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Nothing in [ife is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.
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Thesis Abstract

Sawfishes (Chondrichthyes, Pristidae) are considered one of the most endangered families among
elasmobranchs, resulting extinct in many coastal areas around the world. A growing concern in
conserving these iconic animals has been significant worldwide, including efforts to gather robust
anecdotal information on historic and recent changes in species composition/range.

In this study, we have implemented an integrative approach to characterize the species diversity
and the abundance of historical rostra of sawfishes from museums and private collections of the
Mediterranean area. To solve some morphological ambiguities caused by the similarity among
species and their rarity, the identification at the species level of 172 dried rostra was carried out
through the integration of both traditional and geometric morphometric techniques with molecular
tools, allowing the assessment of a robust methodical approach to discriminate species. The molecular
taxonomic identification at the species level was obtained through DNA extraction from rostra and
sequencing of small fragments (ca. 320-350 bp) of two mitochondrial markers (COI and NADH?2).
In addition, we analysed 35 rostral teeth to clarify the past distribution of sawfish species considering
the isotopic composition of oxygen and carbon. The morphometric, molecular, and geographical
characterization of samples was accompanied by the preliminary evaluation of growth structures and
the inspection of the strontium isotope composition in two teeth to unravel movement patterns of
individuals across different salinities of water.

Results were integrated with currently available data from public repositories and these analyses
showed that the historical specimens belonged to four nominal species: Pristis zijsron (81),
Anoxypristis cuspidata (39), P. pristis (30), and P. pectinata (22). An identification error of 5.41%
emerged in the morphological distinction of rostra between juvenile individuals of P. pectinata and
P. zijsron. The new approach of carbon and oxygen isotopes, implemented for the first time in these
taxa, permitted the identification of the high-probability habitat preferences of these benthopelagic
elasmobranchs in about 50% of the analysed specimens. Fifteen individual rostra have been assigned
to a given geographical area of origin with high probability. Among them, 12 individuals were
precisely assigned to the Mediterranean, the Red Sea and Persian Gulf (11 individuals of P. zijsron
and one P. pristis). The geographical assignment of other 20 individuals was not univocally achieved
by isotope analysis since two to four isoscapes were matched by the individual 580 composition.

Using this multidisciplinary approach, we successfully assigned the numerous museum rostra with
lacking data to a given species and identified their candidate geographical origin, retrieving novel
information and data for understanding the species distribution and ecology of past, sometimes

locally/regionally extinct sawfish faunas (e.g., as it is the one of the Mediterranean Sea).






Research objectives

The unprecedented global reduction of sawfish (Chondrichthyes, Pristidae) led the scientific
community to address huge and widespread research efforts on the recovery of remaining populations
in the world. Immediate actions are required to better determine the status of the species in poorly
studied regions and to initiate biological studies to provide the data needed to establish management
and restoration plans.

In this perspective, this PhD project was conceived for contributing to the conservation of this
iconic elasmobranch family and help the reconstruction of their species diversity, distribution, and
movement. Specifically, the project’s objectives were to: 1) comprehensively understand the current
state of knowledge on sawfish at the global scale, identifying future research priorities needed for
better assisting their conservation; 2) characterize at the species level all rostra specimens conserved
in museums and private collections of the Mediterranean area; 3) examine the applicability of the
isotopic composition of oxygen and carbon in rostral teeth to determine the geographical origin of
specimens and to clarify their distribution; 4) improve methods of sectioning, imaging and recording
strontium isotope in rostral teeth to assess their potential as a chemical tracer for describing movement

pattern.

With the aim of delineating future research priorities for the conservation of sawfish, key-existing
information about their biology, ecology and major threats was reviewed in Chapter 1. In this
Chapter current mismatches between their biology/ecology and the management strategies were
widely discussed, pointing out those factors that are negatively affecting the development of effective
conservation strategies.

According to the importance of characterizing sawfish collections of the Mediterranean area, in
Chapter 2 wide bibliographic research was compiled to find out all the museums and private
collections which possessed entire sawfish or rostra specimens. Specifically, 172 dry museum rostra
or whole taxidermized individuals conserved in 27 museum/private collections of the Mediterranean
area were identified with the dual approach that combines morphometric analysis of rostrum and
molecular analysis optimized for ancient DNA. The results of this research represented an example
of the utility of morphological and molecular tools for the conservation of these organisms, providing
a systematic means to overcome the difficulties imposed by the absence of diagnostic morphological

traits.



Chapter 3 was focused on oxygen and carbon isotopes characterisation in sawfish teeth and their
potential use for the determination of specimens’ provenance. In this chapter, the development of the
isoscape analysis technique in 35 rostral teeth was discussed.

Finally, the preliminary analyses of sectioning and imaging of sawfish rostral teeth were tested
and assessed in Chapter 4. The image of two rostral teeth sections allowed to preliminary assess the
presence of the external thin enamel layer. They were analysed by laser ablation—inductively coupled
plasma mass spectrometry (LA-ICPMS) of 87Sr/%Sr isotope ratio, for the potential use as a chemical

record of movement through different salinities.
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Chapter 1 General introduction

Chapter 1

General introduction

1.1 Biology, ecology, and distribution of sawfishes

Sawfishes (Family Pristidae, Chondrichthyes) are large body size batoids (up to ~7 m) with a
characteristic rostrum bearing lateral tooth-like denticles (Last & Stevens 2009). The family includes
two genera, Anoxypristis and Pristis. There is currently a single recognized species of Anoxypristis,
A. cuspidata (Latham, 1794) and four extant Pristis species, P. clavata Garman 1906, P. pectinata
Latham 1794, P. pristis Latham 1794 and P. zijsron Bleeker 1851 (Faria et al., 2013). For a long time,
the Pristidae family was considered as one of the most taxonomically chaotic groups within the
batoids, due to their conservative morphology (Faria et al., 2013): until 2013, the genus Pristis
comprised seven species and were partitioned into the smalltooth (i.e., P. clavata, P. pectinata and P.
zijsron) and the largetooth groups (i.e., P. microdon, P. perotteti, and P. pristis).

In general, sawfishes are benthopelagic and inhabit shallow coastal waters (<10 m), including
estuaries and rivers of the tropics and subtropics (Dulvy et al., 2016), though to occur to a maximum
depth of 122m (Poulakis & Seitz, 2004; Wueringer, Squire, & Collin, 2009). A strong relationship
with shallow-water habitats such as mangrove shorelines and muddy or sandy bottoms has been
documented (Poulakis & Seitz, 2004; Thorburn et al., 2008; Whitty et al., 2009; Morgan et al., 2015;
Morgan et al., 2017).
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Chapter 1 General introduction

The life history of sawfishes is typical of many coastal elasmobranchs, as they exhibit a low growth
rate, late maturity (between three and nine years, depending on the species), low fecundity (from one
to 20 pups for each litter), large size at birth and high longevity (Peverell, 2005; Garcia, Lucifora, &
Myers, 2008; Thorburn et al., 2008; Simpfendorfer & Kyne, 2009). They are characterised by
lecithotrophic viviparity or ovoviviparity, retaining embryos until birth, once development is
complete (Dulvy & Reynolds, 1997). These parameters result in a low intrinsic rate of population
growth, highlighting susceptibility to population depletion (Simpfendorfer, 2000).

As other elasmobranchs, they show ontogenetic shifts in habitat use, where juveniles dwell shallow
and enclosed coastal or riverine habitats that offer high productivity and protection from predators as
nurseries, before moving to deeper marine habitats as adults (Heupel, Carlson, & Simpfendorfer,
2007). Thus, inshore and estuarine waters are critical habitats for juveniles and pupping females
(Poulakis & Seitz, 2004; Peverell, 2005; Last et al., 2009; Whitty et al., 2009, 2017; Poulakis et al.,
2013; Carlson et al., 2014). In detail, the life history of P. pristis is unique in comparison to the other
sawfishes, in that females give birth near river mouths and pups migrate upriver to freshwater habitats,
where they remain until sexual maturity (Whitty et al., 2009; Kyne et al., 2021). Adults of P. clavata
are marine/estuarine and juveniles utilize inshore estuaries and mangrove areas as nurseries
(Thorburn et al., 2008). This species has been known to penetrate rivers, but only as far as the tidal
limit (Morgan et al., 2021). Similarly, P. pectinata exhibits ontogenetic habitat shifts (Grubbs, 2010)
with small juveniles exhibiting high site fidelity and spending all their time in the shallow waters
along mangrove shorelines, while larger juveniles and adults are known to use deeper water within
and beyond estuaries (Poulakis et al., 2013; Hollensead et al., 2016, 2018; Graham et al., 2021). In
P. zijsron, home-range size increases with growth and development (Morgan et al., 2015; 2017).
Neonates generally stay close to shallow water (<0.5 m depth) for at least their first few months of
life and become increasingly mobile with increasing body size (Morgan et al., 2017). Juveniles show
nursery site fidelity and are more likely to be recorded outside of the estuaries (Peverell, 2005). In
this species, low-salinity waters do not provide favourable conditions (Morgan et al. 2017). Finally,
less is known about life history traits of A. cuspidata, which reach maturity comparatively earlier, at
approximately 3 years, and are found in correspondence of estuaries, bays, and river mouths from the
shallows to 40 m of depth (Last and Stevens, 2009).

Sawfishes were once widely distributed and typically found in tropical and sub-tropical locations
(Dulvy et al., 2016). More precisely, P. pristis has the widest range distribution with four distinct
subpopulations from Eastern Atlantic, Western Atlantic, Eastern Pacific and Indo-West Pacific (Faria
et al., 2013). The historic distribution of the largetooth sawfish (Figure 1, A) is somewhat uncertain
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Chapter 1 General introduction

and largely unknown because of poor records and questionable identifications associated with the
difficulties in distinguishing among Pristis sawfishes and presumed localized extinctions in many
locations (Last & Stevens, 2009; White & Kyne, 2010; Morgan et al., 2011; Ferretti et al., 2016).
Pristis pectinata is reported from West and East Atlantic subtropical waters (Faria et al., 2013)
(Figure 1, B). The species was historically distributed in coastal habitats of the Gulf of Mexico and
along the east coast of the United States but currently, the only remaining viable population is centred
in southwest Florida (Norton et al., 2012; Dulvy et al., 2016; Graham et al., 2021). Pristis zijsron and
A. cuspidata spread from the Red Sea to the Australian coasts (Dulvy et al., 2016) (Figure 1, C and
E, respectively). Once widely distributed along the Indian Ocean coasts, with catch records from
South Africa, India, Southeast Asia, and northern Australia (Peverell, 2005; Last & Stevens, 2009),
their current global distribution is mostly uncertain (Dulvy et al., 2016). Globally, the historical
distribution of P. clavata is largely unknown (Figure 1, D) and it is believed to be restricted to
northern Australia (Thorburn et al., 2008; Morgan et al., 2021).
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Figure 1 Current, past and uncertain distribution of the five sawfish species. A) P. pristis; B) P. pectinata; C) P. zijsron;
D) P. clavata and E) A. cuspidata. Maps were taken from the last assessments of IUCN Red List of Threatened Species
(Simpfendorfer, 2013; D’Anastas et al., 2013; Carlson et al., 2013; Kyne et al., 2013; 2021).
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Sawfish species share a high similarity of body morphology; however, they could be distinguished
for some diagnostic features as the origin of the first dorsal fin with respect to the origin of the pelvic
fin, the morphology of the caudal fin and the structure of the rostrum. In detail, A. cuspidata showed
the origin of the first dorsal fin slightly posterior to that of the pelvic fins, while in P. pristis is anterior
(Compagno & Last, 1999). In the other three species, the first dorsal fin origins inline or just posterior
to the pelvic fins (Compagno & Last, 1999). Moreover, they could be discriminated by the lower
caudal fin lobe: A. cuspidata and P. pristis have the lobe defined, unlike the other three species
(Wueringer, Squire, & Collin, 2009). The variation of morphometric characters of the rostrum has
been demonstrated to discriminate among sawfish species. Some measures frequently used are total
rostrum length, standard rostrum length, standard rostrum width, rostrum tip width, proximal tooth
gap, distal tooth gap, the distance between the proximal teeth and distance between distal teeth
(Whitty et al., 2014; Seitz & Hoover, 2017; Chapter 2 of this thesis). These measures and their ratio
could discriminate between sawfish species and confirm or solve taxonomy problem for sample
without identification at the species level (Faria et al., 2013; Whitty et al., 2014; Seitz & Hoover,
2017).

In this family, the saw ends with the cartilaginous cranium and possess tooth-like denticles that
are externally protracted. Unlike sawshark (order Pristiophoriformes) rostral teeth, tooth-like
denticles of sawfish are permanent, with continuous growth along with the life of individuals and are
not replaced (Miller, 1974; Byler, 2017). The rostrum gives to sawfishes the ability to feed in the
water column hitting and stunning fish prey with their lateral teeth, and then they bring the prey to
the bottom. Additionally, they use the saw to stir sandy and muddy substrate once preys were
perceived thanks to the Ampullae of Lorenzini (Wueringer, 2012).

The two genera differ for internal rostral anatomy. Both genera have a middle channel full of
connective lax tissue that ends to the third distal tooth of the rostrum, but Pristis has only one pair of
lateral channels instead of the two pairs as in Anoxypristis (Wueringer, Squire, & Collin, 2009). In
both genera, the lateral channels contain ophthalmic and buccal nerves and the rostral artery
(Wueringer, Squire, & Collin, 2009; Byler, 2017). Another internal anatomical difference is the
position of the Ampullae of Lorenzini. In the genus Pristis they are located out the cartilage and are
covered by connective tissue, while in Anoxypristis they are located between the two ophthalmic and
buccal ampullae contained in the second pair of lateral channels (Wueringer, Squire, & Collin, 2009;
Byler, 2017).
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Chapter 1 General introduction

1.2 Anthropogenic threats and conservation

Given the low reproductive potential derived by their intrinsic biological characteristics, sawfish
are particularly susceptible and cannot sustain even the slightest anthropogenic stressors (Dulvy et
al., 2016; Yan et al., 2021). Consequently, they have undergone dramatic declines in range and
abundance due to the combined effects of targeted catch and bycatch mortality, habitat loss and
degradation (e.g., destruction of mangrove shorelines), and commercial trade of sawfish parts (e.g.,
highly valued rostra and fins) (Brame et al., 2019; Poulakis & Grubbs, 2019). Recently it has been
estimated that sawfish species, which in the past were found in the coastal areas of 90 countries, today
are presumed extinct in more than half, and in some countries more than one species has been lost
(Yanetal., 2021).

Mortality resulting from artisanal, commercial, and recreational fisheries has been the primary
cause of sawfish population declines worldwide (Brame et al., 2019; Poulakis & Grubbs, 2019). Their
large size and the long-toothed rostrum caused sawfishes to be frequently stuck in fishing nets,
especially gill nets and trawls, with high rate of mortality.

The habitat has a critical role in the extinction rate, considering that sawfishes inhabit different
coastal areas at all life stages, with ontogenetic shift of habitats (see previous paragraph), which are
more threatened by intense urbanization and human activities. Living in altered or fragmented
habitats may cause chronic stress especially in juveniles (Prohaska et al., 2018). One of the important
foundation habitats is the mangroves ecosystems, whose deforestation due to urban development
(Friess & Webb, 2014) contributed to the dramatic reduction of sawfish populations (Yan et al.,
2021).

For all these threatens, the International Union for Conservation of Nature (IUCN) classified three
species (P. pristis, P. zijsron, P. pectinata) as Critically Endangered, and the remaining two species
(A. cuspidata, P. clavata) as Endangered (Simpfendorfer, 2013; D’ Anastasi, Simpfendorfer, & van
Herwerden, 2013; Carlson, Wiley, & Smith, 2013; Kyne, Rigby, & Simpfendorfer, 2013; Kyne et al.,
2021). International trade of sawfish is forbidden since 2007 under the Convention on International
Trade in Endangered Species (CITES) of Wild Fauna and Flora (McClenachan, Cooper, & Dulvy,
2016). Although the awareness on the sawfish conservation has increased in recent years, only a few
countries introduced specific laws to preserve them, such as the United States and Australia. The U.S.

federal Endangered Species Act (ESA) and the Australian Environment Protection and Biodiversity
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Conservation Act implemented management measures and recovery plans (Dulvy et al., 2016). The
ban of fishing and trade of sawfish are effective actions to reduce or stop mortality in those countries
(Fordham et al., 2018).

However, conservation actions are required to better assess the status of the species in poorly
studied regions. In recent years, numerous other countries are putting efforts toward determining the
conservation status of sawfish, such as Brazil (Reis-Filho et al., 2016), Guinea-Bissau (Leeney &
Poncelet, 2015), countries of the Mediterranean Sea (Ferretti et al., 2016), Red Sea and Arabian Gulf
countries (Jabado et al., 2017; Elhassan, 2018), Bangladesh (Haque & Das, 2019; Haque, Leeney, &
Biswas, 2020) and Papua New Guinea (White et al., 2017). All research efforts must be accompanied
by the enforcement of effective management actions and by fostering of fisher behavioral changes
with public outreach and education programs (Kroetz et al., 2021). For instance, specimens should
be handled and released properly to ensure survival when accidentally fished (Prohaska et al. 2018),
instead, reports of sawfish released after the removal of the rostrum are still common (Morgan et al.,
2016; Cabanillas-Torpoco et al., 2020).

Genetic studies have been proven useful in answering questions related to biology ecology, and
the recovery potential of sawfish populations (Poulakis & Grubbs, 2019). Despite precipitous
declines, some sawfish populations in the United Stated and Australia have shown generally high
genetic diversity (Chapman et al., 2011; Phillips et al., 2016). However, some assemblages of
Australian Pristis and Anoxypristis may have experienced population bottlenecks or founder effects
at some time (Phillips, Fearing, & Morgan, 2017; Green et al., 2018). Otherwise, studies of eDNA
were a powerful method to uncover sawfish in regions where fisheries data are scarce (Simpfendorfer
et al., 2016; Lehman et al., 2020, 2022; Bonfil et al., 2021; Sani et al., 2021). The use of eDNA
methods could be recommended for the early detection of their presence to help conservationists
foster recovery (Poulakis & Grubbs, 2019).
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Chapter 1 General introduction

1.3 Historical occurrence of Sawfish in the Mediterranean Sea

Revised taxonomy and misidentification of sawfish records have hampered sawfish conservation.
These problems resulted in uncertainty in terms of distribution, life history, and population status,
which have reduced the effectiveness of conservation measures (Dulvy et al., 2016). The status of
Mediterranean sawfish population is illustrative of this uncertainty about sawfish geographic
distribution. In their review of sawfish global population structure, Faria et al. (2013) suggested that
sawfishes had never formed resident, breeding or core populations in the Mediterranean. Their
presence in the basin has been debated for decades, thus considering sawfish non-resident and
occasional visitors (Dulvy et al., 2016; Faria et al., 2013). Such a conclusion was based on the
perception that reliable evidence of sawfish historical occurrences in the basin is lacking, and on the
fact that Mediterranean water temperatures were not suitable for the occurrence of sawfish
populations (Dulvy et al., 2016).

Nevertheless, the evidence supporting the Mediterranean as formerly part of the sawfish’s
distribution range was based on original and independent catch records, most related to juveniles or
young-of-the-year, indicative of local parturition (Ferretti et al., 2016). In particular, it was
documented the occurrence of two species in the basin, the largetooth sawfish (P. pristis) and the
smalltooth sawfish (P. pectinata) assumed locally extinctic around 1975-1979 and 1966-1970
respectively (Ferretti et al., 2016). The study suggested that, despite apparent incongruences between
the biogeography of the species and the oceanographic features of the Mediterranean Sea, sawfishes
were present in the basin. Therefore, Ferretti et al. (2016) raised important questions on how the
species could have occurred in this region. All the information about sawfish habitat preferences and
physiological requirements (including temperature tolerance) are mainly based on few sawfish
populations of Florida and northern Australia (Whitty et al., 2009; Poulakis et al., 2013; Kyne et al.,

2021), and thus might not be representative of the ecological adaptations of extinct populations.

