pelagicus in this study,
and so the isotopic contrast between both coasts of Baja California Sur is thought to be
related to this difference in the trophic baseline, and not to the fact that the sharks showed
different trophic positions on each coast.

Fewer negative δ13C values are found in productive inshore waters, such as in up-
welling regions, while more negative values are found in less productive offshore wa-
ters [28]. The results suggest that in BT, A. pelagicus feed in offshore habitats, while in
SR, this shark species presents a trophic inshore habitat. Another explanation for these
differences in δ13C values is the narrow continental shelf found in BT, which has a strong
offshore influence. Hence, even when sharks fed in both regions at similar distances from
the coast, those caught on the oceanic shelf (BT) showed more negative δ13C values. More-
over, environmental conditions such as temperature may also affect the availability of prey
in each region. While in summer, the water in SR reaches 30 ◦C [29], in BT, it stays at
19 ◦C [30] Thus, the prey in BT come from deeper and colder waters, as compared to the
shallower and warmer waters in SR.

Isotopic niches represent the ecological niche based on a determined area inside of the
δ space, where the coordinates are δ13C (environmental components) and δ15N (trophic
components) [31]. The minimal overlap of isotopic niches from both study areas also
indicates the different ecological niches of the Pelagic Thresher shark in each region, as
discussed above.
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4.2. Comparison between Tissues

For both areas, the δ15N values were higher in muscles than in vertebrae. Likewise,
δ13C values were more positive in vertebrae than in muscles. This isotopic variability
among tissues has been previously explained by the fact that each tissue has a different
metabolic turnover rate and a different TDF. For example, MacNeil et al. [32] demonstrated
that vertebrae presented the slowest δ15N turnover rate due to slow layer growth. These
authors also found that δ13C decreases with increasing metabolic tissue rates. It has also
been observed that muscle presents a higher degree of enrichment (2.44‰) than vertebrae
(1.95‰), which could have an influence on the nitrogen isotope ratio [14]. Due to this
turnover rate, the vertebrae emit isotopic signals over the lifetime of the organism, while
the muscles only yield isotopic information from the last month of the animal’s life [17,32].

4.3. Isotopic Analysis by Maturity Stages

No ontogenetic differences in δ15N values were found in A. pelagicus, which indicates
that this species feeds on the same prey groups throughout its life. In BT, the δ13C values
also stayed stable throughout the organism’s life. Similar results were obtained in Ecuador
by Calle-Morán [7], with no ontogenetic differences for any isotope ratio. Lara et al. [9]
analyzed the stomach contents of A. pelagicus in BT and determined that the sardine
Sardinops sagax (Jenyns was the principal prey for mature and immatures sharks, suggesting
the same feeding pattern despite maturity stage, thus supporting our results. On the other
hand, Estupiñán-Montaño [8] showed that the δ13C values in neonates presented differences
from those in juveniles and adults off the Galápagos Islands. Similar results were found
in the present study for SR, where the vertebrae presented differences among all maturity
stages, from which we can infer a possible ontogenetic inshore–offshore movement for
A. pelagicus.

Lowe et al. [19] pointed out that sharks change their diet and ecological needs as
they grow, thus exploiting different areas, since they are segregated by size. In this study,
the findings for BT do not reflect this behavior, while in SR they do, corroborating that
A. pelagicus shows flexibility in its trophic behavior depending on its habitat and the
inherent requirements related to its development.

In both areas, juveniles present the lowest δ13C values and the widest isotopic niches,
while neonates show the highest δ13C values and most narrow isotopic niches. It can
be inferred that on both coasts of Baja California Sur, juvenile individuals of A. pelagicus
present a wider and more offshore feeding habitat, while neonates present a narrow and
more inshore feeding habitat. Calle-Morán [7] attributed this phenomenon to the limitation
of neonates reaching offshore waters, causing their habitat to be restricted to inshore waters.
Moreover, as juveniles are not completely developed, they might focus most of their energy
on growing, and as such, they need more nutrients and probably a wider ecological niche.

4.4. Isotopic Analysis by Sex

No differences in the δ15N values of A. pelagicus by sex were found in BT for any
tissue, which is consistent with Lara et al.’s [9] findings in the same area, where males and
females presented similar stomach contents. On the other hand, the δ15N values in SR
assessed by sex, were similar in the vertebrae; however, in muscles, they showed significant
differences. Once again, a contrast between the tissues is highlighted. These data suggest
that male and female A. pelagicus in SR were feeding on prey that belonged to the same
trophic level during its lifetime. Therefore, the overlap in their isotopic niches is high (68%).
Nevertheless, assessments of the muscle indicate that, during the lasts months before their
capture, males and females consumed different prey.

The δ13C values were similar between sexes in both study areas and tissues; however,
females presented the lowest values. Moreover, they showed a larger ellipse area than
males. Therefore, even if A. pelagicus did not segregate by sex on the coasts of Baja California
Sur, females presented inclination towards a wider and more oceanic trophic habitat than
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males. This may indicate that females have greater energy and nutritional needs than
males, related to the requirements of pregnancy [16].

It is important to consider that ontogenetic and sex differences were only seen in SR,
while in BT, all sharks presented the same trophic behavior, regardless of their sex and size.
These results indicate that the ecological habitat in SR is more heterogeneous than in BT,
as A. pelagicus presented a wider isotopic niche (2.6‰2) during its lifetime in the Gulf of
California than on the western coast of Baja California Sur (2.1‰2).

4.5. Trophic Position

Polo-Silva et al. [16] reported that the most appropriate TDF is that published by
Kim et al. [33], who carried out a study on the feeding habits of the Leopard Shark Triakis
semifasciata over 1250 days. Nevertheless, in the present study, we used the TDF proposed
by Hussey et al. [14]. Even though the experiment was shorter (around 365 days), these
authors developed the factor for vertebrae as well as for muscle.

In both study areas, the TP for the Pelagic Thresher shark was around 4.5, classifying
it as a tertiary predator, with no changes by sex or stage. These results agree with those
of Lara et al. [9] and Fernández-Aguirre (in process), who reported the sardine Sardinops
sagax as the main prey for A. pelagicus in BT, and anchovy Engraulis mordax in SR. Since
both these prey feed on plankton, they have a similar TP and consequently, A. pelagicus
presented a similar TP in both areas.

No variability in the TP by sex or stage was found in this study, which was also
reported by Polo-Silva et al. [6], who derived a TP of 3.9 for this species. On the other hand,
Calle-Morán [7] obtained the same results (4.5) as we did in our study. Therefore, once
more, it can be inferred that A. pelagicus shows flexible trophic behavior depending on the
availability of prey in the surrounding environment.

5. Conclusions

The present study is the first to analyze the chemical ecology of A. pelagicus using
stable isotopes in Mexican waters. It provides information on the trophic ontogeny of this
species on the western and eastern coasts of Baja California Sur. On the western coast, both
isotopes remained stable by sex and stage; thus, this area presented stable feeding habitats
for A. pelagicus. On the eastern coast, the δ13C values showed no differences between sexes,
and did so only between stages, as neonates probably fed close to the coast. On both coasts,
neonates presented a narrow and onshore feeding habit, while juveniles presented a wide
and offshore one. A. pelagicus was classified as a tertiary predator in our study area.

The use of stable isotopes to measure ontogenetic changes is a very useful tool, es-
pecially in environments that are highly variable, such as SR. The use of vertebrae as an
indicator of ontogenetic changes is more utile; however, this type of tool is complementary
rather than exclusive. For example, the isotopic signatures in muscles show variations
that could be explained by the isotopic signatures in the vertebrae. This study makes a
novel contribution to the ecological knowledge base (including habitat use) regarding the
Thresher Shark in waters off the Mexican Pacific and Gulf of California coasts, providing
potential tools for the better management of the species in both areas.
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Abstract: While the general diet of Mediterranean elasmobranchs has been widely studied, little
is known about food partitioning and competition among sympatric species, despite these being
important forces structuring marine communities. Using stomach content and stable isotope analyses,
we investigated diet and trophic levels and evaluated the diet overlap and partitioning of Scyliorhinus
canicula, Mustelus mustelus, and M. punctulatus in the northwestern Adriatic Sea. These shark species
were confirmed as opportunistic mesopredators, but significant differences in their diets emerged.
The two bentho-demersal Mustelus species had a larger trophic overlap with S. canicula than between
each other. Given the pronounced morphological similarity of these two Mustelus species, this is
likely a strategy to limit competition. The strictly benthic S. canicula showed a more varied diet
compared to the other species. Stable isotope analysis highlighted that despite the smaller size and
overlapping diets, S. canicula occupied a slightly higher trophic level. A better characterization of
the trophic role of these species in the food web of the basin can be obtained from these data. At an
ecosystem level, this information is essential to evaluate the possible consequences of the decline or
recovery of the population of these exploited species.

Keywords: diet; competition; diet overlap; feeding habits; sympatric species; trophic level; stable
isotope; Scyliorhinus canicula; Mustelus mustelus; Mustelus punctulatus

1. Introduction

Inter- and intra-specific competition represents an important force in structuring
marine communities [1]. By reducing the pressure of competition, resource and food
partitioning is the main process allowing for the coexistence of sympatric species or of
different life stages of the same species [2,3]. Food partitioning is even more important when
co-occurring predatory species have similar morphology (i.e., mouth shape, dentition, and
body shape with the associated swimming abilities), habitat usage, and foraging habits (i.e.,
living and feeding either in the water column or close to the sea bottom). Indeed, similar
characteristics allow predators to target and hunt the same prey species [2,4], increasing
potential competition. This is particularly the case for congeneric species living in the
same community given their low evolutionary divergence and similar specialization [5].
Partitioning can occur along different levels, such as time, space, life stages, and trophic
niches [6–8]. A better characterization of trophic relationships, energy transfer, resource
partitioning, and competition occurrence can improve our understanding of the structure,
dynamics, and functioning of marine communities [6,9,10].

Elasmobranchs (sharks, skates, and rays) are key top and mesopredatory species
whose predatory activity can be highly influential in marine ecosystems [11–13], regulating
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both fish and invertebrate populations [14]. Mesopredatory elasmobranchs are extremely
important because they mediate the changes in community structure and functions caused
by the loss of apex predators [15,16]; nevertheless, diet information is often lacking [17].
Despite many species, especially opportunistic feeders, showing a significant dietary geo-
graphical variation [18,19], data on diet and trophic relationships are often limited to only a
few geographic areas and populations. Even fewer data exist on competition and resource
partitioning between co-occurring elasmobranch species [20]. Improved knowledge of the
trophic ecology of mesopredatory elasmobranchs, including diet composition, character-
ization of regional diets, niche breadth, and diet overlap between sympatric species, is
necessary. Indeed, this information can provide a better understanding of elasmobranchs’
functional role as top-down regulators in marine communities and of the processes of
energy transfer in trophic webs and marine ecosystems. In this context, combining the two
commonly used techniques of stomach content and stable isotope analysis is beneficial.
This approach can overcome the drawbacks of each technique, i.e., a high number of sam-
ples required for stomach content analysis and the low specific and temporal resolution of
stable isotope analysis, allowing for a better characterization of the diet and trophic role of
the investigated species ([21–23], and references within).

The northern Adriatic Sea is one of the most productive [24,25] and fished sub-basins
of the Mediterranean Sea [26,27]. Shallow waters and muddy–sandy bottoms characterize
the Italian coasts, while deeper waters and rocky substrates typify the Slovenian and
Croatian side [25]. This offers suitable habitats to a great variety of species, thus sustaining
high biodiversity [26]. Several mesopredatory elasmobranchs co-occur in this region [26,28],
many of which have been overfished in the past [26,29]. Among these, three of the most
abundant shark species, Mustelus mustelus, M. punctulatus, and Scyliorhinus canicula [28],
underwent a severe decline [26,29]. These species share similar benthopelagic habits and a
diet composed of mainly crustaceans and, in smaller proportions, teleosts, mollusks, and
polychaetes [30–32]. S. canicula is a small (up to 50.5 cm; [33]), benthic species that inhabits
the continental shelf and uppermost slopes on rocky to sandy bottoms down to a depth
of 400 m, where it rests in crevices and holes [30]; therefore, it is more abundant on the
eastern side of the study area, which is characterized by rocky substrates [25]. This is an
oviparous species that lays eggs throughout the year in the study area and reaches maturity
at small sizes (around 40–41 cm; [33]). Due to its sedentary habits, S. canicula resides in
the northwestern Adriatic Sea throughout the year [33], although some sexual segregation
occurs in the study area, as also reported in other populations [33–35]. The two Mustelus
species are large (up to 158 and 141 cm for M. mustelus and M. punctulatus, respectively; [36])
viviparous species that reach sexual maturity at large sizes (110–120 cm [36]) and share very
similar morphology, life history traits [36,37], and habitats. These congeneric species have
a demersal habit and spend most of the time swimming in midwater or, more commonly,
near the bottom, down to a depth of 350 m [30]. Both species perform seasonal migrations
in the study area, arriving when the water temperature starts to increase (April–May)
and leaving when temperatures start to drop (November–December; [36]), moving to the
southern part of the basin. The northwestern Adriatic Sea is used as a parturition and
mating area, and, at different times, mature pregnant females, mature actively reproducing
males, and juveniles and neonates of both sexes can be found [36].

The diet of these three species has been previously investigated in different areas [32,38–41],
also including the northeastern Adriatic Sea [42–46]. Nevertheless, apart from a comparison
between the two Mustelus species in the Strait of Sicily [31], no data exist on diet overlap and
resource partitioning among these three species. Yet, their co-occurrence and similar morphology
and habits suggest that a strong trophic competition might exist. Obtaining in-depth information
on their trophic ecology is essential to understand their functional role in the ecosystem and the
potential top-down consequences of the observed population decline [15,16]. In this context,
this study aimed to (1) better characterize the diet and trophic strategy of these three species in
the northwestern Adriatic Sea using stomach content and stable isotope analyses; (2) highlight
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intra-specific diet differences related to sex, size, or season; and (3) identify potential competition,
resource partitioning, or diet overlap between the three species.

2. Materials and Methods

2.1. Stomach Content Analysis

Between 2012 and 2013, 480 specimens (Table 1) of Scyliorhinus canicula (N = 243),
Mustelus mustelus (N = 114), and M. punctulatus (N = 123) were sampled from the landings
of Chioggia’s fishing fleet operating in the northwestern Adriatic Sea [26,47]. S. canicula
was identified based on morphological features while, for Mustelus specimens, the species
was genetically attributed following Marino et al. [37]. Sex was attributed according to the
presence of claspers in males. Total length and body mass were recorded using a measuring
tape (0.5 cm accuracy) and a scale (0.1 kg), respectively. Excised stomachs were preserved
in 70% ethanol in seawater. After removing excess ethanol with tissue paper, the total mass
of the stomach content was measured with a precision scale (0.01 g). Prey was identified
using a stereomicroscope to the lowest possible taxonomic level according to the available
identification keys [48–55], counted, and weighed (0.01 g). When only body parts were
found, the smallest number of individuals from which the fragments could have originated
was recorded. Unidentifiable material was not included in the analysis.

Table 1. Total length (cm; mean ± standard deviation) of Scyliorhinus canicula, Mustelus mustelus, and
M. punctulatus used for stomach content (non-empty stomach) and stable isotope analyses. Data are
presented and divided into sex, size, and season groups in S. canicula and for sex and size groups in
M. mustelus and M. punctulatus. Numbers in parentheses represent the sample size of each group.

S
to

m
a
ch

co
n

te
n

t
a
n

a
ly

si
s

Scyliorhinus canicula

Small Big Total

Cold season Hot season Cold season Warm season

Males 41.3 ± 0.4 (2) 35.3 ± 2.5 (3) 45.8 ± 2.7 (6) 45.5 ± 2.2 (31) 44.6 ± 3.5 (42)
Females 40.3 ± 1.4 (11) 40.1 ± 1.9 (18) 44.6 ± 1.6 (70) 44.4 ± 1.8 (59) 43.7 ± 2.4 (158)
Total 39.8 ± 2.2 (34) 44.8 ± 1.9 (166)

Mustelus mustelus

Small Big Total

Males 62.0 ± 12.8 (21) 106.4 ± 10.0 (6) 71.9 ± 22.4 (27)
Females 63.4 ± 13.3 (28) 118.7 ± 16.3 (47) 98.1 ± 30.9 (75)
Total 62.8 ± 13.0 (49) 117.3 ± 16.2 (53)

Mustelus punctulatus

Small Big Total

Males 39.0 ± 3.0 (49) 106.9 ± 11.0 (12) 52.4 ± 27.7 (61)
Females 38.9 ± 5.0 (43) 108.9 ± 11.1 (9) 51.0 ± 27.5 (52)
Total 39.0 ± 4.0 (92) 107.8 ± 10.8 (21)

S
ta

b
le

is
o

to
p

e
a
n

a
ly

si
s

Scyliorhinus canicula

Small Big Total

Males / 45.2 ± 1.8 (12)
Females / 45.3 ± 1.8 (12)
Total / 45.2 ± 1.8 (24)

Mustelus mustelus

Small Big Total

Males 73.0 ± 9.4 (4) 114.2 ± 14.4 (6) 97.7 ± 24.4 (10)
Females 69.8 ± 11.5 (6) 125.5 (1) 77.8 ± 23.5 (7)
Total 71.1 ± 10.3 (10) 115.8 ± 13.8 (7)

Mustelus punctulatus

Small Big Total

Males 53.7 ± 6.4 (5) 101.0 ± 9.6 (9) 84.1 ± 25.0 (14)
Females 50.5 (1) 105.1 ± 15.5 (9) 99.6 ± 22.6 (10)
Total 53.2 ± 5.9 () 103.0 ± 12.7 (18)

To investigate whether a sufficient number of stomachs were analyzed, cumulative
diversity curves were made using the lowest taxonomic level of the prey, separately for each
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species. Using EstimateS software (version 9.1) [56], the order in which the stomachs were
analyzed was randomized 500 times, and the Shannon–Weaver index (H′, mean ± standard
deviation; see below for its calculation), a proxy for diet diversity, was plotted against
the total number of non-empty stomachs [57]. The presence of an asymptote in the curve
indicates that enough stomachs were analyzed [58].

For each stomach, the percent fullness (%fullness), a proxy for feeding intensity [59],
was calculated by dividing the total mass of the stomach content by the body mass of the
specimen and multiplying by 100. Diet breadth was investigated with two diversity indices;
the Shannon–Weaver index (H′; [60]) [61] was calculated as:

H’ = ∑n
i = 1 pi· ln(pi) (1)

where pi is the amount of prey category i (g) relative to the totality of the prey categories
found in the stomach (n). The Pielou index is a proxy for diet evenness, highlighting the
potential dominance of few prey categories in the diet (J′; [62]), and was computed as:

J′ = H′/Hmax (2)

where Hmax is the maximum value that H′ can assume, equal to log(S), where S is the total
number of prey categories found in the stomach.

For each prey category, the percent frequency of occurrence (%FOi), the prey-specific
abundance (%PNi), and the prey-specific weight (%PWi) were calculated as:

%FOi = (ni/N) × 100 (3)

where ni is the number of stomachs in which prey category i was found, and N is the total
number of non-empty stomachs.

%PNi =
(

∑ni
j = 1 Nij

)
/ni (4)

where %Nij is the numerical abundance of prey category I in stomach sample j, and ni is
the number of stomachs containing prey category i;

%PWi =
(

∑ni
j = 1 Wij

)
/ni (5)

where %Wij is the abundance by weight of prey category i in stomach sample j, and ni is
the number of stomachs containing prey category i.

Using these indices, the prey-specific index of relative importance (%PSIRIi) was
calculated as [63]:

%PSIRIi = 0.5 × %FOi × (%PNi + %PWi) (6)

To investigate feeding strategies, %PNi was plotted against %FOi [64].
To check for the existence of trophic overlap among each predator pair combination,

the simplified Morisita–Horn (M–H) index [65] was computed using %PWi:

M–H =
(

2 ∑n
i = 1 pij pik

)
/
(

∑n
i = 1 pij

2pik
2
)

(7)

where n is the total number of prey categories, pij is the proportion of the prey category
i consumed by predator j, and pik is the proportion of the prey category i consumed
by predator k. According to the criteria proposed by Langton [66], an M–H value > 0.6
indicates a high dietary overlap, values ranging from 0.3 to 0.59 correspond to a medium
overlap, and values < 0.29 indicate a low overlap.

2.2. Stable Isotope Analysis

From a representative subsample of specimens analyzed for the stomach content
(Table 1), about 1 cm3 of white muscle was excised from below the first dorsal fin. Addi-
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tionally, in spring–summer of 2013, individuals of the dominant prey categories (teleosts,
crustaceans, and mollusks) were collected from catches from otter-trawl vessels fishing in
the northern Adriatic Sea (Table S4). At least three individuals for each prey category were
processed to obtain muscle tissue (about 2 g). For the smallest prey, different samples were
pooled and analyzed together.

Muscle samples were oven-dried at 60 ◦C for 48 h, then ground into a fine powder
using a combusted mortar and pestle. Samples were not subjected to lipid extractions
since they all had consistently low lipid content (carbon (C): nitrogen (N) < 4.0; [67]). The
stable C and N ratios were measured using an Isotope Ratio Mass Spectrometer DeltaV
Advantage (Thermo Fisher Scientific, Bremen, Germany) together with a CHN Analyzer
Flash 2000 (Thermo Fisher Scientific, Bremen, Germany). The ratio of stable isotopes was
expressed in delta (δ) notation:

δ = [(Rsample/Rstandard) − 1)] × 103 (8)

where δ is the isotope ratio of the sample relative to the standards (international standard
Vienna Pee Dee Belemnite (VPDB) for C and atmospheric nitrogen for N). Rsample is the
fraction of heavy to light isotopes in the sample, while Rstandard is the fraction measured
in the standard. The multiplication by 1000 is used to express the δ notation as units of parts
per thousand (‰). An internal standard (mussel muscle) was analyzed throughout each
run and was both accurate and precise (−20.5 ± 0.5‰ for δ13C and 5.7 ± 0.2‰ for δ15N).
For both δ13C and δ15N, the analytical precision of measurements was 0.2%. Sucrose IAEA
CH6 (International Atomic Energy Agency, Vienna, Austria), L-glutamic acid (RM 8574,
National Institute of Standards and Technology, NIST, Gaithersburg, MA, USA), caffeine
(National Institute of Standards and Technology, NIST, Gaithersburg, MA, USA), and urea
(National Institute of Standards and Technology, NIST, Gaithersburg, MA, USA) were used
as certified reference materials.

Using δ15N, the trophic level of species was estimated according to Fortibuoni et al. [68]
with an enrichment factor ΔN of 3.4‰. The δ15N value of Adriatic zooplankton (6.6 ‰)
used as a baseline for the primary consumer of trophic level one was assumed from Berto, D.
(Institute for Environmental Protection and Research (ISPRA), Venice, Italy), unpublished
data, 2023.

2.3. Data Analysis

To test differences in diet, three dichotomous factors were taken into consideration:
season (warm or cold), sex, and size (small or big). We considered size rather than sex-
ual maturity because, in elasmobranchs, size accounts for dietary ontogenetic shifts and
predatory abilities [7,69]. The mean total length observed in the northern Adriatic Sea
(males and females combined: 41.5, 92.9, and 76.1 cm for S. canicula, M. mustelus, and
M. punctulatus, respectively; [33,36]) was used as a threshold to allocate individuals to the
big- or the small-sized group. Species sampled during spring or summer (March–August)
were allocated to the warm season group, while those sampled during autumn or winter
(September–February) were allocated to the cold season group.

Before analysis, the normality and the homogeneity of variance of the datasets were
checked with the Shapiro–Wilk test and Lavene’s test, respectively. If, after transformation,
data were not normally distributed, non-normal distributions or non-parametric tests
were used. For a better description of the sample and for the interpretation of the results,
separately for each species, chi-squared tests were used to investigate differences in the
proportion of males and females between the two size groups and between the two seasons
and to test differences in the proportion of big and small individuals between the two
seasons. Potential differences in %fullness, H’, and J’ between sexes, size groups, and
seasons were tested. A linear model was used, including sex, size, and their interaction as
fixed factors. Due to the small sample size, a separate linear model was used to test the
factor season. Before analysis, an arcsin of the square root transformation of %fullness data
was used [70]; for clarity, results were reported as percentages.
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A permutational multivariate analysis of variance (PERMANOVA), including sex,
size, season, and their interaction, was used to highlight any intraspecific differences in
diet [5,71–74]. The analysis was based on the Bray–Curtis similarity matrix obtained from
the square root transformation of the prey biomass data. A non-metric multidimensional
scaling (nMDS) was performed to graphically represent the dissimilarity between the
different groups [5]. Prior to the analysis, prey categories with %FOi lower than 5% were
aggregated in larger categories according to taxonomic and ecological criteria, with the
exclusion of prey belonging to species of commercial values or showing high abundance in
the diet of one of the species (Table S1). A PERMANOVA test including the factor species
(three levels) was used to investigate any interspecific differences in diet composition.
To identify differences between species pairs, pairwise PERMANOVA comparisons were
performed. A similarity percentage (SIMPER) analysis based on square root transformed
biomass data was used to identify the percent dissimilarities between the groups and the
percent contribution of the different prey categories to the observed differences [5,71–74].

Given the lack of normality, potential differences in stable isotope values were investi-
gated using non-parametric Kruskal–Wallis tests. Differences between size groups (big and
small) within each species (except for S. canicula) and differences between the three species
were tested separately.

Results were reported as mean ± standard deviation (S.D.). A significance level of
α = 0.05 was used for the tests. Data were analyzed using R statistical software (ver-
sion 4.2.2), with lme4 [75], lsmeans [76], and emmeans [77] packages (R Core team 2021)
and Statsoft (Ver. 5.0). Multivariate analyses were performed using PRIMER 6 and PER-
MANOVA+.

3. Results

Of the analyzed stomachs, 35 (14.4%), 12 (10.5%), and 10 (8.1%) contained only par-
asites (cestodes and nematodes) in Scyliorhinus canicula, Mustelus mustelus, and M. punc-
tulatus, respectively. They were thus considered empty and not included in the analyses.
A summary of the total length and of the number of males/females for each species, size
group, and season is reported in Table 1 and Figure S1. In M. mustelus, the proportion of
males and females in the big- and the small-sized groups significantly differed (χ2 = 13.01,
p < 0.001), while it was similar in S. canicula (χ2 = 0.98, p = 0.32) and M. punctulatus (χ2 = 0.10,
p = 0.74). In S. canicula, a significantly higher proportion of females was observed in the
cold season (χ2 = 13.95, p < 0.001), while the proportion of small and big animals did not
differ between seasons (χ2 = 0.65, p = 0.42). All the M. punctulatus specimens and all the big
M. mustelus females were sampled only in the warm season; therefore, the factor season
was excluded from the analyses for these two species.

