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ABSTRACT RESUMEN

The Messinian salinity crisis (~5.59 Ma) is regarded as oneLa crisis de salinidad del Mesiniense (~5,59 Ma) es
of the most determining events for the recent eiamhary considerada como uno de los eventos mas deterremant
and palaeobiogeographic history of the Mediterranean biotade la historia evolutiva y paleobiogeogra!ca reteede la
The impact of such episode has usually been asbégse biota del Mediterraneo. Generalmente, el impactesta
evaluating the associated taxonomic turnover, hewée crisis se ha evaluado mediante el estudio de ceamniko
consequences have rarely been interpreted frornaogical diversidad o reemplazamientos taxonémicos, sin egaba
perspective. Here we assess the functional diweiit  sus consecuencias rara vez se han interpretade desd
shark dermal denticles in a Serravallian localitgn perspectiva ecolégica. En el presente trabajo esnums
southeast Spain, providing a primary view into fire- la diversidad funcional de escamas de tiburdén emadas
Messinian ecological diversity of shark communifiesn the en una localidad de edad Serravalliense del sumste
Western Mediterranean. Our results reveal a higlerdity Espafia, proporcionando una primera vision de la diversidad
of functional types of dermal denticles includingrohal ecoldgica pre-Mesiniense de las comunidades dectiles
denticles that prevent the settlement of ectopmssind  del Mediterraneo occidental. Nuestros resultadoglas
epibionts, abrasion resistant dermal denticles, drag reductiomna diversidad relativamente alta de tipos fundesmale
dermal denticles and dermal denticles with less specilc, ordenticulos dérmicos que incluyen escamas que prewnie
more generalized, functions. This variety of dermal denticlesel asentamiento de ectoparasitos y epibiontes,nezsa
supports the presence of several ecological groups of sharkesistentes a la abrasién, escamas de reduccida de
such as schooling and strong swimming speciespassjbly, resistencia al avance y escamas con funciones generalizadas.
demersal species, slow sharks of the open watepasdibly, Esta diversidad de denticulos dérmicos apoya laep@a
bioluminescent taxa. Therefore, the applicationtidf de varios grupos ecolégicos de tiburones, como formadores
methodology to Pliocene and Pleistocéossiliferous sites  de cardimenes, nadadores activos, especies deewrsal
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will be crucial for unravelling the impact of Mesi&in salinity tiburones de nado lento de aguas abiertas y, posdite,
crisis and other recent geological events from an ecologicakspecies bioluminiscentes. La aplicacion de estadobgia
perspective, allowing us to understand the shark communitya yacimientos con fosiles de tiburones del Pliocgno
composition and diversity of the current Mediterranean SeaPleistoceno sera crucial para desvelar el impacto de la crisis
de salinidad del Mesiniense desde una perspectiva ecolégica
Keywords: Dermal denticles, functional ecology, sobre las comunidades de tiburones del Mediterrame®
morphometrics, Serravallian, Western Mediterranean. nos permita comprender su historia evolutiva mas reciente.

Palabras clave: Denticulos dérmicos, ecologia funcional,
morfometria, Serravaliense, Mediterraneo occidental.

tractable data (Ferréet al, 2014, 2018; Dilloret al,
1. INTRODUCTION 2017; Ferron & Botella, 2017).

The Messinian salinity crisis (~5.59 Ma) constitutene Based on the application of the novel methodological

of the most important episodes of the recent gechbg framework established in Ferron & Botella (201 8enwe
history of the Mediterranean region (Krijgsman al evaluate the functional diversity of dermal denticles in a

1999: Gibertet al, 2013). This event involved the almost recently described Serravallian locality from toetheast

complete desiccation of the Mediterranean Seafidatlg ~ SPain, comparing our results with previous taxoruani

reducing available ecosystems and driving mostiepec Studies of the same area.

to extinction (Collet al, 2010). Among the affected

taxa, chondrichthyans were especially vulnerabléhi®

episode, particularly if we consider its impactdeep-sea

communities (Martinez-Pérezt al, 2018 and references 2. MATERIALS, METHODS, AND

therein). The consequences of the Messinian sglinit GEOGRAPHIC CONTEXT

crisis in this group have usually been assesseaxigr

the evaluation of the nature and magnitude of tarua All the studied material comes from the “El Chdail

turnover by comparing pre- and post-Messinian fauna outcrop which belongs to the External Domains @& th

listings derived from purely systematic works (eMarsili, Betic Ranges, being located in the centre of the Alicante