Mediterranean historical records of sawfish are known from the antiquity (Romero, 2012; Ferretti
et al., 2016), unfortunately without quantitative, taxonomic, and geographic details. Numerous
zoological publications from the 17th century were mostly mythological and religious (White, 2002)
and sawfishes were often descripted as a mix of cetaceans, fishes and fantastic beats (Romero, 2012).

During the last centuries, several scientific species catalogues were published from many sectors of
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the Mediterranean: Gulf of Naples (Costa, 1857), Adriatic Sea (de Robertis, 1853), Sardinia (Casalis,
1836), Elba Island (Koestlin, 1780), Sicily (Rafinesque, 1810; Castronovo, 1872; Doderlein, 1879;
Longo, 1882; Saitta, 1902), Turkia (Bilecenoglu et al., 2002), Syria (Gruvel, 1931), Algeria
(Dieuzeide et al., 1953); France (Duhamel Du Monceau, 1777). Most of these catalogues reported the
presence of sawfishes with details of catches or landings (see more details in Ferretti et al., 2016,
Supplementary material S1). The 19th and 20th centuries were characterised by numerous records of
catches and sightings reported by ichthyologists, fisher observations or other researchers (Gibert,
1913; Despott, 1919; Lozano, 1928). The first doubts on the occurrence of sawfish in the
Mediterranean Sea began during the last century due to their rarity (Tortonese, 1956; Whitehead et
al., 1984).

The most important historical report has been the occurrence of juvenile individuals in Syria,
attributed to the species P. pectinata, (Gruvel, 1931). Since juveniles have never been observed to
undertake major migrations such as those necessary to reach Syria from the westernmost part of the
basin, these individuals could 1) constitute a local population settled in the Levantine Sea 2) be
immigrants from the Red Sea. However, the only sawfish species reported from the Red Sea are A.
cuspidata and P. zijsron (Faria et al., 2016). Unfortunately, the lack of specimen details led unclear
whether Gruvel might have misidentified the species occurring in Syria with P. zijsron (Ferretti et el.,
2016).

The following Chapters contribute to retrieve novel information and data for understanding the
species distribution and ecology of past, sometimes locally/regionally extinct, sawfish faunas using a
multidisciplinary approach that combined the species integrative taxonomy with the analysis of stable

isotopes of numerous rostra of Mediterranean museums.
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Chapter 2

Integrated molecular and morphometric taxonomy and species
diversity of historical Mediterranean sawfish rostra

2.1 Introduction

Sharks, rays, and chimaeras are nowadays extremely threatened by human impacts, such as
fisheries exploitation and habitat degradation (Dulvy et al., 2021). Declines in population abundance
and reduction of range brought many species to the brink of extinction (Dulvy et al., 2014;
Simpfendorfer & Dulvy, 2017). Sawfishes (family Pristidae) are among the most affected
elasmobranch groups by these impacts. In the last decade, growing attention is focused on sawfish’s
conservation to preserve the remaining few populations in the world, thus limiting their extinction.
There are five extant sawfish species across the globe: Anoxypristis cuspidata (Latham, 1794), Pristis
pristis (Linnaeus, 1758), Pristis zijsron (Bleeker, 1851), Pristis pectinata (Latham, 1794), and Pristis
clavata (Garman, 1906). These have all drastically declined in abundance in many coastal areas
worldwide, mainly due to overfishing and habitat loss (Dulvy et al., 2016; Yan et al., 2021). Because
of their life-history traits, which determine a low reproductive potential, they are particularly
susceptible and cannot sustain even a minimal external pressure, such as bycatch and habitat loss.

In the Mediterranean Sea, the reconstruction of the historical abundance and distribution of such
extremely vulnerable species have been a challenge due to the long history of heavy human
exploitation (Ferretti et al., 2016). With the help of museum collections and bibliographical records
analysis, Ferretti et al. (2016) reconstructed the historical recording of sawfish in the Mediterranean
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Sea, providing evidence that two species of sawfish, P. pristis and P. pectinata, occurred in the basin
and went extinct before the 1970s. Although in the Mediterranean the water temperature can reach
winter minima below the thermal tolerance for the species (Poulakis et al., 2011; 2013; Simpfendorfer
et al.,, 2011), recent investigations revealed that habitat requirements for these species might be
broader than previously known (i.e., association with grass beds, Moore et al., 2014) suggesting that
there might be other aspects of sawfish historical ecology that still need to be discovered.

Hence, the current rarity of sawfishes and their conservation status make specimens conserved in
museum collections (e.g., dried rostra) extremely important for recovering data to reconstruct their
historical biogeography and ecology (Seitz & Hoover, 2017). However, these precious records
typically lack of reliable data about the catch of the original individual (e.g., locality, date) since the
extensive trade of rostra among public and private collectors in the past. In addition, the correct
species identification using only the rostrum is challenging for juveniles (Whitty et al., 2014). To
avoid the risk of misidentification and to promote sawfish conservation, each organism must be
associated to the correct taxonomy (Mace, 2004). Analyses of rostrum morphometrics have been
proven an efficient method to discriminate sawfish species (Faria et al., 2013; Whitty et al., 2014;
Seitz & Hoover, 2017; Trif & Vonica, 2018). Geometric morphometrics based on landmarks also has
represented a valid instrument for discriminating species (Adams, Rohlf, & Slice, 2004). The
combination of both morphological approaches with molecular taxonomy can considerably improve
elasmobranch species identification (Moftah et al., 2011; Petean, Naylor, & Lima, 2020; Bellodi et
al., 2022).

However, tissues not specifically stored for genetic analyses, such as the cartilage of sawfish
museum specimens, can yield lower quantities and more degraded DNA than properly preserved ones
(Wandeler, Hoeck, & Keller, 2007). Ancient DNA (aDNA) technologies are nowadays considered
adequate tools to understand the history of rare and endangered species. One of the main issues of
aDNA analysis is the DNA damage of old and dried museum finds, such as degradation and
fragmentation (Paabo, 1989). In addition, usually, only a small proportion of surviving copies of
endogenous DNA is available in non-modern samples, thus allowing the contamination from
exogenous DNA molecules present in the surface of the sample or introduced during laboratory
processes (see Puncher et al., 2019). Despite all these challenges in aDNA extraction and
amplification, molecular approaches have helped to discriminate between sawfish species,
demonstrating that tissues from dry rostra were a reliable source of DNA (Phillips et al., 2009; Faria
etal., 2013).
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This chapter deals with the taxonomic inventory of sawfish rostra specimens present in the natural
history museums of the Mediterranean area started by Ferretti et al. (2016). Specifically, the
objectives were to verify the sources of bibliographic accounts, to correctly identify at the species
level the rostra, to uncover more information regarding the capture of the specimen mentioned in the

literature and improve our knowledge about the distribution and ecology of past sawfish populations.
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2.2 Materials and Methods

2.2.1 Searching and sampling of museum rostra

A thorough literature search was carried out to find sawfish rostra in natural history museums or
private collections across the Mediterranean area. Starting from the capillary bibliographic search and
the investigation on museum collections conducted by Ferretti et al. (2016), all available collections
were accurately investigated by contacting curators to find out other Mediterranean structures that
possessed sawfish rostra finds.

A total of 23 European museums and four private collections returned positive feedback giving
suitable pictures, morphometric measures, or powder tissue specimens of 172 sawfish conserved in
their collections (Table 1). Sampling was accompanied by further research conducted to find as much
information as possible on sawfish remains, such as the geographical origin and year of sawfish
capture.

For molecular analysis, we identified the ventral surface at the base of the rostrum as the most
suitable part to sample cartilage, to avoid affecting the expositional value of the museum exhibit.
Before cartilage sampling, on-site, rostra were superficially decontaminated with 1.5% sodium
hypochlorite and with a slight abrasion with sandpaper and the superficial layers was removed. Then,
the sampling surface was exposed to UV radiation for a minimum of 15 minutes by a portable UV
light lamp. Small holes were produced with a drill at the base of each rostrum to gain access to the
internal matrix and extract cartilage powder. All the instruments used were cleaned after each sample
with bleach and ethanol. We collected the cartilage powder of each sample into a sterile screw tube

and stored it until laboratory procedures.
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Table 1 List of museum and private collections which contributed with samples of rostra and detail of total rostra number involved in each analysis.

Morphology Molecular analysis
Museums and private collections City (Country) N Landmarks Measures NADH2 col
Natural History Museum of Trieste Trieste (Italy) 49 48 49 44 44
Natural History Museum of Venezia Venezia (ltaly) 27 25 27 - -
Museum of Natural History "La Specola”, University of Firenze  Firenze (ltaly) 20 17 20 19 19
Wilderness s.n.c Studi Ambientali Palermo (ltaly) 15 15 15 15 15
Natural History Museum of Voghera Voghera (Italy) 7 6 6 7 7
Zoological Museum "P. Doderlein”, University of Palermo Palermo (Italy) 5 3 5 3 3
Natural History Museum of Dubrovnik Dubrovnik (Croatia) 4 4 4 4 4
Natural History Museum of Rovereto Rovereto (TN, Italy) 4 4 4 4 4
Natural History Museum, University of Pisa Pisa (Italy) 4 4 4 4 4
Zoological Collection, University of Bologna Bologna (ltaly) 4 4 4 1 1
Museum of Comparative Anatomy "Battista Grassi”, Sapienza Roma (ltaly) 3 3 3 3 3
Museum of Zoology, University of Navarra Navarra (Spain) 3 3 3 3 3
Natural History Museum of Verona Verona (Italy) 3 3 3 3 3
Comparative anatomy collection, University of Bologna Bologna (ltaly) 2 - - 2 2
Croatian Museum of Natural History Zagreb (Croatia) 2 - 2 - -
Museo Natura Sant'Alberto 2 2 2 - -
Museum of Zoology, University of Padova Padova (Italy) 2 2 2 2 2
National Museum of Zadar, Department of Natural History Zadar (Croatia) 2 1 2 1 1
Natural History Museum of Rijeka Rijeka (Croatia) 2 2 2 2 -
Natural History Museum of Split Split (Croatia) 2 2 2 2 1
Regional Museum of Terrasini Palermo (Italy) 2 2 2 2 2
Casa Matha Ravenna (ltaly) 1 1 1 1 1
Natural History Museum of Comiso Comiso (RG, Italy) 1 1 1 - -
Private collection (CP) Fano (PU, Italy) 3 3 3 3 3
Private collection (IM) Zadar (Croatia) 1 1 1 - -
Private collection (J) Venezia (Italy) 1 - 1 - -
Private collection (PB) Firenze (Italy) 1 1 1 1 1
157 169 126 123
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2.2.2 Molecular analyses

2.2.2.1 Laboratory procedures and DNA extraction

All laboratory procedures followed high sterility standards and appropriate criteria to prevent
contamination by exogenous DNA (Cooper & Poinar, 2000; Gilbert et al., 2005; Llamas et al., 2017).
DNA extraction and pre-PCR set up of the samples were performed in physically separated and
designated areas (pre-PCR lab) at the Laboratory of Ancient DNA of the Department of Cultural
Heritage (University of Bologna, Ravenna Campus) exclusively reserved for ancient DNA analysis
(Fulton, 2012). All the surfaces of non-disposable equipment and instruments were cleaned using
bleach and ethanol or by DNA-Exitus Plus™ cleaning kit (Applichem Inc., Omaha, NE, USA). All
the reagents used during the DNA extraction or PCR set-up, as well as all the plastic labware, were
exposed to UV radiation for 30 minutes before their use (except for DNA polymerase, primers, and
dNTPs). Suitable disposable clothing (full body suit, hair cap, boots, face mask, face shield, arm
covers and two pairs of gloves) were worn during the analyses of ancient samples in the pre-PCR
facility.

Total genomic DNA (henceforth gDNA) was isolated starting from 100-150 mg of powder tissue
using the MinElute PCR Purification Kit (Qiagen) following the chemical extraction protocol
(Serventi et al., 2018) and accurately improved starting from previously published studies (Dabney,
Meyer, & Pdébo, 2013; Allentoft et al., 2015). Total gDNA was eluted in 50 uL of TET buffer (10
mMTris-HCI, 1 mM EDTA, 0.05% Tween-20). Then, 25% of samples were extracted and amplified
twice to verify the authenticity of the results. To avoid contaminations by amplicons, PCR

amplifications were conducted in a physically separated facility, dedicated to post-PCR procedures.

2.2.2.2 DNA amplification and sequencing

Due to the highly fragmented nature of aDNA, two overlapping amplicons (of about 150 bp each)
were identified from the nicotinamide dehydrogenase subunit 2 (NADH2) and two from the
Cytochrome Oxidase subunit 1 (COI). These short mitochondrial regions have been thought to be
consecutive in each mitochondrial marker to allow the combination into longer fragments. These
regions were targeted by building two reference datasets: we retrieved all available NADH2 (N = 17)
and COI (N = 79) sequences belonging to the five target species from both the BOLD Systems

(https://www.boldsystems.org) and the NCBI (http://www.ncbi.nlm.nih.gov/) online repositories

(Table S1). In addition, 92 mitogenomes of P. pristis by Feutry et al. (2015) were used as reference
and added to the datasets of the corresponding marker. The identified regions of 350 bp (NADH2)
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and 320 bp (COI), containing 72 and 86 variable sites, respectively, were selected for subsequent
analyses.

New primer pairs were developed using Primer3 (Untergrasser et al., 2012). Careful consideration
was given to the physical and structural properties of the oligonucleotides, such as annealing
temperature, guanine and cytosine content, and tendency towards self-complementary binding. All
primer pairs were then evaluated using the PCR simulation software Amplifix v.1.7.0
(http://crn2m.univ-mrs.fr/pub/amplifx-dist). Primer codes, sequences, primer pair annealing
temperatures, and length of the target sequence are listed in Table S2.

PCR reactions were performed in 25 pL reactions, containing 4 uL of gDNA, 1X PCR Gold Buffer
(ThermoFisher®), 1.5 mM of MgCl, (ThermoFisher®), 0.25 mM of dNTP mix, 0.8 mg/uL of BSA,
0.2 uM of each primer and 0.25 U of AmpliTag Gold DNA polymerase (ThermoFisher®).
Amplifications were performed using PCR 2720 Thermocyclers. The following conditions were used:
an initial DNA denaturation at 95°C for 10 min followed by 50 cycles at 95°C for 15 sec, 50°-55°C
for 30 sec, 72°C for 1 min, followed by a final extension of 5 min at 72°C. Amplification products
were checked on a 1.5% agarose gel. Amplicons were enzymatically purified using the ExoSAP
Express PCR Product Cleanup Reagent following the manufacturer’s instructions
(https://www.thermofisher.com/order/catalog/product/75001.200.UL). Sequencing was performed
by a commercial sequence service provider (Macrogen Europe B.V., Amsterdam, the Netherlands)
employing the same primers used for the PCR. The samples were sequenced in both directions.

2.2.2.3 Species delimitation and specimen identification

Trace files were manually checked and edited with the software MEGA v.7.0 (Kumar, Stecher, &
Tamura, 2016). The newly obtained sequences were added to the reference NADH2 and COI datasets
and were aligned using the ClustalW algorithm (Thompson, Higgins, & Gibson, 1994) implemented
in MEGA v.7.0. Both final datasets were analysed using different tree-based approaches: Neighbour-
Joining (NJ), Maximum Likelihood (ML) and Bayesian inference (Bl). JModelTest v.2.1 software
(Darriba et al., 2012) was used to select the most appropriate evolutionary models based on the
Bayesian information criterion (BIC). The resulting TrN+1 and HKY+G models for NADH2 and COI
datasets, respectively, were used to perform the subsequent analyses. The NJ tree clustering (Saitou
& Nei, 1987) was obtained with MEGA v.7.0 (Kumar, Stecher, & Tamura, 2016) with bootstrap
support of 1,000 replicates (Felsenstein, 1985). PhyML v.3.0 online (http://www.atgc-
montpellier.fr/phyml; Guindon et al., 2010) was used to carry out the ML analysis with the bootstrap
confidence determined by performing 1000 replicates. To perform the Bl, MrBayes v.3.2.7 (Ronquist

etal., 2012) was used with an MCMC analysis conducted for two runs in parallel with random starting
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trees, for 500,000 generations and sampled every 5000. The chain was estimated by stable split-
standard deviations between the two runs and stable sampled log-likelihood values. The burn-in was
set to the first 25% of generations. The homologous sequence of Leucoraja erinacea (Rajidae;
GenBank code JQ034406) was added to the final datasets as an outgroup. Tree editing with bootstrap
and posterior probability values was done in TreeGraph v.2 (Stéver & Miiller, 2010).

Results of the tree-based approaches were further compared with two species delimitation methods
to infer the number of groups (species) in both datasets and consequently to attribute each new
sequence at the correct species (Collins & Cruickshank, 2013). The first distance-based method was
the Assemble Species by Automatic Partitioning (ASAP; Puillandre, Brouillet, & Achaz, 2021)
carried out using the web interface (https://bioinfo.mnhn.fr/abi/public/asap/) with default maximum
intraspecific distance. The second method applied was the Bayesian implementation of the Poisson
tree processes (bPTP; Zhang et al., 2013) conducted on the webserver (http://species.h-its.org/ptp)
using 100,000 MCMC generations, a thinning interval of 100% and 10% of burn-in. The Bayesian
trees were used as input for the bPTP analysis.

2.2.3 Morphometric analysis

2.2.3.1 Traditional approach based on linear measurements

Linear measurements (Figure 1) were taken following protocols of Faria et al. (2013), Whitty et
al. (2014), Seitz & Hoover (2017) and Trif & Vonica (2018) and consisted of: (1) total specimen
length (TSL), (2) total rostrum length (TRL), (3) standard rostrum length (SRL), (4) proximal rostrum
width (PRW), equivalent to SRW in Whitty et al. (2014); (5) distal rostrum width (DRW); (6)
proximal rostral tooth gap (PTG); (7) distal rostral tooth gap (DTG). A total of 34 specimens without
the rostrum—head juncture were treated following Seitz & Hoover (2017) and TRL was assumed to
be equivalent to TSL for this study. Following the same approach of Seitz & Hoover (2017), values
of morphometric variables were standardized as ratios and were expressed in relation to TRL by
dividing each measurement to TRL and multiplying by 100. Rostral teeth were also counted and,
when missing, the tooth counts were based on the presence of empty alveoli.

To confirm the assignment to a given species, a larger dataset was created compiling available
public data on the same linear measures of sawfish rostra from the East Atlantic (Robillard & Seret,
2006), from private collections (Seitz & Hoover, 2017) and the Natural History Museum of Sibiu
(Trif & Vonica, 2018). This larger dataset was used to compute the linear discriminant analysis (LDA)

with the function lda and the MASS package (Venables & Ripley, 2002) on R version 4.1.0 (R Core
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Team, 2021). The LDA was based on five standardized measures (TRL, SRL, PRW, DRW, PTG and
DTG) using the molecular identification as a prior assignment to species. The model finds the
directions (linear discriminants) that maximize the separation between groups (species); then these
linear combinations of predictor variables were used to classify each rostrum to the predicted species
with posterior probabilities.

Descriptive statistics (i.e., range, mean and standard error) of standardized linear measurements
were calculated for each resulting species to determine ranges of these variables useful to compare
with other sawfish populations. Following the relation between rostrum length and total animal length

(Morgan et al., 2011; Faria et al., 2013), we estimated the maturity state of each sample.

TSL

Figure 1 Linear measurements and Landmarks utilised for the morphometric analyses of rostra.

