N
N

N

HAL

open science

The crocodylian skull and osteoderms: A functional
exaptation to ectothermy?
F. Clarac, A. Quilhac

» To cite this version:

F. Clarac, A. Quilhac. The crocodylian skull and osteoderms: A functional exaptation to ectothermy?.
Zoology, 2019, 132, pp.31-40. 10.1016/j.z001.2018.12.001 . mnhn-02557596

HAL Id: mnhn-02557596
https://mnhn.hal.science/mnhn-02557596

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://mnhn.hal.science/mnhn-02557596
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0944200618300795
Manuscript_ff6276f1d368dd9926f6e575956d266¢

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The crocodylian skull and osteoder ms:

A functional exaptation to ectother my?
F. Clara¢? A. Quilhaé

lDépartement Histoire de la Terre, Museum National d’'Histoire Naturelle, UMR 7207 (CR2P), Sorbonne

Universités, MNHN/CNRS/UPMC, F-75231, France

“Uppsala University, Department of Organismal Biology, Subdepartment of Evolution and Development,

Norbyvagen 18A, SE-752 36, Uppsala, Sweden.
3Sorbonne Université, CNRS, Institut des Sciences de la Terre Paris (ISTeP), Paris, F-75005, France

*Corresponding author: francois.clarac@mnhn.fr

Abstract

The crocodylians are ectothermic semi-aquatic vertebrates which are assessed to have
evolved from endothermic terrestrial forms during the Mesozoic. Such a physiological
transition should have involved modifications in their cardio-vascular system allowing to
increase the heat transfers with the surrounding environment by growing a peripheral
vascularization which would be mainly located in the dermal skeleton: the dermatocranium
and the osteoderms. In order to assess the implication of these anatomical regions in thermal
exchanges, we have recorded the temperature above a set of representative skin areas in order
to draw comparisions between the skull, the osteoderms, and the rest of the body parts which
present either none or residual dermal ossification. We computed the data after the specimens
were successively laid in different stereotyped environmental conditions which involved
significant variations in the environmental temperature. Our results show that the osteoderms
collect the external heat during the basking periods as they become significantly warmer than
the surrounding skin; they further release the heat into the core of the organism as they turn

out to be colder than the surrounding skin after a significant cooling period. In disregard of
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the environmental temperature variations, the gkblle (which encloses the braincase)
remains warmer than the rest of the cranial regiomsshows less temperature variations than
the osteoderms; a result which has lead us to thiakthe braincase temperature is monitored
and controlled by a thermoregulatory system. Tleegfas hypothesized by previous others
regarding the skull of the crocodylians and of otetothermic vertebrates such as the
squamates, we assume that the crocodylian skudegess shunting blood pathways which
tend to maintain both the braincase and the maisasg organs at the nearest to the optimal
physiological temperature depending on the extdemaperature variations. Concerning the
skin vascularization, the study of an albitigator mississippiensis specimen permitted to
observe the repartition of the superficial bloodsads by transparency through the skin. We
thus testify that the skin which covers eithergkell or the osteoderms is more vascularized
than the skin which does not present any subjatemal ossification. We consequenly
deduce that the significant contrast in the theitpedlavior between the dermal skeleton and
the rest of the body is indeed correlated withfiedince in the relative degree of skin
vascularization. This last assessment confirmsttigatievelopment of the dermal skeleton
should have played a functional role in the crodiadytransition from endothermy to

ectothermy through the set-up of a peripheral Vesst®vork.

Key-words: heat-transfers, thermoregulation, basking, vaszaon, dermal bones,

Crocodylia.