2008; Martinez-Péreet al, 2018). However, the impact Province (southeast Spain), 3 km South from the Sax

of such event on the ecological diversity of Medldaean village at the left bank of the Vinalopé River (Fig. 1). “El

sharks and rays remains poorly explored so far. Chorrillo” outcrop is constituted by massive sandsts
Interestingly, the squamation of sharks has beerated  and calcarenites comprising an abundant invertebrat

as an important source of ecological informatio®i{fR  fauna, dated as Serravallian (13.5-11.5 Ma) according to

1978, 1982, 1985a; Reif & Dinkelacker, 1982; Fulgos the foraminiferal association (Martinez del Olmbal,

& Gandol!, 1983; Becheret al, 1985; Mufioz-Chapuli,  1978). The study area was part of the so-callediN®etic

1985; Raschi & Musick, 1986; Raschi & Tabit, 1992; Strait constituting the connection of the Atlan@cean

Ball, 1999). Their dermal denticles show an impetrta with the Mediterranean during the Serravallian (Geeal,

morphological variation between di"erent species, sexes1992), previous to the closure and the partial desiccation

and within the same specimen through the ontogeny andf the later in Messinian time (Gibegt al, 2013) (see

between different regions of the body (see Ferron &Martinez-Péreet al, 2018 and references therein for more

Botella, 2017 and references therein). The di"edarmal detailed information on the geological context).

denticle morphologies have been related with at least four The fossil specimens were recuperated after disgplv

di"erent functions, including protection against abrasion (c.a. 5-7%) 50 kg of an isolated sample taken flam

with the substrate and prey, defence against ttiersent  calcarenitic-microconglomerate level at the basehef

of ectoparasites and epibionts, reduction of tie feiction “El Chorrillo” outcrop (see Martinez-Pérez al, 2018).

drag and enabling the accommodation of photophores imrhe residues were washed and screened in sievas wit

bioluminescent species (Reif, 1982, 1985a). Thenec decreasing mesh sizes (i.e., 2, 0.4, 0.125, and 0.063 mm,

publication of some works aiming to de!ne such specil'c respectively). Subsequently, the microremains wéarieed

functional types through morphometric and multiségi  up under a binocular microscope and photographed using

procedures has established the basis for makirggifural ~ the electron microscope Hitachi S4800 of the Ceéntra

and ecological inferences in extinct groups witmiir ~ Service for Experimental Research of the University

squamations supported on quantitative and stadltic  Valencia, Spain. All specimens are housed at the Museu
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Figure 1. Major divisions of the Betic Cordillera and location
of the ‘El Chorrillo’ section in the middle Miocene
of the Alicante Province. Modiled from Martinez-
Pérezet al (2018).
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Besides, !ve additional dermal denticles comingnfr
previous palaeontological campaigns in “El Chooill
outcrop (Martinez-Péreet al, 2018) were incorporated
to the morphometric analysis.
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Table 1. Description of the variables measured on thevoro
surface of “El Chorrillo” dermal denticles and the
size-free variables included in the Canonical Variate
Analysis-1 (CVA-1) performed by Ferron & Botella
(2017).

Measured variables Variables in the analysis

MLC (Maximum Length of Crown) MLC/MWC

MWC (Maximum Width of Crown) RLA/MLC

RLA (Ridge Lenght Average) RLZACS
LLR (Length of the Longest Ridge) (MLC*MWC)/ACS
LSR (Length of the Shortest Ridge) LLR/MLC
ACS (Area of the Crown Surface) (LLR-LSR)/MLC
CP (Crown Perimeter) CP/MLC
Circularity [4*#*(ACS/CP)] Circularity

Roundness [4*ACS/(#*Major a)§ Roundness

Solidity (ACS/Convex area) Solidity

3. RESULTS

A total of 24 dermal denticles were collected, of which 18
were complete enough to be included in the morpldene
and multivariate analysis. Five morphotypes cowedpmg

to four different functional types were recognizeyl
the analysis (Figs. 2-3; Table S1). One dermalidient
(MGUV-36339) was assighed to defensive dermal
denticles against ectoparasites and epibionts (morphotype

For the morphometric and multivariate analyses, 4) being characterized by a large (~1100 pm inltota
only dermal denticles with complete crowns or showing length) spine-like crown with the main cusp pointing in
minimal fragmentation were considered. We performedan upward-posterior direction and the presence of a long
a traditional morphometric analysis by measuring te central ridge (Fig. 3a). Six dermal denticles (MGUV
metric variables on the dermal denticle crowns in dorsal35884, MGUV-36329, MGUV-36330-31, MGUV-36334,
view, some of which were later transformed in order MGUV-36338) were classiled into drag reduction dermal
to obtain adimensional variables (Table 1). Meadure denticles (morphotype 5) showing parallel long &dg
dermal denticles were then introduced as ungroupedn comparatively small crowns (~300 to 550 um). The

specimens into the Canonical Variate Analysis 1ACV
1) established in Ferron & Botella (2017) considgri
adimensional variables as discriminant variabldss T

number of ridges varies between four and seven in most
cases and the distance between them ranges apptekim
from 60 to 150 um depending on the dermal denfi€lg.