TSL, total specimen length; TRL, total rostrum length; SRL, standard rostrum length; PRW, proximal rostrum width;
DRW, distal rostrum width; PTG, proximal rostral tooth gap; DTG, distal rostral tooth gap.

Landmarks are placed as follow: (1) at the base of the most distal rostral tooth (left side of the rostrum); (2) at the
rostrum tip; (3) and (4) at both base of the most distal rostral tooth (right side of the rostrum); (5) at the base of the
second distal rostral tooth (right side of the rostrum); (6) at the base of the second most proximal rostral tooth (right
side of the rostrum); (7) at the base of the first most proximal rostral tooth (right side of the rostrum); (8) at the right
side where the rostrum begins to flare; (9) at mid-point where the rostrum begins to flare; (10) at the left side where the
rostrum begins to flare.

2.2.3.2 Geometric approach based on landmarks

Available images of rostra were properly checked to verify their suitability for the landmark-based
morphometric methods. In total, 157 images were finally selected for the analysis. Ten landmarks
(Figure 1) were selected a priori considering the most variable section of the rostrum among sawfish
species (Faria et al., 2013; Whitty et al., 2014; Seitz & Hoover, 2017). Each picture was rotated to
have the same direction of the rostrum tip. For each image, the measure was set using the scale on
the metric reference contained in the picture. When the metric reference was missing, the distance

from the two most distal teeth was used as a reference.
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Landmarks were placed as reported in the legend of Figure 1. Since in 32% of specimens the
rostrum—head juncture was not apparent, the last three landmark points were taken at the beginning
of the specimen, assumed to be equivalent to the beginning of the rostrum. A TPS file was created to
store all the photo samples, using the free software tpsUtil (Rohlif, 2015).

Landmarks were digitalized using tpsDig2 v2.31 (Rohlf, 2006). The free software MorphoJ v1.07
(Klingenberg, 2011) was used to perform Procrustes analysis, integrating as classifiers genus and
species and as covariates PTG and DTG. With the Procrustes analysis, all pictures were translated,
rotated, and scaled to obtain the final superimposed image, which allowed the comparison of
landmarks. To check the landmark’s repeatability a scattering plot was obtained. Subsequently, the
covariance matrix was created to perform the Principal Component Analysis (PCA) that allowed to
graphically visualize the shape variation of the dataset. Using a Procrustes ANOVA (analysis of
variance: Klingenberg & Mclintyre, 1998; Klingenberg, Barluenga, & Meyer, 2002) the variance was
partitioned in size or shape among individuals (i.e., averaged replicas representing the ‘true’ sample

variance) and residual component (i.e., variation among replicas).
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2.3 Results

A total of 172 museum specimens were retrieved from the museum and private collections (Table
1). Unfortunately, the search for associated information has been characterized by a general lack of
data. Most of the samples were recorded without information on the geographical provenance (70%)
and on the year of capture (79%). When present, the documented geographical origin was registered
as Indian Ocean (N=19), Mediterranean (N=15), Atlantic (N=3) and West Pacific (N=2), while the
temporal range of catches was registered between 1600 and 1959. The complete list of the samples
with associated information is provided in Table S3. The 16 samples tagged with indication of
Mediterranean origin were identified in this study as follows: seven individuals have been identified
as P. zijsron, five as A. cuspidata, three as P. pectinata and one as P. pristis (Table 2). Of these, 12
were part of the 21 museum specimens previously inventoried by Ferretti et al. (2016) in their list of

museum exhibits (see Table 1 of Ferretti et al., 2016).
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Table 2 — List of the 16 specimens labelled as Mediterranean with details on their origin, year and identification. Specimens inventoried by Ferretti et al. (2016) are indicated.

Inventoried by

Ilgk\)/glntory Museum Documented geographical origin Year :\c/iléjr?filfjir?ation LZﬁt?]Eil::%on I(Zzeorlrg)tti etal.
100944 OCfO ggiﬁge anatomy collection, University Mediterranean Sea, Adriatic - P. marsilii P. zijsron No

6112 {\J/l:iff’\eurz?t;fo';lla:t#;ilz?'Story "La Specola®, Mediterranean Sea, Messina 1837 P. pectinata P. pectinata Yes (number 4)
107 129 Museum of Zoology, University of Navarra ~ Mediterranean Sea - P. pristis A. cuspidata Yes (number 14)
107 127 Museum of Zoology, University of Navarra ~ Mediterranean Sea - P. pectinata P. zijsron Yes (number 17)
107 145 Museum of Zoology, University of Navarra ~ Mediterranean Sea - P. pristis P. zijsron Yes (humber 16)
P29e Museum of Zoology, University of Padova Mediterranean Sea, Adriatic <1730 Pristis spp. P. pectinata No

P28e Museum of Zoology, University of Padova Mediterranean Sea, Adriatic <1730 Pristis spp. P. zijsron No

PMD 20 Natural history museum of Dubrovnik Mediterranean Sea, Gruz, Dubrovnik - P. pectinata P. zijsron Yes (number 12)
PES 00018 Natural history museum of Rovereto Mediterranean Sea, Venezia market 1900 P. pectinata A. cuspidata Yes (number 1)
PES 00019 Natural history museum of Rovereto Mediterranean Sea, Genova market 1900 P. pectinata A. cuspidata Yes (number 2)
PES 00020 Natural history museum of Rovereto Mediterranean Sea, Genova market 1900 Pristis spp. P. zijsron Yes (number 3)
PMST 10  Natural history museum of Split Mediterranean Sea, Southern Adriatic 1901 P. pectinata P. zijsron Yes (humber 20)
Pe 0116 Natural History Museum, University of Pisa  Mediterranean Sea - P. pectinata A. cuspidata Yes (number 5)
- Regional Museum of Terrasini Mediterranean Sea - P. pristis P. pristis No

AN184 acr)](i)\l/zfsl&?/l é\?gzgmqu‘ Doderlein”, Mediterranean Sea, Palermo <1895 Pristis spp. P. pectinata No

AN182 Zoological Museum "P. Doderlein”, Mediterranean Sea, Palermo - Pristis spp. A. cuspidata No

University of Palermo
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2.3.1 Species delimitation and specimen identification based on molecular tools

Total aDNA was successfully extracted from 129 dried rostra and no contamination was observed
in any extractions or PCR negative controls, supporting the quality of the data obtained. Overall, 126
sequences of NADH2 and 123 of COI gene fragments were successfully obtained. The remaining
sequences (three NADH2 and six COI) were excluded due to the low quality of trace files likely
caused by the extremely degraded tissue. Data were also validated by the congruence among
replicates of extractions and amplifications. Final sequence alignments were 350 bp and 320 bp in
total length for NADH2 and COI datasets, respectively.

Phylogenetic trees based on NADH2 and COI sequences showed well-defined species-specific
clusters with high support of bootstrap and posterior probabilities in which all new sequences were
bundled with references (Figure 2). Bootstrap values of each species-specific cluster were equal to
99% in the NJ tree of NADH2 while ranging from 95% (P. zijsron) to 100% in the NJ tree of the COI
fragment. The posterior probabilities of the Bl analysis ranged from 0.9 (P. zijsron) to 1.0 using the
NADH2 dataset and were equal to 1.0 in each cluster using the COI dataset. Relatively lower values
of bootstrap resulted in the ML analysis, ranging from 73% (P. zijsron) to 100% (P. clavata) for
NADH2 and from 73% (P. zijsron) to 99% (P. pectinata) in the COIl marker.

Accordingly, the ASAP species delimitation analysis obtained the best asap-score (1.0 and 2.5
respectively for NADH2 and COI) when grouping sequences in five species-specific clusters (Figure
2). In contrast, the bPTP delimitation analysis found seven different groups in both datasets, assigning
two groups within the species A. cuspidata and P. pristis, while the other groups were species-specific
(Figure 2). According to molecular results, 30 rostra were identified as A. cuspidata, 16 as P.
pectinata, 19 as P. pristis and 61 as P. zijsron. Overall, 68 out of 172 rostra had not previously been
identified at the species level and 34 rostra had been misidentified, mainly involving the species P.

zijsron, previously erroneously labelled as P. pectinata.
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Figure 2 Results of the neighbour-joining (NJ), Bayesian inference (BI) and maximum-likelihood (ML) trees of sawfish species inferred from the mitochondrial NADH2 (A) and

COlI (B) datasets. Support values for each node are represented by Bayesian posterior probabilities (post), NJ and ML bootstrap values (bs). Each vertical bars represents bPTP
analysis results (seven groups) while different colours are in accord with the ASAP results (five groups).
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2.3.2 Morphometric analyses

Linear measurements were taken on 169 rostra out of 172 (Table 1) since three specimens were
too damaged and with missing parts.

Using the larger dataset created including all available data from previous studies, the first
discriminant axis of the LDA explained 85.43% of the variation among groups and the second 13.56%
(Figure 3). The overall classification accuracy of LDA was 97.08%, with higher scores obtained for
A. cuspidata and P. pristis with that achieved the highest accuracy (100%) compared with P.
pectinata and P. zijsron that achieved the lowest accuracy (95.56% and 94.51% respectively) (Table
4). Among the new rostra analysed, four belonged to juveniles of P. zijsron and were morphologically

classified as the ‘wrong’ species P. pectinata, which corresponds to an error rate of 5.41% (Table 3).

Species
— A cuspidata
F. pectinata

——
—=— P pristis
——

LD2

P. zijsron

Study
* Robillard & Seret 2006
&+ Seitz & Hoover 2017
= Trif & Vonica 2018
+ This study

(i)
|

LD1

Figure 3 Results of the linear discriminant analysis (LDA), based on standardised measures of sawfish rostra. The first
two discriminant functions account for 98.99% of the variance in the data.

Table 3 Prediction accuracy table (confusion matrix) of the four sawfish species. The numbers
in brackets indicate the proportion of correct/incorrect predicted classification for each species.

Predicted
Actual A. cuspidata P. pectinata P. pristis P. zijsron
A. cuspidata 51 (100%) 0 0 0
P. pectinata 0 41 (93.18%) 0 3 (6.82%)
P. pristis 0 0 42 (100%) 0
P. zijsron 0 4 (5.41 %) 0 70 (94.59%)
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Descriptive statistics of standardized measures were indicated for each species in Table 4, while

all linear measures were listed and available in Table S4. The estimated total length (TL) ranged from

1,154 mm to 4,119 mm for A. cuspidata, from 881 mm to 3,800 mm for P. pectinata, from 777 mm
to 6,826 mm for P. pristis and from 694 mm to 4,247 mm for P. zijsron (Table S4). In total, 49 rostra

belonged to juvenile individuals, corresponding to a SRL < 289 mm (< 2,000 mm of estimated TL)

for the species A. cuspidata, and with a SRL <700 mm for P. pectinata, SRL < 617 mm for P. pristis,

and < 840 mm for P. zijsron (estimated TL < 3,000 mm).

Table 4 Sample size, rostral variable ranges (given as percentages of TRL) and rostral tooth counts (teeth and empty
alveoli) for each sawfish species of museum and private collections.

) ) Estimated
Species N sSRL sPRW sDRW sPSD sDSD Nright  Nleft
TL (mm)
39 Mean  78.50 8.38 4.92 415 1.07 25.82 25.61 262797
Anoxypristis St. Dev 4.84 0.76 0.77 058 0.25 2.79 2.67 468.24
cuspidata Min 68.75 6.94 4.00 3.03 0.69 17.00 16.00  1153.95
Max 88.32 10.00 7.26 537 1.67 32.00 32.00 411921
20 Mean  91.70 1426 7.10 555 195 25.05 2521  2369.52
Pristis St. Dev 5.48 1.33 1.05 0.76 0.29 2.57 2.25 1128.10
pectinata Min 72.99 12.33  5.05 397 154 20.00 22.00 881.27
Max 97.62 17.02  8.89 6.93 267 30.00 31.00 3799.96
30 Mean  93.54 19.05 7.67 538 3.58 19.10 18.93  4565.67
o St. Dev  3.13 1.44 0.88 054 049 2.22 191 1427.67
Pristis pristis )
Min 85.45 16.24  6.07 424 246 15.00 1500 777.13
Max 99.12 21.94 9.66 6.42 457 24.00 2400 6826.20
80 Mean  91.24 10.93 5.39 6.19 114 29.82 29.78 312581
o St. Dev  3.20 1.26 1.15 098 0.33 2.61 2.71 1066.85
Pristis zijsron .
Min 85.38 8.97 3.89 402 061 22.00 23.00 694.04
Max 97.94 1559 9.09 852 269 36.00 35.00 4247.09
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Only 157 of the collected pictures were suitable for the digitalization of landmarks. The PCA
with10 landmarks (Figure 4), showed a very clear separation among species with the principal
component 1 (PC1) accounting for 84.89% of the total shape variation. The major movement in PC1
was with landmarks 6 and 7, showing a tendency toward a mostly distal and slightly inferior migration
and, landmarks 8, 9 and 10 moving proximal-inferiorly (Figure S1). The Procrustes ANOVA
performed among species showed statistically significant values (p-value <0,0001) both for the

centroid size and the shape (Table 5).

The comparison of both morphometric approaches showed that 80 historical specimens belonged
to the species P. zijsron, 39 to A. cuspidata, 30 to P. pristis and 20 to P. pectinata.

Anoxypristis cuspidata
Pristis pectinata

Pristis pristis
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Figure 4 Principal Component Analysis based on landmark.

Table 5 Procrustes ANOVA testing for centroid size and shape differences among rostra of sawfish species.

Data Factor Sum of squares Mean square df F P

Centroid size Individual 21991015.539 7330338.513 3 14.70 <.0001
Residual 74788782.647 498591.884 150

Shape Individual 0.319 0.007 48 88.19 <.0001
Residual 0.102 0.000 2400

df, degrees of freedom; F, F statistic; P, associated probability level
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2.4 Discussion

The global recovery of the remaining sawfish populations is undoubtedly an urgent need, involving
considerable research to properly document the vulnerable status, declines, and disappearances of
sawfish populations from many coastal areas around the oceans (Dulvy et al., 2016; Yan et al., 2021).
Recently, huge research efforts are becoming more and more widespread to set appropriate targets
for the recovery of sawfish populations, especially in Australia, for P. pristis (Whitty et al., 2017;
Kyne et al., 2021), P. clavata (Morgan et al., 2021) and P. zijsron (Morgan et al., 2015; Morgan et
al., 2017) and in Florida, for P. pectinata (Graham et al., 2021; Smith et al., 2021). Immediate actions
are required to better assess the status of the species in poorly studied regions and to initiate biological
studies providing the data needed to establish conservation and restoration plans. For these reasons,
in recent years, numerous countries are putting efforts toward determining the conservation status of
sawfish, such as United States (Seitz & Poulakis, 2006), Brazil (Reis-Filho et al., 2016), Guinea-
Bissau (Leeney & Poncelet, 2015), countries of the Mediterranean (Ferretti et al., 2016), Red Sea
countries (Elhassan, 2018) and Arabian Gulf (Jabado et al., 2017), Bangladesh (Haque & Das, 2019;
Haque, Leeney, & Biswas, 2020) and Papua New Guinea (White et al., 2017).

The use of a multidisciplinary approach, with the combination of morphological and molecular
analyses carried out on historical museum and private collections, represents a successful strategy to
advance in the knowledge of taxonomy, systematics, and historical ecology of the sawfish
populations. Historical data are important to understand the population dynamics of declining or
locally extirpated populations and are of great utility for the conservation of relict populations living
in other marine zoogeographic regions. It is nowadays established that combining molecular and
morphological approaches can considerably improve the understanding of elasmobranch diversity
(Lim et al., 2015; Last, Naylor, & Manjaji-Matsumoto, 2016). Molecular tools have become an
essential approach for the identification of species, providing a systematic means to overcome the
difficulties imposed by the absence of diagnostic morphological traits (Richards et al., 2009;
Schluessel et al., 2010; Fontenelle et al., 2021).

In this study, the combined molecular-morphometric tools allowed the specific identification of
172 retrieved museum finds, assigned to four species: Pristis zijsron, Anoxypristis cuspidata, P.

pristis and P. pectinata. The great improvement of our analyses was the noticeably increase in the
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importance of the museum’s exhibits, since 68 out of 172 rostra had not previously been identified at
the species level and 34 rostra had been misidentified, mainly involving the species P. zijsron,
previously erroneously labelled as P. pectinata. These two species appeared the most difficult to
distinguish, as the rostra of these species were the most phenotypically similar. Nevertheless, the
mtDNA-based species-specific identification of each adult individual was coherently confirmed by
the morphological assignment. On the contrary, four rostra of juvenile individuals provided
discordant identification being identified P. zijsron by mtDNA and P. pectinata by morphology. Most
of the variables (i.e. measures and geometric shapes of rostra) used are correlated with rostrum length
and become more distinct with growth, so they are less reliable in identifying juvenile P. zijsron
(Whitty et al., 2014). Previous studies showed that a combination of rostral characters could discern
and identify sawfish at the species level (Faria et al., 2013; Whitty et al., 2014; Seitz & Hoover, 2017).
Faria et al. (2013) used canonical variate analysis and Whitty et al. (2014) used discriminant analysis.
In both studies, species were identified beforehand. In contrast, Seitz & Hoover (2017) used PCA
among individuals with no prior identification of species and verified the utility of rostral
measurements as informative characters. Our dual approach allowed to be more confident in the
morphological characterization. As a matter of fact, landmark-based analyses performed on rostrum
exhibited a significant difference in terms of shape and centroid size between species, in accord with
the traditional method. Morphometric studies based on landmarks were a useful tool for systematics,
able to discriminate among different teleost species (Ibanez & O’Higgins, 2011; Liotta et al., 2021),
to quantify shape variation on elasmobranchs fins (Franklin, Palmer, & Dyke, 2014; Bellodi et al.,
2022) and teeth (Adnet, 2006; Nyberg, Ciampaglio, & Wray, 2006; Whitenack & Gottfried, 2010).

The main challenge of the molecular tool applied to museum samples has been characterised by
the degradation of DNA due to the exposure of the remains to the environment and oxidative stressors.
Loss of nucleotides and fragmentation of large portions of the genome are characteristic of degraded
DNA (Lindahl, 1993; Hofreiter et al., 2001; P&&bo et al., 2004). However, hard tissues generally tend
to remain relatively stable over time (Anchordoquy & Molina, 2007) and the dried nature of the rostra
seems to spare them from the rapid and extensive degradation that affects soft tissues (Wandeler et
al., 2007; Phillips et al., 2009). Few studies included sequences generated from dried historical rostra
of sawfish. The study of Phillips et al. (2009) was able to amplify 465-468 bp of the 12S gene marker,
while Faria et al. (2013) amplified 148-480 bp of the mitochondrial NADH2 marker, reaching the
maximum size range for DNA fragments in dried museums specimens. Our final alignments were
about 350 bp and 320 bp in total length for NADH2 and COI datasets, respectively. All the species

delimitation analyses carried out in this study required robust reference sequence datasets to produce
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consistent results. The current lack of proper reference sequences for the comparison could be
overcome as new reference sequences could be obtained from fresh tissues collected from all five
sawfish species. The sampling of these fresh tissues could be performed from individuals held in
aquariums to not damage the already endangered wild populations or sampling with available not
invasive methods (e.g., mucus swab; Kashiwagi et al., 2015; Domingues et al., 2019). For the species
P. zijsron only one NADH2 and three COI available sequences were retrieved from NCBI and BOLD,
primarily from the Australian coasts, thus limiting further population structure analyses within the

species.