1. Introduction

The pseudosuchians (crown and stem-crocodyliartsjr@navemetatarsalians
(pterosaurs and dinosaurs) consist of two distister lineages which evolved from one
hypothetical common ancestor in the Early-Triag8ichosauria; 250 Mya; Cope, 1869;
Nesbitt, 2011). The presence of a fibrolamellar plem in the stem-archosauriform long

bones lead to hypothesize that the ancestor drtfesaurs possessed a high growth rate
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(Ricglés et al., 2003, 2008). Furthermore, the ligieocyte density which has been
guantified in the primary bone in both the stemhasauriforms and the early pseudosuchians
argued that these taxa had a high basal metaltdic@vealing an endothermic metabolism
(Cubo et al. 2012; Legendre et al., 2016). Bedidese assessments which are based on the
study of bone histology in extinct species, theseamatomical features in the extant
crocodylians which also suggest an endothermigrorige existence of a four-cardiac-
chambered heart separating the high systemic oessures from low pulmonary blood
pressures like in birds and mammals (Seymour e2@04). Thus, unlike the rest of the
ectothermic vertebrates, the crocodylians do pesssdsll ventricular septation (Jensen et al.,
2013) though showing some specific cardiac trditshe foramen of Panizza which provides
communication between the right and left aortarfkiia & Axelsson, 2000; Axelsson and
Franklin, 2001); 2) the cog-tooth valve which coigrthe blood flow through either the
pulmonary artery or the right aortic arch consegjyenfluencing the systemic arterial blood
pressure (a value which is itself correlated whih metabolic rate; Seymour et al., 2004).
Even if the relation between these cardiac traitsthe crocodylian ectothermic metabolism

is still debated (Eme et al. 2010), the developra¢aidaptative functions in the heat transfers
between the organism and the surrounding environmest have been necessary to permit a
switch from endothermy to ectothermy. As alreadseased in other ectothermic vertebrates
such as the squamates, these thermal exchangkeseghah the blood flow through the
vascular system (Drane et al., 1977; Sadava €@09; Porter and Witmer, 2015). In this
regard, several authors hypothesized that the dyliem dermal bones consist of thermal
exchange sites when basking thanks to a superfiessel network present both in the cranial
region (Porter et al., 2016; Clarac et al., 20%5fa) in the osteoderms (Seidel, 1979; Farlow et
al., 2010; Owerkowicz, 2016; Clarac et al., 20B)th of these networks would be further

connected to the general vascular circulation dttwvkhe flow is controlled by both the heart
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beat (Seebacher and Franklin, 2004, 2007) andutiaeous vessel vasomotion (Grigg and
Alchin, 1976). Behavioral strategies such as thaptdn of fully submerged to fully emerged
postures (Smith, 1979; Seebacher, 1999) and thigyabigape on land (Spotila, 1977;
Tattersall et al., 2006) are assumed to be assdoigith these physiological adaptations in
parallel with the crocodylian transition to the sexguatic lifestyle. Indeed, despite the body
heat loss when the crocodylians are in the watdm@on, 1974; Johnson et al. 1976), the
adoption of a set of variable semi-emerged postilnigk float, common float; Smith, 1979)
should conciliate the thermoregulatory behaviohwite water to land ambush predation
since it allows the animal to control its expositio the sunrays while focusing its main
neurosensory organs on potential terrestrial pf@ysing emerged periods, sun basking
increases the global body temperature while gapamgributes to the reduction of the head

temperature by water loss.

The aim of this study is to test the implicatiortloé crocodylian dermal skeleton (the
dermatocranium and the osteoderms) in the heagfaenby determining which of the body
area are significantly involved in such a functibrdeed, Farlow et al. (2010) and
Owerkowicz (2016) showed that the temperaturegiitaibove the osteoderms shall keep
lower than the surrounding skin’s regardless ofeiheironment temperature as these bones
would be permanently vascularized by the cool biabéch is coming from the core of the
organism in order to warm up in contact with thgiemmmental heat. To determine the
implication of both the cranial and post-craniairdal skeleton in the heat transfers, we
measured and compared the superficial temperataighs above the skull, the osteoderms
and other skin areas on a sample of living crodadglwhich were successively set in
different stereotyped conditions (aquatic and &ria@) themselves involving variations in the

environmental temperature. We consequently asséissgdermal behavior of the



99 crocodylian dermal bones in contrast with the paftskin which do not present any dermal

100 ossification. The animal behavior was carefullyoré@d during all the experimentation time.