allowed their assignment into the di"erent shark dermal 3b). Only one dermal denticle (MGUV-36338) constitutes
denticle morphotypes and functional types considered inan exception to this pattern, showing more than 10 ridges

that work (see Table 2). The original CVA-1 perfedrby
Ferron & Botella (2017) was based on 56 dermalidlest

and a considerably larger crown (~1100 pm) (Fig. 3c
Seven dermal denticles (MGUV-35885a-d, MGUV-

constituting a good representation of all the morphologies36337, MGUV-36343, MGUV-36348) were included

and functional types described in sharks.

within dermal denticles that protect against alrasi
being characterized by the possession of thick adedn
or oval crowns showing smooth surface (morphotype 6)
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Table 2. Dermal denticle morphotypes and functional typessatered in Ferrén & Botella (2017) and their oceaces in the
di'erent ecological groups. Taken from Ferrénal. (2018). *Dermal denticle drawings modi“ed from Compagno (1984a,
1984b, 2001).

Functional type Morphotypes Drawing* Occurrence inecological

groups

Accommodation of m. 1: Dermal denticles
photophores with large crowns and
concave facets

Accommodation of m. 2: Dermal denticles
photophores with long bristle-like
crowns

Accommodation of m. 3: Dermal denticles
photophores with hook-like or thorn-
like crowns

Defence against m. 4: Dermal denticles
ectoparasites and with spine-like crown
epibionts with the main cusp
pointing in an upward-
posterior direction

m. 5: Dermal denticles
with parallel long ridges

Drag reduction

Protection against m. 6: Dermal denticles

abrasion with large and
thickened smooth
crown

Protection against m. 7: Dermal denticles

abrasion with large and
thickened ornamented
crown

Generalized m. 8: Dermal denticles

functions with long ridges and

usually well developed
lateral wings

NN
|
/o
(4.0 f
&

Exclusive of mesopelagic
luminescent species

Predominant in schooling
species of low to moderate
speed

Exclusive of strong-
swimming pelagic species

Predominant in demersal
sharks on rocky and/or sand'
and muddy substrates but
present also in other
ecological groups in small
body areas subjected to an
abrasive stress

Predominant in slow species
of the open water but presen
in other ecological groups

or being strongly ornamented with prominent short ridgescrowns (500 to 700 um), long noticeable ridges amakt of
(morphotype 7) (Figs. 3d-3e, respectively). These dermathem, well-developed wings or lateral expansiong. (Bf).
denticles display a wide range of sizes with crowns thatOne dermal denticle (MGUV-36344) classi"ed in such
varies from 300 to 1700 pm. Finally, four dermahtieles functional type shows also characteristic concacets
(MGUV-36332-33, MGUV-36335, MGUV-36344) were on the most anterior part of the crown and the distal part
assigned to dermal denticles with generalized fanst  of the lateral expansions (Fig. 3g).

(morphotype 8), all of them presenting medium-sized
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Posterior probabilities (i.e., probability of befpng to Dillon et al, 2017; Ferrén & Botella, 2017). We applied
a given group) are high, very close to 1 in mostases here the comparative framework developed by Ferrén
and above 0.7 in all cases (Table S1). With feveptions, & Botella (2017) to thedermal denticles sample from
Mahalanobis distance to the centroid and conditiona “El Chorrillo” outcrop in Alicante Our results reveal a
probabilities (i.e., probability of obtaining a disninant high diversity of dermal denticle morphotypes (utthg
punctuation as obtained or more extreme withinv@rgi  m.4-m.8 dermal denticles) being represented abidened
group) of analysed dermal denticles are similghtse of  functional types excepting dermal denticles thaibds
the morphotypes and functional types to which thaye the accommodation of photophores (although seeadelo
been assigned (compare Table S1 with Ferron & Botel Ferron & Botella (2017) delned the squamation gas
2017: S6 Table C) (see also Fig. 2). Togethergethesults  typical of a number of ecological groups of shar&tcing

support that the assignments of dermal dentictas fiEl the presence, distribution and coverage of theictfanal
Chorrillo” outcrop into morphotypes and functiortgpes types. According to such information, the occureeinf
have been done reliably. di"erent ecological groups in this locality can lnéerred

from our results. In this sense, the detection ejémkive
dermal denticles against ectoparasites and epgbiamd
drag reduction dermal denticles denotes the existerf