The cumulative diversity curves reached an asymptote for the three species, indicating
that the number of analyzed stomachs was high enough to describe their diet (Figure 1).
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Figure 1. Shannon–Weaver diversity index (Mean, solid line ± standard deviation, dotted lines) for
the cumulative diversity curve of Scyliorhinus canicula (SC, grey), Mustelus mustelus (Mm, blue), and
M. punctulatus (Mp, green).

3.1. Intraspecific Analysis
3.1.1. Scyliorhinus canicula

The main taxonomic categories in the diets were crustaceans (%PSIRI = 59.6%) and
teleost fishes (25.3%), followed by cephalopods (9.5%) and polychaetes (4.7%; Table S1).
In particular, the crustaceans Liocarcinus depurator, unidentified Caridea, unidentified
Portunidae, unidentified Brachiura, Liocarcinus sp., and Rissoides desmaresti were the most
important prey categories (%PSIRI > 4%; Table S1). S. canicula had a generalist feeding
strategy, as almost all prey categories were rare, being present in less than 25% of the
analyzed stomachs, and all having a prey-specific abundance (%PN) lower than 50%
(Figure 2a). Sex and size, but not their interaction, and season had a significant effect on
%fullness; values were higher in females, in small animals, and in the warm season. Size,
sex, and their interaction did not have a significant effect on the diversity indices, while
H’ and J’ were both significantly higher in the warm season (Table 2). PERMANOVA
highlighted significant trophic differences between sexes and seasons, but not between size
groups (Table 3; Figure 3a,b). The average diet similarity within males and females was
15.3% and 18.5%, respectively, and the average dissimilarity between sexes was 86.2%. The
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average similarity within the warm and the cold season was 20.9% and 15.4%, respectively,
while the average difference between the two seasons was 82.5%. Table 4 reports the main
prey categories contributing to the observed differences.

Figure 2. Feeding strategy of (a) S. canicula, (b) M. mustelus, and (c) M. punctulatus represented as
the prey-specific abundance (%PN) of every prey category identified in the diet plotted against its
percent frequency of occurrence (%FOi). Each black dot corresponds to a different prey category
identified in the diet of the species.

Table 2. Results of the linear models testing the effect of size, sex, season, and the interaction between
size and sex on fullness% and Shannon–Wiener and Pielou diversity indices for S. canicula (Sc),
M. mustelus (Mm), and M. punctulatus (Mp). Statistically significant results are in bold. The mean
(±standard deviation) of each group is reported.

Fullness% Shannon–Wiener Pielou

Sc Mm Mp Sc Mm Mp Sc Mm Mp

Size F2,197 = 4.45
p < 0.001

F3,98 = 0.44
p = 0.66

F3,109 = 4.02
p < 0.001

F3,196 = 0.96,
p = 0.34

F3,98 = 0.51
p = 0.61

F3,109 = 0.88
p = 0.38

F3,178 = 0.23
p = 0.82

F3,90 = 0.49
p = 0.62

F3,101 = 0.27
p = 0.79

Big 1.90 ± 1.88% 1.29 ±
0.72% 0.68 ± 0.49% 0.70 ± 0.46 0.73 ± 0.41 0.85 ± 0.52 0.62 ± 0.26 0.64 ± 0.22 0.66 ± 0.24

Small 4.32 ± 3.47% 2.08 ±
1.41% 1.48 ± 0.92% 0.82 ± 0.42 0.70 ± 0.46 0.89 ± 0.47 0.63 ± 0.22 0.58 ± 0.26 0.75 ± 0.22
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Table 2. Cont.

Fullness% Shannon–Wiener Pielou

Sc Mm Mp Sc Mm Mp Sc Mm Mp

Sex F2,197 = 2.45
p = 0.02

F3,98 =0.05
p = 0.96

F3,109 =1.64
p = 0.10

F3,196 = 0.62,
p = 0.53

F3,98 = 0.71
p = 0.48

F3,109 = 0.91
p = 0.37

F3,178 = 1.28
p = 0.20

F3,90 = 0.33
p = 0.74

F3,101 = 0.07
p = 0.95

Males 1.41 ± 1.47% 1.65 ±
1.16% 1.32 ± 0.88% 0.76 ± 0.45 0.70 ± 0.49 0.88 ± 0.46 0.72 ± 0.23 0.59 ± 0.28 0.74 ± 0.19

Females 2.55 ± 2.54% 1.68 ±
1.18% 1.35 ± 0.95% 0.71 ± 0.46 0.72 ± 0.41 0.89 ± 0.49 0.59 ± 0.26 0.61 ± 0.23 0.72 ± 0.26

Size × sex F3,196 = 1.28
p = 0.20

F3,98 = 0.16
p = 0.87

F3,109 = 1.81
p = 0.07

F3,196 = 0.64
p = 0.52

F3,98 = 0.82
p = 0.41

F3,109 = 1.03
p = 0.31

F3,178 = 0.05
p = 0.96

F3,90 = 0.41
p = 0.68

F3,101 = 0.01
p = 0.99

Season F1,198 = 2.14
p = 0.03

/ / F1,198 = 2.15
p = 0.03

/ / F1,180= 2.22
p = 0.06

/ /

Warm 2.33 ± 2.22% 0.84 ± 0.42 0.69 ± 0.21
Cold 2.28 ± 2.62% 0.58 ± 0.47 0.53 ± 0.28

Table 3. Results of the permutational multivariate analysis of variance (PERMANOVA) on the dietary
composition by biomass of S.canicula, M. mustelus, and M. punctulatus. Bold values highlight statistical
significance. df = degrees of freedom, SS = sum of squares, and MS = mean sum of squares.

Source df SS MS Pseudo-F P (perm) Unique Perms

S. canicula

Size 1 3631.9 3631.9 1.008 0.420 999
Sex 1 10131 10131 2.811 0.003 997
Season 1 7303.9 7303.9 2.027 0.034 999
Size × Sex 1 3867.8 3867.8 1.073 0.370 999
Size ×
Season 1 4132.5 4132.5 1.147 0.319 999

Sex × Season 1 3229.4 3229.4 0.896 0.571 999
Size × Sex ×
Season 1 3468.8 3468.8 0.965 0.474 998

Residual 192 6.9 × 105 3603.9
Total 199 7.4 × 105

M. mustelus

Size 1 20353 20353 8.156 0.001 999
Sex 1 1390.3 1390.3 0.557 0.737 999
Size × Sex 1 6193.4 6193.4 2.482 0.039 999
Residual 98 2.4 × 105 2495.5
Total 101 2.9 × 105

M. punctulatus

Size 1 41462 41462 13.123 0.001 997
Sex 1 3348.9 3348.9 1.060 0.391 999
Size × Sex 1 4254.8 4254.8 1.347 0.204 996
Residual 109 3.4 × 105 3159.5
Total 112 3.9 × 105

Figure 3. Cont.
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Figure 3. Non-metric multidimensional scaling (nMDS) ordination of dietary composition by biomass of
(a) sexes (females, F: orange •; males, M: green �) and (b) seasons in S. canicula (cold season, Cold: blue �;
warm season, Warm: red •), (c) the combination of the levels of sex and size factors in M. mustelus (small
females, F Small: red •; small males, M Small: orange �; big females, F Big: blue •; big males, M Big: light
blue �), and (d) sizes in M. punctulatus (small animals, Small: red •; big animals, Big: dark blue �).

Table 4. Results of the similarity percentage (SIMPER) analysis reporting the average biomass and
percentage contribution of the different prey categories to the difference observed between sex and
season groups in the diet of S. canicula, and between size groups in the diet of M. mustelus and M.
punctulatus. Only prey categories contributing at least 4% to the difference were included in the table.

Species Factor Prey Category
Average
Biomass

Average
Biomass

Contribution
(%)

S. canicula

Sex

Females Males

Portunidae 1.15 0.33 21.77
Unid. Teleosts 0.44 0.24 9.24
Other Caridea 0.14 0.33 7.45
Unid. Crustaceans 0.19 0.22 6.62
Sepiolidae 0.17 0.22 5.91
Other Brachiura 0.18 0.19 5.82
Rissoides desmaresti 0.11 0.14 4.63
Cepola macrophthalma 0.15 0.12 4.36
Alpheus glaber 0.08 0.17 4.19
Flatfishes 0.29 0.06 4.10

Season

Cold season Warm season

Portunidae 0.95 0.99 24.02
Unid. Teleosts 0.46 0.35 10.70
Flatfishes 0.36 0.14 6.54
Unid. Crustaceans 0.11 0.26 6.35
Other Brachiura 0.16 0.20 5.46
Sepiolidae 0.11 0.23 4.97
Deltentosteus quadrimaculatus 0.22 0.11 4.62
Other Caridea 0.14 0.22 4.61
Cepola macrophthalma 0.09 0.19 4.31
Unid. Polychaete 0.12 0.13 4.10

M. mustelus Size

Small animals Big animals

Portunidae 1.39 5.83 39.39
Squilla mantis 1.40 2.59 21.43
Other Brachiura 0.40 0.69 7.48
Ethusa mascarone 0.85 0.00 6.68
Unid. Crustaceans 0.39 0.25 4.24
Other Stomatopoda 0.22 0.37 4.20
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Table 4. Cont.

Species Factor Prey Category
Average
Biomass

Average
Biomass

Contribution
(%)

M. punctulatus Size

Portunidae 0.04 2.20 25.17
Squilla mantis 0.02 0.85 9.13
Unid. Teleosts 0.15 0.69 7.30
Other Polychaete 0.40 0.49 6.41
Pelagic fishes 0.13 0.48 5.45
Other Brachiura 0.20 0.46 5.35
Other 0.02 0.48 5.00
Unid. Cephalopods 0.14 0.41 4.56
Anomura 0.35 0.07 4.36
Unid. Processidae 0.36 0.00 4.19

3.1.2. Mustelus mustelus

This diet was almost exclusively composed of crustaceans (%PSIRI = 95.3%). In
particular, Squilla mantis, L. depurator, unidentified Portunidae, Ethusa mascarone, Liocarcinus
sp., unidentified Brachiura, and Carcinus aestuarii were the most important prey categories
(Table S1). Almost all prey categories were rare; however, S. mantis was present in more
than 45% of the stomachs, and L. depurator and unidentified Decapoda had a prey-specific
abundance higher than 40% (Figure 2b). This suggests that M. mustelus had mostly a
generalist feeding strategy, apart from a weak specialization for the abovementioned prey
categories. Size, sex, and their interaction did not have a significant effect on %fullness or
the H’ or the J’ index (Table 2). PERMANOVA analysis highlighted the significant effects
of the interaction between sex and size and of the factor size (Table 3 and Figure 3c); the
pairwise test highlighted that small and big animals were significantly different from one
another independently from the sex, but small females and big males did not differ (Table 5);
however, only a few big males were sampled (N = 6). The average diet similarity within
small and big animals was 25.0% and 42.3%, respectively, while the average dissimilarity
between size groups was 77.6% (Table 4; see Table S2 in Supplementary Materials for the
results of the interaction between sex and size).

Table 5. Results of the pairwise test investigating the effect of the interaction between the factors
sex and size on the dietary composition by biomass of M. mustelus. Bold values highlight statistical
significance. SF = small females, SM = small males, BF = big females, and BM = big males.

Comparison t P (perm) Unique Perms

SF, SM 1.2579 0.140 998
SF, BF 3.3407 0.001 999
SF, BM 1.3271 0.120 998
SM, BF 3.4784 0.001 999
SM, BM 1.8145 0.008 995
BF, BM 1.2952 0.173 998

3.1.3. Mustelus punctulatus

This diet was dominated by crustaceans (66.2%), but polychaetes (14.1%), teleosts
(9.0%), and cephalopods (8.7%) were also present. According to %PSIRI, unidentified Pro-
cessidae, Dardanus sp., unidentified Caridea, and Dardanus calidus were the most important
prey (Table S1). Almost all prey categories were rare, apart for unidentified polychaetes and
unidentified Processidae, which were present in more than 60% and 40% of the stomachs,
respectively, and L. depurator and unidentified Processidae, which had a prey-specific abun-
dance approaching 50% and higher than 55%, respectively (Figure 2c). This suggests that
M. punctulatus had a weak specialization for polychaetes, L. depurator, and Processidae, and
otherwise, a mostly generalist feeding strategy. Size, but neither sex nor their interaction,
had a significant effect on %fullness; values for small animals were significantly higher
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than those measured in big animals. Size, sex, and their interaction did not have a signif-
icant effect on H’ or J’ index (Table 2). PERMANOVA analysis highlighted a significant
difference in the diet between size groups (Table 3, Figure 3d). The average similarity in
the diet within small and big animals was 22.5% and 23.5%, respectively, while the average
dissimilarities between size groups was 92.6% (Table 4).

3.2. Interspecific Comparison

The simplified Morisita–Horn index is equal to 0.71 between the pair S. canicula and
M. mustelus, 0.54 between S. canicula and M. punctulatus, and 0.32 between M. mustelus
and M. punctulatus. PERMANOVA analysis highlighted a significant difference in the diet
between the three species, and the pairwise test showed that all species differed from each
other (Figure 4; Table 6). The average diet similarity was 16.1% within S. canicula, 28.3%
within M. mustelus, and 17.9% within M. punctulatus. The average dissimilarity was 87.4%
between S. canicula and M. mustelus, 89.5% between S. canicula and M. punctulatus, and
91.1% between M. mustelus and M. punctulatus (Table 7).

Figure 4. Non-metric multidimensional scaling (nMDS) ordination of dietary composition by biomass
of S. canicula (Sc, grey �), M. mustelus (Mm, blue �), and M. punctulatus (Mp, green •).

Table 6. Results of permutational multivariate analysis of variance (PERMANOVA) on the dietary
composition by biomass of the three species and of the associated pairwise tests. Bold values highlight
statistical significance. Sc = S. canicula, Mm = M. mustelus, and Mp = M. punctulatus. df = degrees of
freedom, SS = sum of squares, and MS = mean sum of squares.

PERMANOVA

Source df SS MS Pseudo-F P (perm) Unique Perms

Species 2 1.8 × 105 91733 26.52 0.001 998
Residual 412 1.4 × 105 3459.1
Total 414 1.6 × 105

Pairwise comparison

Pair-wise comparison t P (perm) Unique perms

Sc, Mm 5.211 0.001 999
Sc, Mp 4.492 0.001 999
Mm, Mp 6.002 0.001 999
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Table 7. Results of the similarity percentage (SIMPER) analysis reporting the average biomass and
percentage contribution of the different prey categories to the difference observed in the diet between
S. canicula and M. mustelus, S. canicula and M. punctulatus, and M. mustelus and M. punctulatus. Only
prey categories contributing at least 4% to the difference were included in the table.

Prey Category Average Biomass Average Biomass Contribution (%)

S. canicula M. mustelus

Portunidae 0.97 3.70 31.01
Squilla mantis 0.01 2.02 18.80
Other Brachiura 0.18 0.55 6.75
Unid. Teleosts 0.40 0.27 5.24
Ethusa mascarone 0.00 0.41 5.17
Unid. Crustaceans 0.19 0.32 4.57

S. canicula M. punctulatus

Portunidae 0.97 0.44 17.72
Unid. Teleosts 0.40 0.25 8.32
Other Polychaete 0.13 0.42 7.30
Unid. Crustaceans 0.19 0.25 6.60
Processidae 0.10 0.29 6.57
Anomura 0.01 0.30 6.00
Other Brachiura 0.18 0.25 5.75
Other Caridea 0.18 0.18 5.52
Sepiolidae 0.18 0.13 4.50

M. mustelus M. punctulatus

Portunidae 3.70 0.44 30.86
Squilla mantis 2.02 0.17 18.62
Other Brachiura 0.55 0.25 6.77
Ethusa mascarone 0.41 0.11 5.52
Unid. Crustaceans 0.32 0.25 4.78
Other Polychaete 0.04 0.42 4.18

3.3. Stable Isotope

Variation in average δ15N per species was restricted, ranging from 12.09‰ to 13.59‰;
on the opposite, δ13C values ranged from −13.13‰ to −17.60‰ (Figure 5, Table S3). δ15N
did not differ significantly among the three species, nor between big- and small-sized
individuals for M. mustelus (p > 0.05), while for M. punctulatus, significant differences
were observed (H1,23 = 7.111, p = 0.008). No significant differences were found between
sexes within species (all p > 0.05). δ13C showed high variation within species (Figure 5,
Table S3), presenting significantly higher values (always above −16.00‰) in big individuals
of M. punctulatus (H1,21 = 6.788, p = 0.009) and M. mustelus (H1,15 = 9.070, p = 0.003) as
compared to the small ones. Pertaining to prey, a decreasing trophic position in the food
web was observed from teleosts to crustaceans and mollusks (bivalves), with average δ15N
decreasing from 11.85‰ to 8.92‰ and 5.09‰, respectively, while δ13C average values
ranged from −17.00‰ to −19.20‰ (Figure 5, Table S4).
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Figure 5. Bidimensional plot of carbon (δ13C) and nitrogen (δ15N) stable isotopes ratios (mean ± stan-
dard deviation) for the three shark species categorized for size (S. canicula: grey �; M. mustelus: blue
�; M. punctulatus: green •) and for their main prey categories (Teleost: orange �; Crustacean: orange
�; Mollusks: orange �). Data are reported as the isotope ratio of the sample relative to the standards
(international standard Vienna Pee Dee Belemnite (VPDB) for C and atmospheric nitrogen for N).

4. Discussion

To better characterize the processes structuring communities in the northwestern
Adriatic Sea, we investigated the diet and trophic strategy of three of the most abundant
shark species in the area, namely Scyliorhinus canicula, Mustelus mustelus, and M. punctulatus.
For the first time for the area, we also assessed their trophic positions via stable isotope
analysis and investigated their potential diet overlaps and resource partitioning.

This study confirms the important role of the three studied species in the northern Adri-
atic Sea as mesopredators [31,78] feeding on crustaceans, teleosts, mollusks, and polychaetes.
Moreover, the three species were confirmed as generalist predators [79], although the two
Mustelus species showed some weak specializations for some prey categories. Despite the
general common preponderance of crustaceans in the diet of the three species, some dis-
similarities emerged from the comparisons with dietary studies conducted in the Atlantic
Ocean [80–87], other areas of the Mediterranean Sea [31,32,40,41,88,89], and even the north-
eastern Adriatic Sea [42–46,90]. This pronounced geographic variability likely results from
the opportunistic foraging strategy of these species, whose diet reflects prey availability in
different areas [18,19,32,40,87]. For the northern Adriatic Sea, differences in habitats between
the two sides of the basin may account for the reported diet variability. Indeed, the importance
of polychaetes in the diet that we observed in the northwestern Adriatic Sea for S. canicula
and, especially, M. punctulatus can be attributed to the preponderance of muddy habitats in
comparison with the rocky substrates of the eastern side [25].

Feeding intensity (i.e., stomach fullness; [59]) was higher in small S. canicula and M. punc-
tulatus [45], and in female S. canicula. It is likely that both groups require higher amounts
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of energetic resources: young, small individuals to sustain faster growth rates [91,92], and
females to sustain reproduction [32,34]. Stomach fullness was also higher in the warm
season in S. canicula, potentially to sustain the faster metabolism associated with higher
temperatures [93,94]. S. canicula diet was more diverse and homogeneous in the warm season,
likely because of seasonal differences in prey availability [41]. As also reported in other
areas [32], the diet of S. canicula differed between sexes. This species shows sexual segrega-
tion [34,35], with males and females occupying different habitats and, therefore, feeding on
different prey. Alternatively, the sexual dimorphism of teeth and mouth morphology can
explain the sexual dietary difference. Males have longer, sharper teeth that are more efficient
at capturing soft-bodied prey [95], and indeed, a greater importance of Sepiolidae in the diet
of male S. canicula is observed. Contrarily to previous studies [32,34,46], no ontogenetic shifts
in diet were highlighted in S. canicula, possibly because of the narrow size range and low
number of small animals sampled. Broadening the investigated size ranges could allow for
highlighting patterns related to ontogenetic shifts in diet. On the other hand, ontogenetic diet
shifts were confirmed in the two Mustelus species [31,41,44,88]. Smaller crustaceans (Ethusa
mascarone and Anomura, mostly Dardanus sp. and Processidae) were more or exclusively
present in the diet of small animals, while larger (Portunidae, S. mantis, and Brachiura) and
faster prey (teleosts and cephalopods) were more abundant in the diet of big animals. In
aquatic environments, predation is limited by the mouth gap [96], and as an individual grows,
it is able to prey upon larger animals [41] thanks to a greater crushing capacity [87] and
stronger bite and suction force [97]. Moreover, as animals grow, their swimming abilities also
improve, allowing them to hunt faster animals [98]. In the northwestern Adriatic Sea, big
Mustelus co-occur with smaller ones [26,36,37]; therefore, ontogenetic diet shifts are essential
in reducing competition, allowing co-occurrence, and increasing survival and fitness [2,3,7].

Although the investigated species are generalist predators, their diets significantly
differed. The important crustacean composition of the Mustelus species’ diet [31,38,42,44]
conforms to their dentition, presenting molariform teeth with weak cusps fused together at
the base, creating a strong plate that can efficiently crush crustacean shells [30]. On the other
hand, S. canicula has sharp teeth with two to four lateral cusps, also suitable for holding
soft-bodied prey such as teleosts and mollusks [95]. Moreover, S. canicula is a small, benthic,
sedentary species that lives mainly on rocky bottoms [30], while the two Mustelus species
are larger [36], benthopelagic, active species. These marked ecological and morphological
dissimilarities may explain the dietary differences observed between S. canicula and the
two Mustelus species. On the other hand, M. mustelus and M. punctulatus co-occur in the
same macro-geographic areas, exploit similar habitats, and have overlapping bathymetric
distribution [26,99] and very similar morphology [37]; nonetheless, these two species
differ in their diet. M. mustelus attains larger sizes [36] and can hunt larger and/or faster
prey [96,98,100], as suggested by the higher importance of large crustaceans (Portunidae,
S. mantis, and Brachiura) in its diet. Nevertheless, the diets of these two species also differed
when larger M. mustelus were excluded from the analysis (Figure S2 and Tables S5 and S6),
and therefore, size difference cannot be the only explanation. Despite similar morphology,
the mouth and dermal denticles’ shape vary between the two species [37], and preliminary
observations suggest that body morphology also differs, including the shape and dimension
of the first dorsal, pectoral, and caudal fins [101,102]. Fins are fundamental in determining
swimming type, maneuverability, and performance [103–105]. Similarly, specific dermal
denticles’ morphologies are associated with the enhancement of swimming performance
through drag reduction [106,107]. The difference existing in dermal denticles and fin
morphology, along with those in mouth shape [108], possibly accounting for different
swimming performances and predatory and feeding abilities, could be responsible for
the observed diet dissimilarities. This would allow the two species to target different
prey and finely differentiate the occupied habitat within the same broad geographic area
and benthopelagic zone [103–105], as observed in other sympatric Mustelus species [87].
M. mustelus, consuming almost exclusively benthic crustaceans, seems to feed in close
proximity to the seabed. On the other hand, M. punctulatus seems to also exploit the water
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column immediately above the sea bottom, as its diet is mostly composed of benthic prey
but also benthopelagic teleost and mollusks.

The observed differentiated diets fit with those predicted by ecological theories for
sympatric species; indeed, some degree of differentiation in the diets of species living in
the same geographic area and habitat is functional to ensure resource partitioning and
reduce the intensity of competition [2,3,7,109,110]. This mechanism could be the basis
of the lower similarities between the two congeneric species respective to those with
S. canicula. Contrarily, S. canicula has a broader diet, foraging opportunistically on all the
variety of prey present in the rocky-bottom habitat it occupies [111], converging in the
use of food resources with both Mustelus species without entering in strong competition
with them [2,3,7,109]. Indeed, the diet similarity within S. canicula samples is the lowest
observed among the three species, with the highest total number of prey taxa identified
(Table S1). Both M. mustelus and M. punctulatus showed some, albeit weak, specializations
in prey categories, while S. canicula showed none. All these observations seem to support
the broad generalist foraging of S. canicula.

The results obtained from stomach content analysis are confirmed by isotope analysis,
even considering the relatively limited number of data, especially for prey. The δ15N values
of the three species did not reveal significant differences in the trophic position [21–23]. In
addition, no change for this parameter was observed when size and sex were considered,
except for M. punctulactus, and only for size. While this result shows that the three species
occupy the same trophic level, δ13C highlights that this condition is mirrored by differences
in terms of carbon sources in their diet [21–23]. In fact, for this parameter, marked and
significant differences were observed between small and big individuals of the Mustelus
species, a result that is consistent with the ontogenetic shift observed in these species
through stomach content analyses. The direction of such change indicates a shift toward
less negative values of δ13C of large-sized specimens. Similar results were reported by
Espinoza et al. [112] for other elasmobranch species, in which size was a relevant driver for
the changes in δ13C associated with differences in diet composition.

In terms of absolute values, the δ15N observed in the muscle of the three shark species
is compatible with the prevalence of crustaceans in their diet and a possible increase of
about 3.0–3.4‰ with an increase of one trophic level [113]. However, the relevant prey
categories of S. canicula and M. punctulatus also included other taxa, as shown by the
stomach data. In this context, the still relatively low proportion of prey presenting either
a higher trophic level (such as teleosts) or lower trophic level species (like bivalves) as
compared to intermediate levels (crustaceans) could have prevented the emergence of clear
differences in the trophic position of the three species. Such a pattern could have also been
influenced by the fact that, as reported by Fortibuoni et al. [68], the δ15N of elasmobranchs
may present lower values as compared to the actual trophic position of the species due
to high levels of urea retained by sharks for osmoregulatory purposes. In terms of δ13C,
S. canicula and small Mustelus specimens showed values similar to those observed in their
main prey, while larger M. mustelus and M. punctulatus presented higher δ13C values. The
higher δ13C estimates for the big-sized individuals reflect an increase of the lighter 12C
isotope with respect to the heavier 13C, likely favored by dietary adjustments determined
by several factors, such as habitat changes, movement patterns, and predatory capacity.
In this regard, it is likely that large-sized Mustelus specimens present a habitat use where
prey have a higher incidence of carbon source related to marine productivity processes
as compared to the coastal, inshore ones, which are characterized by lower (i.e., more
negative) δ13C values [21,22]. Therefore, large-sized specimens have a prevalence of food
intake from sources of carbon from the open sea, possibly reflecting an ontogenetic shift in
habitat.