The 16 samples labelled as Mediterranean origin deserve more attention: in particular, six
individuals have been identified as P. zijsron, five as A. cuspidata, three as P. pectinata and one as
P. pristis. Solely P. pectinata and P. pristis were the two species for which the occurrence in the
Mediterranean basin was demonstrated based on original and independent records, until the second
half of the last century (Ferretti et al., 2016). From literature, A. cuspidata may have inhabited the
Mediterranean Sea in the past, with fossil records reported to the late Neogene and from the early
Pliocene in Libya and Spain (Pawellek et al., 2012), and Tuscany (Collareta et al., 2017). No records
are known from the literature concerning the sight or the catch of the species P. zijsron in the
Mediterranean basin, in fact the species have a distribution range in the Indo-West Pacific Ocean,
reaching the shores of the Red Sea (Dulvy et al., 2016). Most of the P. zijsron rostra labelled as
Mediterranean referred to catches in the Adriatic Sea at the beginning of the past century.

In the light of what has been achieved, a rationale could be discussed trying to answer at the
following three questions which point out the role of specimens labelled as Mediterranean origin,
especially those belonging to non-historically Mediterranean species.

(1) Are the rostra really from the Mediterranean Sea or are they the result of the trade from other
areas? The Mediterranean basin has always been in the past a crossroad for commercial trade between
diverse and distant human populations, and sawfish rostra have been long exchanged among traders
and collectors of natural history objects. The traffic of these distinctive and curious objects, often
considered as trophies, was common for nearly two centuries (Norman & Fraser, 1938; Migdalski,
1960; Hoover, 2008). All the information related to the rostra museum finds can be useful and give
suggestions about the history of the specimens. Two of the Mediterranean samples of the Natural
History Museum of Rovereto (TN, Italy) carried on the label some more information about the origin
site, that was the Genoa and Venice markets, respectively. These two markets are known to have been
the most important markets in Italy in the 20" century, where exotic natural items were often

exchanged and sold to private collectors (Antonio Di Natale, personal communication).
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(2) Is it possible that P. zijsron occurred in the Mediterranean Sea? The description of this species
is relatively recent (1851), while for P. pectinata the description dates to 1794. In the early 20th
century, access to new publications was not as fast or easy as it is today. Thus, it is possible that past
scientists identified the species in the Mediterranean according to taxonomic treaties available at that
time, many of which could not have been updated with the latest classification of the group.

(3) Is it possible that such big species came through the Suez Canal? Pristis zijsron could have
entered in the eastern Mediterranean from the Red Sea after the opening of the Suez Canal, a type of
migration that is already documented for many other fish species (Lipej et al., 2017). The Suez Canal
was officially opened in 1869 and was finally built to 163 km in length, a bottom of 22 m wide and
8 m deep. The first Lessepsian migrant fish in the Adriatic Sea was caught in Rijeka in 1896 (Dulcicet
al., 2004).

The further Chapters 3 and 4 contribute to answer to these questions by using other integrated
analytical approaches (e.g., stable isotope analysis). This multidisciplinary approach combined the
species taxonomy of historical rostra together with the analysis of stable isotopes of carbon and
oxygen in rostral teeth and the estimate of probability of the sample’s likelihood to be assigned to the

most probable geographical origin.

In conclusion, due to the current rarity of sawfishes in many areas and their conservation status,
the museum collections of dried sawfish rostra have proved to be an effective and invaluable asset
for a better understanding the natural history of these fascinating fishes, and the dual molecular and
morphological approach effective tools to study these ancient and historical sawfish. Similar
approaches using archaeological and historical skeletal remains have documented and traced back the
natural and fishery histories of iconic fish as cod Gadus morhua (Garcia, Lucifora, & Myers, 2008;
Olafsdottir et al., 2014; Star et al., 2017), bluefin tuna Thunnus thynnus (Riccioni et al., 2010;
Andrews et al., 2021, 2022a, b) and, among elasmobranchs, the great white shark Carcharodon
carcharias (Leone et al., 2020).

However, the new knowledge provided by the present study require to be complemented with
further studies on the structure of sawfish populations and on their evolutionary dynamics to identify

a more suitable and efficient conservation policy.
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2.6 Supplementary material

Table S1 List of available public sequences used as reference dataset.

Species Markers N Repository Accession number Process (BOLD) Ocean Ref
(GenBank)
Anoxypristis cuspidata  COI 8 BOLD SOPNGO057-18, SOPNGO067-18, W Pacific Ocean  Ward et al., 2008
SOPNG068-18, SOPNG117-18,
SOPNG118-18, SOPNG120-18 -
SOPNG121-18, SOPNG132-18
col 5 GenBank/ BOLD EU398523 - EU398527 FOAF026-07-FOAF030-07 W Pacific Ocean ~ Ward et al., 2008
Mitochondrial 2 GenBank/ BOLD KP233202, NC_026307 GBMNA14188-19, W Pacific Ocean  Chen et al., 2015
genome GBMTG3749-16
ND2 2 GenBank JN184261, JQ518858 W Pacific Ocean  Aschliman et al., 2012;
Naylor et al., 2012
Pristis clavata Col 3 BOLD FOAF031-07 W Pacific Ocean
IRREK892-08, KERRI357-09
col 4 GenBank/ BOLD EU398986 - EU398988, FOAF147-07 - FOAF149-07, W PacificOcean Ward et al., 2008;
JN184072 ANGBF2047-12 Aschliman et al., 2012
Mitochondrial 2 GenBank/ BOLD KF381507, NC_022821 GBMNA14189-19, W Pacific Ocean ~ Chen et al., 2015; Feutry
genome GBMTG5128-16 etal., 2013
Pristis microdon Col 2 BOLD KERRI597-07, KERRI1598-07 W Pacific Ocean  Robert Hanner
ND2 2 GenBank JIN184262; JQ518861 W Pacific Ocean  Aschliman et al., 2012;
Naylor et al., 2012
Pristis pectinata Col 18 BOLD IRREK497 - IRREK593; W Atlantic Ocean
IRREK901; IRREK942 -
IRREK950; PHANT412
Mitochondrial 3 GenBank/ BOLD KP400584; MF682494; GBMNA14190-19; W Atlantic Ocean Chen et al., 2015; Diaz
genome NC_027182 GBMNA17986-19; Jaimes et al., 2018
GBMTG4504-16
ND2 2 GenBank JN184263; JQ518859 W Atlantic Ocean Aschliman et al., 2012;
Naylor et al., 2012
Pristis perotteti ND2 1 GenBank JQ518860 W Atlantic Ocean  Naylor et al., 2012
Pristis pristis col 10 BOLD FOAI360-09; SOPNGO041; W Pacific Ocean ~ Ward et al., 2008
SOPNGO065; SOPNGO066;
SOPNG069; SOPNG092;
SOPNG107; SOPNG110;

SOPNG114; SOPNG144
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Col 14  GenBank MF977764, MN105755; W Atlantic Ocean Rodrigues Filho et al.,
MN105758 - MN105767; 2020
MN105840; MN105841
Col 4 GenBank/ BOLD MH825681; EU398989; GBGC18117-19; FOAF032-07; E Indian Ocean Das & Haque 2018; Ward
MHO005928; NC_039438 GBMNA18655-19; et al., 2008; Feutry et al.,
GBMNA18665-19 2018
ND2 1 Mediterranean Unpublic; G.Naylor
Sea GN4018 BMNH
Pristis zijsron Col 2 BOLD KERRI356-08, PHANT464 E Indian Ocean Ward et al., 2008; Robert
Hanner
Col GenBank/ BOLD HM422390 FOAI415-09 W Indian Ocean Ward et al., 2008
ND2 GenBank JQ519151 E Indian Ocean Naylor et al., 2012
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Table S2 List of primer developed in this study with specific details on melting (Tm) and annealing temperature (Ta) and
product length.

Marker name Sequence (5'->3") Tm Ta°C Product
length
NADH2 SawND2_1F ACCATAGCCATCATCCCATT 56.4
SawND2_1R GTGTGGCAGAGACTGGGTTT 60.5 %0 160
SawND2_2F TCTATTTGCCGGAACAACAA 54.3 50 210

SawND2_2R ATTGCGAATGGTGCAAGTTT 54.3
AnoxyND2_1F TTTGATTTTCGGTGCTTGAG 54.81

AnoxyND2_1R TATAAGGGGAACCAGTCAGT 54.82 %0 202
AnoxyND2_2F AATGTAATTGTAACCGCCCA 55.32
AnoxyND2_2R CAACTCCAGCAGAGGTTAATA 55.03 »0 193
COl SawCOI_1F CTTGAGCAGGAATGGTTGGT 58.4
SawCOI_1R GCACCAATCATCAGAGGAACC 61.3 > 195
SawCOI_2F TTGTAACCGCCCATGCCTTT 58.4
SawCOI_2R CGTGGGCAAGGTTACCAG 58.4 > 105
AnoxyCOI_1F TAGGACTAGGCACCACAATC 56.33
AnoxyCOI_1R CAAATAAGAGAAGTGCCGAG 54.14 >0 160
AnoxyCOI_2F AGCCTCGGCACTTCTCTTAT 58.51
AnoxyCOI_2R GTGCAAGTTTTTGTCATGTGG 56.8 > 218
PectCOI_1F GTGCTTGAGCAGGAATGGTTG 60.07
PectCOI_1R AGGGGAACCAGTCAGTTACCA 60.42 % o7
PectCOI_2F TGGTAACTGACTGGTTCCCCTA 60.16 - 190

PectCOI_2R AGCTCCAGCATGAGCAAGATT 60.06
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Table S3 Details of the 172 individual specimens analysed: museum or private collections, geographical origin, location, year of sampling, and results of specific identification.

Museum N Museum Code_ Geographical Location Year Museum species Species Species DEF
label Gen  Origin Morpho ID Gen ID
Natural history 49 Ic 3099 T26  Indian Ocean Madras, India 1886 Pristis pristis P. pristis P. pristis P. pristis
museum of Trieste Ic3101  T27 - - - Pristis pristis P. pristis P. pristis P. pristis
Ic 3105 T28 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3113 T29 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3108 T30 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3110 T31 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3111 T32 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3100 T33 - - - Pristis pristis P. pristis P. pristis P. pristis
Ic 3106 T34 - - - Pristis pectinata P. pectinata  P. pectinata P. pectinata
Ic 3109 T35 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3107 T36 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3102 T37 - - - Pristis pristis P. pristis P. pristis P. pristis
Ic 3085 T38 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3104 T39 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3086 T40 - - 1908 Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3087 T41 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3112 T42 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3097 T43 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3088 T44 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3090 T45 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3089 T46 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3091 T47 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3092 T48 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3093 T49 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 2826 T50  Indian Ocean Madras, India 1889 Pristis pristis P. pristis P. pristis P. pristis
Ic 2827 T51  West Pacific Ocean  Singapore - Pristis pristis P. pristis P. pristis P. pristis
Ic 2931 T52 - - 1889 Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
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Ic 2932 T53 - - 1889 Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 2933 T54 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 2934 T55 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 2935 T56 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3114 T111 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
Ic 3160 T112 - - - Pristis pristis P. pristis P. pristis P. pristis
Ic 3161 T113 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Ic 3103 T114 - - - Pristis spp. P. pectinata  P. zijsron P. zijsron
Ic 3070 T115 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
Ic 3162 T116 - - - Pristis spp. P. pectinata  P. zijsron P. zijsron
Ic 3069 T117 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3094 T118 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3155 T119 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3157 T120 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3096 T121 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3095 T122 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 2822 T123  Indian Ocean - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Ic 3156 T124 - - - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Ic 3098 T125 - - - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Ic 3159 T126 - - - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Ic 2982 T127 - - - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Ic 3158 T128 - - - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Natural history 27 20276 Veld7 - - - Pristis spp. P. zijsron - P. zijsron
museum of Venice n.11292 \Velds - - - Pristis spp. P. pristis - P. pristis
n.11291 Vel49 - - - Pristis spp. P. pristis - P. pristis
20272 Vel50 - - - Pristis spp. P. zijsron - P. zijsron
19839/A  Velbl - - - Pristis spp. A. cuspidata - A. cuspidata
Vel52 - - - Pristis spp. P. pectinata - P. pectinata
4723 Vel53 West Indian Ocean  African coasts 1898-1929  Pristis spp. P. zijsron - P. zijsron
20287 Vel54 - - - Pristis spp. P. zijsron - P. zijsron
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20280 Velb5 - - - Pristis spp. P. zijsron - P. zijsron
20284 Vel56 - - - Pristis spp. P. zijsron - P. zijsron
20274 Vel57 - - - Pristis spp. P. zijsron - P. zijsron
20354 Vel58 - - - Pristis spp. P. pristis - P. pristis
20353 Vels9 - - - Pristis spp. P. pristis - P. pristis
20281 Vel60 - - - Pristis spp. P. zijsron - P. zijsron
20282 Velbl - - - Pristis spp. P. zijsron - P. zijsron
20275 Vel62 - - - Pristis spp. P. zijsron - P. zijsron
20277 Vel63 - - - Pristis spp. P. zijsron - P. zijsron
20279 Vel6t4d - - - Pristis spp. P. zijsron - P. zijsron
20283 Vel6e5 - - - Pristis spp. P. zijsron - P. zijsron
20286 Vel66 - - - Pristis spp. P. pristis - P. pristis
20278 Vel67 - - - Pristis spp. P. pristis - P. pristis
20285 Vel68 - - - Pristis spp. P. zijsron - P. zijsron
20273 Vel69 - - - Pristis spp. P. zijsron - P. zijsron
19935 Vel70 - - - Pristis spp. P. pectinata - P. pectinata
3527 Vel7l WestIndian Ocean  Somalia, Adale  1962-1966  Pristis microdon P. pristis - P. pristis
3526 Vel72 West Indian Ocean  Somalia, Adale 1962-1966 Pristis pectinata P. zijsron - P. zijsron
3528 Vel73 West Indian Ocean  Somalia, Adale  1962-1966  Pristis microdon P. pristis - P. pristis
Museum of Natural 20 578 F1 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
History "La 573 F2  West Indian Ocean  Strait of 1923 Pristis pectinata P.zijsron  P.zijsron  P.zijsron
Specola", University Hormuz
of Firenze 6040 F3 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
6357 F4 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
6358 F5 - - - Pristis spp. P. pectinata  P. zijsron P. zijsron
6360 F6 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
6112 F7 Mediterranean Sea  Messina, 1837 Pristis pectinata P. pectinata P. pectinata P. pectinata
Tyrrhenian Sea
577 F8 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
6363 F9 - - - Pristis spp. A. cuspidata  A.cuspidata A. cuspidata
6344 F10 - - - Pristis spp. A. cuspidata  A.cuspidata A. cuspidata
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6359 F11 - - - Pristis spp. P. pristis P. pristis P. pristis
6081 F12 - - 1959 Pristis pristis P. pristis P. pristis P. pristis
571 F13 - - - Pristis spp. P. pectinata  P. zijsron P. zijsron
583 F14  West Indian Ocean  Eritrea, Assab 1903 Pristis spp. P. zijsron P. zijsron P. zijsron
576 F15 - - - Pristis spp. P. pectinata - P. pectinata
570 F16 - - 1843 Pristis spp. P. pristis P. pristis P. pristis
575 F17 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
6362 F18 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
582 F19 - - - Pristis pectinata P. pectinata P. pectinata P. pectinata
572 F20 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
Wilderness studi 15 - Bz89 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
ambientali (PA) - BZ90 Est Atlantic Ocean  Congo - Pristis spp. P.pectinata P. pectinata P. pectinata
- BZ91 Est Atlantic Ocean  Congo - Pristis pristis P. pristis P. pristis P. pristis
- Bz92 - - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
- BZ93  West Pacific Ocean - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
- Bz94 - - - Pristis spp. P. pectinata  P. pectinata P. pectinata
- Bz95 - - - Pristis pectinata P. pectinata P. pectinata P. pectinata
- BZ9%6 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
- Bz97 West Indian Ocean  Madagascar - Pristis pristis P. pristis P. pristis P. pristis
- BZ98 Est Atlantic Ocean - - Pristis pectinata P. pectinata  P. pectinata P. pectinata
- Bz99 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
- BZ100 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
- Bz101 - - - Pristis spp. P. pectinata P. pectinata P. pectinata
- Bz102 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
- BZ103 - - - Pristis pectinata P. pectinata P. pectinata P. pectinata
Natural history 7 239 Vo129 - - - Pristis spp. A. cuspidata  A.cuspidata A. cuspidata
?F‘K/S)eum of Voghera - Vo130 - - - Pristis spp. A. cuspidata  A. cuspidata A. cuspidata
- Vol3l - - - Pristis spp. P. pristis P. pristis P. pristis
- Vol32 - - - Pristis spp. A. cuspidata  A.cuspidata A. cuspidata
- Vo133 - - - Pristis spp. P. pectinata  P. pectinata P. pectinata
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- Vol34 - - - Pristis spp. - P. pectinata  P. pectinata
2054 Vo135 - - - Pristis spp. P. pristis P. pristis P. pristis
Zoological Museum AN185  Pall06 - - <1895 Pristis spp. P. pectinata  P. pectinata P. pectinata
'L'JP.' DOd_‘;"le‘fn”’ AN186  Pall07 West Indian Ocean  Red Sea - Pristis zijsron P. zijsron P. zijsron P. zijsron
niversity o - — = = =
Palermo y AN183  Pall08 West Indian Ocean  Red Sea - Pristis zijsron P. zijsron P. zijsron P. zijsron
AN182  Pall09 Mediterranean Sea  Palermo, - Anoxypristis cuspidata  A. cuspidata - A. cuspidata
Tyrrhenian Sea
AN184  Palll0 Mediterranean Sea  Palermo, - Pristis pectinata P. pectinata - P. pectinata
Tyrrhenian Sea
Zoological - B136 - - - Pristis spp. P. pristis - P. pristis
(L:Joll_ecthr;, ; AC143  B137 - - - Pristis spp. P. pristis - P. pristis
niversity o - - — . = e
Bologna y 100138 B138  West Indian Ocean  Mozambique - Pristis pectinata P. zijsron - P. zijsron
2 (B25) B139 Atlantic Ocean - 1900 Pristis pectinata P. pristis P. pristis P. pristis
Natural history PMD 19 c7r3 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
museum of PMD20 C74  Mediterranean Sea  Croatia, - Pristis pectinata P. zijsron P. zijsron P. zijsron
Dubrovnik Dubrovnik
PMD 21 c75 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
PMD 22 ci6 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Natural history P20 R64  Mediterranean Sea  Italy, Genova 1900 Pristis spp. P. zijsron P. zijsron P. zijsron
museum of Rovereto P21 R65  Indian Ocean - 1939 Pristis microdon P. pristis P. pristis P. pristis
P18 R66  Mediterranean Sea  Venezia, 1900 Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Adriatic Sea
P19 R67  Mediterranean Sea  Italy, Genova 1900 Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
Natural History Pe 0116 Pi60  Mediterranean Sea - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
I\?L;)s_eum, University P171 Pi6l - - - Pristis spp. P. zijsron P. zijsron P. zijsron
of Pisa . — = = =
P172 Pi62 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
P488 Pi63 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
Museum of - RM86 West Indian Ocean  Red Sea 1939 Pristis zijsron P. zijsron P. zijsron P. zijsron
comparative FA0003 RM87 - - 1600 Pristis spp. P.pectinata  P. pectinata P. pectinata
anatomy "'Battista FAD003 RMas Pristis pristi P : P : P :
Grassi", Sapienza 5 - - - ristis pristis . pectinata . pectinata  P. pectinata
107 127 N77  Mediterranean Sea - - Pristis pectinata P. zijsron P. zijsron P. zijsron
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Museum of zoology, 107 129 N78  Mediterranean Sea - - Anoxypristis cuspidata  A. cuspidata A. cuspidata A. cuspidata
University of 107145  N79 - - - Pristis zijsron P. zijsron P. zijsron P. zijsron
Navarra
Natural history C0289 V80  West Indian Ocean  Somalia, 1935 Pristis pristis P. pristis P. pristis P. pristis
museum of Verona Benadir
C0291 V81  West Indian Ocean  Tadjoura, 1898 Pristis zijsron P. zijsron P. zijsron P. zijsron
Gibuti
C0292 V82  West Indian Ocean  Somalia, 1935 Pristis pristis P. pristis P. pristis P. pristis
Benadir
Private collection - Picci8 West Indian Ocean  Red Sea 1939 Pristis zijsron P. zijsron P. zijsron P. zijsron
(C.P) 3
- Picci8 West Indian Ocean  Red Sea 1939 Pristis zijsron P. zijsron P. zijsron P. zijsron
4
- Picci8  West Indian Ocean  Red Sea 1939 Pristis zijsron P. zijsron P. zijsron P. zijsron
5
Comparative 100944 B22  Mediterranean Sea  Adriatic Sea - Pristis marsilii (?) - P. zijsron P. zijsron
anatomy collection, - B24 - - 1813 Pristis spp. - P. pectinata  P. pectinata
University of
Bologna
Croatian Museum 417 C141 - - - Pristis pectinata P. pectinata - P. pectinata
of Natural History 425 Cl42 - - - Pristis pectinata A. cuspidata - A. cuspidata
Museo Natura, V281 S144 - - - Pristis pristis P. pristis - P. pristis
Sant’Alberto V225 S145 - - - Pristis spp. P.pectinata - P. pectinata
Museum of Zoology, P29e P58  Mediterranean Sea  Adriatic Sea <1730 Pristis pectinata P. pectinata  P. pectinata P. pectinata
gn(ljversny of P28e P59  Mediterranean Sea  Adriatic Sea <1730 Pristis pectinata P. zijsron P. zijsron P. zijsron
adova
National Museum of ZDR26a cio - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
Zadar, Department ZDR26b  C143 - - - Pristis pectinata P. zijsron - P. zijsron
of Natural History
Natural history PMR c68 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
museum of Rijeka 04432
PMR c69 - - - Pristis pectinata P. zijsron P. zijsron P. zijsron
04441
Natural history PMST 10 C71  Mediterranean Sea  Southern 1901 Pristis pectinata P. zijsron P. zijsron P. zijsron
museum of Split Adriatic
PMST 11  C72 Indian Ocean - 1929 Pristis pectinata P. zijsron P. zijsron P. zijsron
- BZ104 Mediterranean Sea - - Pristis pristis P. pristis P. pristis P. pristis
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Regional Museum of 1134 BZ105 West Indian Ocean  Red Sea - Pristis zijsron P. zijsron P. zijsron P. zijsron
Terrasini
Casa Matha, - CM21 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
Ravenna
Natural history - Co140 - - - Pristis spp. P. zijsron - P. zijsron
museum of Comiso
Private collection (J) - Ji46 - - - Pristis spp. A. cuspidata - A. cuspidata
Private collection - Par57 - - - Pristis spp. P. zijsron P. zijsron P. zijsron
(P.B)