101 2. Material and methods
102 2.1 Biological sample
103 The experimentations were performed on three faronecbdylians at Planéte

104  Crocodiles (Route de fond d’Orveau 86320 CivaugnEe). Two of these specimens both
105 measure around one-meter length and were studiedmitored conditions involving

106  environmental temperature changes. They belongddifferent species which are

107  representative of two different families (Crocodgle and Alligatoridae; see Table 1 for

108  details). The third specimen is an albitigator mississippiensis (Alligatoridae). This

109  specimen is a sub-adult which was studied in it&usaptivity enclosure without forced

110 environmental changes. All these animals are aclediyed by Johann Doray (zoological
111 supervisor) for the keeping of exotic reptiles, andhply with the directives of the European
112 parliament and the council of 22 September 201therprotection of animals used for

113 scientific purposes (Directive 2010/63/EU).

114 2.2 Experimental setting

115 Both theAlligator sinensis and theCrocodylus niloticus specimens were successively
116  set in two experimental patterns which respectigatyulated two different stereotyped

117  environmental conditions for an amphibious vertedaran « Aquatic » phase in a flooded
118 swamp and a « Heating-Terrestrial » phase in angadebasking environment (Heat Lamp
119  Dry; Franklin and Seebacher, 2003). To do so, vt liet the specimens in a plastic tank
120 (dimensions: 120 x 100 x 65 cm) which was top ceslerith a board and partially filled with
121  enough water so that the animal constantly hadrtam either submerged or in a semi-

122 emerged position (at its discretion). The watergerature was set to 25 °C thanks to a
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thermal probe (150 W) whereas the air temperatuttérmthe tank was equal to the room
temperature (22 °C; recorded was ExoTerra Digttetision thermometer). The water
temperature value has been established on thenefewet season tropical fresh water
temperature (Galacatos et al., 2004; Fig. 1) amadsis purposely set to a slight higher value
than the air temperature as we wanted to be sateié specimen could not warm-up if it
decided to take a semi-emerged position (as ddtail&mith, 1979). Moreover, the high
humidity kept within the tank also limited the teemngture variations in the contained air
having thus a least influence on the specimen tesiyre (hygrometry: 90 %; recorded with
an ExoTerra Digital precision hygrometer). The wagenperature was homogenized by a
flow using a centrifugal pump. After one hour, waided the water out of the tank using a
tap located at its bottom. We removed the top boardne side of the tank in order to set
three spotlights (50 W; 150 W; 70 W with UVB) amebtwarm-air blowers (1500 W) which
allowed to increase and homogenize the air temyeratithin the tank. On the opposite side
of the spotlights, the recorded temperature orbtiom of the tank still scored 22 °C
whereas it reached 47 °C right under the beam. i resulting gradient thus provided a set
of values which overlaped and overshot the crogadyphysiological inner

temperature (comprised between 31-33 °C; GriggAdalin, 1976; Johnson et al., 1976).
After one hour, we set back the first experimesédting by filling up the tank again in order
to repeat the full experimentation for a seconctikfter each phase and for both specimens,
we recorded the skin superficial temperature ontéaun different spots which are
representative of the diverse anatomical regionstefest: the skull, the osteoderms, the
limbs and the axial part of the body which showosteoderm (as presented in Fig. 2). To do
so, we used an infra-red camera (C.A 1950 Diacdim @amera IP 54; Chauvin Arnoux 190,
rue Championnet — 75876 Paris cedex 18 — Francehvaliows to record the superficial