Other factors that were not investigated could influence the diet, isotope values, and
trophic relationships observed in this study. Isotopic values integrate diet over long peri-
ods [21–23]; because Mustelus species undertake seasonal migrations [36], their isotopic
values could be influenced by the prey consumed during the period spent outside the
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study area. On the other hand, as stomach content analysis reflects more closely the prey
consumed in a short period of time [21–23], the results obtained from this technique reliably
represent the diet of the species in the study area. However, the results of the stomach
content analysis accord with those of the stable isotope analysis, suggesting that these
species also feed on prey with similar trophic levels outside the study area. Neverthe-
less, broadening the spatial scale of the assessment could further allow for distinguishing
patterns related to changes in habitat use. The different bentho-demersal communities
present in the habitats occupied by S. canicula and the Mustelus species could also have
influenced the observed trophic partitioning [18,19,32,40,87]. However, refined information
on small-scale distributions of prey species is not yet available. Finally, other mesopreda-
tory bentho-demersal elasmobranchs could compete with the investigated species and
influence the trophic relationships in the area. Indeed, several shark (S. stellaris and Squalus
acanthias), skate (Raja clavata and R. asterias), and ray species (Pteroplatytrygon violacea, Dasy-
atis pastinaca, Myliobatis aquila, and Aetomylaeus bovinus) are abundant in the northwestern
Adriatic Sea [26,28], and some of them, at least in other areas, show similar diets to those of
the species investigated in this study [74,114–117]. Improving the knowledge of the diet of
these species in the area will better characterize the trophic and community dynamics of
the basin.

5. Conclusions

Our study confirmed the important mesopredatory role of the three investigated shark
species, simultaneously highlighting some unexpected resource partitioning and, at the
same time, trophic similarities between them. Given that most of the elasmobranch species
living in the northern Adriatic Sea are exposed to high fishing pressures [26] and have
undergone severe declines [26,29], further research is needed. Ultimately, these data should
be used in ecosystem models aimed at investigating potential top-down consequences of
the decline of these species [26].
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Abstract: In recent years, new findings and new methods (stable isotopes of oxygen, zinc, and
nitrogen; 2D and 3D modeling; and geometric morphometric analyses of the teeth) have enhanced
our knowledge of the Neogene shark fauna and its paleobiology. Several papers deal with the large
Otodus (Megaselachus) species, including the construction of a 3D model, as well as insights into its
lifestyle and diet. In addition, the skeletal remains of Carcharias gustrowensis, Carcharodon hastalis, and
Keasius parvus and a natural tooth set of Carcharodon hubbelli have been described in the last 13 years,
and the dentition of the Neogene species Carcharoides catticus, Megachasma applegatei, and Paroto-
dus benedenii has been reconstructed. Stable isotope analyses of the teeth from the Neogene species of
Araloselachus, Carcharias, Carcharodon, Galeocerdo, Hemipristris, and Mitsukurina have given insights
into the trophic positions of these genera during the Neogene, and shark teeth preserved near the
skeletal remains of prey animals (mammals) and shark bite traces on these remains provide direct ev-
idence of trophic interactions. The tooth shape, fossil locality, and paleoenvironment have been used
to better understand the taxa Carcharhinus dicelmai, Megalolamna paradoxodon, Pachyscyllium dachiardii,
and P. distans. Among extant species, Galeorhinus galeus can be traced back to the Eocene. Alopias su-
perciliosus, Rhincodon typus, and possibly A. vulpinus can be traced back to the Oligocene. Species
present by the Miocene include Alopias vulpinus, Carcharhinus amblyrhynchoides, C. amblyrhynchos, C. al-
bimarginatus, C. amboinensis, C. brachyurus, C. brevipinna, C. falciformis, C. glaucus, C. leucas, C. limbatus,
C. longimanus, C. macloti, C. obscurus, C. perezi, C. sealei, Centrophorus granulosus, Cetorhinus maximus,
Dalatias licha, Deania calcea, Galeocerdo cuvier, Glyphis glyphis, Heptranchias perlo, Isurus paucus, Lamna na-
sus, Negaprion brevirostris, Odontaspis ferox, Pseudocarcharias kamoharai, Sphyrna media, S. mokarran,
and possibly Carcharodon carcharias. First appearing in the Pliocene are Scymnodon ringens, Somnio-
sus rostratus, and Zameus squamulosus. For some extant species (Carcharias taurus, Hexanchus griseus,
Isurus oxyrinchus, Notorynchus cepedianus, and Sphyrna zygaena), it is not clear whether the assigned
Neogene teeth represent the same species. The application of new methods to more fossil shark taxa,
a detailed search for shark fossils, and better knowledge of the dentition of extant species (especially
those with minute-sized teeth) will further enhance our knowledge of the evolution and paleobiology
of sharks.

Keywords: Selachii; Miocene; Pliocene; paleobiology; ecology; Recent; megalodon

1. Introduction

The earliest record of elasmobranch fishes is probably from isolated scales potentially
referable to the chondrichthyans, which date back to the Late Ordovician Epoch, about
455 million years ago [1]. Apart from a different tooth shape, Paleozoic sharks had a
different anatomy from “modern” sharks (Neoselachii), which are known from the begin-
ning of the Mesozoic era. Four key differences separating neoselacians from Paleozoic
sharks were mentioned [2,3]: The jaws of neoselachians open wider than in earlier forms
because of the greater mobility in the jaw joint and a highly kinetic palatoquadrate and
hyomandibular. The notochord is enclosed in and constricted by calcified cartilaginous
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vertebrae, whereas primitive chondrichthyans had a simple notochordal sheath. The limb
girdles in neoselachians are strengthened by fusion or firm connection on the midline,
which allows for more powerful muscle activity. The basal elements (the radials) in the
paired fins are reduced, and most of the fin is supported by flexible collagenous rods called
ceratotrichia or actinotrichia. However, the general phylogeny, synapomorphies, evolution,
and origin of elasmobranchs (sharks and rays) and holocephalans are still under discus-
sion [4–7]. The rise and diversification of Neoselachii began in the Early Triassic Epoch, and,
by the Neogene period, the shark fauna was similar to the Recent fauna. However, despite
general similarities, the timing of the appearance of extant morphospecies, the extinction of
some Paleogene–Neogene species, and the potential trophic changes resulting from these
origin and extinction dynamics can provide insights into the structure and occupancy of
higher trophic levels in Recent oceans.

The cartilaginous skeleton of sharks is normally not preserved in the fossil record,
making the teeth the most abundant records of fossil sharks. Sharks replace their teeth
continuously throughout their lifetime, and this high production of potential bioclasts
makes fossil shark teeth the main vertebrate fossils in marine deposits of the Paleogene and
Neogene periods. Therefore, the designation of species is mostly based on a few isolated
teeth. In some cases, calcified vertebral centra can be found, as well as dermal denticles,
fin spines, and gill rakers. The skeleton, or parts of it, were only fossilized under specific
environmental conditions (e.g., fast sedimentation and exclusion of oxygen). Accordingly,
such findings are very rare [8–11].

The “classical” method to infer the shark ecology from teeth is to look to extant
relatives as analogues, as well as the shape of the teeth. The teeth were divided the different
tooth shapes into eight adaptive dental types [3]. In addition to the tooth size and shape, the
embedding sediment also gives an indication of the habitat preferences of Neogene sharks.
In the last 20 to 30 years, new findings, as well as new methods, have made it possible to
obtain more detailed information on the paleoecology of Neogene sharks. Recently, It was
quantified the classical method by applying 2D geometric morphometrics to statistically
discriminate the diet based on tooth shape, and it was also determined that variations in
tooth morphology could be partitioned into seven key variables with which ecological
roles in fossil sharks could be accurately assessed [12,13]. Paleobiology is probably best
documented for the most famous fossil shark, Otodus (Megaselachus) megalodon, simply
because there have been so many recent papers with this species as the main subject. The
aim of this paper is to provide a detailed overview of those Neogene shark species for
which the most data are available, excluding taxa described from only one or a few teeth.
We then summarize what is known of the paleobiology of these Neogene shark species,
as well as examining the first appearance of Recent species in the Neogene period (or
sometimes earlier). The classification is based on Cappetta [3]. Genera and species are
arranged in alphabetical order within higher taxonomic groupings. Lastly, we provide an
outlook on possible future developments concerning research on fossil sharks. This work
presents the current state of the art concerning the paleobiology of Neogene sharks, as well
as the fossil records of extant species.

2. Methods Used to Infer the Paleobiology of Fossil Sharks

There are six methods commonly employed to reconstruct the paleobiology of fos-
sil sharks.

1. The “classical” method of inferring the diet based on the teeth, as mentioned above.
More discoveries have made it possible to reconstruct complete dentitions and infer
the diet with greater accuracy. Complete dentitions, also called tooth sets, are a
more solid framework with which to reconstruct the diets of the sharks than isolated
teeth [14]. There are three types of tooth sets [14]. (a) In a natural tooth set, the jaw is
preserved, and all of the teeth are in their original positions. This the best but also the
rarest condition. (b) An associated tooth set is one based on the teeth of an individual
shark, where the teeth are found displaced from their natural positions. This is also
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rare and mostly associated with skeletal remains [10]. (c) An artificial tooth set can
be constructed from a number of tooth types from one locality that are believed to
belong to one species. The teeth probably come from different individuals. This is the
main type of reconstruction.

2. The rare discovery of preserved articulated or disarticulated skeletons or parts thereof,
including body proportions, gastric contents, and data on reproductive biology [11].

3. Bite marks on fossil bones or shark teeth embedded next to the fossilized skeletal
remains of prey animals can also be used to provide direct evidence of predation or
scavenging [15,16].

4. Stable isotopes can be used to reconstruct trophic positions [17,18].
5. Two-dimensional or three-dimensional computer modeling based on vertebral centra

and morphometric comparisons with Recent sharks can provide information on body
size and tooth shape [19,20].

6. The shape and morphology of the placoid scales can be used to reconstruct swimming
abilities [21].

3. Materials and Methods

For this review, the literature was searched for information concerning the ecology and
paleobiology of extinct Neogene shark species, as well as for the referral of fossil remains
to extant species [22]. Although the focus of this paper is on Neogene shark species, when
the first occurrence of extant species predates the Neogene, this is nevertheless also noted.
Throughout this review, extinct shark species are labeled with a dagger symbol (†) for
clarity. Geologic ages can be found in Figure 1.

 

Figure 1. Stratigraphic table.

The fossil record of Recent species is documented. In addition, when remarkable
information concerning the biology of Recent species has been discovered from fossil
sources, e.g., a dietary shift, this is mentioned in the text. Otherwise, the reader is referred to
the according literature, because details of the ecology of extant sharks are well documented
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elsewhere. Likewise, extant species are not considered because photos of them can be
found in nearly every scientific or non-scientific book on sharks.

For each Neogene shark species, one fossil tooth has been illustrated, or, in the case of
the extinct basking shark Keasius parvus, a gill raker (Figures 2 and 3). The latter species
first appears in the Oligocene (Paleogene) and the identified raker is from this epoch simply
because it was the best-preserved one available to the authors. However, a complete
preserved tooth was not available for every taxon. The extinct Neogene shark species and
the according methods used to infer their paleobiology are summarized in Table 1. Many
of the teeth of the extinct Neogene shark species mentioned in this paper have a nearly
global distribution. It was therefore decided not to list all of their fossil discovery localities,
as was done for the fossil records of extant sharks, in order to constrain the length of this
paper. Despite the large volume of research on fossil sharks undertaken during the past few
decades, there are unresolved questions and different opinions, especially concerning the
genus-level membership of some taxa. However, a discussion of the problems regarding
Neogene taxa is beyond the scope of this paper, and it is not relevant to this review. Details
of these debates can be found in the cited literature.

Table 1. Extinct (†) Neogene shark species and the methods used to infer their paleobiology.

Extinct Neogene Shark Species Methods Used for Paleobiological Reconstruction

†Mitsukurina lineata (Probst) Isotopes (δ66Zn values)

†Araloselachus cuspidatus (Agassiz) Isotopes (δ66Zn values), skeletal remains

†Carcharoides catticus (Philippi) Artificial tooth set

†Carcharias gustrowensis (Winkler) Skeletal remains

†Carcharodon hastalis (Agassiz) Bite traces on fossil dolphin skeleton, tooth height and width, skeletal
remains, stomach content, isotopes (δ66Zn and δ15NEB values)

†Carcharodon hubbelli Ehret, MacFadden, Jones,
DeVries, Foster and Salas-Gismond Vertebral centra, tooth height

†Megalolamna paradoxodon Shimada, Chandler, Lam,
Tanaka & Ward Tooth height and shape, paleoenvironment

†Otodus (Megaselachus) megalodon (Agassiz) and†O.
(M.) chubutensis (Ameghino)

2D and 3D reconstructions, isotopes (δ66Zn, δ18Op, and δ15NEB values),
vertebral centra, tooth height and width, plaeoenvironment, comparison
with the extant great white shark (Carcharodon carcharias), placoid scales
and tessellated calcified cartilage remains, marine mammal bones with
bite traces from †Otodus teeth

†Parotodus benedeni (Le Hon) Artificial tooth set, tooth shape and height, comparison with members of
Lamnidae and Otodontidae

†Keasius parvus (Leriche) Shape of gill rakers, skeletal remains

†Megachasma applegatei Shimada, Welton and Long Tooth shape (including a landmark-based geometric morphometric
analysis), paleonenvironment

†Pachyscyllium distans (Probst) and †Pachyscyllium
dachiardii (Lawley) Paleoenvironment

†Hemipristris serra Agassiz Tooth size, artificial tooth set, paleoenvironment, isotopes (δ66Zn value)

†Galeocerdo aduncus (Agassiz) Preserved jaw fragment, bite marks on a †Metaxytherium carcass and on a
crocodilian coprolite, isotopes (δ66Zn value)

†Physogaleus contortus Gibbes Tooth shape, teeth association with a cetacean carcass

†Carcharhinus dicelmai Collareta, Kindlimann, Baglioni,
Landini, Sarti, Altamirano, Urbina & Bianucci Tooth size, paleoenvironment
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Figure 2. (1a,1b) Mitsukurina lineata (Probst). SMNS 97016/10, Miocene, Rengetsweiler, Baden-
Württemberg, Germany. (1a) Lingual view; (1b) labial view. Scale: 10 mm. (2a,2b) Araloselachus
cuspidatus (Agassiz). SMNS 97269, Miocene, Kühnring, Lower Austria. (2a) Lingual view; (2b) labial
view. Scale: 10 mm. (3a,3b) Carcharoides catticus (Philippi). SMNS 97015/42, Miocene, Rengetsweiler,
Baden-Württemberg, Germany. (3a) Lingual view; (3b) labial view. Scale: 10 mm. (4a,4b) Carcharias
gustrowenis (Winkler). SMNS 97015/55, Miocene, Rengetsweiler, Baden-Württemberg, Germany.
(4a) Lingual view; (4b) labial view. Scale: 10 mm. (5a,5b) Carcharodon hastalis (Agassiz). Broad-toothed
morphotype. SMNS 97270, Miocene, Atacama Desert, Chile. (5a) Lingual view; (5b) labial view.
Scale: 20 mm. (6a,6b) Carcharodon hastalis (Agassiz). “Narrow-toothed” morphotype. SMNS 55505,
Miocene, Baltringen, Baden-Württemberg, Germany. (6a) Lingual view; (6b) labial view. Scale:
20 mm. (7a,7b) Carcharodon hubbelli Ehret, MacFadden, Jones, DeVries, Foster and Salas-Gismond.
SMNS 97271, Miocene, Peru. (7a) Lingual view; (7b) labial view. Scale: 20 mm. (8a,8b) Megalolamna
paradoxodon Shimada, Chandler, Lam, Tanaka & Ward. UCMP 112146, Miocene, Jewett Sand, Kern
County, California, USA. (8a) Lingual view; (8b) labial view. Scale: 20 mm. Images courtesy of K.
Shimada, used with permission. (9a,9b) Otodus (Megaselachus) megalodon (Agassiz). SMNS 97266,
Miocene, Malta. (9a) Lingual view; (9b) labial view. Scale: 20 mm.
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Figure 3. (1a,1b) Otodus (Megaselachus) chubutensis (Ameghino). SMNS 97267, Miocene, Lake Con-
stance, Germany. (1a) Lingual view; (1b) labial view. Scale: 20 mm. (2a,2b) Parotodus benedenii
(Le Hon). Miocene, Rengetsweiler, Baden-Württemberg, Germany. Specimen housed in a private
collection. (2a) Lingual view; (2b) labial view. Scale: 20 mm. (3) Keasius parvus (Leriche). SMNS
80740/16, gill raker from the Bodenheim Formation, Oligocene. Rauenberg, Baden-Württemberg,
Germany. Scale: 20 mm. (4a,4b) Megachasma applegatei Shimada, Welton and Long). LACM 122190,
Miocene, Pyramid Hill Sand Quarry in southeastern San Joaquin Valley, California. Photos cour-
tesy of Kenshu Shimada, used with permission. (4a) Lingual view; (4b) labial view. Scale: 5 mm.
(5a,5b) Pachyscyllium dachiardii (Lawley). SMNS 56753, Miocene, Ursendorf, Baden-Württemberg,
Germany. (5a) Lingual view; (5b) labial view. Scale: 5 mm. (6a,6b) Hemipristris serra Agassiz. SMNS
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85944/1, Miocene, Baltringen, Baden-Württemberg, Germany. (6a) Lingual view; (6b) labial view.
Scale: 10 mm. (7a,7b) Galeocerdo aduncus (Agassiz). SMNS 97268, Miocene, Rammingen, Baden-
Württemberg, Germany. (7a) Lingual view; (7b) labial view. Scale: 10 mm. Physogaleus contortus
(Gibbes). SMNS 97272, Miocene, Will Beach, Maryland, USA. (8a) Lingual view; (8b) labial view.
Scale: 15 mm. (9a,9b) Carcharhinus dicelmai Collareta, Kindlimann, Baglioni, Landini, Sarti, Altami-
rano, Urbina & Bianucci. MUSM 4697, Miocene, Peru. (9a) Lingual view; (9b) labial view. Scale:
5 mm. Photos courtesy of Alberto Collareta, used with permission. (10a,10b) Carcharias gustrowenis
(Winkler,). SMNS 97015/55, Miocene, Rengetsweiler, Baden-Württemberg, Germany. (10a) Lingual
view; (10b) labial view. Scale: 10 mm.

4. Results

4.1. Paleobiology of Extinct Neogene Shark Species

Lamniformes Berg
Mitsukurinidae Jordan
†Mitsukurina lineata (Probst) (Figure 2(1a,1b))
This is possibly the ancestor to the Recent M. owstoni (Jordan). Teeth of †M. lineata are

found in bathyal and neritic deposits from the Early and Middle Miocene of Europe and
South Korea [3,23]. Δ66Zn values for teeth from the Early Miocene of Baden-Württemberg,
Germany, show a lifestyle similar to that of Pseudocarcharias kamoharai (Matsubara) (syn.
P. rigida) [18]. The latter species feeds on bony fishes, squid, and shrimp [24], which is
also the case for the Recent M. owstoni [24]. Although M. owstoni is a mostly bathyal shark,
rarely occurring in shallow waters close to shore [24], the teeth of †M. lineata have also
been found in neritic deposits, as mentioned above. The species possibly visited shallower
waters in search of food or followed schools of fishes [25].

Odontaspididae Müller & Henle
†Araloselachus cuspidatus (Agassiz) (Figure 2(2a,2b))
There are differing opinions as to whether this species belongs to the genus Carcharias

(see the extant Carcharias taurus) or to the extinct genus †Araloselachus [3,11,26]. Likewise,
its relationship with the species †Araloselachus vorax (Le Hon), which had similarly shaped
teeth, is not yet resolved [3,16,26–28]. †Araloselachus cuspidatus is known from Miocene
neritic deposits in Europe, North America, and Central Asia [3], as well as from older
deposits of Oligocene age [11,29]. Its teeth are very abundant. They have a grasping, odon-
taspid shape but with a broader crown and often larger size than in †Carcharias contortidens
or C. taurus. Δ66Zn values indicate that †A. cuspidatus was likely a higher-trophic-level
piscivore than †M. lineata and Pseudocarcharias kamoharai (syn. P. rigida) [18], also supported
by the larger tooth size of †A. cuspidatus [18]. A partial skeleton of †A. cuspidatus, including
fetuses, from the Oligocene of Germany was illustrated and described [11]. An estimated
body length of ca. 5 m was mentionedfor this specimen [11]. Adelophagy (intrauterine
cannibalism), which is characterized by larger pups preying on smaller ones, is well doc-
umented among unborn pups of the extant Carcharias taurus [11,24,30]. This might also
have occurred in †A. cuspidatus and could explain the large number of incomplete embryos
recovered [11].

†Carcharoides catticus (Philippi) (Figure 2(3a,3b)).
Two species of †Carcharoides are known from the Neogene. Using both of these species,

an artificial tooth set was constructed for †Carcharoides catticus (Philippi) [31]. Based
on the tooth morphology of †C. catticus, this species was considered to be a synonym
of Triaenodon obesus (Rüppell) [32]; however, other authors dealing with this species do
not share this opinion and cite this species as †C. catticus [28,31]. Dried jaws or teeth
of T. obesus were not available to the authors for comparison; therefore, the fossil teeth
are treated here as †C. catticus. The reconstruction of the dentition shows similarities to
the dentition of Carcharias and Odontaspis [31]; therefore, a piscivorous diet can be also
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assumed for †C. catticus. Weak ontogenetic heterodonty for members of †Carcharoides
was mentioned [31]. The species †C. catticus first appears in the Oligocene. and teeth of
up to Middle Miocene age can be found in the neritic sediments of Europe and North
America [31,32].

Carchariidae Müller & Henle, 1838
†Carcharias gustrowensis (Winkler) (Figure 2(4a,4b)).
This species existed from the Oligocene to at least the Lower Miocene [10,28]. Hoves-

tadt & Hovestadt-Euler (2010) [10] A partial skeleton of a gravid shark with eight fetuses,
also associated with a myliobatoid tail spine and a chimaeroid dorsal fin spine was de-
scribed from the Oligocene of Baden-Württemberg, Germany [10]. The variation in the
length of the fin radials in †C. gustrowensis resembles the pectoral fin skeleton of Carcharias
taurus [10]. The myliobatoid and chimaeroid spines are likely remains of prey that have
pierced the skin or cartilage of the jaw area. In addition to the Oligocene and Miocene of
Germany, the species is also known from the Miocene of the Netherlands, Belgium, and
Hungary, as well as the USA (North Carolina and Chesapeake Bay) [28,33].

Lamnidae Müller & Henle, 1838
The Carcharodon complex
The most recent systematic arrangement of the tooth shape indicates that †Carcharodon

hastalis (Early Miocene–Pleistocene) is the oldest member of this genus, followed by
†Carcharodon hubbelli (Late Miocene) and lastly the extant species Carcharodon carcharias
(Early Pliocene–Recent) [8,9].

†Carcharodon hastalis (Agassiz) (Figure 2(5a,5b,6a,6b))
Teeth of this species are common worldwide in temperate to tropical neritic deposits

of Early Miocene to Pleistocene age [3,34]. The generic referral of this species remains
debated. There are also some uncertainties at the species level, with a narrow-toothed
morphotype as well as a broad-toothed one. There is therefore a discussion of whether two
other broad-toothed species (†C. plicatilis and †C. xiphodon) (Figure 2(5a,5b)) are distinct
from the narrow †C. hastalis tooth morphotype (Figure 2(6a,6b)) [9,16,25,32,35,36]. This
morphological difference could represent sexual dimorphism or ontogenetic change [9].
Assuming that all the referred teeth belong to only one species, the maximum body size
would have been 6–7.6 m, with anterior teeth up to 8.1 cm in height [32]. A partially
complete, articulated skeleton of a †C. hastalis juvenile, including stomach contents, was
documented from the Late Miocene of Peru [37]. The total body length of the immature
specimen was estimated to be 2.3–2.4 m. The Meckel’s cartilages are very similar to those
of various extant Lamniformes (including Carcharodon carcharias and Isurus spp.). The
teeth are distinctly more slender than the adult teeth of †C. hastalis, in agreement with the
pronounced ontogenetic heterodonty recognized in this species) [37]. The stomach contents
consisted of fishes, including the pilchard Sardinops cf. sagax. It is possible that individuals
with the narrow-toothed morphology had a piscivorous lifestyle, whereas those with the
broad-toothed morphotype had a diet primarily consisting of small marine mammals [37].
In the Pisco Formation, sixteen teeth of †C. hastalis were found in close contact with a
balaenopterid whale skeleton [38]. A tooth of †C. hastalis, early in its development, which
was completely penetrated by a myliobatiform caudal spine, could be verified from the
Calvert Cliffs (USA) (8–18 Ma, Miocene) [16]. Bite traces were found on a well-preserved
fossil dolphin skeleton from the Pliocene of Italy [39]. Most bite traces were caused by a
shark with unserrated teeth and about 4 m in length and were attributed to †C. hastalis
based on their morphology and the distribution of traces on the skeleton. Additionally, bite
traces attributed to †C. hastalis on cetacean skeletons from the Zanclean (Early Pliocene)
of South Africa were described [15]. In contrast to the bite trace record, δ15NEB values in
Miocene-aged †C. hastalis teeth were similar to those of Pliocene and extant C. carcharias,
but lower, more piscivore-like values were found in the Pliocene [17]. Congruently, δ66Zn
signals indicated that †C. hastalis teeth from the Early Miocene of Malta had a higher trophic
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position than teeth from the Early Pliocene of North Carolina. However, conspecific teeth
from the Miocene of Baden-Württemberg, Germany, also indicated a lower trophic position,
potentially indicating that the regional availability of different prey types influenced the
diet [18]. The same result was recovered for †Hemipristis serra between the two Miocene
localities, lending support to this hypothesis. However, another possible interpretation
is that the previously mentioned tooth morphotypes were correlated with trophic signal.
Based on material in collections, it seems that only the narrower morphotype was present
in the Early Miocene of Baden-Württemberg [40]. Reasons underlying the extinction of
†C. hastalis are unknown.

†Carcharodon hubbelli Ehret, MacFadden, Jones, DeVries, Foster, and Salas-Gismond
(Figure 2(7a,7b)).

A well-preserved jaw containing 222 teeth and associated with a series of 45 vertebral
centra was recovered from the Late Miocene Pisco Formation of Peru. The teeth show
similarities to those of C. carcharias and †C. hastalis, and †C. hubbelli was therefore interpreted
as an intermediate species between †C. hastalis and C. carcharias [8,9]. †C. hubbelli is also
known form the Late Miocene of California, USA, and Chile [41,42].