Private collection - IM174 - - <1955 Pristis spp. P. zijsron - P. zijsron

(1.M.)
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Table S4 Details of linear rostra measurements, number of teeth per side and estimated TL of each sample.

Species morpho  COD_INV ID_GEN TSL TRL SRL PRW DRW PTG DTG Nd Ns Estimated TL
A. cuspidata 6363 F9 775 730 605 63 40 28 9 28 26 3124.32
6344 F10 668 668 523 53 33 31 8 24 26 2898.13
Ic 3085 T38 445 404 322 40 21 16 4 27 29 2172.01
Ic 3086 T40 850 750 644 61 32 25 8 30 29 3223.86
Ic 3087 T41 825 717 555 59 41 25 7 27 26 2989.46
Ic 3097 T43 560 560 478 50 25 25 5 27 27 2761.72
Ic 3088 T44 610 546 414 42 22 26 5 28 25 2547.17
Ic 3090 T45 510 510 410 44 25 18 5 26 24 2532.77
Ic 3089 T46 630 630 490 48 33 26 7 26 24 2799.11
Ic 3091 T47 570 565 443 46 31 23 5 25 27 2647.85
Ic 3092 T48 485 443 330 43 21 18 4 27 27 2209.25
Ic 3093 T49 685 685 500 57 31 23 7 26 26 2829.68
Ic 2931 T52 625 625 527 52 25 30 5 28 27 2909.79
Ic 2934 T55 690 670 585 58 31 32 8 28 28 3071.43
Pe 0116 Pi60 - 370 271 28 15 13 4 24 24 1899.14
P18 (N40) R66 580 500 364 42 20 22 8 24 23 2356.19
P19 (N41) R67 700 580 445 43 24 21 4 26 25 2654.57
107 129 N78 549 549 398 54 38 20 7 17 16 2488.72
- BZ92 620 620 505 60 45 30 8 23 22 2844.78
- BZ93 655 655 510 51 30 31 6 21 23 2859.75
AN182 Pal109 416 416 339 40 20 22 5 23 25 2249.82
Ic 3069 T117 280 245 200 20 15 12 4 32 32 1153.95
Ic 3094 T118 854 844 690 65 38 32 6 29 29 3335.81
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Ic 3155 T119 755 710 565 58 33 31 5 28 27 3017.15
Ic 3157 T120 685 685 605 57 38 26 9 26 27 3124.32
Ic 3096 T121 616 616 490 54 27 28 7 26 25 2799.11
Ic 3095 T122 720 600 465 45 34 24 10 24 26 2720.30
Ic 3158 T123 754 730 557 56 31 29 11 26 25 2995.03
Ic 3156 T124 728 728 560 58 30 30 7 27 26 3003.35
Ic 3098 T125 478 478 340 38 22 22 4 25 24 2254.25
Ic 3159 T126 720 720 495 50 34 24 8 24 25 2814.46
Ic 2982 T127 1280 370 283 30 18 16 3 22 23 1970.25
Ic 2822 T128 1270 335 239 30 15 18 3 22 23 1673.90
239 Vo129 588 588 460 50 34 20 6 24 23 2704.11
- V0130 690 690 556 57 35 29 7 27 28 2992.25
- Vo132 726 726 518 55 31 22 5 30 28 2883.46
425 C142 1245 1245 1075 120 65 51 12 31 31 4119.21
- J146 450 390 45 25 20 5 26 25 2458.62
19839/A Vel51 340 338 270 30 17 15 4 28 28 1892.96
P. pectinata 6112 F7 1185 312 270 46 27 16 6 26 27 1261.26
576 F15 398 232 200 33 17 15 4 24 24 937.86
582 F19 1790 390 350 55 30 18 6 29 28 1576.58
Ic 3106 T34 1040 933 870 134 55 55 15 26 26 3771.66
P29%e P58 894 840 806 109 50.1 56.3 14 23 24 3395.71
FA0003 RM87 860 860 816 140 61 45 20 21 22 3476.56
FA00035 RM88 884 884 820 109 52 45 18 26 24 3573.58
- BZ90 875 840 803 115 51 56 16 23 22 3395.71
- BZ94 595 595 550 80 40 37 11 24 25 2405.29

70



Chapter 2 Integrated molecular and morphometric taxonomy

- BZ95 600 575 530 85 40 29 12 26 27 2324.44
- BZ98 930 910 860 115 46 48 18 27 26 3678.68
- BZ101 630 630 615 100 50 25 10 24 25 2546.78
- BZ103 - 362 347 52 28 20 6 27 26 1463.39
AN185 Pal106 1150 905 860 150 61 52 20 24 25 3658.47
AN184 Pal110 274 274 200 37 20 19 5 23 24 1107.65
- V0133 328 328 285 43 21 17 7 28 27 1325.94
417 C141 225 225 204 33 20 11 6 25 24 909.56
V225 S145 470 470 442 80 38 24 10 20 22 1899.98
- Vel52 940 940 895 120 65 55 17 3799.96
19935 Vel70 218 200 30 19 12 5 30 31 881.27
P. pristis 6359 F11 755 755 717 142 58 32 27 20 20 3567.39
6081 F12 1052 875 850 174 65 47 33 21 20 4333.29
570 F16 1200 1130 1120 205 78 58 45 21 20 5939.45
Ic 3099 T26 1590 1350 1200 237 82 68 45 20 19 6426.79
Ic 3101 T27 1070 1070 980 213 78 52 34 18 17 5098.74
Ic 3100 T33 770 770 700 145 51 43 23 20 20 3470.88
Ic 3102 T37 1100 1100 1070 218 91 55 50 17 17 5637.37
Ic 2826 T50 1620 1365 1265 280 105 80 47 17 17 6826.20
Ic 2827 T51 1240 1075 1038 234 91 69 45 18 18 5445.08
P21 (N43) R65 1230 1160 1090 203 85 63 35 18 18 5757.96
C0289 V80 777 750 717 142 56 42 30 18 20 3567.39
C0292 V82 779 755 717 142 58 44 27 17 18 3567.39
- BZ91 770 770 658 128 52 49 30 22 21 3233.89
- BZ97 854 854 790 156 60 42 21 21 19 3985.47
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- BZ104 1150 1150 1060 241 76 67 46 24 24 5577.19
Ic 3160 T112 547 547 535 120 52 25 25 16 18 2552.72
- Vo131 647 647 595 128 47 30 25 18 17 2882.48
2054 Vo135 1075 1075 980 208 78 60 45 15 15 5098.74
- B136 787 787 716 152 53 40 26 20 21 3561.71
AC143 B137 602 582 546 99 43 35 21 21 19 2612.80
- B139 225 197 189 32 15 11 6 24 24 777.13
V281 S144 1180 1180 1140 245 82 62 41 19 19 6060.84
n.11292 Vel4d8 1322 1322 1240 245 100 78 47 18 19 6672.23
n.11291 Vel4d9 1190 1190 1105 235 115 60 38 17 17 5848.62
20354 Vel58 1105 1105 1010 200 90 53 33 20 19 5277.52
20353 Vel59 1115 1115 990 205 92 59 38 21 18 5158.25
20286 Vel66 980 880 830 160 74 55 34 16 18 4216.95
20278 Vel67 880 880 805 159 72 48 30 18 18 4072.08
3527 Vel7l 1105 1105 1090 235 105 60 43 18 19 5757.96
3528 Vel73 850 850 790 157 71 42 25 20 19 3985.47
P. zijsron 578 F1 293 290 263 38 20 23 4 27 26 1103.46
573 F2 1252 1250 1110 128 52 63 12 33 35 3784.74
6040 F3 1400 1340 1200 132 58 70 17 30 31 4045.91
6357 F4 275 260 222 31 18 20 3 26 26 954.46
6358 F5 186 186 171 29 15 10 5 26 27 763.36
6360 F6 950 900 830 110 42 53 14 28 28 2951.05
577 F8 298 298 265 36 19 18 4 29 29 1110.64
571 F13 448 448 400 63 27 27 8 23 23 1579.89
583 F14 1345 380 338 45 22 18 5 29 28 1367.79
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575 F17 280 267 236 31 19 19 5 23 23 1005.75
6362 F18 1285 1285 1119 138 55 77 16 32 32 3810.99
572 F20 1650 1450 1270 130 58 118 12 30 30 4247.09
- CM21 1260 1260 1234 126 55 87 11 29 29 4143.83
Ic 3105 T28 1020 970 860 112 48 53 12 33 32 3042.12
Ic 3113 T29 1500 1390 1240 135 56 80 18 30 31 4161.07
Ic 3108 T30 1280 1280 1145 125 53 65 15 31 32 3886.65
Ic 3110 T31 1390 1319 1170 145 65 85 15 31 30 3959.18
Ic 3111 T32 1290 1174 1120 125 57 75 12 29 29 3813.90
Ic 3109 T35 1330 1215 1160 145 55 75 9 32 35 3930.20
Ic 3107 T36 1200 1141 985 120 49 57 13 30 29 3416.83
Ic 3104 T39 700 625 578 74 37 35 9 33 33 2165.04
Ic 3112 T42 1380 1380 1240 132 54 82 12 34 33 4161.07
Ic 2932 T53 990 930 874 120 49 63 10 30 28 3084.46
Ic 2933 T54 1240 1144 1060 125 57 51 13 31 31 3638.33
Ic 2935 T56 1265 1150 1087 116 51 65 12 30 30 3717.51
- Par57 520 518 484 59 29 27 6 32 32 1859.89
P28e P59 1089 1089 1003 114 49.8 43.8 10 32 32 3470.21
P171 Pi6l 1020 1020 972 102 47 68 9 30 30 3378.19
P172 Pi62 930 930 798 89 43 57 10 28 27 2853.39
P488 Pi63 1180 1100 975 103 53 70 11 29 28 3387.12
P20 (N42) R64 640 500 461 52 30 34 6 32 33 1783.97
PMR C68 - 1320 1163 135 67 94 13 32 30 3938.89
04432
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PMR C69 1289 1289 1112 135 73 92 12 33 32 379057
04441

ZDR26a  C70 840 724 653 98 65 52 6 2403.35
PMST10 C71 743 677 659 80 37 40 9 32 31 2422.24
PMST11  C72 1045 1045 1006 122 53 79 11 29 32 3479.09
PMD19  C73 1476 1318 1265 148 62 70 8 33 34 4232.78
PMD20  C74 1376 1270 1215 139 53 66 10 32 32 4089.16
PMD21  C75 1264 1197 1140 124 58 93 12 31 30 3872.12
PMD22  C76 1168 1100 1040 124 60 65 13 29 29 3579.49
107127  N77 692 638 572 65 36 31 8 30 31 2145.78
107145  N79 1236 1236 1156 118 62 88 15 27 27 3918.59
C0291 V81 809 771 692 80 43 39 8 32 31 2525.70
- Picci83 853 744 660 92 47 48 10 29 28 2425.39
- Piccis4 830 719 623 76 37 44 10 30 27 230853
- Picci85 820 592 528 73 32 30 8 31 30 2003.70
- RM86 1554 1373 1241 130 74 96 18 30 29 4163.95
- BZ89 1470 1470 1270 136 60 110 10 25 25 4247.09
- BZ96 650 600 562 70 30 28 5 36 35 2113.63
- BZ99 1110 1110 964 114 47 67 10 28 29 3354.38
- Bz100 1110 1080 980 115 42 92 17 33 35 3401.98
- BZ102 890 300 262 35 25 17 5 24 24 1099.87
1134 Bz105 1220 1220 1160 128 52 83 10 31 30 3930.20
AN186 Pall07 1330 1330 1174 135 56 100 16 31 30 3970.76
AN183 Pall08 1210 1160 1030 111 50 89 9 29 29 3550.01
Ic 3114 T111 1270 1270 1165 135 60 75 13 30 31 3944.69
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Ic 3161 T113 995 920 795 108 58 65 17 22 23 2844.21
Ic 3103 T114 207 207 200 29 15 12 3 30 31 872.90

Ic 3070 T115 242 200 180 23 15 12 4 28 29 797.62

Ic 3162 T116 200 165 153 23 15 8 1.5 26 25 694.04

100138 B138 990 980 840 109 54 53 12 31 32 2981.46
- Co140 780 583 568 74 46 36 7 30 30 2132.93
ZDR26b C143 1490 1372 1246 123 58 94 13 30 30 4178.30
20276 Vel4d7 1375 1335 1210 137 72 77 16 30 30 4074.75
20272 Vel50 1138 1107 997 113 64 74 14 27 29 3452.43
4723 Vel53 1300 1220 1125 118 58 68 9 32 32 3828.47
20287 Vel54 1193 1193 1150 130 80 70 14 26 26 3901.18
20280 Vel55 1290 1290 1200 130 70 104 11 30 30 4045.91
20284 Vel56 1370 1275 1185 135 65 65 12 33 33 4002.58
20274 Vel57 1325 1215 1135 125 62 75 13 28 28 3857.58
20281 Vel60 1395 1250 1165 130 70 70 12 32 31 3944.69
20282 Vel6l 1425 1315 1190 133 72 85 14 30 30 4017.04
20275 Vel62 1330 1240 1170 128 67 90 14 29 29 3959.18
20277 Vel63 1365 1240 1112 126 60 85 11 29 27 3790.57
20279 Vel64 1415 1280 1180 132 67 95 12 29 32 3988.12
20283 Vel65 1410 1260 1186 130 75 63 13 28 29 4005.48
20285 Vel68 873 820 763 89 51 38 8 32 30 2745.93
20273 Vel69 985 975 893 95 54 64 9 32 32 3141.76
3526 Vel72 1027 970 898 105 55 64 7 30 30 3156.81
- IM174 1440 1340 1240 143 65 85 16 33 32 4161.07
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Chapter 3

Temperature tolerance and geographical origin of sawfishes
through measurements of stable isotopes of Oxygen and
Carbon of historical rostral teeth

3.1 Introduction

In the last decades, stable isotope analysis has emerged as a powerful tool in ecological research
with wide application in the trophic ecology, habitat use, movement, and migration patterns (Hobson,
1999; Layman et al., 2012; Ramos & Gonzalez-Solis, 2012), source sharing and parasite-host
interaction (Boecklen et al., 2011), and to infer past environmental changes in marine environments
(Bigg & Rohling, 2000; Sisma-Ventura et al., 2019; Willmes et al., 2019). Stable isotope analysis
involves the use of mass spectroscopy to determine the constituent forms of carbon, nitrogen, and
other elements that make up the tissues of organisms (Reum, Williams, & Harvey, 2017). Thus, the
recent ecology of the organism is directly and predictably reflected in the stable isotope ratios
(Peterson & Fry, 1987) useful for many biological, ecological, archaeological, and other scientific
investigations.

The constituent forms of carbon and nitrogen are the most common isotopes used to evaluate
trophic food web or trophic chain (Rubenstein & Hobson, 2004; Logan & Lutcavage, 2010; Reum,
Williams, & Harvey, 2017) and to track migration patterns of different marine species (Carlisle et al.,
2012; Trueman, Mackenzie, & Palmer, 2012; Christiansen et al., 2014). In addition, oxygen isotopes

are widely used to evaluate the isotopic composition of oceanic water, varying according to salinity
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and depth (Bigg & Rohling, 2000; Willmes et al., 2019). For this reason, oxygen is considered a good
proxy to estimate paleoclimatic conditions and differences from different water masses (Bigg &
Rohling, 2000; Trueman, Mackenzie, & Palmer, 2012; Séon et al., 2020). Moreover, isotopes of
oxygen and carbon could be used to build oceanic isoscapes (Torniainen et al., 2017a; Bird et al.,
2018; Pearson, van de Merwe, & Connolly, 2020), offering many potential applications in
environmental and ecological sciences. Extending isoscapes at the global scale allows assigning the
probability of the distribution area to organisms with unknown origin (Bird et al., 2018).

Calcium carbonate hard structures, such as otoliths and teeth, trap similar elements and isotopes
in their chemical matrix and are widely used for this kind of analysis (Vennemann et al., 2001; Field
et al., 2009; Sisma-Ventura et al., 2019; Willmes et al., 2019). Focusing on elasmobranchs, stable
isotope studies have yielded insight into a broad range of issues ranging from seasonal foraging and
migration patterns to community functional diversity, intrapopulation resource partitioning and
trophic position (e.g., MacNeil, Skomal, & Fisk, 2005; Matich, Heithaus, & Layman, 2010; Abrantes
& Barnett, 2011; Borrell et al., 2011; Hussey et al., 2014).