temperature of a targeted spot. The emissivity seaso 0.95 as in Farlow et al. (2010)
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according to the infra-red thermography princigdgsSpeakman & Ward (1998). The data
were plotted on colored images which were centarednd a cross-hair that revealed the
temperature of each targeted spot. The entire dieldew of the camera was numerized so
the surroundings’ temperature variations were @tbtty a gradient of colors from deep blue
(cold) to deep red (warm). Since the value of tloésBl Equivalent Thermal Difference
(NETD) is 80 mK for this device when the environrteétemperature is 30 °C, we deduced
that the least detected temperature variations weder 0.1 °C within our experimental
conditions. The obtained snapshots were then saved image and were further exported as
numerical files (bmp format). During the entire exmentation which lasted four hours (for
both specimens) including two « Aquatic » phasektaso « Heating-Terrestrial » phases, the
specimens were not manipulated nor taped and leaplogsibility to move freely within their
tank. Since the tanks were not transparent anddwpred with a board, the specimens did
not have any visual contact on the experimentatoegt when recording the data with the
infra-red camera (a five-minute operation). Witttie full experimentation, we testify that the
pupil of the eye of neither specimen showed angtioh so that we may assume that they did
not experience any stress which may have biasedataeby affecting the heart beat and the
resulting blood circulation. During the « Aquatipkases, there was no forced immersion
which could have influenced the heart beat andexumsntly the thermal exchanges. We
recorded all the data (Table 2) and performedssiedi analyses using Past software (PAST
version 2.17c, Hammer et al., 2001) in order to para the mean superficial temperature
between the successive « Aquatic » and « Heatimge3teial » phases in bo#dligator

sinensis andCrocodylus niloticus. The purpose was to test if the successive enviratahe
phase switches had a significant influence on pleeisnen mean superficial temperature
(Table 3A). In a same manner, we also performet statistical comparisions to test the

difference in the mean superficial temperature betwthe two specimens in order to assess if
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they reacted in a same way to the same experimeonaditions (Table 3B). Since each
temperature sampling consists of fourteen non-ieddant values as they belong to a same

specimen (shown in Fig. 2), we analysed the datta a/WVilcoxon test (non-parametric).

The same set of measures was repeated olilgator mississippiensis albino
specimen directly in its enclosure after the speairspent the full morning in its pool (several
hours). The lack of melanine in the skin of thecapen allows to observe the superficial
vascularization in order to notice if the blood s&separtition matches with the superficial
temperature contrasts. This specimen is kept itivigpin an enclosure including a pool in
which it can dive and entirely immerge. The pogbastially surrounded by a beach on which
the specimen is free to emerge at its discretitve. @hclosure is located in a greenhouse
which is naturally lighted and warmed-up by thelgnt sunrays providing an air
temperature of 20 °C at the time when the data wesrerded. The water is artificially heated
and set-up to a temperature of (25 °C). The measueee performed on the specimens after
it volunteerly emerged on the beach under the $tiiams of its animal keepers (Johann
Doray and Léa Pierrefitte). As this specimen iskiiegained using classical conditioning (so
called Pavlovian conditioning; Pavlov, 1927), sheréfore did not experience any unusual
stress during the measures. Moreover, this specain@res its enclosure with only one other
specimen (an adutaiman crocodilus) which shows a very shy behavior and has therefore
dominant influence on the studied specimen (thasqking no basal stress which may have

biased the observations).

3. Reaults

3.1 General ethological observations

During the « Aquatic » phases, we observed thdt thetAlligator sinensis and
Crocodylus niloticus specimens did not always keep at the same plabewie tank but

happened to either swim or move by bottom dwellBgth specimens also either stayed fully
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immerged or took semi-emerged positions (high floatnmon float, submerged breathing;
Smith, 1979). During the « Heating-Terrestrial -apbs, thélligator sinensis specimen spent
several basking periods under the light beam (éslheduring the second one) whereas the
Crocodylus niloticus specimen rather kept wandering between the waanaspl the cold
one. A mid-open mouth gaping behavior has been ohserved in this specimen (Spotila,

1977).

3.2 General statistical comparisons

According to the Wilcoxon test, the mean supé&fiskin temperature in th&ligator
sinensis specimen was significantly different after thea®t « Heating-Terrestrial » phase
whereas it previously remained unchanged aftethite= first phases (Table 3A). For the
Crocodylus niloticus specimen, the mean superficial skin temperaturesigasficantly
different after each phase (Table 3A). When conmggitie same value after each phase
between thélligator sinensis and theCrocodylus niloticus, the Wilcoxon test turned out to
be significant after « Heating-Terrestrial-1 » andquatic-2 » whereas it was not after
« Aquatic-1 » and « Heating-Terrestrial-2 » whickravrespectively the first and the last

phase of the experimentation (Table 3B; Fig. 3).