The examination of the vertebral centra yielded an age of at least 20 years. Based on
measurements of the teeth and vertebral centra, this specimen is estimated to have had a
minimum total body length of 4.80–5.07 m. The growth of †C. hubbelli appears to have been
slower than that of Recent great white sharks [8,9]. †C. hubbelli fed on marine mammals [9].

†Otodontidae Glickman, 1964.
†Megalolamna paradoxodon Shimada, Chandler, Lam, Tanaka, & Ward (Figure 2(8a,8b)).
This species is known from teeth from the Early Miocene of the USA (North Carolina,

California), Japan, and Peru [43,44], as well as from Baden-Württemberg, Germany (as
“Lamna sp.”) [25]. All the deposits represent shallow-water shelf-type coastal environ-
ments [25,43,44]. The largest came from an individual measuring at least 3.7 m in total
length [43]. Based on the shape of the anterior and lateral teeth, the diet of †M. paradoxodon
may have included relatively large prey, such as medium-sized (ca. 0.5–1 m) fishes, cap-
tured with the anterior teeth and cut by the distal portion of the dentition to a size suitable
for ingestion [43].

†Otodus (Megaselachus) megalodon (Agassiz) (Figure 2(9a,9b)) and †O. (M.) chubutensis
(Ameghino) (Figure 3(1a,1b)).

In the past, these extinct species have been placed in various genera (Carcharodon,
†Procarcharodon, †Carcharocles, †Megaselachus); they are currently placed in †Otodus, and
†Megaselachus is considered to be a subgenus [3,16].

†Otodus is divided into two chronospiecies: †O. (M.) chubutensis, with lateral cusplets
or only traces thereof, and †O. (M.) megalodon, which lacks lateral cusplets. In Early Miocene
deposits, teeth with cusplets are more abundant than uncuspleted ones. Moving upwards
through the Miocene profile, uncuspleted Otodus teeth increase in relative abundance and
the cuspleted ones eventually disappear entirely [45] (pers. observ. O.H.). A definitive
separation between all the teeth of the taxa †O. chubutensis and †O. megalodon is impossi-
ble, because a complex mosaic evolutionary continuum characterizes this transformation,
particularly in the loss of the lateral cusplets [45]. The cuspleted and uncuspleted teeth of
†Otodus (Megaselachus) spp. are therefore designated as chronomorphs, because there is
broad overlap between them both morphologically and chronologically. The †O. chubuten-
sis/megalodon problem was discussed in detail in the literature [16,33,45,46].

The large, triangular teeth of Otodus spp. are surely the most easily recognizable shark
teeth. †Otodus teeth are found worldwide in neritic deposits of the Neogene Epoch (see
Cappetta 2012) [40]. The teeth of †O. (M.) chubutensis can reach a height of 13 cm; the ones
from †O. (M.) megalodon can reach 17 cm [33]. Based on the tooth size, the maximum body
length of †O. (M.) megalodon was probably between 18 and 20 m [47]. Individuals of †O (M.)
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megalodon were, on average, larger in cooler waters than those living in warmer waters [47].
In the shallow marine Miocene Gatún Formation of Panama, the majority of †O. (M.)
megalodon teeth are very small [48]. The individuals from Gatún were mostly juveniles and
neonates, with estimated body lengths of between 2 and 10.5 m. They therefore proposed
that the Gatún Formation represents a paleo-nursery area for †O. (M.) megalodon [47]. Based
on statistical analyses, the presence of five potential nurseries were noted, ranging from
the Langhian (Middle Miocene) to the Zanclean (Pliocene) in age, with higher densities of
individuals with estimated body lengths within the range typical of neonates and young
juveniles [49]. However, it was argued by other authors that, while it is possible that
neonatal †O. (M.) megalodon could have utilized nursery areas, the previously identified
paleo-nurseries may reflect temperature-dependent trends rather than inferred life history
strategies [46].

A viviparous reproductive strategy characterized by matrotrophy via oophagy is
primitive for crown-lamniform sharks [50], resulting in large body sizes at birth. This is
consistent with the inferred life history of †O. (M.) megalodon [51]. Incremental growth
bands in the fossil vertebrae of a 9.2-m-long individual from the Miocene of Belgium (see
below) reveal that the shark was born large at 2 m in length and that this specimen died at
age 46 [50]. It was estimated that †O. (M.) megalodon had a lifespan of at least 88–100 years
and that it had a slightly higher growth rate (19–23 cm/year) during the first 7 years of
life relative to the remainder of its life (11–18 cm/year) [51]. Tessellated calcified cartilage
remains beside the teeth of a ca. 11.7-m-long individual could be verified from the Miocene
of Japan [21]. The morphology of each tessera (i.e., predominantly hexagonal) and the
arrangement of tesserae as a tessellated calcified cartilage sheet in †Otodus (M.) megalodon
are virtually identical to those of extant chondrichthyans [21]. Further, it was found that
the size range of tesserae observed in the estimated 11.7-m-long individual of †O. (M.)
megalodon is comparable to that of extant chondrichthyans, indicating that a larger body
size does not necessarily produce larger tesserae [21]. This observation suggests that, in
†O. (M.) megalodon, as in extant sharks, skeletal elements sheathed by tesserae developed
through biomineralization along the margins of existing tesserae to form new tesserae,
despite its gigantic body size [21]. The first reconstruction of the skeletal anatomy of
†Otodus was performed in the year 1996 [52]. The most recent anatomical reconstructions
were developed in 2020 and 2022 [19,20]. In 2020 a two-dimensional reconstruction of
†O. megalodon, was produced, based on comparisons with extant Lamniformes [19]. The
results suggest that a 16 m †O. (M.) megalodon likely had a head ~4.65 m long, a dorsal
fin ~1.62 m tall, and a tail ~3.85 m high [19]. In 2022, a three-dimensional model of
†O. megalodon was published [20]. The basis for the model was a vertebral column with
141 centra, belonging to a single, 9.2-m-long individual housed in the Royal Belgian Institute
of Natural Sciences in Brussels, Belgium, in addition to comparisons with the skeleton of the
Recent great white shark, Carcharodon carcharias [20]. This vertebral column was recovered
from the Antwerp Basin in the 1860s; however, neither the locality nor an age has been
specified for the specimen beyond a Miocene range (23 to 5.3 Ma) [20]. The reconstruction
yielded a total length of 15.9 m and a body mass of 61,560 kg. The gape size was determined
at different angles: the gape was 1.2 m in height at a 35◦ angle and 1.8 m in height at 75◦
angle. The gape was 1.7 m in width at both angles. The stomach volume was estimated to
have been 9605 L. Prey up to 8 m in length could have been ingested whole, whereas larger
prey (e.g., prey the size of the extant humpback whale, Megaptera novaeangliae) would have
required additional processing [20]. It was calculated that the modeled †O. (M.) megalodon
had an energy requirement of 98,175 kcal per day. Additionally, the mean absolute speed
for the model was calculated at 1.4–4.1 m/s (=ca. 5.0–14.8 km/h) and the mean relative
cruising speed was estimated at 0.09 body lengths per second [20]. However, other authors
estimated lower cruising speeds for †O. (M.) megalodon, at 2.0 km/h, with a range of
0.9–3.0 km/h, based on the morphology of its placoid scales [21]. This authors also found
that the general size of the placoid scales in the vast majority of extant pelagic lamniforms
and carcharhiniforms, as well as in extinct lamniform taxa such as †Cretoxyrhina, †Cretodus,
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and †Squalicorax, was similar to the overall scale size of the much larger †O. megalodon.
This demonstrates that the exceptionally large body sizes seen in †O. (M.) megalodon did
not result in exceptionally large placoid scales [21]. Rather, new placoid scales of a similar
small size were added throughout the ontogeny as the shark grew [21]. All the authors
used the chronospecies name †O. megalodon, but there is no reason to assume that these
data cannot be extrapolated to †O. chubutensis if of similar size.

†Otodus spp. were the top predators during the Miocene and Early Pliocene. There
are many examples of marine mammal bones with bite traces from †Otodus teeth, includ-
ing, e.g., small-sized mysticete cetaceans and pinnipeds from the Upper Miocene Pisco
Formation (Southern Peru) [53] and a mysticete caudal vertebra from the Pliocene of North
Carolina [54]. However, in the majority of cases, it remains unclear whether these feeding
events on mammals document active hunting or scavenging [18]. Using enameloid-bound
δ15N (δ15NEB) in †Otodus teeth, it could be determined that †Otodus (M.) megalodon as well
as †O. (M.) chubutensis occupied a higher trophic level than that of any known marine
species, extinct or extant [17]. The δ15NEB values show a large range for †O. (M). megalodon,
which may reflect a generalist diet, with individuals feeding across many prey types and
different trophic levels [17]. Many extant apex predatory sharks are also opportunistic
in their prey selection [18]. Despite the bite traces on the mysticete bones noted above,
the high δ15NEB values indicate that baleen whales were not the dominant prey of †O.
megalodon, as extant baleen whales have a low trophic level and a correspondingly low
δ15 N (Kast et al., 2022) [17]. δ66Zn values derived from the tooth enameloid of †O. mega-
lodon were used to find support for the previous conclusion that †Otodus spp. were apex
predators feeding at a very high trophic level [18]. However, during the Early Pliocene,
the †Otodus lineage represented by †O. (M). megalodon showed a considerable increase in
mean δ66Zn values in Atlantic populations, hinting at a reduced trophic position for the
megatooth shark lineage in the Atlantic [18]. This could indicate a dietary shift, specifically
that lower-trophic-level mammalian prey such as mysticetes (and perhaps herbivorous
sirenians) may have become an important dietary component for Atlantic populations of
†O. (M). megalodon. Extinct small- and medium-sized mysticetes (e.g., Cetotheriidae and
various small balaenids and balaenopterids) were abundant during the Early Pliocene and
were thus available as prey for Otodus spp. [18]). As can be seen, the isotopic results are
partially in conflict with respect to the trophic level.

Thermophysiology is another important area of investigation concerning the paleo-
biology of the Neogene †Otodus spp. The question of endothermy in Neogene †Otodus
sharks were examined using δ18Op values (P = phosphate) [55]. The measurements sup-
port endothermy in †Otodus (M.) megalodon and †O. (M.) chubutensis [55]. Based on their
lower estimates of the cruising speed, it was suggested that the function of regional en-
dothermy shifted from maintaining high cruising speeds to accelerating digestion and
nutrient absorbtion during the evolution of gigantism in otodontids [21].

Regarding the extinction of †Otodus (M.) megalodon, two dates are reported in the
newer literature: (1) before c. 2.6 Ma (Pliocene/Pleistocene boundary) [56]; (2) before c.
3.6 Ma (Early–Late Pliocene boundary) [57]. There are different opinions regarding the
importance of competition with great white sharks or the extinction of small to mid-sized
mysticete prey species, as possible drivers of the extinction [17,18,58]. Competition with
hypercarnivorous odontocetes may have also played a role in the extinction process [18,57].
Concerning climatic changes as potential causes of the extinction, no evidence was found for
direct effects of the global temperature [58]. It was noted that the gigantic body size, when
combined with with the high metabolic cost of maintaining an elevated body temperature,
may have made †Otodus species more vulnerable to extinction than the sympatric sharks
that survived the Pliocene Epoch [55]. In summary, the reasons for the extinction of †O. (M.)
megalodon are still unknown.

†Parotodus benedenii (Le Hon) (Figure 3(2a,2b)).

86



Diversity 2024, 16, 147

The teeth of †Parotodus benedenii can be up to 6 cm high. This species has been
widely reported from the Early Oligocene through the Early Pliocene fossil beds of Eu-
rope (Belgium, Germany, Hungary, Italy, Malta, the Netherlands, Portugal, Slovakia, and
Switzerland), Africa (Angola and South Africa), the Azores, and the United States, as well
as from Australia, Japan, and New Zealand in the Western Pacific [16]. Despite its broad
geographical distribution, this species is rare in Neogene deposits. During the Neogene,
a clear increase in tooth size occurred, accompanied by a notable thickening of the root,
which became very stout and globular [3]. Different authors illustrated an artificial tooth
set of this species [32,33,59]. †P. benedenii was reconstructed as a large, hypercarnivorous
shark that inhabited pelagic settings and fed primarily on large, soft prey and scavenged
items [60]. Thus, some ecological partitioning did likely exist between †P. benedenii and
other elasmobranch apex predators (including the extant species Carcharodon carcharias,
Carcharhinus leucas, and Galeocerdo cuvier during the Pliocene) in Neogene mid-latitude seas.
The body length of †P. benedenii was estimated at over 7 m [60] or between 6 and 7.5 m [32].

Cetorhinidae Gill
†Keasius parvus (Leriche) (Figure 3(3)).
This species was originally placed in the basking shark genus Cetorhinus. In 2013, the

species was placed in the newly erected genus †Keasius [61], based on the shape of the gill
rakers, the vertebral centra, and the dentition. †K. parvus existed from the Middle Eocene
to Middle Miocene [62]. Remains have been found in Europe, Mexico, and Japan [61]. A
partial skeleton of †K. parvus was described from the Oligocene (Rupelian) of Germany [62].
†K. parvus possessed a filter feeding apparatus similar to that of the extant Cetorhinus
maximus, and it can be assumed that the species shared the same feeding habits. The
aforementioned skeleton came from a ca. 2-m-long animal [62]. The maximum length of
†K. parvus is estimated at 4.5–5 m [62].

Megachasmidae Taylor, Compagno & Struhsaker
†Megachasma applegatei Shimada, Welton and Long, 2014 (Figure 3(4a,4b)).
The teeth of this extinct megamouth shark are known from Late Oligocene–Early

Miocene marine deposits of the Western USA [63]. †M. applegatei could have measured
approximately 6 m in total length and likely had a broad diet, possibly including small
fishes and planktonic invertebrates. The fossil record indicates that †M. applegatei either had
a broad bathymetric tolerance or was a nektopelagic feeder over both deep- and shallow-
water habitats [64]. An artificial tooth set of this species was examined via landmark-based
geometric morphometric analysis [63]. The teeth were more variable in shape than those of
the extant Megachasma pelagios (Taylor, Compagno, & Struhsaker). The teeth of the fossil
species were probably arranged in the typical heterodont “lamnoid tooth pattern” [65] as
in predatory lamniform sharks.

Carcharhiniformes Compagno
Scyliorhinidae Gill
†Pachyscyllium distans (Probst) and †Pachyscyllium dachiardii (Lawley) (Figure 3(5a,5b)).
Both catshark species lived contemporaneously and their teeth are widespread in

the Miocene and Early Pliocene of Europe (e.g., Germany, Belgium, France, Netherlands,
Portugal, Italy) [28,40,66]. Both species had very similar teeth; therefore, only a tooth from
P. dachiardii was illustrated. The only known information regarding the paleoecology of
these taxa is that both were thermophilic sharks) [28,66].

Hemigaleidae Hasse
†Hemipristris serra Agassiz, 1843 (Figure 3(6a,6b)).
The species is very widely distributed from the Late Oligocene (Chattian) through

the Pleistocene in formations representing warmer-water regions of the Atlantic Ocean,
Caribbean Sea, Mediterranean Sea, Indian Ocean, and Pacific Ocean [16]. An artificial
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tooth set for this species was published [32]. Whether †H. serra is the direct ancestor to the
Recent H. elongata (Klunzinger) is questionable. Based on histological differences between
its teeth and those of the extant H. elongata (Klunzinger, 1871), it was suggested that the
generic reassignment of †H. serra is warranted [67]. †H. serra probably reached a length
of c. 6 m [68], whereas the Recent species only attains lengths of 2.3–2.4 m [30]. There are
some differences in tooth size through time and space. Teeth from the Early Miocene of
Southern Germany have a maximum size of 31 mm in height and 25 mm in width [69], but
teeth from the Early Pliocene of North Carolina, USA, reached a height of 41 mm and a
width of 43 mm [32].

Based on the δ66Zn composition, †H. serra from the Early Miocene of Malta occupied
a higher trophic position than individuals from the Early Miocene of Baden-Württemberg,
Germany. This is the same relative result recovered for individuals of †Carcharodon hastalis
between the two localities; different prey availability or a shorter trophic chain in the
German Molasse Basin may also be driving the observed pattern in this case. The Maltese
specimens have a similar trophic position to †Galeocerdo aduncus [18].

Galeocerdonidae Poey
†Galeocerdo aduncus (Agassiz) (Figure 3(7a,7b)).
This ancient tiger shark is found worldwide in neritic sediments of Oligocene to Late

Miocene age [70]. A preserved jaw fragment from the Miocene (8 to 18 Ma) of Calvert
Cliffs, USA was illustrated [16]. The teeth are similar to those of the extant tiger shark G.
cuvier, apart from differences concerning the serration as well as the size [70]. †G. aduncus
teeth are smaller. However, some authors [32] placed this species in synonymy with the
extant G. cuvier on the basis of similarities in overall morphology.

Fossil evidence from the Middle Miocene of the Styrian Basin (Austria) shows that
†G. aduncus fed on a sirenian carcass (†Metaxytherium sp.) [71]. Other authors were also
able to match tooth marks on a crocodilian coprolite to this species [72]. Zinc isotope
values in the Galeocerdo lineage show no statistical variability with either age or locality,
suggesting that tiger sharks occupied a similar trophic level and ecological role in the
marine ecosystem since at least the Early Miocene [18]. †G. aduncus likely had a similar
lifestyle to that of the extant G. cuvier, despite having smaller teeth.

†Physogaleus contortus (Gibbes) (Figure 3(8a,8b)).
Teeth are known from the Early and Middle Miocene of the Eastern United States

(Maryland, North Carolina, and Virginia), Cuba, Panama, Peru, Germany, and Hun-
gary [16]. The paleobiology of †P. contortus is largely unknown, although the slender,
twisted tooth crowns are consistent with a largely piscivorous diet [16]. A sperm whale
skeleton from the lower Calvert Formation of Popes Creek, Maryland, USA (Early to
Middle Miocene) was associated with 37 †P. contortus teeth [16]. Although the teeth are
exceptionally large, these sharks were far too small to have attacked and killed such sub-
stantial prey. Typically, such an association of teeth would be attributed to scavenging,
although this is difficult to confirm. Based on the tooth morphology, it seems equally
plausible that this tooth concentration represents †Physogaleus preying on small scavenging
fishes attracted by the carcass [16].

Carcharinidae Jordan & Evermann
†Carcharhinus dicelmai Collareta, Kindlimann, Baglioni, Landini, Sarti, Altamirano,

Urbina, & Bianucci (Figure 3(9a,9b)).
This newly described species is known from the Lower Miocene Chilcatay For-

mation of Peru (type locality) and from the Lower- to mid-Miocene (Burdigalian to
Lower Langhian) Cantaure Formation of Venezuela. The latter locality suggests a trans-
Panamanian distribution for this ancient species [73]. Given the dimensions of its teeth,
†C. dicelmai was likely a diminutive carcharhinid and may have relied on small prey items
(including, e.g., small bony fishes and invertebrates) that were individually captured and
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ingested through feeding actions that involved clutching [73]. †C. dicelmai may also have
been an essentially thermophilic and very littoral shark [73].

Additional comments regarding fossil Carcharhinus: In the Pliocene of Tuscany, Italy, a
fossil cetacean rib pierced by a partial requiem shark tooth (Carcharhinus sp.) was found [74].
Evidence for Carcharhinus sharks (mostly broad-toothed members of the genus) foraging
upon cetaceans is preserved in the Mediterranean Pliocene fossil record in the form of bite
traces and teeth associated with bones [74]. Species-level identifications were not provided.

4.2. The Fossil Records of Extant Shark Species

Hexanchiformes de Buen
Hexanchidae Gray
Hexanchus griseus (Bonnaterre)
Fossils of very large Hexanchus teeth (at least 25 mm in width) have been widely, if

rarely, collected from Early Miocene to Pliocene sediments in Belgium, Chile, Italy, Japan,
Malta, Peru, Portugal, and Spain, as well as California and North Carolina in the USA [16].
These were named as †Hexanchus gigas (Sismonda) by Kent [16] or as Hexanchus sp. by
Purdy et al. [32]. Apart from the large size, they are similar to the teeth of the extant
H. griseus. As yet, it is unclear whether they represent separate species or are conspecific.

A large Hexanchus tooth was associated with a cetacean skeleton (†Cephalotropis coro-
natus Cope) from the Late Miocene of Maryland, although it is uncertain whether this
represents active predation or scavenging. Shark bite traces on a sirenian skeleton from
Pliocene shoreface deposits of Tuscany (Italy) were mentioned, which can probably be
attributed to an immature H. griseus [75].

Notorynchus cepedianus (Péron)
The fossil record of this extant species is not clear. Teeth of similar shape to those of

N. cepedianus can be found from the Late Oligocene (Chattian) through the Late Miocene of
Florida, Maryland, North Carolina, and Virginia, as well as Australia, Austria, the Azores,
Belgium, Denmark, France, Germany, Japan, the Netherlands, Poland, Portugal, Slovakia,
Spain, and Switzerland [16]. These fossil teeth have mostly been named as †Notorynchus
primigenius (Agassiz) [40]. There are, however, differing opinions regarding whether
†N. primigenius represents a distinct species [16] or is a synonym of N. cepedianus [32].
Interestingly, the geographic distribution of Recent N. cepedianus is quite unlike that of
Notorynchus in the Neogene, with Recent members of this genus generally restricted to cool
temperate waters, whereas, in the Neogene, the genus was also widely distributed in warm
temperate and tropical waters [28].

Heptranchias perlo (Bonnaterre)
Fossil record: Early Miocene: Costa Rica [76]; Middle Miocene: Italy (Abruzzo,

Parma) [77,78]; Late Miocene: Panama (Northern Panama) [79]; Portugal (Lisbon) (as
“cf.”) [80]; Late Miocene to Early Pliocene: Venezuela (Northeastern Venezuela) [81].

Squaliformes Goodrich
Centrophoridae Bleeker
Centrophorus granulosus (Bloch & Schneider)
Fossil record: Early to Middle Miocene: France (Vaucluse) [82]; Pliocene: Italy (Tuscany,

Piedmont) and France (Le-Puget-sur-Argens) [83–85]. In the Miocene deposits of Europe
and South America, many teeth have been named as Centrophorus cf. granulosus [86,87]
since they show similarities to the extant C. granulosus. However, the dentition of the other
10 extant Centrophorus species is insufficiently known [22]. The assignment of isolated
Centrophorus teeth to species is therefore not without problems.

Deania calcea (Lowe)
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Fossil record: Early to Middle Miocene: France (Vaucluse) [82], Middle Miocene: Spain
(Southeastern Spain) [88], Japan (Nagano Prefecture) (as “cf.”) [89]; Early Pliocene: Italy
(Parma) (as “cf.”) [90].

Dalatiidae Gray
Dalatias licha (Bonnaterre)
Fossil record: Miocene: Italy (Sardinia) [91]; Early to Middle Miocene: France (Vau-

cluse, Southern France) [82,92,93], Colombia (Guajira Peninsula) (as “cf.”) [94,95]; Middle
Miocene: South Korea [23]; Early Miocene to Early Pliocene: Japan [96–99]; Late Miocene:
Panama [79]; Pliocene: Japan [100]; Early Pliocene: France (Le-Puget-sur-Argens) [84]; Late
Pliocene: Italy (Tuscany) [85].

Somniosidae Jordan
Scymnodon ringens du Bocage & Capello
Fossil record: Early Pliocene: Italy (Parma) [101]; Middle Pliocene: Italy (Romagna

Apennines) (as “cf.”) [102].

Somniosus rostratus (Risso)
Fossil record: Early Pliocene: Italy (Parma) [103].

Zameus squamulosus (Günther)
Fossil record: Early Pliocene: Italy (Parma) [101].

Orectolobiformes Applegate
Rhincodontidae Garman
Rhincodon typus Smith
Fossil record: Late Oligocene: USA (South Carolina) (as “cf.”) [104]; Early Miocene:

France (Occitania) (as Rhincodon sp.) [105]; Early to Middle Miocene: USA (Maryland,
North Carolina) [32,106]; Late Miocene–Early Pliocene: Costa Rica [107].

Lamniformes Berg
Cetorhinidae Gill
Cetorhinus maximus (Gunnerus)
Fossil record: Following Hovestadt & Hovestadt-Euler [62], this extant species first

appeared in the Middle Miocene, whereas Welton [108] cited the Late Miocene as the
earliest occurrence. Material has been referred to this taxon from the Early to Middle
Miocene: Japan (Saitama) [109]; Middle Miocene: Czech Republic (Kienberg) [110]; Late
Miocene: USA (Oregon) (as “cf.”) [108], USA (California) [111]; Late Miocene: Germany
(Sylt, Lower Saxony [112,113]; Late Miocene to Early Pliocene: Chile (El Rincón) [114],
Netherlands (Winterswijk-Almelo) [115]; Early Pliocene: Belgium (Kallo) [116], France
(Le-Puget-sur-Argens, Anvers) [84,117]; Late Pliocene: Italy (Tuscany) [85].

Carchariidae Müller & Henle
Carcharias taurus Rafinesque
Teeth similar in shape to those of the extant Carcharias taurus (Rafinesque) can be found

worldwide in Neogene neritic deposits. Teeth of this morphology are the most abundant
shark teeth in these deposits and often occur en masse. Historically, Miocene teeth of this
type have been identified as †C. contortidens (Figure 3(10a,10b)), but the relationship of this
taxon with C. taurus is not completely clear [28]. Similar teeth from the Early Pliocene have
been named as C. taurus [18,32]. One problem is that, despite their abundance, the teeth are
often not completely preserved and therefore important details (e.g., lateral cusplets) are
often missing.

Based on the δ66Zn values, Carcharias teeth show a relatively stable trophic level and
ecological niche through time and space [18], and a similar lifestyle to that of the extant
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C. taurus can be assumed for the Miocene representatives, despite the controversial species-
level classification. Details of the biology of C. taurus can be found in Ebert et al. [30].
Today, this species is distributed in nearly all warm and tropical waters apart from the
Eastern and Central Pacific [30]. During the Miocene and part of the Pliocene, members
of the genus Carcharias (probably C. taurus) also occupied waters off the western coast of
South America, where, today, the species is absent [118]. The latter authors suggested that
the local extinction of Carcharias was the consequence of a drop in global temperatures
during the Middle Pliocene and Pleistocene, accompanied by a coeval drop in sea level that
reduced the shelf area and therefore the suitable habitat for this species. The establishment
of the Panamanian isthmus prevented the later migration of C. taurus from the north [118].