Sawfishes (family Pristidae) are among the elasmobranch groups most affected by human threats
(Dulvy et al., 2014; Yan et al., 2021) causing their dramatic reduction in many coastal areas
worldwide. Rostral teeth of sawfishes are composed of a complex matrix of hydroxyapatite (Hegg,
Graves, & Fisher, 2021) which can incorporate the oxygen and trace elements present in the
environment (Combes, Cazalbou, & Rey, 2016). Carbonate fraction commonly substitutes the
phosphate in the hydroxyapatite structure (Amiot et al., 2010; Crowley & Wheatley, 2014) thus,
different compositions of isotopes can effectively discriminate among habitats and water masses
(Field et al. 2009; Hegg, Graves, & Fisher, 2021). Sawfishes inhabit tropical-subtropical waters and
are bentho-pelagic, spending their life in different habitat ranges such as freshwater (river or lake),
estuarine, inshore regions and offshore waters to a maximum of 122 m in depth (Poulakis & Seitz,
2004; Wueringer, Squire, & Collin, 2009). The Mediterranean Sea has peculiar characteristics, and it
is one of the historical areas in which sawfish are considered locally extinct (Ferretti et al., 2016).
Their presence in the basin has been under debate for decades, thus considering sawfish as non-
resident and occasional visitors (Faria et al., 2013; Dulvy et al., 2014). Nevertheless, bibliographic
records and museum finds supported the Mediterranean Sea as formerly part of the Sawfish’s
distribution range. Ferretti et al. (2016) demonstrated the presence of two species in the basin, the
Largetooth sawfish (Pristis pristis L.) and the Smalltooth sawfish (P. pectinata Latham, 1794) and

estimated the period of local extinction during the past century.
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This thesis chapter address geographical origin, past distribution and ecology of Mediterranean
and global sawfish by 1) the assessment of isotopic composition analysis of oxygen (}30/*°0) and
carbon (**C/*2C) in historical rostral teeth of specifically-identified specimens belonging to museum
and private collections and 2) the comparison of individual isotope composition against the available

environmental oceanic isoscapes.
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3.2 Materials and methods

3.2.1 Sampling and preparation of rostral teeth

In total, 62 teeth were collected from the 172 museum rostra inventoried in the museum and private
collections in the Mediterranean area (see Chapter 1, Table S3). Among them, only 35 teeth were
used to assess their oxygen and carbon isotope composition, as the other 27 teeth were too damaged
for a proper analysis. Each sample was prepared following the procedure described in Ventresca
Miller et al. (2018).

Before pulverizing the teeth, the working area was covered with a thin layer of tinfoil. To avoid
cross-contamination, the tinfoil was cleaned between one tooth and another using a paper wet of
sodium hypochlorite (NaClO). The teeth were pulverized using a Dremel 4000 and four different
diamond tips to collect the dental powder; the first diamond tip was used to polish the teeth from the
external exposed layer, the second and the third tips were used in the same way to pulverise the teeth,
and the last one was used to collect all the powder into 1.5 mL microtubes. Each tip was cleaned with
NaClO after each sample.

To cover the whole animal life, at least 2.5 mg of tooth powder was collected from three different
parts of the tooth crown, apex, middle and cervix. For 16 teeth (10-2.5 cm in length size), powder
samples were collected from each of the three different parts, for six fragmented teeth (3.5-1.4 cmin
length size) only two samples per tooth were collected, one from the middle and one from the apex
or cervix, depending on the missing part; for the remaining 15 teeth (1.4-1.0 cm in length size), it was

possible to collect only one sample representing the whole tooth length.

3.2.2 Oxygen and carbon isotope analysis

The oxygen and carbon isotope analyses of the dental carbonate of samples were conducted at the
Department of Chemical and Geological Sciences of the University of Modena and Reggio-Emilia.
Each sample (ca. 2 mg of dental powder) was reacted in glass vials with 100% H3POs at 70°C
(Vennemann et al., 2001; Sisma-Ventura et al., 2019). The §'80 and §*3C values of the tooth powder
samples were then determined on the liberated CO2 using an Elementar Isoprime precision mass
spectrometer, coupled with an Isoflow equilibrator. Analyses were run in collaboration with the

Department of Physics and Earth Sciences of the University of Ferrara.
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Raw data were corrected using an in-house marble reference material. The analytical precision of
this method is better than £0.1%o for both 580 and §!3C. Measured isotope ratios are reported in -
notation, i.e., as the deviation in per mil (%o) from the international measurement standards Vienna
Standard Mean Ocean Water (VSMOW; §*20) and Vienna Pee Dee Belemnite (VPDB; §'3C), and

were calculated with the following formula:

Rsample
Rstandard

Ssample = [ — 1] x103 (1)

where Rsample and Rstandard represent the 80/*0 or *3C/*?C ratio of the sample and of the standard,
respectively (Sisma-Ventura et al., 2019). The ratios were obtained in §**CVPDB and §'80cVPDB -
where 6180c¢ corresponded to the oxygen isotopic composition of Carbonate in sawfish teeth. We
calculated the density plot of 3 CVPDB and §'0cVPDB to evaluate the distribution of the data
obtained. Data were compared with a reference dataset (Table S1) created using the available public
data on the main subdivisions in different macro-groups of marine animals. The boxplots were carried

out for 3:3CVPDB and §®0cVPDB using different taxa and geographical locations.
Subsequently, §180,. values were converted in VSMOW using the following relation:
8180,VSMOW = (8'80,VPDB x 1.03086) + 30.86 (2)

Moreover, each value of 6180cVSMOW were transformed in §180pVMSOW using the relation

between these values (Vennemann et al., 2001):
8'80,VSMOW = 8§'80,VSMOW + 9.1 (3)

where 880, is the oxygen isotopic composition of Phosphate in sawfish teeth. Subsequently,
38 0cVPDB and 580pVSMOW were successively used to calculate the temperature for different sea

using the formula (Lécuyer et al., 2013):
T° =16 — 4.14(8®0,VPDB — §'80,,VSMOW) + 0.13(880CVPDB — §'80,,VSMOW)? (4)
and (Vennemann et al., 2001):
T° = 111.4 — 4.3(8'®0,VSMOW — §'%0,,VSMOW) (5)

where each 3'®*0wVSMOW were calculated using the bootstrap from all the values of §'8Ow
downloaded from https://data.giss.nasa.gov/o18data/ (Schmidt, 1999), using the coordinate of Indian
Ocean (-0.614), Central Atlantic Ocean (0.630), Mediterranean Sea (1.464) and Red Sea (1.715).
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Furthermore, to calculate the §0wVMSOW for each sample and determine the area of origin,
three possible temperatures at which sawfish usually inhabit have been chosen. For the lowest
temperature were used 18°C, 25°C for the mean temperature, and the maxim temperature 32°C
(Ferretti et al., 2016; Hollensead et al., 2016, 2018). The formula used is the opposite of the formula

used above (5):

5180, VSMOW = —25.9 + 810, VSMOW + (1—3) (6)

The estimated 580 of each tooth was compared against the corresponding distribution maps of
seawater isotopes (i.e., isoscapes) to geographically assign the origin of museum and private samples.
5180 isoscapes for global oceans were downloaded from https://data.giss.nasa.gov/o18data/ (Schmidt,
1999) for water depth between 0 and 50 m. These isoscapes were stacked in QGIS v. 3.18 and
averaged using the raster calculator. However, the tissue/seawater isotopic fraction should be
carefully considered to use these maps as predictors for the geographical origin of a sample. In
particular, the isotopic composition of carbonate (8'8Q¢) in fish skeletal tissues is mainly governed
by the isotopic composition (5'80w) and the temperature (T) of the seawater. For this work, we used

the equation for biogenic aragonite from Grossman and Ku (1986), to convert the 580y in 5'8Oc:

20.6—4.3x8180,,—-T

18 _
670, = 43 )

The temperature was determined from seawater surface temperature (STT) maps downloaded from
oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/Annual/4km/sst/ for 2020. Monthly
maps were averaged in QGIS to obtain an annual mean SST map. Both the 580, isoscape and the
mean annual SST map were imported as raster files in R version 4.1.0 (R Core Team, 2021). Being
at a different resolution, the §'80y isoscape was resampled at the same resolution of the SST map
using the resample function of the ‘raster’ package version 3.5-11 (Hijmans et al., 2021). The 520
isoscape was then calculated following the Grossman & Ku (1986) equation. To perform a
probabilistic assignment of the sawfish specimens (based on their 'O data) and the obtained §*80c
ocean isoscape, we employed the R package ‘assignR’ (Ma et al., 2020). In brief, with this package,
it was possible to generate posterior probability density maps (considering 0.3 for the standard error),
expressing how likely a specific sample originated from different parts of the input isoscape. The
summed probability (i.e., all cell values) of these maps is equal to one. Each sample map was
calculated using 0.1 standard error.
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3.3 Results

The 35 rostral teeth suitable for the isotopic analysis belonged to Pristis zijsron Bleeker, 1851 (N
= 25), P. pristis (N = 5), P. pectinata (N = 3) and Anoxypristis cuspidata Latham, 1794 (N = 2).
Oxygen and carbon isotope compositions of apatite carbonate (5®OcVDPB and §*CVPDB
respectively), as well as the derived values of 3180cVMSOW and the 6180pVMSOW, were listed
in Table 1. 38 0cVDPB values ranged from -4.48%. (F19, P. pectinata) to -0.98%. (T35, P. zijsron),
while values of **CVPDB ranged from -4.75%. (F16, P. pristis) to 3.56%o (F14, P. zijsron) (Table
1).

Table 1 Carbon and Oxygen composition of carbonate and phosphate from the 35 sawfish teeth.

Sample Species Documental oridin Weight 813C 8%0c¢ 8%0c¢ 8d'80p
code P 9 (mg) VPDB VPDB  SMOW  SMOW
F2 P. zijsron Indian Ocean, 2.56 -0.27 -1.82 28.98 19.88

Strait of Hormuz
F14 P. zijsron Red Sea, 3.26 3.56 -3.18 27.58 18.48
Assab, Eritrea
T26 P. pristis Indian Ocean, 2.88 151 -3.15 27.62 18.52
Madras, India
P59 P. zijsron Mediterranean Sea, 2.69 -1.72 -3.25 27.50 18.40
Adriatic Sea
c71 P. zijsron Mediterranean Sea 2.45 -0.13 -2.63 28.15 19.05
Adriatic Sea
c74 P. zijsron Mediterranean Sea, 3.23 -1.16 -3.14 27.62 18.52
Adriatic Sea
Picci84  P. zijsron Red Sea 3.33 1.61 -2.81 27.96 18.86
F3 P. zijsron - 2.83 -0.74 -2.14 28.65 19.55
F6 P. zijsron - 2.34 0.78 -2.01 28.78 19.68
F9 A cuspidata - 2.92 -0.04 -2.38 28.41 19.31
FI0  A. cuspidata - 3.00 -0.11 -2.32 28.47 19.37
F11 P. pristis - 2.17 0.50 -3.30 27.46 18.36
F12 P. pristis - 3.30 -0.41 -3.35 27.40 18.30
F15  P.pectinata - 2.14 -2.60 -251 28.27 19.17
F16 P. pristis - 2.20 -4.75 -3.87 26.87 17.77
F17 P. zijsron - 2.76 -2.84 -3.86 26.88 17.78
F18 P. zijsron - 2.55 -1.29 -2.39 28.40 19.30
F19 P. pectinata - 3.04 1.68 -4.48 26.24 17.14
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F20 P. zijsron - 245 -1.14 -3.55 27.21 18.11
T28 P. zijsron - 3.33 -0.73 -1.77 29.03 19.93
T29 P. zijsron - 3.39 0.32 -1.79 29.01 19.91
T30 P. zijsron - 3.53 -0.16 -2.29 28.50 19.40
T31 P. zijsron - 3.28 0.09 -1.61 29.20 20.10
T32 P. zijsron - 2.64 -2.56 -3.43 27.32 18.22
T34 P. pectinata - 2.81 -1.85 -2.56 28.22 19.12
T35 P. zijsron - 3.01 -1.23 -0.98 29.85 20.75
T36 P. zijsron - 3.61 -0.24 -1.61 29.20 20.10
T37 P. pristis - 3.79 0.22 -3.24 27.52 18.42
Pi63 P. zijsron - 3.75 -1.77 -2.31 28.48 19.38
C69 P. zijsron - 2.72 -0.56 -2.62 28.16 19.06
C70 P. zijsron - 1.00 0.15 -2.92 27.85 18.75
C73 P. zijsron - 221 -2.72 -3.18 27.58 18.48
C75 P. zijsron - 3.06 0.74 -2.10 28.70 19.60
C76 P. zijsron - 3.30 -2.06 -2.98 27.79 18.69

The comparison of historical sawfish values with the available public data for the ancient extinct
sawfish (Onchopristis numidus) of the middle Cretaceous, molluscs with Bivalvia and Cephalopoda,
fish (fossil records of ancient extinct species and modern Sparus aurata) and sharks (from different
modern species of Lamniformes, Carcharhiniformes and Squaliformes as well as fossil records of
ancient extinct species) (see Table S1 and literature therein) showed an intermediate distribution
between sharks and fish, meaning that they were similar in composition of the oxygen and carbon
isotopic estimates (Figure 1). Our values were highly different from those obtained for the ancient
euryhaline sawfish O. numidus, although the species may have shared the same living environment
between fresh and shallow marine waters, reflecting the different environmental conditions of the
middle Cretaceous. Moreover, similarities were observed in samples from the Central Atlantic
(Atlantic C), Indian Ocean and the Red Sea (Figure 2), suggesting these areas among the geographical

origin of our sawfish samples.
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Figure 1 5'®0cVPDB (A) and §'*CVPDB (B) composition conducted on the reference database compared with our data.
Values are plotted according to taxa and coloured according to geographical origin.
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Figure 2 6180cVPDB (A) and 613CVPDB (B) composition conducted on the reference database compared with our
data. Values are plotted according to geographical origin and coloured according to taxa.
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The estimate of the possible sea temperature of the habitat of origin showed similar values between
those calculated using &80, carbonate ('%0c) and phosphate (5%0p) (Table S2). Remarkable
differences were obtained among seas (Figure 3). Temperatures estimated using §**0OwVMSOW from
the bootstrap value of the Indian Ocean appeared the most similar to the temperature range of the
typical sawfish habitat (18-32°C), with the lowest temperature obtained for the sample T35 (19.54°C
with 5'80p and 18.52°C with §'®0c) and the higher for the sample F19 (35.06°C with §*0p and
35.78°C with 8'80c). Considering the bootstrap values of the Red Sea and the Mediterranean Sea we
obtained higher values of temperatures, ranging from 29.55°C to 45.07°C (5'80p) and from 29.65°C
to 49.02°C (8'8Qc) for the Red Sea, while for the Mediterranean Sea the range was from 28.47°C to
44.00°C (80p) and 28.38°C to 47.53°C (5'80c). When taking into account the Central Atlantic
Ocean bootstrap value, the temperatures we obtained here were mostly high, ranging from 24.88°C
to 40.41°C using §'80p and from 24.29°C to 42.68°C using 5'¥Oc.
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Figure 3 Results of estimated temperature using oxygen isotopes from phosphate for different seas using the coordinate
of Indian Ocean (10), Red Sea (RS), Mediterranean Sea (MED) and Central Atlantic Ocean (CAQ). Red lines delimitate
the sawfish temperature tolerance (18 — 32 °C).

The possible §30wVMSOW calculated for the three temperatures (Table S2) showed how the
three different temperatures were placed near 5*¥0wVMSOW from the Indian Ocean, and only a few

exceptions were present for the other areas.
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A remarkable variation of the isotopic geographical origin was obtained among samples (Figure
S1) with different cases of consistency/inconsistency with the related documental origin and cases of
uncertain assignment (i.e., to multiple isoscapes). Only three individuals (F16, F17 and F19) without
documental origin, showed low probabilities to be assigned.

Among the eight individuals with documental geographic origin (Table 1), only the specimen F14
(Figure 4) and probably the C72, both belonging to P. zijsron, showed a consistency between the
isotopic origin from the Red Sea and/or the Persian Gulf (Figure 4 and S1) and the documental
geographic origin from the museum legacy (F14: “Assab, Eritrea, Red Sea” C72: a generic “Indian
Ocean”). Similarly, the P. zijsron Picci84, labelled from the Red Sea showed an isotopic origin from
the Red Sea or Central-Western Atlantic Ocean (Figure 5). The P. zijsron individuals F2, labelled as
Strait of Hormutz - Indian Ocean, and C71, labelled as Adriatic Sea - Mediterranean Sea, showed a
high probability to originate from more areas such as the Indian Ocean, Pacific Ocean, Atlantic
Ocean, and the Mediterranean Sea (Figure 6). On the contrary, the P. pristis T26 and the P. zijsron
P59 and C74, showed an isotopic origin from the Red Sea and/or the Persian Gulf (Figure 7), fully
inconsistent with the museum documental origin from Madras, India (T26) and Adriatic Sea (P59,
C74).

Overall, three individuals out of eight showed a correspondence between documental and isotopic
origin while three individuals not. Two individuals showed a documental origin coherent with at least

one of the multiple origins obtained with isotope analysis.
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Figure 4 Estimated probability origin of the tooth sample F14 (documental geographic origin: “Assab, Eritrea, Red Sea”)
calculated from the values of the oxygen isotopes. Yellow colours showed the highest probability and dark blue the lowest.
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Figure 5 Estimated probability origin of the tooth sample Picci84 (attributed to the species P. zijsron and with documental
geographic origin: “Red Sea”) calculated from the values of the oxygen isotopes. Yellow colours showed the highest
probability and dark blue the lowest.
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Figure 6 Estimated probability origin of the tooth sample F2 (attributed to the species P. zijsron and with documental
geographic origin: “Strait of Hormutz, Indian Ocean”) calculated from the values of the oxygen isotopes. Yellow colours
showed the highest probability and dark blue the lowest.
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Figure 7 Estimated probability origin of the tooth sample T26 (attributed to the species P. pristis and with documental
geographic origin: “Madras, India”) calculated from the values of the oxygen isotopes. Yellow colours showed the highest
probability and dark blue the lowest.
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Among the 24 individuals without documental geographic origin (Table 1) assigned to isoscapes
with high probability, one P. zijsron individual (T35) was assigned to high-latitude or Mediterranean
isoscapes, deserving special attention (Figure 8); two P. zijsron individuals (F20 and T32) were
precisely assigned to the Persian Gulf (Figure 9); three P. pristis (F11, F12 and T37) and one P.
zijsron (C73) to the Red Sea and the Persian Gulf (Figure 10); two P. zijsron (C70 and C76) to the
Red Sea and Central-Western Atlantic Ocean (Figure 11).
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Figure 8 Estimated probability origin of the tooth sample T35 (attributed to the species P. zijsron and without documental
geographic origin) calculated from the values of the oxygen isotopes. Yellow colours showed the highest probability and
dark blue the lowest.
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Figure 9 Estimated probability origin of the tooth sample F20 (attributed to the species P. zijsron and without documental
geographic origin) calculated from the values of the oxygen isotopes. Yellow colours showed the highest probability and
dark blue the lowest.
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Figure 10 Estimated probability origin of the tooth sample F11 (attributed to the species P. pristis and without documental
geographic origin) calculated from the values of the oxygen isotopes. Yellow colours showed the highest probability and
dark blue the lowest.
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Figure 11 Estimated probability origin of the tooth sample C70 (attributed to the species P. zijsron and without
documental geographic origin) calculated from the values of the oxygen isotopes. Yellow colours showed the highest
probability and dark blue the lowest.

The remaining 15 individuals appeared of uncertain origin because they were assigned
contemporaneously to the Indian, Pacific, Atlantic, and Mediterranean isoscapes: however, the
Pacific and Atlantic origin can be excluded for eleven P. zijsron individuals (F3, F6, F18, T28, T29,
T30, T31, T36, Pi63, C69 and C75) since the species was not distributed in these areas. The two
individuals belonging to A. cuspidata (F9 and F10) were most likely of Indo-Pacific origin (Figure
12) while this area of origin can be excluded for the two individuals of P. pectinata (F15 and T34)

since the species was not distributed in these areas.
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Figure 12 Estimated probability origin of the tooth sample F9 (attributed to the species A. cuspidata and without
documental geographic origin) calculated from the values of the oxygen isotopes. Yellow colours showed the highest
probability and dark blue the lowest.