3.3 The skin temperature variations between cooling and warming phases in Alligator
sinensis
All along the four-hour experimentation which ingkd the double succession of two
« Aguatic » and « Heating-Terrestrial » phasesteh®erature of the skull table was higher
than on the other cranial regions (with an excepfiw the angular temperature which
increased after the second « Heating-Terrestidilase; Figs. 2 & 4A). The temperature of
the nuchal osteoderms was higher than on the naifieaspart of the nuchal region after each

« Heating-Terrestrial » phase whereas it was opglgdower after each « Aquatic » phase. A
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similar temperature contrast is noticeable if wepare the osteoderm shield with the
adjacent skin on the flanks as well as the caual@median osteoderms with the lateral side
of the tail (on the anterior side of the caudaktsymphysis; Figs. 2 & 4A). When comparing
the skull thermal behavior with the post-cranigioms which present a dermal ossification,
we notice that between two consecutive phase sastdhe skull table showed lower
temperature variations (up to 1 °C) than the nuoktdoderms (up to 4.5 °C), the dorsal
shield (up to 4.5 °C) and the caudal paramediagodstrms (up to 3 °C). Although showing
less intense variations, both the mean temperafute limbs and the mean temperature of
the part of the axial body which has no osteodeveraging the neck, the flank, the tail
lateral side) negatively covary with the mean terapge value of both the skull (averaging
the snout, the skull table, the jugal, the angwdag the osteoderms (averaging the nuchals,
the dorsals, the caudal paramedians). Indeed, theaa temperatures vary from 22.75 °C to
23.5 °C for the limbs and from 22 °C to 23.75 °Ctfee part of the axial body presenting no
osteoderm whereas it varies from 22.25 °C to 28Q%r the skull and from 22.25 °C to 26

°C for the osteoderms (Figs. 4A).

3.4 The skin temperature variations between cooling and warming phases in Crocodylus

niloticus

Like previously observed on tiéligator sinensis specimenthe superficial
temperature on the skull table of t@eocodylus niloticus specimen was always higher than
on the other cranial regions (the snout, the jutyal angular) though there was an exception
after « Heating-Terrestrial-1 » (Fig. 4B). As afmeviously observed on thdligator
sinensis, the temperature of the nuchal osteoderms wag Ithae on the non-ossified part of
the nuchal region after each « Aquatic » phase edsethe contrary was observed after each
« Heating-Terrestrial » phase. The temperaturbebsteoderm shield was up to 2.5 °C

higher than the adjacent skin on the flanks after<¢ Heating-Terrestrial » phases whereas
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these two anatomical regions shared the same vaftegshe « Aquatic » phases. The caudal
paramedian osteoderms were always warmer thamtidw@l side of the tail (anterior to the
caudal crest symphysis) although it showed a maequnced difference after the « Heating-
Terrestrial » phases. Indeed, the temperaturemnatdal paramedian osteoderms varied
between 23.5 °C and 28.5 °C whereas it was scauaelen 23 °C and 24.5 °C on the lateral
side of the tail. The temperature of the arm wabéii or equal to the forearm’s during the
whole experimentation. In a same manner, the testyner of the leg was always higher than

the temperature of the foreleg while showing agpatbf covariation.

Between the consecutive phase switches withindbeliour experimentation, the
skull table showed lower temperature variationst(p.5 °C) than the nuchal osteoderms (up
to 6.5 °C), the dorsal shield (up to 4 °C) anddhedal paramedian osteoderms (up to 4 °C).
The mean skull temperature covaries with both teantemperature of the osteoderms and
the mean temperature of the part of the axial jydgenting no osteodemthough the skull
shows much lower variations than these two othgiors (especially the osteoderms; Fig.
4B). Indeed, between the first « Aquatic » phaskthn first « Heating-Terrestrial » phase,
both the mean temperature of the skull and the rtexaperature of the part of the axial body
presenting no osteoderm varied within a scale ®PC.whereas the mean temperature of the
osteoderms varied within a scale of 3.5 °C. Themtemperature of the limbs always

remained quite low and varied within a narrow s¢hktween 23 °C and 24 °C).