Morphotypes (Functional types)

dermal denticles. Thus, fast pelagic hunting shadch as
lamnids and some carcharhinids show inter-ridgeagee
distances comprised between 35 and 80 um, whdreas t
values are typically above 80 um in slower largarne
shore hunters. According to this, the range ofriritige
distances showed by the dermal denticles of “Elr@aj
assemblage suggests that these two ecological aiyxr
could be represented in our sample. Ecologicaléniges
from the other two functional types detected byahalysis
(i.e., dermal denticles that protect against abrasind
. i . . . . dermal denticles with generalized functions) arereano
15 -10 -5 0 5 10 15 di#cult to be supported, as these can be fountdme than
DF -1 one ecological group (Ferron & Botella, 2017). Alioa
resistant dermal denticles are common in demehsaks
Figure 2. Canonical Variate Analyses results showing the living on sandy and muddy substrates or inhabitoaky
discriminant punctuations of “El Chorrillo” dermal  substrates or reefs. These dermal denticles avefa@isd
denticles. Results are plotted based on the firstin || ecological groups covering small areas stibje to
two discriminant functions (DF). The analysis was g important abrasive stress, such as the sneutjrtum-
performed taking eight dermal denticle morphotypes o region or the claspers (see also Reif, 1908ymal
(m. 1 - m. 8, corresponding to !ve functional tgpe . . . - .
as delned groups and ten size-free variables ef th denticles with generalized functions are usualemelrsal_
crown surface as discriminant variables. Moditeshi ~ Sharks on sandy and muddy substrates and slowespeci
Ferrénet al (2018). the open water, but can be also present in snaoptions
in schooling and mesopelagic luminescent spearcany
case, the presence of these functional types emiiédl the
4. DISCUSSION existence of other di"erent e(;ologi_cal groups alidgether
reveals an important ecological diversity.

1
@ m. 1 (Bioluminescent) | ® m. 6 (Abrassion resistant) ; X X X i K
15 7 4 m. 2 (Bioluminescent) | @ m. 7 (Abrassion resistant) schooling and strong-swimming pelagic species m th
A m. 3 (Bioluminescent) 1 I m. 8 (Generalized functions) . « o
» m. 4 (Ectoparasite defense) : @ “El Chorrillo” dermal denticles Shark palaeocommumty Of EI ChOfrI”O , as theﬁmal
@ m. 5 (Drag reduction) : denticles seem to be exclusive of such lifestylego
10 - , ! TR ecological subgroups were de!ned by Reif & Dinkder
/ A) y A/ ( ! Eﬁ %ﬁ (1982) and Reif (1985a) in strong-swimming pelagiecies
4 ﬂﬁ@i & on the basis of the distance between the ridgabeif
[ 1 -
1
4 |
|
1
1
|

4.1. Ecological diversity revealed by dermal

denticle analysis 4.2. Ecological diversity revealed by teeth

analysis

Ecomorphological approaches on dermal denticleg hav _ . _
been successfully applied in several works for mgsi Alternative procedures for palaeoecological infees
ecological inferences in extinct taxa (Feredral, 2014; ~ ©N Mesozoic and Cenozoic neoselachians have been
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especially since the recent
chondrichtyan diversitin the Mediterranean Sea shows a
severe diversity impoverishment, mainly in the degger
community (Perés, 1985; Marsili, 2008). The dendée
Mediterranean deep-sea groups has been usuaibusdt
to dilerent aspects derived from the Messinianirsgl
crisis (e.g., Bouchet and Taviani, 1992; Krijgsnedral,
1999; Galil, 2004; Sardat al, 2004; Collet al, 2010;
among many others). However, the study of the shark
and ray fossil record provides evidence supporting
important recolonization of the Mediterranean Sea during
the Pliocene (Marsili, 2008) and as consequenceroth
more recent geological events, such as the oxiziano
events during the Pleistocene-Quaternary (see Rossignol-
Strick et al, 1982; Rohling 1994; Rohlingt al, 2015),
have been suggested as determinant factors in this sense
(Martinez-Pérezt al, 2018). Therefore, the systematic
application of the frame established in Ferréon & Botella



fossiliferous sitesvill be crucial
for disentangling the consequences of Messiniainisal
crisis, and other recent geological events, oretiodogical
diversity of current Mediterranean shark commusitie
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