Odontaspididae Müller & Henle
Odontaspis ferox (Risso)
Fossil record: Early Miocene: Chile (Central Chile); Middle Miocene: USA (North

Carolina) [32,119]; Middle Miocene–Pliocene: Chile (Northern Chile) [42]; Late Miocene–
Early Pliocene: Venezuela [81]; Early Pliocene: USA (North Carolina) [32]; Late Pliocene:
Italy (Tuscany) [85].

Pseudocarchariidae Taylor, Compagno & Struhsaker
Pseudocarcharias kamoharai (Matsubara)
Fossil record: Early Miocene: Germany (Baden-Württemberg, Bavaria) [40,120], Aus-

tria (Upper Austria) [120], Hungary [121], Switzerland (Schaffhausen) [122]; Middle
Miocene: Italy (Parma) [123]; Late Miocene: Portugal (Alvalade) (as “cf.”) [124]; Late
Miocene–Early Pliocene: Venezuela [81].

Alopiidae Bonaparte
Alopias superciliosus Lowe
Fossil record: Oligocene: Germany (Bavaria) (as “cf.”) [125]; Early Miocene: USA

(North Carolina) [126], Peru [44], Colombia as “cf.”) [94]; Early Miocene to Early Middle
Miocene: Japan [96]; Middle Miocene: Netherlands [127]; Middle Miocene to Early Pliocene:
USA (Florida) [128]; Late Miocene: Panama [79,129], Portugal (Alvalade Basin, Lisbon) (as
“cf.”) [130,131]; France (Luberon) (as “cf.”) [93]; Late Miocene–Early Pliocene: Venezuela,
Costa Rica [81,107]; Pliocene: Italy (Tuscany) [132].

Alopias vulpinus (Bonnaterre)
Fossil record: Miocene: Myanmar [133], India (Orissa) [134]; Early Miocene: Portugal

(Algarve) [135]. There are also many occurrences of this taxon in the literature with “cf.”
or “aff.” originating from deposits dating from the Oligocene [44,104,130,136]. The fossil
record of A. vulpinus therefore requires reassessment.

Lamnidae Müller & Henle
Lamna nasus (Bonnaterre)
Fossil record: Late Miocene: Netherlands (Liessel) [137]; Early Pliocene: Belgium

(Kallo) [116]; Late Pliocene Italy (Tuscany) [138].

Isurus oxyrinchus Rafinesque
This species is noted in sediments dating from the Oligocene [136]. It is known from

many deposits in Germany, Belgium, France, Italy, Switzerland, USA, Japan, Chile, and
Africa [3]. Fossil teeth similar in shape to the extant I. oxyrinchus have sometimes been
named as †Isurus desori (Agassiz) [69]. At the moment, it is not clear if †I. desori is a valid
species or is a synonym of Isurus oxyrinchus.

Isurus paucus Guitart-Manday
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Fossil record: Early Miocene to Early Middle Miocene: Japan (Central Japan) [139];
Middle Miocene–Pliocene: possibly Chile (Northern Chile) [42].

Carcharodon carcharias (Linnaeus)
The extant great white shark first appeared in the Miocene or Early Pliocene [3,16].

For details on the biology of the extant C. carcharias, see Domeier [140]. The teeth occur
worldwide in neritic sediments. In a few cases, predatory or scavenging behavior of fossil
C. carcharias has been documented in the fossil record, and, as with observations on the
extant C. carcharias, cetaceans were important prey species [15,16]. Cigala-Fulgosi [141]
described the skeleton of an extinct dolphin with bite traces attributed to C. carcharias from
the Pliocene of Italy (Piacenza). To date, there are no studies documenting piscivory in
C. carcharias in the fossil record [16]. The δ66Zn isotopic results indicate an increase in the
trophic position of C. carcharias from the Early Pliocene to the Recent [18]. In a comparison
between Recent and fossil Carcharodon carcharias, both mysticete and odontocete cetaceans
appear to have been equally represented in the diet of this species during the Pliocene. In
contrast, extant great white sharks primarily attack small odontocetes and only rarely attack
mysticetes. This change could be due to both the general reduction in the body size of great
white sharks over time, as well as the diminished diversity of the cetacean assemblage [142].
A sample of fossil teeth from Spain indicates that large C. carcharias close to 7 m long or
larger were relatively common in the Early Pliocene [143]. Villafaña et al. [144] described
a paleo-nursery area of the great white shark from the Pliocene of Chile. Fossil teeth
of C. carcharias can often be found in the same deposits as the extinct megatooth shark
Otodus (Megalselachus) megalodon—for example, in the Late Miocene/Early Pliocene of
Chile [114]. This suggests that both sharks co-existed [143]. However, no direct interaction
or competition between these two apex predators has been documented.

Carcharhiniformes Compagno
Triakidae Gray
Galeorhinus galeus (Linnaeus)
Fossil record: Late Eocene: USA (North Carolina) [145]; Early Miocene: USA (North

Carolina) [126]; Late Miocene: Panama (as “cf.”) [79]; Late Miocene–Early Pliocene: Chile
(Bahía Inglesa) [114]; Early Pliocene: South Australia (as Galeorhinus cf. australis) [146];
Late? Pliocene: USA (California) (as Galeorhinus zyopterus) [147]; Late Pliocene: Chile
(Valparaíso) [148].

Galeocerdonidae Poey
Galeocerdo cuvier (Péron & Lesueur)
Fossil record: Early Miocene: India (Gujarat) [149]; Middle Miocene: Hungary

(Nyirád) [150], USA (Florida) [70]; Middle Miocene–Middle Pliocene: [151]; Late Miocene:
Panama (Lago Bayano) [129]; Late Middle to Early Late Miocene: Panama (Central
Panama) [152]; Late Miocene: Borneo (Brunei Darussalam) [153]; Pliocene: USA (Florida,
North Carolina) (Webb & Tessmann 1968; Maisch et al., 2018) [154,155], Angola [156]; Early
Pliocene: Libya [157]; Late Early/Early Late Pliocene: Italy (Tuscany) [158].

Carcharinidae Jordan & Evermann
Carcharhinus amblyrhynchoides (Whitley)
Fossil record: Late Miocene: Borneo (Brunei Darussalam) [159].

Carcharhinus amblyrhynchos (Bleeker)
Fossil record: Late Miocene: Borneo (Brunei Darussalam) [159].

Carcharhinus albimarginatus (Rüppell)
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Fossil record: Late Miocene–Early Pliocene: Chile (North Coast) [114], Ecuador (Ca-
marones River) [160]; Middle Miocene–Pliocene: Chile (Northern Chile) [42]; Pliocene:
Chile (Bahía Inglesa) (Long 1993) [114].

Carcharhinus amboinensis (Müller & Henle)
Fossil record: Late Miocene: Borneo (Brunei Darussalam) [159].

Carcharhinus brachyurus (Günther)
Remarks and fossil record: This species can be traced back to the Early Miocene [161].

The species were found in a lot of Neogene and Pleistocene localities in Europe, North and
South America, Australia, and Japan [161]. It had an Early Miocene East Pacific–Central
West Atlantic center of origin [161]. The present-day distributional pattern of C. brachyurus
is the product of historical biogeographic processes and likely reflects major changes in
the global ocean system, including the closure of major seaways and the emergence of
new oceanic circulation patterns [161]. Landini et al. [44,161,162] also identified the oldest
copper shark nursery area in the East Pisco Basin of Peru, from the Early Miocene of the
Chilcatay Formation and the Late Miocene of the Pisco Formation.

Carcharhinus brevipinna (Müller & Henle)
Fossil record: Miocene: India (Orissa) [134]; Late Miocene: Panama (Lago Bayano) [129];

Middle Miocene to Early Pliocene: USA (Florida) (as “cf.”) [128].

Carcharhinus falciformis (Bibron in Müller & Henle)
Fossil record: Early to Late Miocene: Malta [67]; Middle Miocene: India (Kutch) [163],

USA (North Carolina) [32]; Middle Miocene to Early Pliocene: USA (Florida) [128]; Late
Miocene: Borneo (Brunei Darussalam) [159], Panama (Northern Panama, Lago
Bayano) [129,164]; Late Miocene–Early Pliocene: Costa Rica [107]; Pliocene: USA (North
Carolina) [155]; Early Pliocene: Italy (Tuscany) [165].

Carcharhinus glaucus (Linnaeus) (syn. Prionace glauca, see da Silva Rodrigues-
Filho et al. [166].

Fossil record: Miocene: Sri Lanka [167]; Middle Miocene–Pliocene: Chile (Northern
Chile) [42]; Late Miocene: ?Belgium (Antwerp International Airport) [168]; Late Miocene
to Early Pliocene: Chile (Northern Chile) [169]; Early Pliocene: Italy (Parma) [90]; Late
Pliocene: Italy (Umbria, Tuscany) [85,170].

Carcharhinus leucas (Valenciennes in Müller and Henle)
Fossil record: Early Miocene: Egypt (Moghra) [171], Peru (Zamaca) [44]; Middle

Miocene: India (Kutch) [163], USA (North Carolina) [32]; Middle Miocene to Early Pliocene:
USA (Florida) [128]; Middle Miocene–Middle Pliocene: Venezuela [151]; Late Miocene:
Panama (Northern Panama) [164], Portugal (Alvalade Basin) (as “cf.”) [124]; Late Miocene:
Peru (Pisco Basin) [172]; Pliocene: Italy (Tuscany) [173], USA (Florida) [154]; Early Pliocene:
USA (North Carolina [32]; Canary Islands (Gran Canaria, Fuerteventura) [174], South
Africa (Langebaanweg) [175].

Carcharhinus limbatus (Müller & Henle)
Fossil record: Miocene: India (Orissa) [134]; Early Miocene: USA (Delaware) (Purdy

1998) [176]; Early Miocene to Late Pliocene: Colombia (Guajira Peninsula) (as “cf.”) [95];
Middle Miocene to Early Pliocene: USA (Florida) [128]; Early Pliocene: Italy (Tuscany) [177].

Carcharhinus longimanus (Poey)
Fossil record: Early Miocene: India (Kathiawar, Piram Island, Orissa) [178,179];

Pliocene: Italy (Tuscany) [173], Spain (Alicante) [180]. Cappetta [181] identified a tooth
from the Pliocene of North Carolina, USA, as Pterolamiops longimanus. Pterolamiops is a
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junior synonym of Carcharhinus [182], but, according to Purdy et al. [32], Cappetta’s tooth
may belong to C. leucas.

Carcharhinus macloti (Müller and Henle)
Fossil record: Miocene: India (Orissa) [134]; Early Miocene: Brazil (Northeastern

Amazonia) (as “cf.”) [183], Peru (East Pisco Basin) [73]; Middle Miocene: USA (North
Carolina) [32]; Late Miocene: Peru (Cerro Colorado) [184], Portugal (Lisbon) [80].

Carcharhinus obscurus (Lesueur)
Fossil record: Early Miocene: Egypt (Moghra) [171]; Mexico (Baja California) (as

“cf.”) [185]; Venezuela (as “cf.”) [186]; Early to Middle Miocene: Cuba [187]; Middle
Miocene: Grenada (Carriacou) [188]; Middle to Late Miocene: Ecuador (Carretera Flavio Al-
faro) [160]; Middle Miocene–Middle Pliocene: Venezuela [151]; Middle Miocene–Pliocene:
Chile (Northern Chile) [42]; Late Miocene: Portugal (Alvalade Basin) (as “cf.”) [124],
Panama (Northern Panama, Lago Bayano) [129,164]; Pliocene: Italy (Tuscany) [173]; Early
Pliocene: USA (North Carolina) [32].

Carcharhinus perezi (Poey)
Fossil record: Early Miocene: Brazil (North Brazil) [189], USA (Delaware) [176]; Early

to ?Middle Miocene: Venezuela (Falcón Basin) [190]; Early Miocene to Late Pliocene:
Colombia (Guajira Peninsula) (as “cf.”) [95]; Middle Miocene: USA (North Carolina) [32];
Early to Middle Miocene: Cuba [187]; Late Miocene: Panama (Northern Panama) [164],
Portugal (Alvalade Basin) [124]; Pliocene: Italy (Tuscany) [173]; Early Pliocene: USA (North
Carolina) [32].

Carcharhinus plumbeus (Nardo)
Fossil record: Early Miocene: Italy (Piedmont) [191]; Middle Miocene: USA (North

Carolina) [32]; Middle Miocene to Early Pliocene: USA (Florida) [128]; Middle Miocene–
Middle Pliocene: Venezuela [151]; Late Miocene: Panama [164], Portugal (Alvalade Basin)
(as “cf.”) [124]; Pliocene: Italy (Tuscany) [173]; Early Pliocene: USA (North Carolina) [32].

Carcharhinus sealei (Pietschmann)
Fossil record: Late Miocene: Borneo (Brunei Darussalam) [159].

Glyphis glyphis (Müller & Henle)
Fossil record: Early Miocene to Pliocene: Portugal [192]; Late Miocene: Borneo (Brunei

Darussalam) (as “cf.”) [159]; Pliocene: Italy (Toscana) [193].

Negaprion brevirostris (Poey)
Fossil record: Early Miocene: India (Orissa) [179], Peru (Zamaca) [44]; Early to Middle

Miocene: Cuba [187]; Middle to Late Miocene: Ecuador [160]; Middle Miocene–Middle
Pliocene: Venezuela [151]; Middle Miocene to Early Pliocene: USA (Florida) [128]; Late
Miocene: Panama (Northern Panama, Lago Bayano) [129,164], Peru (Cerro Colorado) [184];
Pliocene: Angola (as “cf.”) [156], USA (Florida, North Carolina) [154,155].

Sphyrnidae Gill
Sphyrna media (Linnaeus)
Fossil record: Early Miocene: Brazil (Northeastern Amazonia) (as “cf.”) [183]; Middle

Miocene: USA (North Carolina) (as “cf.”) [32]; Late Miocene: Peru (Cerro Colorado) [184];
Pliocene: USA (North Carolina) (as “cf.”) [32], Ecuador [160]; Late Pliocene–Pleistocene:
Ecuador (Punta Canoa) [160].

Sphyrna mokarran (Rüppell)
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Fossil record: Early Miocene: Cuba (Domo de Zaza) [194]; Middle Miocene to Early
Pliocene: USA (Florida) [128]; Late Miocene: Panama (Lago Alajuela, Northern Panama,
Lago Bayano) [129,152,164,195], Borneo (Brunei Darussalam) (as “cf.”) [159].

Sphyrna zygaena (Linnaeus)
Teeth similar to this species have been found in sediments dating from the Early

Miocene and younger [28]. However, there is debate as to whether these teeth belong
to S. zygaena or to Sphyrna laevissima (Cope), described from the Miocene of Maryland,
USA [28,32].

5. Outlook and Conclusions

Despite a fossil record consisting mostly of teeth, new findngs and methods have
increased our knowledge of fossil shark species as well as the fossil records of extant species.
In particular, isotopic analyses and computer-based 2D and 3D reconstructions are valuable
tools for the study of fossil shark teeth. Paleobiological details surpassing descriptions
of the teeth are known for a total of 19 extinct Neogene shark species, with most of the
research focused on the well-known, large-bodied Otodus megalodon. Aside from the latter
taxon, there are no hypotheses developed to date regarding potential causes underlying
the extinction of these shark species; however, climate change and habitat loss have been
suggested [196]. Concerning the fossil records of the more than 500 extant shark species,
38 species could be verified as present in the Neogene record. Four of these 38 species
(Alopias superciliosus, Galeorhinus galeus, Rhincodon typus, and possibly Alopias vulpinus, 11%)
first appeared during the Paleogene. For five extant species (Carcharias taurus, Hexanchus
griseus, Isurus oxyrinchus, Notorynchus cepedianus, Sphyrna zygaena), the relationship of the
extant and fossil forms is not clear. Figures 4 and 5 show the phylogenetic relationships
and summarize the stratigraphic ranges of the species discussed in the text. The taxa
are divided into Charchariniformes (Figure 5) and non-Carcharhiniformes (Figure 4) for
readability. Determining the exact number of shark species present during the Neogene is
highly speculative, if not impossible, although it can be assumed that the ancient diversity
was similar to the extant diversity, with the addition of now extinct taxa. Reasons for
this lack of knowledge include collecting bias (especially concerning minute-sized teeth),
incomplete preservation of the teeth, and the poorly known dentition of extant relatives
(here, also especially the small species with minute-sized teeth and also the presence or
absence of different forms of heterodonty). Sometimes, only one tooth with a different
shape is found in a sample, which is not enough for a reliable taxonomic diagnosis, for
example, “Carcharhinus sp.” from Äpfingen, Baden-Württemberg [197].

The implementation of the new methods mentioned herein, extensive collection (es-
pecially of minute teeth), and detailed descriptions of the dentition of Recent species will
enhance our knowledge of shark evolution and the paleobiology of fossil sharks.
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Figure 4. Relationships and stratigraphic ranges of non-carcharhiniform species discussed in the text.
Topology derived from Stein et al. [198] for extant species, with position of extinct taxa following
the review presented here. Branch arrows indicate phylogenetic uncertainty; range arrows indicate
taxa that appeared prior to the Late Oligocene; and dashed range lines indicate stratigraphic or
taxonomic uncertainty. Node positions not to scale. “Fig. 5” refers to Figure 5. C, Carcharhiniformes;
H, Hexanchiformes; L, Lamniformes; O, Orectolobiformes; S, Squaliformes.
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Figure 5. Relationships and stratigraphic ranges of carcharhiniform species discussed in the text.
Topology derived from Stein et al. [198] for extant species, with position of extinct taxa following the
review presented here. Branch arrows indicate phylogenetic uncertainty; range arrows indicate taxa
that appeared prior to the Late Oligocene; and dashed range lines indicate stratigraphic or taxonomic
uncertainty. Node positions not to scale. C, Carcharhiniformes.
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Abstract: A large number of pelagic shark species have declined significantly in recent decades
due to overfishing, bycatch, and habitat degradation. Whereas porbeagle sharks have become
scarce due to a reduction in their populations around the world, recent stock evaluations are giving
positive signals about the evolution of the North-Eastern Atlantic stock size. The porbeagle shark
(Lamna nasus), an offshore pelagic species with a wide distribution, is designated by IUCN as Globally
Vulnerable and Critically Endangered for Europe and subject to various international conservation
conventions. An increasing number of observations are reported off the Brittany coast of Trégor.
The ecological role of this area for the species is still unknown and greater knowledge is needed
to develop and apply sustainable management measures on a local and international scale. This
study represents the first use of photo-identification on porbeagle sharks in order to improve the
ecological knowledge of the species in the Trégor area. These results confirm the effectiveness of
this method, with 19 of the 131 individuals identified being re-sighted, indicating an interesting
degree of site fidelity and showing a sex ratio of 100% females. Observations of individuals over
several years allowed the researchers to discuss the relevance of the different types of marks. The
findings suggest that the Trégor area off the Brittany coast serves as a seasonal residence for female
porbeagle sharks, especially between May and October. This study represents a successful first step
in the use of photo-identification for this species. It offers technical support for the sharing of the
methodology and provides some biological knowledge allowing researchers to discuss potential
sustainable management measures for the conservation of porbeagle sharks in the study area and
their habitats while needed.

Keywords: Lamna nasus; photo-identification; free-diving; site fidelity; ecology

1. Introduction

Porbeagle shark Lamna nasus (Bonnaterre, 1788) is a pelagic and neritic species widely
distributed among the Northern and Southern Atlantic, the Mediterranean Sea, and the
southern Indian and Pacific Oceans [1]. Porbeagle sharks can reach a large body size and
perform long seasonal movements [2,3]. Lamna nasus mainly feeds on small pelagic fishes
and cephalopods [4] although its feeding behavior is considered opportunistic because its
diet varies among regions [5,6]. Since the 1930s, porbeagle sharks were subject to commercial
fisheries that resulted in a severe decrease in their North Atlantic populations [7,8]. Listed
in 2006 as Globally Vulnerable [9] and Critically Endangered for Europe [10] by the IUCN
Red list, the porbeagle shark was also included in various international conventions such
as the UN Convention on the Law of the Sea (UNCLOS) Annex I, the Convention Inter-
national Trade of Endangered Species (CITES) Appendix II, the Convention of Migratory
Species (CMS) Appendix II, the Barcelona Convention Annex II, and the Bern Convention
Appendix II, highlighting its degree of vulnerability and the need of cooperative management.
Porbeagle sharks were subject to fishery regulation by the Council of the European Union in
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2010 prohibiting EU vessels in Union waters and in certain non-Union waters to fish for, to
retain on board, to transship, and to land these sharks in International European waters [11].

The use of photography to discriminate animals has been broadly used to study large
terrestrial species [12–14]. These techniques of photo-identification (Photo-ID) spread in
marine research mainly for marine mammals [15–17] or elasmobranch species able to be
encountered at the surface such as whale shark (Rhincodon typus), basking shark (Cethorinus
maximus), spotted eagle (Aetobatus narinari), or manta rays (Manta alfredi) [18–22]. More
recently, the use of photo-ID has become much more popular among shark scientists [23].
While extending the species coverage, different parts of the shark body were considered:
spots next to the gills for leopard sharks (Stegostoma fasciatum) [24], the shape of their fins
for white sharks (Carcharodon carcharias) [25], basking shark (Cethorinus maximus) [20], and
nurse shark (Ginglymostoma cirratum) [26], fins and body scars for the nurse shark (Gingly-
mostoma cirratum) [27] and basking shark (Cethorinus maximus) [20], or the pattern of their
body stripes for species such as tiger sharks (Galeocerdo cuvier) [28]. These capture-recapture
approaches have been described as tools to estimate the abundance of marine megafauna
species [29–31]. Whereas porbeagle sharks have become scarce due to a reduction in their
populations around the world, recent stock evaluations are giving positive signals about the
evolution of the North-Eastern Atlantic stock size [32]. The seasonal presence of porbeagle
shark off the Brittany coast of Trégor has been documented since the 1960s [33]; however,
the recent increase in sightings reported by locals aroused the interest of our team.

The study area is the Trégor region, located on the northern coast of Brittany (France),
in the Côtes d’Armor territory (Figure 1). This area has a particular geological and bathy-
metric structure, with a steep rocky slope very close to the coast. Trégor is recognized for its
marine biodiversity richness which supported the implementation of the marine protected
area called National Nature Reserve of Septs Iles in 1976 [34–36], also classified under
European Habitat and Bird Directives. This area, also named Pink Granite coast, features a
specific magnetic anomaly, linked to the origins of its geological formation [37]. As sharks
are very sensitive to electromagnetic fields [38–40], the regular presence of porbeagle sharks
so close to the coast could be linked to the presence of this magnetic anomaly.

Figure 1. Study area of the porbeagle photo-ID program, DRDH (2021–2023).
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In 2021, we started a free-diving protocol based on the methodological recommenda-
tions made by Marshall and Pierce [23] for such a photo-ID approach in order to minimize
methodological biases. The objectives are (1) to evaluate the presence of porbeagle sharks
in the area, (2) to develop an individual shark catalog and assess which phenotypic criteria
are most relevant, and (3) to improve the ecological knowledge of the species.

As suggested by the isotopic analysis conducted on individuals coming [41], some
degree of intra-population heterogeneity exists between inshore and offshore individuals,
and would demand further investigation on their movement behavior. This research allows
us to implement a precursory approach to study the use of this very coastal zone for the
species and offers a reproducible and collaborative tool to share among research groups
working on porbeagles.

2. Materials and Methods

2.1. Field Sampling and Underwater Observations

From June 2021 to September 2023, the DRDH (Des Requins et Des Hommes) team
conducted 64 free-diving sessions (corresponding to an estimated 110 h of immersion)
following the same protocol. The vessels used to reach the survey area were semi-rigid
boats from the professional diving center Joly Plongée (10 m, 250 HP) or DRDH’s own
boat (Zodiac 5.5 m, 80 HP). For each dive, a group of two to six trained divers used a lead
drifting line of 15 m long (stainless steel) equipped with a nylon bag containing 500–1000 g
of bait as olfactive attraction only. Bait included sardine (Sardina pilchardus) or mackerel
(Scomber scombrus), fresh or frozen according to the fish market availability. The divers
stayed in pairs at the surface and made regular dive checks up to 10 m depth until a shark
approached. In order to adhere to our low-intrusive code of conduct, the dive time was
limited to 1 h 30 min, and the dive was finalized with or without shark encounter after this
period of research.

In the case of an animal coming by, the free divers quietly went down up to 10 m and
waited in apnea for the shark to approach in order to film the interaction. Underwater
observations were video-recorded with underwater cameras Canon G7x mk2 (Canon,
Tokyo, Japan) or GoPro Hero+, 7, 9, 10, and 11 (GoPro, San Mateo, CA, USA). Since 2022,
the cameras have been equipped with a mounted pair of underwater lasers (Green Laser
18650 Li-ion 3.6 V, Oceanco Ltd., FL, USA) of 30 cm distance to measure the length of a
shark. Before 2022, or when laser measuring was not possible, size estimations were based
on in situ observation or videos post-evaluation by comparison to diver size.

2.2. Data from Maritime Stakeholders

In order to increase the geographical and temporal coverage of the shark sightings data,
some additional footage taken by professional photographers was collected and included
in the photo-ID catalog. Social networks such as Facebook, YouTube, and some dedicated
internet forums (spearfishing, recreational fishing, or scuba diving websites) were visited to
check some publications of shark sightings. In case the quality of the picture and the detail
of information was adequate, the footage owner was contacted to request their permission
for the research use of the picture or video. These external data were only used as qualitative
data to improve the photo-ID catalog and will not be included in population size analyses or
any other analysis requiring a standardized sampling protocol and effort.

2.3. Phenotypic Markers

The identification criteria chosen for the porbeagle shark individual discrimination
were as follows: (1) the sex, by checking the presence of the external male reproductive
organ; claspers are visible next to the pelvic fin; (2) the size, calculated via laser photometry
or via visual estimation; and (3) the body marks (described in Figure 2) as well as the shape
and color of the fins and countershading delineation.
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Figure 2. Body parts and marks used for porbeagle shark individual discrimination: Tail, Median,
Gill, Head, Pelvic Fin, Pectoral Fin, Dorsal Fin. S = Scar, BM = Black Mark, C = Clip, WM = White
Mark, WS = White Spot, BS = Black Spots, presented on the Left, Right, or Ventral sides.

These marks are used in many other shark photo-identification studies, especially for
tiger sharks (Galeocerdo cuvier) [28], great white sharks (Carcharodon carcharias) [42,43], and
basking sharks (Cethorinus maximus) [20].