Overall, among 32 individuals assigned with high probability by isotopic analyses (Table 2), 12
were assigned to a given isoscape/area (considering the Red Sea and the Persian Gulf of the same
isoscape/area). The other 20 individual rostra were assigned with uncertainty (two-four
isoscapes/areas) and geographical origin can be traced by considering the species distribution. Only
three individuals out of eight showed a consistency between documental and isotopic origin, while
two individuals showed a documental origin coherent with at least one of the multiple origins obtained

with isotope analysis.

Table 2. Summary of isotopic tooth analysis of the 35 individual rostra of historical sawfish

Number of individuals with concordant
high-probability isotopic origin and
documental origin

Number of individuals with

Isoscape/area high-probability isotopic origin

. 1
Mediterranean (T35)
. 11
Red Sea, Réﬂlfealpers'a” (C72, C73 C74, F11, F12, F14, (F1 42072)
F20, P59, T26, T32, T37) !
. 3 1
Red Sea/CW Atlantic (Piccisa, C70, C76) (Piccisa)
. . 17
Indian Ocean, Pacific Ocean,
Atlantic Ocean, and the (C69, C71, C75, F2, 3, F6, F9, 2
' F10, F15, Pi63, F18, T28, T29, (F2, C71)

Mediterranean Sea T30, T31, T34, T36)

Three individuals (F16, F17 and F19) without documental origin, showed low probabilities to be assigned.
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3.4 Discussion

The alarming global reduction in sawfish populations led the scientific community to address huge
and widespread research efforts to better determine the status of the species in poorly studied regions
and to promote biological studies to provide the data needed to establish management and restoration
plans (Dulvy et al., 2014, 2016) for the recovery of the remaining populations in the world.

Within this framework, the present chapter effectively contributes to increase the knowledge of
historical ecology of sawfishes, to retrieve with statistical confidence the geographical origin of
individuals (given their ascertained species by an integrated morphometric and molecular taxonomic
analysis of rostra available in museum and private collections achieved in the Chapter 2) and to test
the historical presence of this tropical/subtropical elasmobranchs in the temperate Mediterranean Sea.
This multidisciplinary approach combined the species taxonomy of historical rostra together with the
analysis of stable isotopes of carbon and oxygen mineralized into calcium carbonate matrix of rostral
teeth (Combes, Cazalbou, & Rey, 2016) and the estimate of probability of the sample’s likelihood to
be assigned to the most probable origin (Torniainen et al., 2017; Bird et al., 2018). The new technique
permitted the identification of the high-probability habitat preferences of these benthopelagic
elasmobranchs in about 50% of the analysed specimens. Fifteen out of 32 individual rostra have been
assigned to a given geographical area of origin with high probability, according to the matching
between the estimated 580 of each tooth and the values of the corresponding 580 isoscapes. Among
them, 12 individuals were precisely assigned to the Mediterranean (one individual belonging to P.
zijsron with unknown documental origin whose rostrum is musealized at the Natural history museum
of Trieste) and to the Red Sea and Persian Gulf (11 individuals of P. zijsron and P. pristis; see Table
S1, Table 1 and Table 2). The geographical assignment of other 20 individuals was not univocally
achieved by isotope analysis since two to four isoscapes were matched by the individual §'80
composition. Thus, the integration with the species distribution data was used to assign most of them.
Most of the geographical assignments were consistent with the species distribution (Faria et al., 2013;
Dulvy et al., 2014). Indeed, P. pristis could inhabit many areas such as Eastern Atlantic, Western
Atlantic, Eastern Pacific, and Indo-West Pacific (Faria et al., 2013); P. pectinata could be found in
West and East Atlantic subtropical waters and the other two species have an Indo West-Pacific
distribution especially occur from the Red Sea to Australian coast (Faria et al., 2013). Several

individuals of P. zijsron were assigned to the Persian Gulf or the Red Sea with high probabilities,
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while others seemed to come from the African coasts of the Indian Ocean and from the North
Australian coasts. A remarkable result was observed for the specimen T35, in which our estimated
temperatures corresponded to too high latitude or within the Mediterranean Sea. The presence of the
species has not been documented in the Mediterranean Sea so far (Faria et al., 2013), but according
to the isotope composition, the sample had a high probability of being native of the Adriatic,
Tyrrhenian, or west Mediterranean waters. In addition, all the five individuals of P. pristis appeared
to occur in the Persian Gulf or in the Red Sea with high probabilities. The two specimens of P.
pectinata had a high probability to come from the Central Atlantic coasts and the Mediterranean Sea,
excluding the Indo-Pacific areas. Finally, the two A. cuspidata most likely were of Indo-Pacific
origin. It is also relevant to be noticed that in five out of eight cases, the isotope composition is
consistent with the documental geographic origin of rostra proving the adequateness of this technique
for studies in historical biogeography and ecology of marine cartilaginous fish.

The isotope composition analysis was previously used to discriminate from different habitats using
shark teeth (Carlisle et al., 2012), vertebral centra (Christiansen et al., 2014), or fish otoliths (Sisma-
Ventura et al., 2019; Willmes et al., 2019). Recently, oxygen isotope was used to reconstruct
paleoenvironmental conditions (Kocsis, Vennemann, & Fontignie, 2007; Sisma-Ventura et al., 2019;
Willmes et al., 2019; Séon et al., 2020) or to calculate the temperature of the seas to identify the origin
of the samples (Bigg & Rohling, 2000; Vennemann et al., 2001; Séon et al., 2020). Instead, carbon
isotope could evaluate trophic food web (Rubenstein & Hobson, 2004; Logan & Lutcavage, 2010;
Reum, Williams, & Harvey, 2017), and could track migration pattern of different marine species
(Trueman, Mackenzie, & Palmer, 2012). Ancient sawfish species were tested for the oxygen and
carbon composition of fossil vertebras (Amiot et al., 2010). Studies on different marine species, such
as sharks or teleosts, took into account the oxygen and carbon istope composition in teeth structures
(Vennemann et al., 2001; Guy et al., 2018) or in other tissues (Borrell et al., 2011; Trueman,
Mackenzie, & Palmer, 2012) to evaluate the migratory patterns.

The low variation of values in the oxygen and carbon isotope composition of our samples led to
assume that they dwelled in areas with a similar isotope composition. Moreover, our samples belong
to the same range of sharks and fishes from the central Atlantic and Indian Ocean. Globally, the
estimation of the temperature was a good proxy to the overall distribution. However, it was not
reliable enough to express the real provenance of samples since, considering the average value of
38OwWVSMOW, it was not possible to punctually refer to a specific coastal area. A technical
controversial issue deserve our attention in doing these comparisons: in literature, samples were often

treated with NaClO or H>O> to remove the organic matrix that usually occurs in teeth (Ventresca
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Miller et al., 2018). Our samples were not treated with any reagent because analytical errors and
higher isotope values may increase with treatment, caused by the atmospheric CO> that may be
incorporated during the treatment (Crowley & Wheatley, 2014). According to Crowley & Wheatley
(2014), samples treated with H,O> are comparable with the not-treated ones (Guy et al., 2018; Loffler
etal., 2019; Killam et al., 2020; Séon et al., 2020; Chung et al., 2021). Although the NaCIlO treatment
gives different values from not-treated ones, we used for comparison only data from non-recent
studies (Amiot et al., 2010, Vennemann et al., 2001) that used different instruments, allowing the

comparison between processed and unprocessed data.

Further analyses are required in these perspectives to assess the real provenance of all the samples.
Indeed, using the organic carbonate compound of tooth apatite it was possible to establish the
provenance of sharks (Bird et al., 2018), thus the same workflow should be expected to be effective
for sawfishes. Moreover, the results from the Oxygen contained in the inorganic matrix and the
Carbon from the organic one could be combined to strengthen the estimation of geographical origin
of each sample (Torniainen et al., 2017). Despite their ecological importance, sawfish species are
particularly vulnerable due to their sensitive life histories. Therefore, the identification of sawfish real
distribution is mandatory to assess correct and appropriate conservation measures preventing their

decline.
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3.6 Supplementary material

Table S1. Reference dataset for Carbon and Oxygen composition of carbonate and phosphate, considering
subdivision in macro-groups.

Geographical Taxa 813C 880¢ 80c¢ 80p Reference
area VPDB VPDB VSMOW VSMOW
Artic Ocean Somniosus microcephalus -9 4.11 35.1 25.6 Vennemann et al.
(2001)
Somniosus microcephalus -8.6 2.85 33.8 24.7
Somniosus pacificus -10.8 1.01 31.9 24.9
Indian Ocean Carcharias taurus -55 0.52 31.4 22.6
Carcharias taurus -6.4 0.04 30.9 22.7
Carcharias taurus -6.3 -0.54 30.3 22.8
Carcharias taurus -2.7 2.37 33.3 22.7
Carcharias taurus -4.3 5.86 36.9 22.3
Carcharias taurus -2.9 2.08 33 22.5
Carcharias taurus -5.6 111 32 22.2
Carcharias taurus 1.6 0.81 31.7 22.4
Carcharias taurus 5.1 1.3 32.2 22.1
Carcharias taurus 2.8 1.88 32.8 22.9
Carcharias taurus -4.5 2.56 335 22.5
Carcharias taurus 1.6 1.69 32.6 22.6
Carcharias taurus 5.1 0.81 31.7 22.8
Carcharias taurus 2.1 0.52 31.4 22.6
Carcharias taurus -4.9 1.3 32.2 22.6
Carcharodon carcharias -3 -0.06 30.8 22.4
Carcharodon carcharias -5.6 1.3 32.2 23.1
Carcharodon carcharias -3.2 -0.25 30.6 22.8
Carcharodon carcharias -0.9 0.72 31.6 22.6
Carcharodon carcharias -3.3 -0.45 30.4 22.3
Carcharodon carcharias 4.8 3.14 34.1 25
Carcharodon carcharias -4.1 1.01 31.9 22.8
Carcharodon carcharias 4 2.85 33.8 24.7
Carcharodon carcharias -2.9 0.43 31.3 22.2
Carcharodon carcharias -4.6 0.14 31 21.9
Carcharodon carcharias 1.8 1.4 32.3 22.7
Carcharodon carcharias -3.5 -0.06 30.8 22.3
Carcharodon carcharias 2.3 1.01 31.9 22.8
Carcharodon carcharias -4.3 0.14 31 21.9
Carcharodon carcharias 2.3 1.79 32.7 23.6
Carcharodon carcharias -3.8 0.33 31.2 22.1
Carcharodon carcharias -3.1 0.23 31.1 23
Isurus oxyrhincus 2.1 -1.03 29.8 23.2
Isurus oxyrhincus -1.8 0.23 311 22.7
Carcharhinus limbatu -1.7 -1.03 29.8 22.5
Carcharhinus limbatu 2.1 0.23 31.1 22.8
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Carcharhinus obscurus -3.4 0.04 30.9 215
Galeocerdo cuvier -4.1 -0.45 30.4 21.4
Galeocerdo cuvier -3.4 1.69 32.6 22.7
Galeocerdo cuvier -3.6 0.81 31.7 22.7
Galeocerdo cuvier -2.1 -0.06 30.8 215
Galeocerdo cuvier -3.2 -2.19 28.6 221
Galeocerdo cuvier -2.2 -0.74 30.1 21.7
Galeocerdo cuvier -3.9 -3.16 27.6 18.5
Sphyrna mokarran -0.6 0.52 31.4 22
Sphyrna mokarran -2.3 0.23 31.1 21.5
Atlantic SW Ceratodontiformes indet. -8 -3.94 26.8 20.2 Amiot et al. (2010)
Ceratodontiformes indet. -6.9 -4.91 25.8 19.5
Atlantic C cf. Neoceratodus africanus -10.3 -5.3 254 19.1
cf. Neoceratodus africanus -10.3 -4.62 26.1 19.9
cf. Neoceratodus africanus -11.1 -5.78 24.9 20.2
Atlantic C Onchopristis numidus -8.2 -7.24 234 19.6
Onchopristis numidus -6.2 -7.63 23 18.8
Onchopristis numidus -8.7 -5.88 24.8 18.8
Onchopristis numidus -6.8 -7.53 23.1 19.6
Atlantic C Amiiformes indet. -2.62 -5.17 25.53 20.3 Séon et al. (2020)
Amiiformes indet. -1.4 -6.16 2451 20.7
Gyrodus cuvieiri 3.2 -4.23 26.5 19.9
Gyrodus cuvieiri 1.4 -4.52 26.2 20.5
Gyrodus cuvieiri 0.5 -6.07 24.6 19.6
Hypsocormus sp. -1.2 -5.3 25.4 21.8
Hypsocormus sp. -1.6 -5.49 25.2 20.7
Lepidotes sp. -1.4 -4.71 26 20.7
Lepidotes sp. -1 -4.52 26.2 20.3
Lepidotes sp. -0.6 -5.1 25.6 20.2
Hypsocormus sp. -1.6 -5.78 24.9 19.7
Hypsocormus sp. -4.4 -2.97 27.8 20.5
Hypsocormus sp. -1.9 -4.71 26 20.2
Hypsocormus sp. -2.4 -5.3 254 20.5
Atlantic C Asteracanthus sp. -1.2 -5.78 24.9 20
Asteracanthus sp. -1.9 -5.68 25 19.8
Asteracanthus sp. 7.7 -5.39 25.3 18.6
Hybodus obtusus -4.1 -5.3 25.4 20.4
Hybodus obtusus -4 -3.84 26.9 21.3
Hybodus obtusus -5.2 -5.88 24.8 20.1
Hybodus obtusus -3.8 -5.2 25.5 21
Hybodus obtusus -4.9 -4.33 26.4 21
Ischyodus sp. -1.4 -5.59 25.1 20.3
Ischyodus sp. -0.3 -5.88 24.8 20.5
Ischyodus sp. -0.4 -4.33 26.4 20.9
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Mediterranean Sparus aurata -1.8 1.59 325 22.5 Guy et al. (2018)
Sparus aurata -2.1 0.72 31.6 22.6
Sparus aurata -3 0.23 31.1 22.6
Sparus aurata -0.1 1.49 32.4 23.3
Sparus aurata 0.6 2.56 33.5 23.2
Sparus aurata -0.5 3.24 34.2 23.2
Sparus aurata 0.6 2.56 33.5 23.2
Sparus aurata 0.1 14 32.3 23.4
Sparus aurata 0.1 2.37 33.3 234
Sparus aurata -0.7 1.49 32.4 23.3
Sparus aurata 0.5 2.27 33.2 23.2
Sparus aurata 0.3 1.2 32.1 23.2
Sparus aurata 0.3 1.49 32.4 23.3
Sparus aurata 0.6 2.56 335 23.3
Sparus aurata 0 2.46 334 23.4
Sparus aurata -6.2 -0.35 30.5 21
Sparus aurata -6.7 -5.78 24.9 21.1
Sparus aurata -6.2 -0.35 30.5 21.7
Sparus aurata -5.2 -0.06 30.8 21.7
Sparus aurata 3.8 3.43 34.4 23.4

Indian Ocean Carcharodon megalodon -3.97 1.25 32.16 23.06 Loffler et al. (2019)
Atlantic_N Carcharodon megalodon 1.38 2.98 33.95 24.85
Carcharodon megalodon -3.03 0.91 31.8 22.7
Red Sea Cephalopoda 0.5 1.2 32.1 23 Chung et al. (2021)

Cephalopoda 0.4 -0.01 30.85 21.75

Cephalopoda 0.5 0 30.86 21.76

Cephalopoda 0.7 0.19 31.06 21.96

Cephalopoda 0.8 0.04 30.9 21.8

Cephalopoda 0.23 1.3 32.2 23.1

Cephalopoda 2.12 0.95 31.84 22.74

Cephalopoda 15 0.77 31.65 22.55

Cephalopoda 2.22 0.99 31.88 22.78

Cephalopoda 1.54 0.89 31.78 22.68

Cephalopoda 171 1.28 32.18 23.08

Cephalopoda 1.47 1.33 32.23 23.13

Cephalopoda 1.63 1.47 32.38 23.28

Cephalopoda 1.36 1.77 32.68 23.58

Cephalopoda -3 -0.81 30.03 20.93

Cephalopoda -2.85 -0.48 30.37 21.27

Cephalopoda -2.23 0.1 30.96 21.86

Cephalopoda -7.15 0.76 31.64 22.54

Cephalopoda -6.79 0.54 31.42 22.32

Cephalopoda -6.37 0.4 31.27 22.17

Cephalopoda -4.4 -0.6 30.24 21.14

Cephalopoda -4.8 -0.4 30.45 21.35
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Cephalopoda -5.4 -0.9 29.93 20.83
Cephalopoda -5.6 -0.8 30.04 20.94
Cephalopoda -1.2 2.1 33.02 23.92
Cephalopoda -1.5 1.7 32.61 2351
Cephalopoda -1.1 2.2 33.13 24.03
Cephalopoda -1 1.6 32,51 23.41
Cephalopoda -0.5 1.8 32.72 23.62
Cephalopoda -1.4 1.3 32.2 23.1
Cephalopoda -0.5 3 33.95 24.85
Cephalopoda -0.2 3 33.95 24.85
Cephalopoda -1.6 1.6 32,51 23.41
Cephalopoda -1.815 0.5 31.38 22.28
Cephalopoda -1.455 0.39 31.26 22.16
Cephalopoda -1.685 0.57 31.44 22.34
Cephalopoda -1.895 1.36 32.26 23.16
Cephalopoda -2.645 1.51 32.41 23.31
Cephalopoda -1.485 0.84 31.72 22.62
Cephalopoda -2.225 0.99 31.88 22.78
Cephalopoda -2.55 0.41 31.28 22.18
Cephalopoda -2.895 0.54 31.41 22.31
Cephalopoda -3.38 1.28 32.18 23.08
Cephalopoda -4.3 0.09 30.95 21.85
Cephalopoda -2.65 0.85 31.74 22.64
Red Sea Bivalvia 2.37 0.58 31.45 22.35 Killam et al. (2020)
Bivalvia 1.95 0.48 31.36 22.26
Bivalvia 1.96 0.58 31.46 22.36
Bivalvia 1.96 0.56 31.44 22.34
Bivalvia 2.07 0.85 31.74 22.64
Mediterranean Bivalvia 1.62 1.23 32.13 23.03
Bivalvia 1.6 0.97 31.86 22.76
Bivalvia 1.47 11 31.99 22.89
Bivalvia 1.42 1.36 32.26 23.16
Bivalvia 1.44 1.48 32.39 23.29
Bivalvia 1.56 142 32.32 23.22
Bivalvia 1.6 1.23 32.13 23.03
Bivalvia 1.36 0.91 31.8 22.7
Bivalvia 1.34 1.16 32.05 22.95
Bivalvia 3.13 1.69 32.6 23.5
Bivalvia 3.04 1.39 32.3 23.2
Bivalvia 2.88 2.23 33.16 24.06
Bivalvia 2.96 2.09 33.01 23.91
Red Sea Bivalvia 1.77 0.62 31.5 22.4
Bivalvia 1.79 0.89 31.78 22.68
Bivalvia 1.75 0.79 31.67 22.57
Bivalvia 1.8 0.88 31.77 22.67
Bivalvia 1.76 1.09 31.98 22.88
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Table S2. Estimated temperature using oxygen isotopes from carbonate and phosphate for different seas, using the coordinate of Indian Ocean (10), Red Sea (RS), Mediterranean
Sea (med) and Central Atlantic Ocean (CAO), and values of §®®*0wVMSOW calculated using the lowest, mean, and highest possible temperature for sawfish.

samples T°CI10 T°CIO T°CRS T°CRS T°Cmed T°Cmed T°CCAO T°CCAO §BOwVMSOW $BOwVMSOW  $B¥OwVMSOW