2.4. Additional Data

In order to improve the ecological knowledge of the species, other parameters were
collected during the fieldwork for future analyses and were therefore not used in this study.
We used a hand sensor to collect sea surface temperature (SST) and salinity (Mettler Toledo,
Greifensee, Suisse). Additional environmental parameters such as tide coefficient, cloud
cover, wave height, moon phase, and the number of divers were also collected for each dive.
We also checked and documented the presence of macro parasites such as copepods while
checking the photos. Some additional elements were also recorded such as anthropogenic
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remains: net entangle cicatrix, hook lines hanging, tagging devices, relics, or evidence of
interaction with boats (e.g., propeller scars).

2.5. Data Treatment and Analysis

To distinguish the animals, the videos were meticulously analyzed via VLC player
(OpenSource, France) or Movie & TV (Microsoft, WA, USA), especially using the slow-motion
facility. Screenshots of each side of the shark and details of specific criteria were taken and
stored in an individual folder by date. To facilitate the data analysis, the body was divided
into seven different parts (Head, Median, Tail, Gill, Dorsal Fin, Pectoral Fin, and Pelvic Fin)
for each side of the shark and assigned to six types of marks (Scar (S), Black Mark (BM),
Clip (C), White Mark (WM), White Spot (WS), and Black Spot (BS)) as described in Figure 2.
Retained criteria were entered both in the Excel folder catalog and in a corresponding single ID
paper form; a single ID-code was allocated to each shark—for practical reasons, an additional
nickname was also used for animals we used to encounter. The maturity stage of the females
was estimated based on the maturity size observed by Jensen et al. [44] in the North Atlantic.
As no males were observed during this study, no visual method for estimating the maturity
stage of males was developed. Because this study is the first to use photo identification
on this species, all the marks were considered at the same level. When a new observation
was included in the database, a simple R function was used to assist potential assignment
to an individual which had already been observed. Basically, the function searches in our
database for all observations corresponding to individuals showing a minimum number of
similar common criteria (the same type of mark on the same area and side of the body). This
number of criteria is chosen according to the number of available visible criteria of the new
observation and adjusted in order to have up to 20 potential matches found by the function.
All the potential matches are then compared visually with the new observation to check if
the marks are considered the same or not, allowing the new observation to be assigned or
not to an individual already recorded in the database. If the observation is not assigned
to an individual already registered, a new individual code is created in the database. To
avoid reading discrepancies, all assignments were made by the same observer; in cases of
uncertainty, other members of the team were consulted for double reading.

3. Results

3.1. Porbeagle Photo-ID Catalog

The porbeagle photo-ID program, in three years of field seasons, was successful in
making 183 shark sightings which correspond to 131 different individuals (100% females)
ranging from 1.5 m to 2.5 m fork length (Lf) observed between 2015 and 2023 in the study
area. The majority of the sightings came from DRDH diving sessions (60%), contributions
from professional photographers represented 28%, and underwater online publications
12%. No particular trend is visible in the time series so far; from the three years of free-
diving seasons performed by DRDH, 2023 is the year with the most porbeagle sighting
events whereas external sighting data are the most important for 2020 (Figure 3).

Some obvious phenotypic marks such as large fin clips or massive body scars allowed
us to easily recognize some of the sharks. However, in most cases, identification was
possible due to a combination of morphological marks associated with body size. All
assignments were made using a minimum of two and a maximum of eleven criteria (an
average of six criteria). As illustrated for the shark n◦20LAMNA#13 (“Mylene”), the white
marks (WM) discerned on the dorsal fin are well recognizable (Figure 4A), as highlighted
by the red circles drawn as post-treatment. Three white spots (WS) visible on the left side
upper gill are also clear over time (Figure 4A) although they require careful screenshot
analysis and good light exposure. The white mark (WM) present on the lower caudal fin
is also very characteristic and constitutes a good criterium to recognize “Mylene”, even
when in the water (Figure 4C). Finally, the observation of the countershading delineation
(Figure 4D) is very efficient for photo-recapture criteria because this pattern is unique for
each individual and persists for several years (Figure 4D).
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Figure 3. Total number of porbeagle shark sightings between 2015 and 2023 by DRDH and other
marine stakeholders (EXT).

Figure 4. Example of the major persistent body marks for porbeagle sharks for individual
n◦20LAMNA#13 (“Mylene”): (A) Dorsal fin and upper gills, (B) general body view from left side,
(C) tail, and (D) countershading delineation from 2020 to 2023. Red dashed lines are representing the
color contrasts delineations post-added manually.

111



Diversity 2024, 16, 155

3.2. Seasonal Variations

Sightings occurred between March and September. For the dives performed by DRDH,
no significant difference can be observed within the months while weighed by the effort of
research (p > 0.05, Tukey test). However, July is the month showing the highest variability
in the number of animals observed per dive (cf. Figure A1, additional material).

3.3. Re-Sighting Rate and Site Fidelity

Over the 131 individual sharks identified, from 2015 to 2023, the photo-ID techniques
allowed 19 different animal re-sightings corresponding to 51 re-sighting events (Figure 5).
Re-sightings occurred from 1 to 10 times maximum for the shark n◦20LAMNA#13 (“My-
lene”), 57% of re-sighted sharks were observed twice, 15% were observed three times,
and 25% were observed more than four times. Most of the sharks were photo-recaptured
during the same year (68%), with the longest time series of four consecutive years for
four animals. The longest period between two re-sightings was four years, and this event
occurred once for a mature female shark n◦17LAMNA#07 between 2017 and 2021. We
observed a maximum of five re-sightings during the same season in 2023 for “Yvette”, the
porbeagle shark n◦20LAMNA#18. The large majority of the re-sightings involved mature
porbeagle sharks (82% of the sightings events and 58% of the number of individuals).

Figure 5. Total number of re-sighting events for porbeagle sharks observed by the DRDH
team and marine stakeholders between 2015 and 2023. Maturity scale (≤1.8 m = Juvenile,
1.8–2.2 m = Sub-Adult, ≥2.2 m = Mature—all measures are fork length); (*) Gravid individuals.

3.4. Biological Information

Underwater observation allows us to document some elements on the maturity of
the sharks visiting the area (Figure 5). We encountered four gravid females including one
n◦20LAMNA#17 (“Fanny”) twice in consecutive years: in June 2022 and June 2023. The same
individual was observed in the postpartum stage in August 2023, with an evident reduction
in the belly volume between the two final observations (cf. Figure A2, additional material).

While scrutinizing the Photo-ID catalog, we realized that some phenotypic criteria
were less constant than others over time, for the porbeagle sharks we encountered; for
instance, scars tend to reduce in size over time. For the porbeagle shark n◦21LAMNA#15
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(“Nikita”), we estimated a reduction of 75% in the scar surface within 62 days, as presented
in Figure 5.

Moreover, we noticed an interesting phenomenon for the porbeagle shark “Mylene”:
black spots (BS) were present around the gills on both sides of this animal during the
encounter that occurred in July 2021, but they were not visible one year before (Figure 6).
When “Mylene” was photo-recaptured two months later in August 2021, these BS were no
longer present.

 

Figure 6. Example of the non-persistence of certain scars (S) for the porbeagle shark n◦21LAMNA#1.5
(“Nikita”).

4. Discussion

4.1. Effectiveness of the Methodology

This study shows for the first time the feasibility and efficiency of using photo iden-
tification to distinguish and study individual porbeagle sharks over several years. The
re-sighting rate of porbeagle sharks in this study is 15%. As this is the first study using
photo identification on this species, comparison with other sites or populations is not yet
possible. However, comparable photo-ID methodologies with similar temporal coverage
have shown highly variable re-sighting rates among species. For instance, a re-sighting rate
of only 5% has been observed for basking sharks [20], whereas such rate is 61% for tiger
sharks [28] and 47% for nurse sharks [27]. The re-sighting rate can also vary depending
on the study area. For the great white shark, Domeier and Nasby Lucas [42] observed a
re-sighting rate of 78% at Guadalupe Island in Mexico, while Hewitt et al. [25] observed
a rate of 29% at Seal Island in South Africa. Finally, re-sighting rates are also linked to
the methodology of observation (e.g., at sea survey, BRUV, citizen sciences, or drone) but
also depend on the ecology of the studied species. Considering the scarcity of porbeagle
sightings underwater, the re-sighting rate in this study can be considered satisfactory and
adequate to continue the implementation of the methodology. As the photo-identification
protocol has only been used for three years and the sampling effort has increased, it is
expected that this rate will increase in the coming years.

The variety of distinctive marks as well as the multiple re-sightings of some individuals
will make it possible to determine which types of marks are the most relevant for long-
term identification. Countershading delineation, black marks on the belly and pelvic
fins, white marks on the caudal and dorsal fins, and white spots seem practical for long-
term identification (Figures 2 and 3). However, countershading delineation requires time-
consuming post-treatment and good exposure in terms of light and orientation of the body;
for instance, the screenshot available for 30 August 2021 (Figure 4D) does not allow the
use of this phenotypic mark. It is therefore not always possible to use this mark to confirm
an identification. These kinds of marks are also used for the long-term identification of
tiger sharks (Galeocerdo cuvier) [28] and great white sharks (Carcharodon carcharias) [42]. In
this study, scars on the body and the gills and fin clips were used to identify individuals
in the short term. But it is important to be aware that these marks can change over time,
with small scars reducing over the years or being replaced by a new, larger scar, leading to
serious problems for long-term identification (Figure 6). This has already been observed
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for great white sharks (Carcharodon carcharias) [43], tiger sharks (Galeocerdo cuvier) [28], and
basking sharks (Cethorinus maximus) [20]. However, the use of multiple marks can increase
the accuracy of individual identification, thereby reducing observer bias and the probability
of false identification due to changes in some marks [28,42,45]. Graham and Roberts [21]
even considered that photo identification based on multiple marks is more efficient than
traditional visual tagging methods. Indeed, despite a significant change in the general
appearance of some of the sharks identified (Figures 6 and 7), the use of several markings
enabled them to be properly identified. In addition, this study observed for the first time
changes in darker pigmentation spots on porbeagle sharks over a short period of time
(Figure 7). Domeier and Nasby-Lucas [42] have already observed a similar phenomenon
on the great white shark (Carcharodon carcharias). Black spots are thus not used to identify
individuals in this study as standalone, but combined with other criteria.

 

Figure 7. Pigmentation variations observed on the same porbeagle shark n◦20LAMNA#13 (“Mylene”)
observed in June 2020, July, and August 2021.

Furthermore, this underwater photo-ID approach can be considered as an asset in
comparison to traditional recapture methodology such as tagging protocols. Free diving
allows approaching the shark in a silent and smooth way, avoiding disturbance and
reducing potential behavioral modification (attraction or avoidance) although a long-term
study on shark behavior is required. Moreover, photo-ID is considered as a less impactful
method by preventing capture or shark manipulation that affect animal fitness through
metabolic stress [23] or potential epizootic events.

4.2. Ecology

The seasonality observed with the first results of this study is consistent with current
knowledge. Porbeagle shark landing data from the French targeted fishery [46] indicate a
strong presence of porbeagle sharks in spring and summer in shallow waters on the north-
east Atlantic continental shelf, and tagging studies suggest autumn and winter migration
behavior in offshore deep water [2,47]. [7] observed the same pattern along the Canadian
coast, based on data from inshore and offshore fisheries.

The life cycle of the species is also an element that this methodology has allowed us to
document. Porbeagle shark n◦20LAMNA#17 (“Fanny”) was observed gravid twice, within
a 12-month interval. Current knowledge estimates the gestation period for porbeagle
sharks around 8 to 9 months probably on an annual or potentially biennial period [44,48],
which suggests that this female gave birth twice in two consecutive years. Furthermore, the
observations suggest that “Fanny”’s parturition occurred between June and August 2023,
potentially in the study area. Although additional research is required to state the ecological
functionality of this area for the species, the overall findings suggest that the Tregor area,
and the seven islands MPA in particular, could play a major role in the life cycle of this
group of porbeagle. This non-invasive biological information, which is difficult to obtain
using traditional methods, such as scientific fisheries, electronic tagging, or ultrasound
technologies [49,50], can benefit the global understanding of the species’ ecology.
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It is well established that shark species can exhibit sex-specific segregation and resident
areas, and their migration patterns can be dependent on their sex [51–53]. As mentioned
above, a wide range of porbeagle shark sizes is observed in this study (1.5 m to 2.5 m
LF) and it appears that this particular area serves as a seasonal aggregation zone where
exclusively females were able to be detected. This finding is consistent with the study
of Hulbert et al. [54] on salmon sharks (Lamna ditropis) which reports a concentration of
females (95% sex ratio) with a similar size range in Prince William Sound (Alaska). Similar
findings have been described on blue sharks (Prionace glauca) by Druon et al. [55], who
observed that large females’ habitats tend to overlap with juveniles. Nevertheless, further
studies are needed to assess potential variations in ecological behavior based on size or sex,
such as whether males or juveniles exhibit deeper, offshore habitats with reduced coastal
or exploratory movements, or simply show less interest in the “scent trail”. Hennache and
Jung [56] have documented variation in the sex ratio of porbeagle sharks in the Bay of
Biscay based on fishery-dependent information, ranging from 1 female for every 0.74 males
in the South Irish region to 1 female for every 1.19 males in the Canal St. Georges. But until
now, no other area occupied exclusively by porbeagle shark females had been identified
in the Northeast Atlantic. This situation has already been observed for the great white
shark (Carcharodon carcharias), as published for Southern Australia by Bradford et al. [57],
where only females are encountered in winter time. The existence of these sex-specific
aggregation sites is increasingly well identified, but remains difficult to interpret.

4.3. Caveats and Limitations

Underwater methodologies are known to present some limits such as the visibility or
sea conditions; this parameter can be of particular concern in Brittany waters (high tides,
strong current, and low temperatures). This can affect both the detection of the animal and
the possibility to acquire good quality footage. Given that the bottom depth in the study
area was mainly around 40 m, with visibility varying from 2 to 15 m, some porbeagle sharks
may have visited our team without possible detection. Additionally, the performance of
the methodology is reduced in the case of high turbidity (in the case of plankton blooms,
for instance).

Furthermore, a correct approach of the animal is crucial to obtain good footage and
measurements. It requires the training of good free divers, accustomed to difficult sea
conditions and able to interpret and predict shark movement in order to be in the right
position while the animal will pass by them.

Nevertheless, with more than 130 individuals identified, the database has reached
a considerable size, resulting in a significant increase in the time required to assign an
observation to an individual, already recorded or not. The use of automatic or semi-
automatic identification methods such as collaborative multi-user software (Wildbook for
shark, Microsoft, WA, USA) or the mapping of pigmentation patterns with specific software
such as “I3S” [26,58] could be a relevant solution. However, these methods require a
standard identification protocol and good-quality images taken from the right angle [45,59].
Conditions of high turbidity and low visibility, as well as the use of small sports cameras,
could reduce the efficiency of these methods for this study. Efficiency tests are therefore
required before applying these methods in future years of monitoring.

4.4. Perspectives

Additional years of photo-identification monitoring coupled with other methods are
needed to better understand the porbeagle shark’s use of this area. The validation of
the photo-identification method by genetic identification, the estimation of the size of
the group present in the area, and the study of family relationships between individuals
observed [60] would provide a better understanding of the importance of this area in the
porbeagle shark’s life cycle and ecology. The analysis of the relationships between the
various environmental factors and the number of shark sightings will also be carried out
once more data have been collected to ensure the accuracy of the subsequent modeling
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process. Additionally, systematic laser measurements will be conducted in the future and
will enable a more comprehensive description of the size distribution as well as the growth
rate estimation for re-sighted animals.

Moreover, the individual underwater identification may complement the ecological
knowledge of the species as it allows the collection of multiple additional samples such
as the experiment in summer 2023 with skin biopsy and eDNA water filtration. In the
meantime, the team dives for individual-specific recordings, which are key elements for
research on the group structure and connectivity [50,61].

Finally, estimating anthropic pressures on a local population is complementary to under-
standing ecology [62], and relevant to implementing appropriate local management adapted
to the area. Because the study area is on the border of an MPA (Marine Protected Area), the
recent touristic interest for this species and the increase in human interactions, particularly
bycatch and depredation (personal communication C. Mangin 17 July 2023—Recreational
fishery committee president), also highlight the need for a thorough study of the behavior and
ecology of the porbeagle shark in this area, in order to adopt concerted management methods.
In addition, the significant proportion of our database obtained from local stakeholders (40%)
highlights the importance and relevance of citizen science for the study of marine predators
ranging from sharks [63] to marine mammals [64].

5. Conclusions

This study enabled us to establish the first photo-identification catalog for porbeagle
sharks. The method proved effective, as 19 of the 131 females identified were re-sighted,
indicating a certain degree of site fidelity. Given that sightings are most frequent between
May and October, the Trégor area seems to serve as a seasonal residence for female porbea-
gle sharks, although the specific ecological importance of this site remains to be determined.
It should be noted that males may also be present at the site, but their presence may not
have been detected. Future research using alternative methods will be essential to better
understand porbeagle shark ecology in this area and beyond, enabling the implementa-
tion of management measures adapted to the well-being of porbeagle sharks and their
ecosystem.
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Appendix A

Figure A1. Distribution of the number of porbeagle shark sightings by dive per month between 2021
and 2023 (observed by DRDH), with the accumulated number of dives per month on the x-axis.

 

Figure A2. Example of maturity stage identification for the porbeagle shark 20LAMNA17 “Fanny”
observed by DRDH in June 2023 (gravid) and August 2023 (postpartum).
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Abstract: In this study, we propose a method for assessing the temporal and spatial distribution of
Carcharhinus melanopterus in shallow waters using unmanned aerial vehicles (UAVs). Aerial surveys
were conducted in Tien Og Bay (Koh Tao, Thailand) thrice daily (morning, afternoon, evening) along
a 360 m transect at a 30 m altitude. Environmental factors, including cloudiness, sea conditions,
wind, tide, and anthropogenic disturbance, were recorded for each time slot. We developed a
Python/AppleScript application to facilitate individual counting, correlating sightings with GPS data
and measuring pixel-based length. Abundance varied significantly across time slots (p < 0.001), with
a strong morning preference, and was influenced by tide (p = 0.040), favoring low tide. Additionally,
abundance related to anthropogenic disturbance (p = 0.048), being higher when anthropogenic activity
was absent. Spatial distribution analysis indicated time-related, sector-based abundance differences
(p < 0.001). Pixel-based length was converted to Total Length, identifying juveniles. They exhibited
a strong sector preference (p < 0.001) irrespective of the time of day. Juvenile abundance remained
relatively stable throughout the day, constituting 94.1% of afternoon observations. Between 2020 and
2022, an underwater video survey was conducted to determine the sex ratio of the individuals. Only
females and juveniles were sighted in the bay.

Keywords: unmanned aerial vehicles; sharks; ecology

1. Introduction

Carcharhinus melanopterus (Quoy and Gaimard, 1824) is one of the most abundant
sharks inhabiting islands, atolls, and coastal waters from the Red Sea to the Indian Ocean
and the central Pacific [1–3].

The high population density observed when direct threats are absent suggests that it
exerts a certain influence on coral ecosystems [2,4]. In 2020, it was classified as vulnerable
by IUCN mainly because of the shrinkage of the population across the last three generations
due to fishing and habitat destruction.

Carcharhinus melanopterus is a medium-sized shark (<1.80 m TL) that reaches maturity
between 0.9 and 1.34 m TL [2,5,6]. The reproductive cycle is biennial [2] and is characterized
by placental viviparity. Two–four pups measuring 0.3–0.5 m TL [5,7] are delivered after 7
to 16 months’ gestation [7,8]. In the Great Barrier Reef, it has been estimated that maturity
is reached around 4.2 years for males and 8.5 years for females. Captive specimens can
reach a life span of 25 years [6]. The duration of a generation is estimated to be 14.5 years.

Carcharhinus melanopterus inhabits shallow waters even less than one meter in depth,
but has been found in water up to a depth of 75 m [5]. In addition to coral reefs, it
also colonizes turbid waters and mangroves [7,9]. The coastal habits make it an easy
species to observe and consequently a possible tourist attraction, which is also due to
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its low aggressiveness towards humans, making up around 3% of the total recorded
shark attacks [10]. It feeds mainly on small fish, crustaceans, and mollusks, but also
snakes [11], birds, and even rats in specific locations such as Australia, Seychelles, and
French Polynesia [10,12].

The species is often observed forming aggregations [13] and has a high site-fidelity [2,12].
This has led some authors to suppose that the patterns with which aggregations occur
may be stable over time [13]. The site-fidelity makes Carcharhinus melanopterus an ideal
model with which to study social structure and aggregation patterns in elasmobranchs,
and to determine by which factors they are influenced. Currently, there is no evidence of
territoriality in elasmobranchs [14]; however, hierarchies based on size may exist. Some
scholars have hypothesized that fin markings of some species may play a role in the species-
specific recognition and size assessment of other individuals in sharks such as Triaenodon
obesus (whitetip reef shark) and Carcharhinus melanopterus [15].

This study aims to contribute to the knowledge of the ecology of the Blacktip reef
shark, particularly in Tien Og Bay (Thailand). In order to optimize data collection in
the natural environment, a method for assessing the temporal and spatial distribution
of Carcharhinus melanopterus in shallow waters using unmanned aerial vehicles (UAVs)
is proposed.

Over the past decade, drones, BRUVS, and other new technologies have become
a popular tool for shark research [16,17]. In particular, the rapid proliferation of the
drone technology has enabled new studies in the field of shark research, focused mainly
on shark hazard reduction [18], shark predation events [19], shark behavior, and social
interactions [20,21], but also pelagic shark aggregations [22]. Drone technology has also
been successfully used to study the ecology and behavior of reef sharks [23], where field
studies often suffer from objective difficulties in collecting data. In fact, shallow reefs are
generally only accessible by foot at low tides or by boat at high tides; this makes using
common abundance or behavior survey techniques difficult to use effectively.

In these shallow reef environments, drones currently provide one of the only means
to study shark behavior, distribution, and abundance. The use of drones in these envi-
ronments, however, is relatively novel, and there are few studies that have relied on this
approach to obtain relevant data. Furthermore, it is also necessary to work on data collec-
tion and analysis methodologies to develop protocols that allow for optimizing costs and
times and obtaining quality data [24].

Study Area

The research was conducted in Tien Og Bay (Figure 1), located in the southeast of
Koh Tao, Thailand. Koh Tao is a 21 km2 granitic island situated 72 km from the mainland.
The waters surrounding the island are home to coral communities that, under the most
favorable conditions, can form a fringing reef [25]. Tien Og Bay is commonly referred to as
Shark Bay due to the relative ease with which Carcharhinus melanopterus can be observed.

Figure 1. Tien Og Bay, located in the southeast of Koh Tao, Thailand.
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The bay has an extensive beach of fine coral sand in a North–North-West position, in
front of the Haad Tien resort. On both rocky sides, other resorts are found, from which
it is possible to access the bay. The seabed, starting from the Haad Tien Resort beach, is
initially sandy. After a few meters, it presents the first isolated coral structures which
gradually become more aggregated. Living corals alternate with dead coral rubble, which
sometimes serve as a substrate for macroalgae. Granite boulders are sparsely distributed
and colonized by corals of the genus Porites spp., forming structures known as “mini-atolls”
due to the characteristic morphology they assume when the low depth of the water limits
their growth in height. Proceeding out to sea—in the South–South-East direction—after
about 200 m from the beach, the seabed reaches a depth of 2–3 m and a thick layer of dead
Acropora rubble can be found, alternately colonized by the macroalgae Turbinaria spp.,
living Acropora, and sponges. The main tourist activity is SCUBA diving. The island has
67 diving schools [26], making it the second largest location in the world for the number of
SCUBA certifications issued per year [27]. Diving, snorkeling, and marine traffic exert a
significant pressure on the system, sometimes physically damaging shallow-water coral
structures [28,29]. In recent years, some Thai beaches have been closed to the public to
allow ecosystems to recover from the strong anthropogenic pressure. The case of Maya Bay
in Phi Phi Islands is remarkable, which, a few months after its closure to the public in 2018,
registered a massive aggregation of Carcharhinus melanopterus.

The following shark species have historically been present in Koh Tao coastal waters:

• Rhincodon typus (whale shark);
• Carcharhinus melanopterus (Blacktip reef shark);
• Carcharhinus amblyrhynchos (Gray reef shark);
• Carcharhinus leucas (Bull shark);
• Triakis semifasciata (Leopard shark).

In recent years, only Carcharhinus melanopterus and, exceptionally, the whale shark
Rhincodon typus have been found [30].

2. Materials and Methods

The study was carried out between 19 August 2021 and 9 September 2021. A DJI Mini
2 drone, DJI Official Store Bangkok (Bangkok, Thailand) was used in manual flight for data
collection. The DJI Mini 2 is equipped with a 1/2.3′′ 12MP CMOS sensor and a 4.49 mm
lens (equivalent to 24 mm in full-frame format), with an 83◦ viewing angle and a maximum
aperture of f/2.8.

For data collection, a transect of about 360 m was covered at an average speed of
2 m/s 4 times (2 round trips) for each time slot 3 times a day (07:00, 13:00, 18:00), except in
cases of extremely bad weather conditions. Videos were recorded with a resolution of 2.7 K
(2720 × 1530) at 30 fps. In total, we recorded (details in Table 1) the following:

• 07:00—20 videos, from 20 August to 9 September 2021;
• 13:00—16 videos, from 19 August to 4 September 2021;
• 18:00—14 videos, from 19 August to 4 September 2021.

For each time slot, the following environmental factors were recorded. A discrete
numerical value was assigned to each condition as follows:

1. Cloudiness—0: clear (0–2 Oktas); 1: partly cloudy (3–5 Oktas); 2: cloudy (6–8 Oktas);
3: rain (after/before).

2. Wind—0: absent (0 m/s wind speed); 1: weak (1–2 m/s wind speed); 2: medium
(3–5 m/s wind speed); 3: strong (5–10 m/s wind speed); 4: very strong (>10 m/s
wind speed).

3. Tide—0: low; 1: medium; 2: high.
4. Sea condition—0 (0–1 Beaufort scale): flat; 1: quiet (2–3 Beaufort scale); 2: almost quiet

(4 Beaufort scale).
5. Anthropogenic disturbance—0: absent; 1: snorkeling/kayaking; 2: motorboat.
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Table 1. Activity table for each sampling day. W and R, respectively, represent NA due to wind
or rain.