(880p) (380c)  (8'0p)  (8%0c) (5%0p) (8'%0c) (580p) (880¢) (18°) (25°) (32°)
F2 23.28 22.37 33.29 34.01 32.21 32.69 28.62 28.41 -1.83 -0.21 1.42
F3 24.70 23.89 34.71 35.72 33.63 34.38 30.04 30.03 -2.16 -0.54 1.09
F6 24.14 23.27 34.15 35.02 33.07 33.69 29.48 29.37 -2.03 -0.41 1.22
F9 25.73 25.04 35.74 37.02 34.66 35.66 31.08 31.26 -2.40 -0.78 0.85
F10 25.47 24.75 35.48 36.69 34.41 35.34 30.82 30.95 -2.34 -0.72 0.91
F11 29.81 29.60 39.83 42.13 38.75 40.72 35.16 36.12 -3.35 -1.73 -0.10
F12 30.07 29.86 40.08 42.42 39.01 41.00 35.42 36.39 -3.41 -1.79 -0.16
F14 29.30 29.00 39.31 41.45 38.23 40.05 34.64 35.47 -3.23 -1.61 0.02
F15 26.33 25.67 36.34 37.73 35.27 36.36 31.68 31.93 -2.54 -0.92 0.71
F16 32.35 32.54 42.36 45.42 41.29 43.96 37.70 39.24 -3.94 -2.32 -0.69
F17 32.31 32.49 42.32 45.36 41.24 43.91 37.65 39.19 -3.93 -2.31 -0.68
F18 25.77 25.09 35.78 37.07 34.71 35.71 31.12 31.31 -2.41 -0.79 0.84
F19 35.06 35.78 45.07 49.02 44.00 4753 40.41 42.68 -4.57 -2.95 -1.32
F20 30.89 30.88 40.90 43.56 39.82 42.13 36.24 37.48 -3.60 -1.98 -0.35
T26 29.12 28.84 39.14 41.29 38.06 39.88 34.47 35.31 -3.19 -1.57 0.06
T28 23.06 22.14 33.08 33.74 32.00 32.43 28.41 28.16 -1.78 -0.16 1.47
T29 23.15 22.23 33.16 33.85 32.08 32.53 28.50 28.26 -1.80 -0.18 1.45
T30 25.34 24.61 35.35 36.53 34.28 35.18 30.69 30.80 -2.31 -0.69 0.94
T31 22.33 21.39 32.34 32.90 31.27 31.59 27.68 27.36 -1.61 0.01 1.64
T32 30.41 30.27 40.43 42.88 39.35 41.45 35.76 36.83 -3.49 -1.87 -0.24
T34 26.54 25.92 36.56 38.00 35.48 36.63 31.89 32.19 -2.59 -0.97 0.66
T35 19.54 18.52 29.55 29.65 28.47 28.38 24.88 24.29 -0.96 0.66 2.29
T36 22.33 21.39 32.34 32.90 31.27 31.59 27.68 27.36 -1.61 0.01 1.64
T37 29.55 29.30 39.57 41.79 38.49 40.38 34.90 35.80 -3.29 -1.67 -0.04
P59 29.64 29.35 39.65 41.85 38.58 40.44 34.99 35.85 -3.31 -1.69 -0.06
Pi63 25.43 24.70 35.44 36.64 34.36 35.28 30.77 30.90 -2.33 -0.71 0.92
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C69 26.80 26.21 36.82 38.33 35.74 36.96 32.15 32,51 -2.65 -1.03 0.60
C70 28.14 27.69 38.15 39.99 37.07 38.60 33.48 34.09 -2.96 -1.34 0.29
Cr71 26.85 26.26 36.86 38.38 35.78 37.01 32.19 32.56 -2.66 -1.04 0.59
Cr72 29.68 29.45 39.70 41.96 38.62 40.55 35.03 35.96 -3.32 -1.70 -0.07
C73 29.30 29.00 39.31 41.45 38.23 40.05 34.64 35.47 -3.23 -1.61 0.02
C74 29.12 28.79 39.14 41.23 38.06 39.82 34.47 35.26 -3.19 -1.57 0.06
C75 24.48 23.70 34.49 35.50 33.42 34.16 29.83 29.83 -2.11 -0.49 1.14
C76 28.39 27.99 38.41 40.33 37.33 38.93 33.74 34.41 -3.02 -1.40 0.23
Piccig84 27.66 27.15 37.68 39.38 36.60 38.00 33.01 33.51 -2.85 -1.23 0.40
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Figure S1 Estimated probability of the 35 sawfish teeth origin calculated from the values of the oxygen isotopes. Yellow
colours showed the highest probability and dark blue the lowest.
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T30

Figure S1 Estimated probability of the 35 sawfish teeth origin calculated from the values of the oxygen isotopes. Yellow
colours showed the highest probability and dark blue the lowest.
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Figure S1 Estimated probability of the 35 sawfish teeth origin calculated from the values of the oxygen isotopes. Yellow
colours showed the highest probability and dark blue the lowest.
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Chapter 4

Preliminary results of microstructural and strontium isotope
analysis of rostral teeth of Pristis zifjsron: potential for ageing
and assessing habitat references and movements of historical

sawfishes

4.1 Introduction

Assessing the ecology at appropriate spatial and temporal scales of highly endangered species can
be considered a challenge due to their low abundance. However, understanding the distribution and
ecology of sawfish, especially in their remaining stronghold regions, is necessary to define
conservation actions beyond the implementation of legal limits on catch and trade in sawfish parts
(Dulvy et al., 2016). All species of sawfish move across a range of seawater salinities from salty to
brackish environments (Poulakis et al., 2011; Scharer et al., 2012; Faria et al., 2013). The behaviour
of sawfish populations in relation to salinity is well studied in north Australia only for the largetooth
sawfish Pristis pristis L. (Peverell, 2005; Whitty et al., 2009; Gleiss et al., 2017) and in the United
States for the smalltooth sawfish P. pectinata Latham, 1794 by direct studies of movements and
locations using telemetry (Norton et al., 2012; Graham et al., 2021).

Museum and private archives provide a reservoir of samples from which to uncover details of
sawfish life history without harming living individuals (Phillips et al., 2009; Whitty et al., 2014).

Increasing the data richness of historical samples allows the reconstruction of the historical ecology
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and past distribution, and potentially reflect species life history before and during the ongoing
declines in abundance (Whitty et al., 2014).

Isotopic and trace elemental analyses of fish hard parts are particularly powerful for reconstructing

habitat preferences, birth place, movements, and other life-history traits (Hobson, Barnett-Johnson,
& Cerling, 2010; Tillett et al., 2011; Smith, Miller, & Heppell, 2013). As a matter of fact, some
elements readily substitute for calcium and are incorporated in the crystalline of calcareous structures
which grow throughout the entire life of the fish (Elsdon et al., 2008). Strontium (Sr) isotope
composition, 8/Sr/®Sr, can vary greatly in nature and has been used to trace fish movements from
waters with different salinity as freshwater, marine, and brackish habitats (Kocsis, Vennemann, &
Fontignie, 2007; Scharer et al., 2012; Fischer et al., 2013; Benito et al., 2021; Hegg, Graves, & Fisher,
2021; Wong et al., 2021; Zielinski et al., 2021).
Rostral teeth of sawfish are highly modified dermal denticles which grow through the life of the
individual (Welten et al., 2015) and are composed of a complex matrix of hydroxyapatite (Miller,
1974). Apatite structures could replace Calcium (Ca) with Sr cations (Blum et al., 2000; Vennemann
et al.,, 2001). As a result, sawfish rostral teeth may provide a useful record of age, growth and
environmental chemistry which could hold information on their life history and movements (Field,
Meekan, & Bradshaw, 2009; Hegg, Graves, & Fisher, 2021).

In this chapter | present preliminary data from the analysis of rostral teeth taken from sawfish dried
rostra of two Pristis zijsron from the Red Sea. The main purpose is to assess the presence of growth
structures in the teeth that could be used to estimate the individual age and growth information. In
addition, | preliminarily estimated the rostral tooth isotopic composition of the strontium (87Sr/éSr)
using laser ablation—inductively coupled plasma mass spectrometry (LA-ICPMS) to assess the
movement patterns and habitat use occurring during the life of individual sawfish, and specifically
whether they move across salinity gradients.
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4.2 Materials and methods

4.2.1 Sample information

Two rostral teeth of P. zijsron individuals (F20 and Picci83) likely originated from Persian Gulf
and Red Sea (see Chapters 2 and 3) were selected to test the sectioning and reading procedures for
microstructural analysis of thin sections. Since the methodological purpose of this task, these rostral
teeth were selected for this destructive technique because they appeared heavily damaged and of
scarce value for exposition in the museum.

The sample F20 (museum label: 572) belonged to the collection of the Natural History Museum
"La Specola” of the University of Firenze (Figure 1) and included the rostrum and first part of the
cranium. The rostrum appeared ruined and with many lost teeth. The total rostrum length measured
1450 mm and the standard rostrum length 1270 mm corresponding to a large adult with an estimated
total length of 4247.09 mm (see Table S4 of the Chapter 2). No documental geographical origin has
been recovered from the Museum (Vanni, 1992), but thanks to the analysis of Oxygen and Carbon
isotopes conducted to a different tooth of the same rostrum, the individual was precisely assigned to
the Persian Gulf (Figure 9 and Table 2 of Chapter 3).

The analysed tooth was taken from the most distal part of the rostrum and measured 63 mm of

longitudinal length and 11 mm of width at the base.

Figure 1 Rostrum (F20) conserved in the Natural History Museum "La Specola”, University of Firenze. The adult P.
zijsron had unknown documental origin but was precisely assigned to the Persian Gulf by previous analyses of this thesis.
Total rostral length of 1450 mm and a standard rostral length of 1270 mm. The most distal tooth on the left-hand side was
taken for analysis.

113



Chapter 4 Preliminary results of microstructural and Sr isotope analysis

The second tooth analysed belonged to one of the three private Piccinetti archive rostra located at
Fano (PU, Italy) (Figure 2). The total rostrum length measured 744 mm and the standard rostrum
length 660 mm corresponding to a young individual with an estimated total length of 2425.39 mm
(see Table S4 of the Chapter 2). The documental geographical origin has been recovered as Red Sea
origin (C. Piccinetti personal communication). The tooth was not included in the Oxygen and Carbon
isotope analysis, but a second tooth of the collection, Picci84, with the same sampling information
and condition was assigned to the Red Sea (Figure 5 and Table 2 of Chapter 3). The analysed tooth
was the most proximal of the rostrum from the right-hand side and measured 13 mm of longitudinal

length and 5 mm of width at the base.

Figure 2 Rostrum (Picci83) from the private Piccinetti collection located at Fano (PU, Italy). The rostrum was collected
in Etiopia, Red Sea in 1939-40 and had a total rostrum length of 744 mm and a standard rostrum length of 660 mm. The
most proximal tooth on the right-hand side was taken for analysis.

4.2.2 Sectioning and imaging of rostral teeth

To perform the histological examination of the rostral teeth, we followed the procedure described
in Nava et al. (2020). Before sectioning, each tooth was cleaned by sonication in an ultrasonic cleaner.
After cleaning, the rostral teeth were left to dry and then embedded in epoxy resin (EpoThin 2;
Buehler) and cured for 48 h at room temperature (Nava et al., 2020). The embedding is necessary to
provide stability to the sample during the subsequent cutting procedure.

The sectioning was performed with an IsoMet low-speed saw (Buehler) mounted with a diamond
blade. The first cut, passing by the tip of the tooth, was performed along the dorsal-ventral plane of
the teeth. The resulting halves of each tooth was then attached to a microscope glass slide, previously
treated with ethanol 95% and then with ethanol 100%, by using a thin layer of epoxy resin. At this
point, a second cut was performed parallel to the glass slide and a thin section of 250 pum of thickness
was obtained. Water-resistant abrasive paper of different grits (Carbimet; Buehler) was then used to

grind the section to approximately 150 pm.
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Finally, each section was polished on a polishing cloth (Buehler) by using 1 um polycrystalline
diamond suspension (Buehler) (Nava et al., 2020). The image of each thin section was recorded using
an Axioscope 7 metallographic microscope with Axiocam 208 colour camera (Zeiss, Oberkochen,
Germany) at 10x magnification for Picci83 and 5x magnification for F20. The assembly of the
micrographs was performed by using the mosaic function of ZenCore 3 software (Zeiss, Oberkochen,
Germany). Each image was subsequently checked for any cross striation and Retzius lines (growth

lines seen in tooth enamel) (Nava et al., 2020) or other sequential growth structures.

4.2.3 Strontium isotope composition

The two thin sections were tested for the Sr isotopic composition at the Department of Chemical
and Geological Sciences of the University of Modena and Reggio-Emilia, using laser ablation MC-
ICPMS (Multicollector-Inductively Coupled Plasma Mass Spectrometer) to possibly detect habitat
shifts of the animals. Before starting the analysis, each tooth was cleaned with MilliQ water,
accurately dried and the surface was pre—ablated. The 8Sr/®Sr composition was measured by a
Neptune MC-ICPMS coupled to a 213 nm Nd:YAG laser ablation system (New Wave Research ™),

To correct Krypton (Kr) interferences the “on peak zero” method was used. This consists in
measuring gas background for 60 s for each mass before each analysis and subtracting the background
signal of each detector to the measured sample value. After background subtraction, the remaining
signal of mass 82, was used to check the formation of Ca, isobars to masses 8Sr, sr, 8Sr, and 8Sr.
Mass 85 was used to correct the signal on mass 87 for the presence of isobaric Rubidium (Rb), using
an 8Rb/®°Rb ratio of 0.3856656. Mass bias normalization, through exponential law, was carried out
using an 88Sr/%Sr ratio of 8.375209 (Lugli et al., 2017).

The Neptune MC-ICPMS was tuned using an in-house bioapatite reference material (i.e., a modern
shark tooth, ST1) monitoring both the signal and the isotopic ratios. Specifically, the daily LA-MC—
ICPMS tuning is based on a 3-steps protocol. During the first step, ST1 house-reference material was
analysed to optimize the machine parameters tuning for the maximum signal intensity on ®Sr.
Second, background signal intensities on 8Kr and 82Kr are monitored. At the end, the 8/Sr/®Sr ratio
of the ST1 standard was measured and the machine parameters were acquired with a block of 200
cycles, an integration time of 0.5 s, turned until the desired ratio of ~0.7092 (Lugli et al., 2017) was
obtained. A daily calibration curve was then constructed using three teeth as standard, namely a
bovine tooth, swine tooth and shark tooth (Lugli et al., 2017), to correct polyatomic interferences on
mass 87 (i.e., Ar-CaPO). Finally, for each tooth, we obtained an 8'Sr/2®Sr profile for the entire tooth

length, in our case from the tip to the cervix (from juvenile to adult life stages).

115



Chapter 4 Preliminary results of microstructural and Sr isotope analysis

4.3 Results and discussion

4.3.1 Structural analysis of rostral teeth

Composite images of the thin sections are made onto two test tooth samples (Figure 1 and Figure
2). The rostral teeth seemed to contain a mesh-like network of interconnected tubules as described by
Miller (1974), but it was too indistinct to be easily quantified. Unfortunately, no clear evidence of
daily or annual growth of microstructures was obtained, neither Retzius lines nor any other
isochronous growth structure that could be used to build an accurate temporal sequence within the
tooth were visible. It was only possible to sense the directionality of the growth. The lack of growth
microstructures was probably due to the
heavy worn of both teeth. Other thin
sections could be processed, but there is no
certainty of seeing any growth structure.
The very preliminary attempt performed to
age these individuals wants to make up for
the lack of information about any cross

striation, Retzius lines, or other sequential

Figure 1. Thin section performed on a tooth of P. zijsron from growth structures possibly present in
the Museum of FIore_nce (F20), sectioned on the dorsal-vgn_tral sawfish rostral teeth. These microstructures
plane. A network of interconnected tubules was weakly visible

for a proper quantification of banding structures are usually present in the tooth enamel
(Nava et al., 2020), the external layer easily
ruined by the repeated use of the saw for
feeding (Wueringer, 2012; Nevatte et al.,
2017). Analysis of banding structure and
age lines are well studied with remarkable
results, using otolith for fish (Xieu et al.,

2021) or using tooth enamel for human

populations (Nava et al.,, 2020). Hegg,

XL

Figure 2. Thin section performed on a tooth of P. zijsron from Graves, & Fisher (2021) found putative

the Piccinetti private collection (Picci83), sectioned on the : : :
dorsal-ventral plane. A network of interconnected tubules was growth bands with a linear distance

weakly visible for a proper quantification of banding structures. relationship in a rostral tooth of a sub-adult
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largetooth sawfish. They performed different process, such as unstained, with silver nitrate staining,

burning and Mutvei’s solution. Only the section stained with Mutvei’s solution provided the image

for measurement for the quantification of the apparent banding.

Further staining processes must be perform and test in the two teeth analysed in this study to

better determine the quantification of banding structures related to the grow and the age of the

animals.

4.3.2 Sr isotopic composition

The Sr isotopic composition outlines (Figure 3 and Figure 4) of rostral teeth ranged closely near

the 8/Sr/®Sr isotopic composition = 0.7092, which perfectly match modern seawater reference value

(i.e., 0.70918) from the cervix to tip of teeth. The constant & Sr/Sr ratio outline on the rostral teeth

0.7095
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0.7092
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Figure 3. Outline of 8Sr/%Sr isotopic composition of P. zijsron
tooth sample F20.
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Figure 4. Outline of 8Sr/%Sr isotopic composition of tooth P.
zijsron tooth sample Picci83.

from juvenile to adult stages around
the modern seawater value across the
entire individual life, indicated that
these two individuals of P. zijsron
spent all their life in marine habitats.
This could be expected considering
that P. zijsron is less tolerant to low-
saline conditions than P. pristis and P.
pectinata, and it remains close to the
mouth of the river even in early life
(Morgan et al., 2017).

Strontium isotope composition is
well mixed in ocean water with a
signature of 0.70918 (Faure &
Mensing, 2005). Deviations from this
ratio indicate movement into fresh or
brackish water. Hegg, Graves, &
Fisher (2021) demonstrated how
powerful is this tool applied in
sawfish rostral teeth, which are
available recorder of chemical
information throughout the life of

individuals.
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Samples of Pristis pristis used in the study highlighted movement in freshwater during early life,
followed by the use of multiple salinities later in life. It is known that juveniles of largetooth sawfish
usually utilize freshwater habitats as nursery areas (Wueringer, Squire, & Collin, 2009).

Future analysis of Sr outline could be processed considering more individuals, to test the
difference that occurs between species and to evaluate their movements across salinity. Moreover,
the analyses of the isotopic composition of teeth could be improved with the oxygen and carbon
analysis to assess the correct past distribution of sawfish species. Combining with isoscape techniques
and other spatial data made possible to uncover important habitat and behaviour (Hobson, Barnett-
Johnson, & Cerling, 2010; Hamann et al., 2014; Smith et al., 2016; Brennan & Schindler, 2017).
Finally, combining chemical information with ongoing genetic analyses using archived rostra could

also provide greater detail in population connectivity and movement (Fearing et al., 2018).

The development of methods which can clarify life history and movement patterns of highly
endangered sawfish species is required to understand their ecology and improve conservation efforts.
Current knowledge of the habitat use of sawfish populations is limited in many areas. Provenance
and life history can be investigated using rostral tooth chemistry (Walther, 2019; Wang, Walther, &
Gillanders, 2019). The results must necessarily be considered as preliminary given the poor number
of samples analysed here. Larger samples sizes could confirm our findings, including sawfish of
known origin which can be compared with known water chemistries. The large numbers of rostra
conserved in museums, academic institutions and private collections around the World could be
employed to improve the knowledge of sawfish ecology which are difficult to study in extant
populations.
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