Date
Morning

Transect Time
Afternoon

Transect Time
Evening

Transect Time

19 August 2021 13:10 18:08
19 August 2021 06:54 13:06 18:07
21 August 2021 07:06 13:04 18:02
22 August 2021 07:07 13:00 18:04
23 August 2021 07:06 12:55 17:59
24 August 2021 06:59 13:10 W
25 August 2021 07:15 13:04 18:07
26 August 2021 07:09 13:12 17:42
27 August 2021 07:05 12:53 17:59
28 August 2021 07:11 13:07 18:06
29 August 2021 09:23 13:09 18:03
30 August 2021 06:57 13:09 17:59
31 August 2021 07:08 R R

01 September 2021 08:50 13:05 17:59
02 September 2021 07:03 13:23 W
03 September 2021 07:03 13:04 18:03
04 September 2021 08:18 13:10 18:04
05 September 2021 07:05
06 September 2021 07:15
07 September 2021 R
08 September 2021 07:10
09 September 2021 07:09

Considering the presence of swimmers, boats, and infrastructures, a height of 30 m
was chosen in accordance with Thai legislation about drones, which requires a minimum
distance of 30 m from people, vehicles, and infrastructures.

The starting point was established in accordance with the distance of at least 30 m
from the nearby resorts. The end point was chosen based on the most easily identifiable
visual landmark on the other side of the bay: the white building of the Jamahkiri Resort.

Considering the focal length of the drone’s lens and the dimensions of the sensor, it
has been estimated that, from a height of 30 m, an image corresponding to a width of 41 m
on the ground is captured.

The following equation represents the proportional relationship between the length of
a line in the real world and the length of a line in pixels on an image:

RealWorldLength = GSD × LengthInPixels

The Ground Sampling Distance (GSD), expressed in px/m, indicates how many
meters a single pixel in the image corresponds to. The GSD was calculated through the
following formula:

GSD =
SensorWidth × Altitude

FocalLength × ImageWidth
=

6.17 mm × 30 m
4.49 mm × 2720 px

= 0.015 m/px

In our case, we wanted to estimate the entire scene width captured by the sensor;
therefore, LengthInPixel = ImageWidth = 2720 px. Given that, the following is obtained:

WidthCameraFootprint = GSD × LengthInPixel = 0.015 m/px × 2720 px = 41 m

2.1. Temporal Data Analysis and Environmental Factors

We flew the transect for two round trips. Each round trip included one leg in the
forward direction (labeled A1 and A2, respectively) and one leg in the return direction
(labeled R1 and R2), resulting in a total of four legs for the two round trips.
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For each video recorded between 20 August 2021 and 04 September 2021, observed
individuals were counted for each leg of the transect. The results were grouped by time
slot. For each time slot, we created a table reporting the date, actual start time of the video
recording, environmental factors (cloudiness, wind, tide, sea conditions, anthropogenic
disturbance), and the number of sharks observed in each leg of the transect, labeled nA1,
nR1, nA2, and nR2. Table 2 shows the data collected in the morning between 20 August
2021 and 04 September 2021.

Table 2. Data collected in morning time between 20 August 2021 and 04 September 2021: environ-
mental factors and observations for each day. nA1, nR1, nA2, and nR2 represent the observations
in each leg of the transect; nMax represents the highest number of observations among the legs of
the transect (‘abundance’); nTot represents the sum of observations across all the legs of the transect
(‘activity’).

Date Time
Weather

(0–3)
Wind
(0–4)

Tide
(0–2)

Sea
(0–2)

Disturbance
(0–2)

nA1 nR1 nA2 nR2 nMax nTot

20 August 2021 06:54 1 1 0 1 1 20 23 34 32 34 109
21 August 2021 07:06 2 1 0 2 0 13 11 13 14 14 51
22 August 2021 07:07 2 1 0 2 0 7 7 6 10 10 30
23 August 2021 07:06 1 2 0 1 0 22 26 32 31 32 111
24 August 2021 06:59 0 2 0 0 0 8 8 10 16 16 42
25 August 2021 07:15 3 3 1 1 0 3 4 5 4 5 16
26 August 2021 07:09 3 3 1 2 0 4 4 4 6 6 18
27 August 2021 07:05 3 1 1 1 0 6 11 13 18 18 48
28 August 2021 07:11 3 2 1 2 0 5 2 10 6 10 23
29 August 2021 09:23 2 0 0 1 0 28 24 24 16 28 92
30 August 2021 06:57 0 0 1 1 0 0 3 7 4 7 14
31 August 2021 07:08 2 0 0 1 1 4 5 5 4 5 18

01 September 2021 08:50 2 2 0 1 1 3 1 3 3 3 10
02 September 2021 07:03 2 1 0 0 1 12 11 20 8 20 51
03 September 2021 07:03 2 1 0 0 0 9 17 16 13 17 55
04 September 2021 08:18 2 0 0 0 0 NA NA NA NA NA NA

We added a column labeled ‘nMax’, representing the highest number of observations
among the legs of the transect, which we considered as abundance. We counted the
individuals that entered the screen as soon as they were visible. The linear movement of
the UAV at a speed of 2 m/s prevented double counting the same individuals within a leg.
A column labeled ‘nTot’ was added, representing the sum of observations across all the
legs of the transect, which we considered the animal’s activity. Animal activity is generally
defined as the amount of time an animal spends in motion [22]. Most shark species remain
in motion throughout their entire lives. When measuring spatial and temporal niche
partitioning among a species—such as through camera trapping—ecologists consider every
sighting as ‘activity’ regardless of whether it involves the same or different individuals.
Therefore, in our case, nTot may include double-counted individuals, as the drone moving
back and forth along a line may encounter the same individuals multiple times. We used
this value to compare it with the abundance.

Abundance and activity values, grouped by the 3 time slots, were analyzed to detect
statistical significance using the Kruskal–Wallis test.

Abundance and activity values were then aggregated by environmental factors’ con-
ditions (cloudiness, wind, tide, sea condition, anthropogenic disturbance), and another
Kruskal–Wallis test was performed to detect statistical significance among these groups.

2.2. Spatial Data Analysis

For the spatial distribution analysis, we needed to correlate the GPS position of the
drone with the sharks observed. The DJI MINI 2 records basic telemetry in the subtitles em-
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bedded in the video files. Data such as camera settings, GPS coordinates (10 m resolution),
distance from the pilot, height, and speed are recorded for each second of the video.

We used ffmpeg to extract subtitles from the videos, generating the corresponding SRT
files. To aid in tracking sharks and correlating their observation times in the video with the
SRT file records, we developed a hybrid Python/AppleScript application. The output of
this application is a table for each video, where each row represents a shark observation
and includes GPS and geometrical data.

Figure 2 illustrates the Python version 3.9.0/AppleScript version 2.8 application’s
interface. The application launches QuickTime Player, allowing the operator to navigate
the video. When a shark is observed, the operator can use the mouse to draw a line on
the shark. The application records the video time in seconds of the observation and other
geometrical data. At the end of the process, a CSV file is generated for each video (Table 3),
containing the following fields:

Figure 2. Python/AppleScript application’s interface. The red line indicates the shark’s length
expressed in pixels.

• Leg of the transect (A1: first journey; R1: first return; A2: second journey; R2: sec-
ond return);

• Video time in seconds of the observation;
• Position on the screen (x,y);
• Length of the line drawn on the individual in pixels;
• Sector, representing the actual transect sector, as explained below;
• GPS coordinates.

Table 3. Example of a CSV table produced by the Python/AppleScript application for a single video.

Transect Leg Time Screen_x Screen_y Length Sector Shark_Gps_Long Shark_Gps_Lat

A1 120.6 653 72 33.9 6 99.8333 10.0646
A2 371.6 299 136 25.1 1 99.8312 10.0641
A2 476.4 382 28 13.9 7 99.8334 10.0646
A2 512 611 86 22.8 9 99.8342 10.0648
R2 526.2 426 678 20.7 9 99.8342 10.0648
R2 558.2 260 621 16.4 7 99.8337 10.0647

To conduct statistical tests, we divided the transect into 9 sectors, each measuring 40 m
in length and approximately 41 m in width (corresponding to the camera footprint width
calculated earlier). Figure 3 provides a georeferenced map created with QGIS, illustrating
the layout of these sectors.
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Figure 3. Map of the 9 sectors (40 m × 41 m) in which the transect was divided.

We used R to compile the tables generated by the Python/AppleScript application
into three tables, each referred to as a ‘sector-abundance table’. These tables document the
number of observations within each sector for each respective time slot (Table 4). For the
spatial distribution analysis, only one leg of the transect was used. Leg A1 was used for the
morning, while the leg corresponding to nMax was used for the afternoon and evening.

Table 4. The 3 sector-abundance tables, one for each time slot, reporting the number of sharks
observed and measured.

Sector
Number

Sector Abundance
07:00

Sector Abundance
13:00

Sector Abundance
18:00

1 29 2 3
2 13 0 3
3 5 0 3
4 36 2 6
5 43 1 10
6 31 2 3
7 22 9 13
8 33 1 10
9 22 0 3

A Chi-squared test was conducted on each table to assess its distribution. The 3
Abundance-Sectors tables were compared using the Kruskal–Wallis test to assess the
significance of the distribution among the 3 time slots.

2.3. Population Structure Analysis

The length of the lines drawn on the individuals using the developed Python/
AppleScript application was used to categorize the population into two groups: juve-
niles and adults.

If we plot the length values of all the recorded sharks (Figure 4), we can observe that
nearly 80% of the sharks’ lengths fall within the range of 30 to 50 pixels. Between 30 and
approximately 18 pixels, the curve steepens due to the scarcity of individuals within this
range (less than 7%). Below 18 pixels, the curve gradually levels off.
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Figure 4. Length value of all the recorded sharks expressed in pixels.

Length values, measured from an aerial perspective, may be considered the PCL
(Pre-Caudal Length) due to the limited visibility of the caudal fin when observed from
30 m above and under 0.5–1 m of water.

Measuring errors can potentially occur with this method due to subjectivity and
image distortion. As a result, these length measurements on the screen primarily serve
a comparative purpose and are influenced by the screen size on which the software is
employed. For this study, we utilized a 13.3-inch screen with an effective resolution of
2560 × 1600. The actual resolution was scaled down by the Operating System to 1280 × 800.
To determine the corresponding value in meters for 1 pixel, we calculated the Ground
Sample Distance (GSD) based on the actual screen resolution. In our case, the obtained
GSD value is as follows:

GSD =
SensorWidth × Altitude

FocalLength × ImageWidth
=

6.17 mm × 30 m
4.49 mm × 1280 px

= 0.032 m/px

A single pixel on the screen, therefore, equals 0.032 m.
From the literature, we know that C. melanopterus reaches maturity starting from a

Total Length of 93 cm [7].
We can calculate the corresponding PCL using a conversion formula for a morphologi-

cally similar species (Carcharhinus brachyurus) [31]:

TL = a + b * PCL = 10.270 cm + 1.289 * PCL

where a and b are the conversion factors reported for Carcharhinus brachyurus.
Therefore, we have derived the following expression for the PCL:

PCL =
TL − a

b
=

93 cm − 10.270 cm
1.289

= 64.18 cm

According to this, the minimal PCL for maturity is about 64.18 cm.
Then, we converted the obtained PCL back into pixels using the display’s GSD and

obtained a length of 20.06 pixels:

LengthInPixels =
64.18 cm

GSD
=

64.18 cm
3.2 cm/px

= 20.06 px

Therefore, individuals with a length less than 20 pixels were considered juveniles.
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This hypothesis is corroborated by a boxplot of the measured lengths (Figure 5). The
plot shows all the values below 20 pixels as outliers, where the length < Q1 − 1.5 × IQR.

Figure 5. Boxplot of the measured lengths. Values below 20 px are considered outliers (red circle
and line).

Once juveniles were separated from adults, we analyzed the abundance ratio of
juveniles/adults among the 3 time slots. After that, we built 3 new sector-abundance tables
only for juvenile individuals, and we performed a Kruskal–Wallis test on these 3 groups in
order to identify sector preferences in juveniles.

2.4. Sex Ratio Surveys

From 2020 to 2022, we conducted an underwater video survey to determine the sex of
the individuals (Table 5).

Table 5. Data from 2020–2022 underwater video surveys in order to determine the sex of the
adult individuals.

Date Time Females Males

07 March 2020 08:30 6 0
08 March 2020 09:00 2 0
08 March 2020 18:00 1 0

17 September 2020 09:00 1 0
05 July 2021 09:00 5 0
06 July 2021 10:00 3 0

21 September 2021 10:00 2 0
21 September 2022 09:00 1 0
23 September 2022 07:30 0 0
24 September 2022 07:00 4 0
26 September 2022 08:30 5 0
28 September 2022 08:00 5 0

Total 35 0
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3. Results

3.1. Abundance and Activity in Relation to the Time Slots

The Kruskal–Wallis test performed on the abundance values (nMax) grouped by
the three time slots evidenced a highly statistically significant relationship between time
and abundance (kw = 26.66; p < 0.001) (Figure 6a). The abundance is higher at 07:00 am.
Similarly, we grouped activity values (nTot) by the three time slots (07:00, 13:00, 18:00),
creating three groups. We performed a Kruskal–Wallis test on these groups. The result
evidenced a high statistically significant relationship between time and activity (kw = 29.04;
p < 0.001) (Figure 6b). The activity is higher at 07:00 am.

(a) (b)

Figure 6. Abundance and activity of the sharks during daytime: (a) time vs. abundance; (b) time
vs. activity.

3.2. Abundance and Activity in Relation to the Environmental Factors

In this section, we present the results obtained performing the Kruskal–Wallis test on
the groups formed by aggregating abundance (nMax) and activity (nTot) by the classes of
values that describe each environmental factor.

3.2.1. Tide

We found a statistically significant relationship (kw = 6.42; p = 0.04) between the tide
height and the abundance (nMax). In particular, sharks appear to be more abundant during
low tide conditions (Figure 7a).

(a) (b)

Figure 7. Abundance and activity of the sharks according to tides: (a) tide vs. abundance; (b) tide vs.
activity. Legend: 0 = low tide; 1 = medium tide; 2 = high tide.

Also, activity (nTot) shows a statistically significant relationship with the tide (kw = 8.53;
p = 0.014) (Figure 7b). In particular, sharks are more active during low tide conditions.
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3.2.2. Wind

A nearly significant relationship is observed (kw = 9.18; p = 0.057) between abundance
(nMax) and wind: abundance is higher under lower wind conditions (0 and 1) (Figure 8a).

Similar results were found for interceptability (nTot), which is significantly associated
with low wind conditions (0 and 1) (Figure 8b).

(a) (b)

Figure 8. Abundance and activity of the sharks according to wind conditions: (a) wind vs. abundance;
(b) wind vs. activity. Legend: 0: absent (0 m/s wind speed); 1: weak (1–2 m/s wind speed); 2: medium
(3–5 m/s wind speed); 3: strong (5–10 m/s wind speed); 4: very strong (>10 m/s wind speed).

3.2.3. Anthropogenic Disturbance

Abundance (nMax) is significantly correlated with anthropogenic disturbance
(kw = 6.05; p = 0.048) (Figure 9a), as is activity (nTot) (kw = 6.8; p = 0.033) (Figure 9b).
Sharks are more abundant and active under lower levels of anthropogenic disturbance.

(a) (b)

Figure 9. Abundance and activity of the sharks and anthropogenic disturbance: (a) anthropogenic
disturbance vs. abundance; (b) anthropogenic disturbance vs. activity. Legend: 0: absent; 1: snorkel-
ing/kayaking; 2: motorboat.

3.2.4. Sea Condition

Throughout the observed period, wave motion within the bay remained consistently
low, with occasional mild fluctuations. The graphical analysis suggests a potential correla-
tion between the absence of substantial wave motion and both abundance (Figure 10a) and
activity (Figure 10b). Nevertheless, it is important to note that these relationships did not
attain statistical significance.
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(a) (b)

Figure 10. Abundance and activity of the sharks and sea conditions: (a) sea condition vs. abundance;
(b) sea condition vs. activity. Legend: 0 (0–1 Beaufort scale): flat; 1: quiet (2–3 Beaufort scale);
2: almost quiet (4 Beaufort scale).

3.2.5. Cloudiness

For both abundance (nMax) and activity (nTot), the graphs exhibit a discernible asso-
ciation with cloud cover, with higher values of abundance and interceptability occurring
under cloudy conditions. Nevertheless, it is important to emphasize that these associations
do not achieve statistical significance (abundance in Figure 11a; activity in Figure 11b).

(a) (b)

Figure 11. Abundance and activity of the sharks and cloudiness: (a) cloudiness vs. abundance;
(b) cloudiness vs. activity. Legend: 0: clear (0–2 Oktas); 1: partly cloudy (3–5 Oktas); 2: cloudy
(6–8 Oktas); 3: rain (after/before).

3.3. Spatial Distribution

The chi-square test performed on the three sector-abundance tables (Table 4) revealed
that for all three time slots, the distribution of individuals among the nine sectors signifi-
cantly deviates from a normal distribution. Specifically, we obtained the following:

• Abundance-sector table at 07:00, p < 0.001;
• Abundance-sector table at 13:00, p < 0.001;
• Abundance-sector table at 18:00, p = 0.007.

The graphical representation of the three tables can be seen, respectively, in
Figure 12a–c. The Kruskal–Wallis test across the three sector-abundance tables yielded
kw = 19.91 and p < 0.001, indicating statistical significance in the relationship between time
slot and spatial distribution. A composite graph depicting the spatial distribution across
the three time slots can be seen in Figure 12d.
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(a) (b)

(c) (d)

Figure 12. Abundance of the sharks during daytime in the different sectors. (a) Abundance by
sector at 07:00; (b) abundance by sector at 13:00; (c) abundance by sector at 18:00; (d) composite
representation of the abundance by sector: 07:00 (green), 13:00 (red), 18:00 (blue). White dotted
represent the 9 sectors (40 m × 41 m) in which the transect was divided.

3.4. Population Structure and Spatio-Temporal Distribution of Juveniles

Once we have separated the juveniles from the adults, we can plot their abundance
ratio across different time slots (Figure 13). In the morning, only 3.4% of the recorded
individuals were juveniles. In the afternoon, almost all individuals were juveniles. In the
evening, about 28% of the individuals were juveniles.

Figure 13. Juveniles/adults abundance ratio within the 3 time slots (juveniles in red).
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Regarding the spatial distribution of juveniles, when conducting the Kruskal–Wallis
test for the three time slots and their respective tables (abundance, juveniles, sectors), it is
evident that there is no significant relationship between the occupied sectors and time slot
for juveniles (kw = 1.77; p = 0.410). In fact, they are distributed similarly across all three
time slots, with a significant preference for sector number 7 (p < 0.001), as can be seen in
Figure 14.

Figure 14. Composite graph depicting the distribution of juveniles across the three time slots. Legend:
07:00 (yellow), 13:00 (red), 18:00 (blue); white dotted represent the 9 sectors (40 m × 41 m) in which
the transect was divided.

3.5. Sex Ratio

From 2020 to 2022, we conducted an underwater video survey to determine the sex of
the individuals. Among the 35 adult individuals recorded, no male sharks were recorded;
only females were present in the bay (Figure 15).

Figure 15. Some of the adult individuals observed underwater between 2020 and 2022. All ob-
served individuals were females. (a) Specimen observed on 05 July 2021; (b) specimen observed on
17/09/2020; (c) specimen observed on 23 September 2022; (d) specimen observed on 06 July 2021;
(e) specimen observed on 24 September 2022; (f) specimen observed on 17 September 2020.
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4. Discussion

We proposed a method to study the spatio-temporal distribution and population
structure of Carcharhinus melanopterus using UAVs in shallow waters. Although the study’s
short duration limits the conclusiveness of our results, they are still relevant to the specific
time period during which the research was conducted. The proposed method demonstrates
the potential of using an entry-level UAV with a minimal budget to collect and analyze
data in a semi-automatic way, using the support of a desktop application to count, track,
and measure the individuals for further population structure analyses.

UAV surveys provide the advantage of studying aquatic animals without causing
interaction or disturbance, provided that basic requirements are met [24]. However, this
approach is limited by factors such as local regulations, battery life, the effort required from
UAV operators, and, eventually, extensive video analyses. In this study, a fully charged
battery allowed for two round trips across a 360 m transect at a speed of 2 m/s, resulting in
12 min of video recording for each of the three time slots. Finer time scales can be achieved
with multiple batteries and/or a charger, but the storage and effort for video analysis must
also be considered.

Although automated flight is widely available on consumer drones or through third-
party mobile apps, it is not allowed in countries such as Thailand, so it was not taken
into consideration.

Recorded adult sharks could be easily spotted in the videos by human operators
under all conditions encountered during the study, due to their continuous movements
and thanks to shallow water. However, manual data extraction from videos becomes
impractical with extensive recordings. While ML/AI techniques have proven useful for
detecting sharks under specific conditions [25,26], they were challenging to implement in
this study due to the varied substrate (rocks, corals, sand), superficial water movements,
and variable light. Moreover, due to the presence of swimmers and boats, we had to
maintain a height of 30 m according to local regulations. This resulted in a strip transect 40
m wide that, considering the length of the animals to detect, would be computationally
demanding to analyze using Object Tracking. Due to the wide transect strip, juveniles were
harder to spot and probably impossible to detect using ML/AI.

Considering a UAV flying a transect and the continuous shark motion, algorithms like
Optical Flow could initially detect pixel groups that deviate from the UAV’s linear motion,
allowing the application of Object Detection only to specific image regions. Combining
these techniques, Object Tracking can be theoretically achieved, preventing double counting
and providing insights into the motion trajectory and speed of the animals.

The correlation between high abundance/activity and low anthropogenic disturbance
suggests that human activities may exert some pressure on this species.

We found high abundance/activity correlated with low tides and time of day, with a
high preference for morning time. In 9 h and 52 min of total video recordings, no bursts,
sudden movements, or feeding behaviors were recorded. All individuals roamed at a
constant speed all the time. This may suggest the bay is not a feeding area for adults, at
least during day time. Thermoregulatory behavior in shallow bays to enhance embryo
development has been extensively reported for coastal shark species [27]. In our case,
this hypothesis is corroborated by the underwater survey that resulted in only females
being observed.

Some sectors presented more abundance/activity than others; this may be due to local
temperature, anthropic disturbance, or other parameters not recorded in this study.

Juveniles’ spatio-temporal analysis revealed that they constituted a consistent percent-
age of the individuals at 18:00 and 13:00 due to the low presence of adults in these time
slots. Carcharhinus melanopterus juveniles are characterized by limited motion [28]; they
remain around nursery areas at all times, while adults tend to leave the bay when condi-
tions change. Their distribution was similar across all three time slots, with a significant
preference for sector number 7, for which we do not have enough data to speculate about.
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Nursery areas for coastal sharks have been defined by three primary criteria for
newborn or young-of-the-year individuals [29]: (1) density in the area is greater than the
mean density over all areas; (2) site fidelity is greater than the mean site fidelity for all areas;
(3) the area is repeatedly used across years, whereas others are not.

Tien Og is named Shark Bay due to the abundance of sharks throughout the year.
However, since we cannot provide a comparison with adjacent areas, we cannot define Tien
Og bay as a nursery area. Considering the low mobility of Carcharhinus melanopterus juve-
niles, their constant presence in the bay paired, and the presence of only adult females, we
can hypothesize that the area is involved in the reproduction of Carcharhinus melonapterus,
although the contribution to the adult stock remains unknown. Carcharhinus melanopterus
may visit the bay during specific times of the day to raise body temperature, potentially
facilitating an increase in metabolic rate and/or gestation, and abandon it during the
midday hours when temperatures rise excessively. During this study, around 14:00, the
water temperature in the bay, as recorded by an Olympus TG-5 camera, reached 31.5 ◦C.

5. Conclusions

The study encompassed a population of Carcharhinus melanopterus in Tien Og Bay
on Koh Tao Island, Thailand. Aerial surveys were conducted using a UAV to study the
spatio-temporal distribution, abundance, and groups composition of the species. The
proposed method has proven to be inexpensive, noninvasive, effective overall, and capable
of providing, even in rather short time intervals, valuable information on the ecology of
a species that is not always easy to study. In particular, the use of UAVs has allowed us
to collect data on several different individuals within defined transects and considering
different environmental variables. Further data collection campaigns could be useful to
improve the method and the use of UAVs; however, this preliminary study demonstrates
how the use of this technology can represent valid support to researchers for the collection
of data on the spatial ecology of coastal sharks in shallow waters.
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Abstract

Catsharks are benthic elasmobranchs that share spatial niches with littoral and demersal
bony fishes. The genus Schroederichthys includes five species, two of which, S. chilensis and
S. bivius, occur in the waters of Chile. These species are morphologically similar and are
often misidentified because of their overlapping external features and color patterns. To
improve species discrimination, we analyzed the egg case morphology of both species
based on 36 egg cases (12 S. chilensis, 24 S. bivius) collected from gravid females captured
as bycatch in artisanal fisheries between Iquique and Puerto Montt (July–December 2021).
Nine morphometric variables were measured and standardized using the total egg case
length. Although the egg cases were similar in general appearance, multivariate analyses
revealed significant interspecific differences, with egg case height and anterior border width
emerging as the most diagnostic variables. Linear discriminant analysis achieved a 100%
classification accuracy within this dataset. To confirm species identity, 24 tissue samples
(12 per species) were sequenced for the mitochondrial cytochrome c oxidase subunit I
(COI) gene. The haplotypes corresponded to previously published sequences from Chile (S.
chilensis) and Argentina (S. bivius), with reciprocal monophyly and 100% bootstrap support.
While COI barcoding provided robust confirmation, the core contribution of this study lies
in the identification of species-specific egg case morphometrics. Together, these findings
establish a dual-track toolkit, egg case morphology for primary discrimination and COI
barcodes for confirmatory validation, that can be incorporated into bycatch monitoring
and biodiversity assessments, supporting the conservation of poorly known catsharks in
the Southeast Pacific.

Keywords: egg capsule; DNA barcoding; pintarroja; oviparous sharks

1. Introduction

Colored catsharks (Carcharhiniformes: Atelomycteridae) are benthic elasmobranchs
that share spatial niches with littoral and demersal bony fishes such as soles, hakes, and
eels. However, unlike most bony fishes, catsharks possess life-history traits such as low
fecundity, late sexual maturity, and relatively high longevity, which render them particu-
larly vulnerable to overfishing [1]. These characteristics present significant conservation

Diversity 2025, 17, 651 https://doi.org/10.3390/d17090651
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challenges [2]. Over the past two decades, global assessments of shark conservation status
have highlighted the susceptibility of small-bodied species to threats posed by incidental
capture in fisheries [3], with some populations facing serious risks of depletion or local
extinction [4].

Within Atelomycteridae, the subfamily Schroederichthyinae comprises six species, five
of which are restricted to the Atlantic and Pacific coasts of Central and South America, and
the recently described Akheilos suwartanai White, Fahmi, Weigmann, 2019, from Indonesia,
which extends the subfamily beyond the Americas [5]. The genus Schroederichthys includes
S. chilensis (Guichenot, 1848), distributed from southern Peru to central Chile; S. bivius
(Smith, 1838), occurring from southern Chile to northern Argentina; S. maculatus (Springer,
1966) from the western Atlantic; S. saurisqualus (Soto, 2001) from southern Brazil; and
S. tenuis (Springer, 1966) from northern Brazil to Suriname [6–8]. In Chilean waters, S.
chilensis and S. bivius are thought to occur sympatrically over part of their latitudinal range,
although they differ in depth preference: S. chilensis occupies subtidal rocky reefs between
the Paracas Peninsula (14◦ S) and Chiloé Island (42◦ S), whereas S. bivius occurs on the
upper continental slope between Valdivia (39◦ S) and the Magallanes region (54◦ S), and
potentially extends east into the southwestern Atlantic [9].

Although catsharks are relatively abundant along the Chilean coast [10,11], there is
a lack of biological and taxonomic data on S. chilensis, and the available information on
S. bivius is geographically restricted, with studies focused primarily on Argentina [12,13].
Morphological differentiation between the two species is subtle and based on external
features, such as body proportions, nasal flap shape, and dorsal coloration [14]. However,
these characteristics are often obscured by phenotypic plasticity, ontogeny, and sexual di-
morphism [13], making accurate identification challenging without comparative materials.
Springer [14] noted in his global review of catsharks that “it has never been clearly and
exhaustively established how to differentiate specimens of S. chilensis from S. bivius,” a
taxonomic uncertainty that persists to this day. Early anatomical studies also suggested
intrageneric heterogeneity within the genus [6], a view reinforced by White et al. [5]
and Soares and Mathubara [15], who argued that S. bivius and S. chilensis may represent
morphologically distinct lineages within the Schroederichthyinae.

Egg case morphology has long been recognized as a valuable character system in
elasmobranch taxonomy. These structures frequently exhibit species-specific variations in
size, shape, surface features, and pigmentation [16–19] and have been used in a wide range
of studies, from reproductive ecology to phylogenetic inference [20–25]. Molecular tools,
particularly mitochondrial DNA barcoding of the cytochrome c oxidase subunit I (COI)
gene, have emerged as robust complementary methods for species identification [26–29].

For Schroederichthys chilensis and S. bivius, whose overlapping external morphologies
often hinder identification, COI barcoding may provide an independent line of evidence to
support species delimitation. When integrated with egg case morphometrics, molecular
data can significantly improve taxonomic resolution in ecological and fisheries contexts,
particularly in cases where adult specimens are unavailable or damaged. Given the current
lack of comparative information on egg case morphology and genetic variation in South
American catsharks, this study aimed to evaluate the diagnostic value of egg case mor-
phometrics and mitochondrial COI sequences in distinguishing S. chilensis from S. bivius.
This dual framework may provide a baseline for accurate species identification and offers
practical tools for fisheries bycatch monitoring, biodiversity assessment, and conservation
planning in the Southeast Pacific.
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2. Materials and Methods

A total of 36 egg cases from Schroederichthys chilensis (n = 12) and S. bivius (n = 24) were
collected from the uteri of 18 individuals incidentally captured as bycatch in artisanal gillnet
and longline fisheries along the Chilean coast. Between July and December 2021, specimens
of S. chilensis were obtained from Iquique (20◦ S) and Valparaíso (33◦ S), and S. bivius was
obtained from Puerto Montt (41◦ S). For each egg case, the identity of the corresponding
female was confirmed using the external diagnostic characters described by Springer [14]
and Lamilla and Bustamante [30]. The uterus of origin (left or right) was recorded to test
for potential intraspecific morphological differences and rule out any confounding effects
on species discrimination. The egg cases were preserved in 70% ethanol for subsequent
morphological analysis. In parallel, muscle tissue samples were collected from all gravid
females and preserved in 90% ethanol for molecular analysis.

Egg case morphological terminology followed the established methodologies de-
scribed in the literature [19,21,24]. Nine morphometric variables were recorded for each
egg case (Figure 1), including total egg case length (LEC), egg case height (HEC), lateral keel
length (LK), anterior border width (WAB), anterior case width (WAC), anterior waist width
(WAW), posterior base width (WPB), posterior case width (WPC), and posterior waist width
(WPW). Additional measurements of the anterior and posterior length of tendrils (LTE) and
the respiratory fissures (RF) were recorded but excluded from comparative analyses be-
cause tendrils are prone to natural breakage, which compromises measurement replicability,
and the observation of respiratory fissures is highly subjective, limiting the consistency
of this variable. All measurements were recorded to the nearest 0.01 mm using a digital
caliper and expressed as proportions of LEC to minimize size-related effects. Values are
reported as mean ± standard deviation (s.d.). The spatial orientation of each egg (anterior
and dorsal surfaces) was determined based on its position within the uterus, following
the criteria described by Gomes and de Carvalho [31]. An independent two-sample t-test
was conducted to evaluate potential differences in egg case length (LEC) and posterior case
width (WPC) between the species (S. chilensis vs. S. bivius). To compare the differences in
LEC and WPC between the left and right uteri within individual females, a paired t-test was
used following confirmation of normality and homogeneity of variances [32].

Figure 1. Schematic representation of a catshark-type egg case, showing measurements from the
dorsal and lateral views. Abbreviations represent egg case length (LEC), egg case height (HEC), lateral
keels (LK), anterior border width (WAB), anterior case width (WAC), anterior waist width (WAW),
posterior base width (WPB), posterior case width (WPC) and posterior waist width (WPW), tendrils
(T), length of tendrils (LTE) and respiratory fissures (RF). Adapted from Bustamante et al. [24].
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Morphometric measurements were used to characterize each egg case, with the iden-
tity of the egg-bearing female included as a grouping factor to account for potential non-
independence among samples. Analyses were conducted in RStudio (version 2025.09.0)
using the MorphoTools2 package (version 1.0.2.1) [33]. The normality of each variable was
assessed using the Shapiro–Wilk test, and the homogeneity of variance was tested using
Levene’s test. Variables were log-transformed where necessary to meet the assumptions of
the parametric analysis. To identify and reduce redundancy among variables, Pearson’s cor-
relation coefficients were calculated, and highly correlated pairs (|r| ≥ 0.95) were excluded
from analysis. The resulting dataset was used to construct a Euclidean distance matrix
for hierarchical clustering and principal component analysis (PCA), allowing for a visual
assessment of morphometric similarity among specimens. Linear discriminant analysis
(LDA) was performed to assess the discriminatory power of the retained variables [34],
generating discriminant functions that maximized the separation between the predefined
groups. The assumption of homogeneity of the covariance matrices was evaluated using
Box’s M test [33]. These analyses facilitated the identification of distinct morphotypes asso-
ciated with species identity. To validate the classification performance, a cross-validation
procedure was performed using the k-nearest neighbor (k-NN) method, which reassigns
each specimen to its most likely group based on its morphometric profile and proximity to
the group centroids.

Total genomic DNA was extracted from 24 individuals (12 S. chilensis and 12 S. bivius)
using the standard phenol–chloroform protocol [35]. These samples corresponded directly
to the gravid females from which egg cases were obtained, establishing a one-to-one
correspondence between the morphological and molecular datasets. A fragment of the
mitochondrial cytochrome c oxidase subunit I (COI) gene was amplified using the universal
primers described by Ward et al. [36], as follows: PCR amplifications were carried out in
10 μL reactions containing 1 μL of genomic DNA (20–50 ng), 5.9 μL of Milli-Q H2O, 1 μL
of 10× buffer with MgCl2 (15 mM), 1 μL of dNTPs (2 mM), 0.5 μL of each primer, and
0.1 μL of Taq DNA polymerase (5 U/μL). The thermal cycling profile consisted of an initial
denaturation step at 95 ◦C for 2 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s,
annealing at 54 ◦C for 30 s, and extension at 72 ◦C for 1 min, with a final extension step at
72 ◦C for 10 min. Amplified PCR products were purified using ExoSAP-IT (USB Products,
Affymetrix, Inc., Santa Clara, CA, USA) by incubation at 37 ◦C for 45 min, followed by
enzyme inactivation at 80 ◦C for 15 min. Sequencing was performed bidirectionally at
the Austral-Omics Sequencing Facility (Valdivia, Chile). Sequence chromatograms were
manually checked for base-calling errors, and variable sites were verified by comparing
forward and reverse reads. Primer sequences were trimmed, and consensus sequences
were assembled for each individual. Intraspecific genetic distances (p) were estimated
using pairwise comparisons under the Kimura 2-parameter (K2P) model [37] in MEGA
v7 [38]. The K2P distance matrix was also used to construct a neighbor-joining (NJ) tree
in GENEIOUS [39], with node support assessed using 1000 bootstrap replicates. Novel
haplotypes were deposited in the NCBI GenBank database under the accession numbers
PX250298–PX250321. While GenBank remains a repository for homologous sequences
of Schroederichthys, we acknowledge the risk of misidentified entries and therefore relied
on previously validated haplotypes from Chile and Argentina to ensure confidence in
species identity. The final alignments for COI included additional Scyliorhinidae species as
outgroups to provide a phylogenetic framework for species discrimination (Table 1).
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Table 1. List of colored catsharks (Atelomycteridae) and related species within the Carcharhiniformes
(including the outgroup) used in this study. The COI sequence accession numbers from the NCBI
GenBank database are indicated. Novel sequences are indicated in bold.

Species Locality Accession Number

Carcharhiniformes: Atelomycteridae
Atelomycterus baliensis Indonesia: Bali EU398568, EU398569
Atelomycterus erdmanni Indonesia KP769787
Atelomycterus fasciatus Australia: Western Australia EU398570

Atelomycterus marmoratus Philippines: Cebu OQ386292, OQ386496
Atelomycterus marnkalha Australia: Queensland EU398574, EU398577
Aulohalaelurus labiosus Australia: Western Australia EU398581, HQ955988, JN312813
Schroederichthys bivius Argentina EU074581–EU074586
Schroederichthys bivius Chile: Valdivia PX250298–PX250303
Schroederichthys bivius Chile: Puerto Montt PX250304–PX250309

Schroederichthys chilensis Chile: Coquimbo MK982882, MK982902
Schroederichthys chilensis Chile: Iquique PX250310, PX250311
Schroederichthys chilensis Chile: Valparaíso PX250312–PX250315
Schroederichthys chilensis Chile: San Antonio PX250316–PX250321

Carcharhiniformes: Scyliorhinidae
Cephaloscyllium laticeps Australia: Victoria HQ956280
Cephaloscyllium pictum Indonesia: Nusa Tenggara Barat EU398676
Cephaloscyllium silasi India KF899711

Cephaloscyllium variegatum Australia: Tasmania HQ956282
Poroderma africanum South Africa: Western Cape OR138385, OR138381

Poroderma pantherinum South Africa: Western Cape OR138386, OR138391
Scyliorhinus canicula USA: Washington KJ709897, JN641232
Scyliorhinus capensis South Africa: Western Cape OR138392
Scyliorhinus stellaris Malta KJ709900

Carcharhiniformes: Pentanchidae
Apristurus brunneus USA: Washington JQ353982

Apristurus melanoasper Canada: Newfoundland MW339366
Apristurus nasutus Chile: Coquimbo KU737638

Apristurus profundorum Canada: Newfoundland MW339382
Holohalaelurus punctatus South Africa OR138367, OR138368

Holohalaelurus regani South Africa: Western Cape OR138372, OR138373
Asymbolus analis Australia HM902609
Asymbolus parvus Australia: Western Australia EU398564

Asymbolus rubiginosus Australia EU398567
Carcharhiniformes: Carcharhinidae

Carcharhinus brachyurus 1 South Korea: Jeju island MT995631
1 Species included as an outgroup.

3. Results

3.1. Description of the Egg Cases

The egg cases of Schroederichthys chilensis (Figure 2a,b; Table 2) were relatively small,
with a pronounced anterior waist and no horns or tendrils at the anterior end of the egg
case. The surface was smooth on both the dorsal and ventral faces and was covered with a
thin layer of fine filaments. The overall color was light brown. Near the anterior respiratory
fissures, a bundle of fibrils originated that matched the thickness of the posterior horns.
Posteriorly, the egg cases exhibited two well-developed horns, each giving rise to a long,
robust tendril. These tendrils gradually tapered, reaching approximately one-third of their
original diameter at the distal end of the tendril.
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Figure 2. Egg cases of Chilean catsharks: (a,b) Schroederichthys chilensis and (c,d) S. bivius in the dorsal
(a,c) and (b,d) lateral views. The scale bar represents a length of 20 mm.

Table 2. Measurements of the egg cases of Schroederichthys chilensis and S. bivius from Chilean waters.
The mean values and standard deviations are expressed as percentages of LEC. The abbreviations
used for each measurement are presented in Figure 1.

Measurement
Schroederichthys chilensis Schroederichthys bivius

Mean (s.d.) Range (mm) Mean (s.d.) Range (mm)

LEC 52.3 (3.8) 45.2–57.1 52.8 (3.2) 45.0–58.6
HEC 11.0 (1.8) 7.8–13.7 4.9 (1.6) 2.5–10.0
LK 3.3 (0.4) 2.8–4.0 2.0 (0.9) 0.1–3.7

WAB 14.0 (0.4) 13.3–14.6 9.1 (1.3) 7.2–13.4
WAC 17.4 (0.9) 15.7–18.5 13.0 (1.5) 10.2–16.6
WAW 16.9 (1.1) 14.9–18.2 14.9 (1.1) 13.0–18.1
WPB 5.8 (1.3) 4.1–7.7 6.7 (1.8) 3.2–9.2
WPC 24.2 (1.7) 21.2–26.2 19.7 (2.3) 12.2–23.8
WPW 18.7 (1.5) 16.1–20.3 13.7 (2.0) 10.7–18.1

The egg cases of S. bivius (Figure 2c,d; Table 2) were similar in general shape and
size to those of S. chilensis but had several distinguishing features. Like S. chilensis, the
anterior end of S. bivius egg cases lacked horns and tendrils; however, they displayed
a characteristic double waist at the anterior margin. The color was light brown, and
the surface texture was smooth. Fine filaments formed elongated thread-like cords near
the anterior respiratory fissures. The posterior horns gave rise to tendrils that narrowed
abruptly, tapering to approximately one-third of the egg case length before terminating in
delicate filamentous tips.

3.2. Morphometric Analyses

All morphometric variables met the assumption of normality, as assessed using the
Shapiro–Wilk test (p > 0.05). Within each species, no significant differences were detected
in egg case length (LEC) or posterior case width (WPC) between the left and right uteri,
indicating the absence of intra-individual asymmetry in these measurements. For S. bivius,
paired t-tests showed no significant differences in LEC (t = −0.0916, p = 0.8872) or WPC

(t = −1.0162, p = 0.3313), and for S. chilensis, the results were similarly non-significant (LEC:
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t = −0.6094, p = 0.8125; WPC: t = 1.4363, p = 0.2104). Interspecific comparisons revealed
a significant difference in posterior case width, with S. chilensis exhibiting broader egg
cases than S. bivius (t = 5.952, p < 0.001). No significant difference was observed in the
egg case length between species (t = 0.5223, p = 0.604). All morphometric variables met
the assumptions of normality (Shapiro–Wilk test, p > 0.05) and homogeneity of variance
(Levene’s test, p > 0.05). Following correlation filtering, eight variables were retained for
multivariate analyses. Hierarchical clustering of Euclidean distance values revealed two
non-overlapping groups corresponding to the two species (Figure 3). This strong species-
level separation was consistent across individuals. The mean intraspecific dissimilarity
was low (1.1–1.3 standardized Euclidean units), whereas interspecific dissimilarity was
comparatively high (4.9 standardized Euclidean units), confirming a clear morphometric
divergence between the two species.

 
Figure 3. Comparative analysis of the left and right egg cases (associated with the uteri) of Chilean cat-
sharks (Schroederichthys chilensis and S. bivius) based on the Euclidean distance of eight morphometric
variables standardized by the total egg case length.

The PCA ordination revealed a clear separation between S. bivius and S. chilensis along
the first two principal components, with PC1 and PC2 explaining 67.84% and 12.88% of the
total variance, respectively (Figure 4a). The eigenvector biplot (Figure 4b) shows that the
most influential variables along PC1 included anterior case width (WAC), lateral keel length
(LK), egg case height (HEC), anterior border width (WAB), and posterior case width (WPC),
all of which contributed to the species-level differentiation. Linear discriminant analysis
(LDA) further supported species discrimination. Box’s M-test indicated homogeneity of
covariance matrices (χ2 = 2.72, df = 3, p = 0.437). Two variables, WAB and HEC, significantly
contributed to group separation. The classification model correctly assigned all egg cases
to their respective species, achieving 100% classification accuracy within this dataset. All
S. bivius (n = 24) and S. chilensis (n = 12) egg cases were accurately classified based on the
retained morphometric variables (Table 3). The k-nearest neighbor classification analysis
showed that the highest number of correct classifications was at k = 3 and reflected the
LDA results.

Table 3. Species classifications (‘as.’, e.g., as. S. chilensis) of Chilean catsharks (Schroederichthys chilensis
and S. bivius) by using a linear discriminant analysis (LDA) based on eight egg case morphomet-
ric measurements.

Taxon n as. S. chilensis as. S. bivius n Correct Percentage Correct

S. chilensis 12 12 0 12 100
S. bivius 24 0 24 24 100

Total 36 12 24 36 100
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Figure 4. Principal component analysis (a) and eigenvector biplot (b) of the morphometric analysis
of egg cases from Chilean catsharks (Schroederichthys chilensis and S. bivius) based on the Euclidean
distance of eight morphometric variables standardized by the total egg case length.

3.3. Molecular Analyses

A total of 24 high-quality COI sequences were obtained (12 S. chilensis, 12 S. bivius),
corresponding directly to the gravid females from which egg cases were analyzed. The
sequence lengths ranged from 685 to 763 bp after trimming. No insertions, deletions, or
stop codons were observed. Intraspecific K2P genetic distances were low (0.0021 for S.
chilensis, 0.0018 for S. bivius), whereas interspecific divergence was 0.053, consistent with
species-level separation in elasmobranchs. Two haplotypes were detected in S. bivius and
one in S. chilensis, all of which matched previously published sequences from Argentina
and Chile, respectively. Phylogenetic comparisons were performed using 67 sequences
and 30 closely related species. The neighbor-joining tree based on K2P distances showed
two well-supported clades corresponding to S. chilensis and S. bivius, with 100% bootstrap
support (Figure 5). No haplotypes were shared among the species. All sequences were
grouped with reference sequences, confirming the correct species assignment and reflecting
the current taxonomy of the Atelomycteridae family.

 

Figure 5. Phylogenetic tree of Chilean catsharks (Carcharhiniformes: Atelomycteridae) inferred from novel
and reference COI sequences using a Neighbor-Joining (NJ) tree based on K2P parameter distances. The
species Carcharhinus brachyurus was used as an outgroup representative to root the tree. Bootstrap support
at branch nodes is shown (with a *) when > 80%. Families are represented outside the tip labels of the tree.

145



Diversity 2025, 17, 651

4. Discussion

This study provides an integrative approach to distinguish between two morphologi-
cally similar catshark species, Schroederichthys bivius and S. chilensis, using a combination of
egg case morphometrics and mitochondrial DNA barcoding. Although both species pro-
duce externally similar egg cases, quantitative analyses revealed consistent species-specific
differences, with egg case height and anterior border width emerging as robust diagnostic
traits for species identification. The strong discriminatory signal was confirmed by linear
discriminant analysis, which achieved 100% classification accuracy within the dataset.
These findings validate the strong diagnostic power of reproductive characteristics and
highlight the utility of egg case morphology as a practical tool for taxonomic identification
in the absence of adults in the population. While this study did not explore environmental
drivers, it aligns with previous reports [40], which suggested that the tendril structure of
Schroederichthys egg cases enhances attachment to the structurally complex kelps, such
as Lessonia trabeculata. This substrate specificity likely exerts selective pressure on stable
morphological traits, such as posterior tendrils and consistent egg case shape, supporting
their use as reliable taxonomic markers. The observed interspecific differences in egg case
morphometrics appear to be robust across various environmental conditions, reinforcing
the value of these characteristics for species-level identification.

The COI barcoding provided independent confirmation of species identity, recovering
two reciprocally monophyletic clades with strong bootstrap support and no haplotype
sharing. Intraspecific divergence was low, whereas interspecific divergence (5.3%) was well
within the range typically observed among closely related elasmobranch taxa [26–29]. The
neighbor-joining phylogeny showed reciprocal monophyly with 100% bootstrap support
and no shared haplotypes, supporting previous studies that used COI as a robust marker
for species identification in elasmobranchs [41,42]. These findings reinforce the value of
DNA barcoding as a confirmatory tool that reinforces morphological findings, particularly
in taxonomically challenging groups such as scyliorhinids [43–45]. In this study, COI
barcoding was applied as a confirmatory marker because it remains the most widely
applied and standardized barcode in vertebrate taxonomy. Although single-gene barcoding
is limited in its phylogenetic resolution, it provides a robust baseline for species-level
validation. Future studies should expand to multilocus or genomic approaches (e.g.,
NADH2, SNPs, RADseq) to test species boundaries across broader ranges and potential
contact zones.

Egg case morphology has played an important role in elasmobranch taxonomy, and
our findings add to the growing body of work that recognizes its value beyond repro-
ductive biology. Previous studies have shown that the morphology of egg cases reflects
both phylogenetic constraints and ecological adaptations [18,21]. Our comparative analysis
confirmed the presence of stable, species-specific egg case features in South American
catsharks and supports their continued use in systematic, evolutionary, and field-based
identification studies of this group [43]. In practice, these morphometric characters may
provide a rapid and non-lethal method for identifying species in fisheries bycatch, biodi-
versity surveys, and museum collections. When uncertainty persists, COI barcoding can
be applied as a confirmatory layer, offering a straightforward workflow that integrates
field identification and molecular verification. Such dual-track approaches can be readily
adopted by fishery observer programs and national biodiversity monitoring initiatives,
ensuring accurate species records even in the absence of adult specimens. Linking egg case
occurrence with habitat information, such as the role of kelp forests as keystone habitats,
further connects taxonomy to ecosystem-based management and conservation planning.

From a taxonomic perspective, our results are consistent with recent revisions of
catshark systematics. Historically placed within Scyliorhinidae, recent systematic revi-
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sions have recognized the family Atelomycteridae, with Schroederichthyinae as one of its
subfamilies [5]. The description of A. suwartanai from Indonesia extends the distribution
of this subfamily beyond South America, underscoring its previously underestimated
diversity. Earlier anatomical studies also suggested that S. bivius and S. chilensis differ
substantially from the “neotenic group” (S. maculatus, S. saurisqualus, and S. tenuis), raising
the possibility that Chilean–Patagonian species represent a distinct lineage within the
group [6,45]. Recently, Soares and Mathubara [15], using a robust phylogenetic framework
based on 143 morphological traits and NADH2 gene sequences, confirmed the placement
of Schroederichthys within Atelomycteridae and demonstrated that S. bivius and S. chilensis
formed a well-supported monophyletic clade distinct from other scyliorhinids. Our results
reinforce this updated classification, providing additional evidence from egg case morphol-
ogy and mitochondrial COI data, highlighting the evolutionary distinctiveness of these
species. The diagnostic egg case traits identified here are consistent with their separation
from traditional Scyliorhinidae and support the monophyly of Schroederichthys within the
Atelomycteridae.

Geographically, S. bivius and S. chilensis span broad latitudinal and bathymetric ranges
along the southeastern Pacific, with a likely overlap between approximately 39◦S (Valdivia)
and 42◦S (Chiloé Island). While S. chilensis is typically found in shallower subtidal zones,
S. bivius occupies deeper shelves and upper continental slope habitats. However, field
identification of either species remains difficult due to overlapping external features and
high phenotypic plasticity in coloration and body proportions. Springer [14] originally
distinguished S. bivius from S. chilensis by its pointed snout, narrower head, larger eyes,
and longer nasal flaps. However, the diagnosis of these species remains incomplete and
has not been comprehensively updated using modern morphometric or molecular tools.

Despite these advances, several limitations must be considered. Our sample sizes were
modest, and the geographic coverage was restricted to Chilean waters. Future research
should expand sampling across the full distributional range of both species, particularly
in zones of potential sympatry. Additional studies should explore ontogenetic variation
in egg-case morphology and incorporate environmental drivers (e.g., temperature and
substrate) that may influence phenotypic traits. From a genetic perspective, multilocus or
genome-wide approaches would strengthen species delimitation and test hypotheses, such
as cryptic diversity or hybridization in contact zones.

Although S. bivius and S. chilensis are not currently the targets of commercial fisheries,
they are often caught as bycatch in both artisanal and industrial fisheries along the Chilean
coast [10]. However, no quantitative estimates of fishing mortality have been reported [11],
leaving the impact on their populations unassessed. Given the low reproductive output
and life-history traits of catsharks, such as late maturity, low fecundity, and long lifespan,
unmonitored bycatch poses a clear conservation risk to these species [46,47]. These risks are
exacerbated in coastal and demersal ecosystems, where habitat degradation compounds
fishing mortality. Kelp forests, which dominate many subtidal zones along the Chilean
coast, act as critical nursery and refuge habitats for diverse fish assemblages, enhancing the
survival and recruitment of early life stages [48,49]. Therefore, the loss or fragmentation
of these foundational habitats may indirectly affect the persistence of small benthic elas-
mobranchs, including Schroederichthys species, by altering prey availability and reducing
shelter from predators [50]. In this context, the integrative framework developed here
provides operational tools for monitoring and conservation efforts. Morphometric analysis
of egg cases offers a rapid and non-invasive method for identifying species in the field,
whereas COI barcoding provides a confirmatory layer when morphology alone is incon-
clusive. Together, these approaches form a dual-track identification workflow that can be
directly incorporated into bycatch observer programs, biodiversity surveys and museum
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collections. Linking species-specific egg case occurrence with habitat information, such as
the role of kelp forests as nurseries, connects species-level taxonomy with ecosystem-based
management. As human activities intensify pressures on coastal ecosystems, adopting
such integrated identification tools will be essential to strengthen biodiversity assessments,
mitigate bycatch impacts, and guide effective conservation of South American catsharks in
the Southeast Pacific.
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