3.5 The albino Alligator mississippiensis skin temperature contrast and the distribution of

the peripheral vascularization

The specimen spent several hours in a 25 °C wdige wecurrently exposing herself
to the sunrays by adopting semi-emerged posturamlyrthe common float which allows to
emerge the head and the nuchal region; Smith, 1®Ri§ht after the specimen was called to

emerge on the beach by its animal keepers (adatktdiove ifMaterial and Methods), we
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recorded that the skull table was warmer thandbeaof the cranial regions (up to 2.4 °C
higher) and the nuchal osteoderms were colderttr@surrounding skin (with a difference of
0.9 °C). The dorsal shield showed a low differewit@ the adjacent skin on the flanks (0.3
°C) and the caudal paramedian osteoderms werealg®.5 °C warmer than the lateral side
of the tail (anterior to the caudal crest symphyBig. 5). If we observe the global
temperature gradient on the specimen (displayed flue to red; Fig. 5), the superficial

temperature tends to be higher on the dorsal regemon the lateral sides.

Since the studiedlligator mississippiensis is an albino specimen, the lack of melanine
allows to observe the superficial blood vesselgéysparency through the skin. Our
photographs show that the skin vascularizationgbkédr straight above both the
dermatocranium and the osteoderms than on thefrés organism which shows either none
or residual dermal ossificationd the non-ossified nuchal region, the flancks, #ierhl

sides of the tail and the limbs; Fig.5).

4, Discussion

4.1 The significancy of the experimentation

As mentioned above, the thermal sensitivity ofdamera imaging detector is below
0.1 °C (NETD: 80 mK); this is sufficient to meastine skin temperatures and draw
comparisions between the different anatomical regisithin a same specimen. The
minimum distance to shoot with this camera is 40acm the precision decreases as the
distance to the target increases. In the regarde sve could shoot théligator sinensis at a
distance of 50 cm we assume that the data are pnecese than the one recorded from the
Crocodylus niloticus because we had to stay at a distance compriseg®&ets0 cm and 1 m
since this specimen was more agitated and agre§gied\ ligator mississippiensis was

targeted from an estimated distance of 1 metesibae this specimen is almost twice as large
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as the two others (Table 1) we assume that it casgies the loss of accuracy due to the

distance.

During the « Heating-Terrestrial » phases, theispes were able to gape as their
mouth was not taped and they were able to thermtatgat their discretion by moving from
the cold spot (22 °C) to the hot spot (47 °C). therAlligator sinensis specimen, the
Wilcoxon test shows that the mean superficial teaoee had not significantly changed
between « Aquatic-1 » and « Heating-Terrestrialals well as between « Heating-Terrestrial-
1 » and « Aquatic-2 » whereas this test is sigaifidetween all phase switches for the
niloticus specimen(Table 3A; Fig. 3). Despite some disparity in tasttresults between the
two specimens, we however argue that bothAthsenensis andC. niloticus specimens
experienced two significant consecutive cooling bedting periods. Indeed, when the
Wilcoxon test is not significant fak. sinensis between the consecutive phases (A-1/ HT-1
and HT-1 / A-2; Table 3A), the skin maximum tempera value (extrema) is however

successively shifted up (A-1/ HT-1) and down (HTA-2).

In regard of the comparision between the two speniset of temperature, we assume
that both of them reacted to the experimentatica $same manner. Indeed, even though the
Wilcoxon test shows significant differences betwdenmean superficial temperature in the
A. sinensis and in theC. niloticus after « Heating-Terrestrial-1 » and « Aquatic-Iable
3B), we nonetheless assume that this result isgrdtoversial because this comparison is
only based on a mean value although the contrashgierature between the various
anatomical regions always shows similar trends wherspecimens are set in the same
conditions (« Aquatic » or « Heating-TerrestriglFig. 4). Relying on these observations, we
assume that the thermal behavior of the two expariad specimens are representative of a
general pattern which resumes the heat transfeepses between the organism and the

environment in Crocodylia. Nevertheless, a comparatudy aiming to assess a thermal
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behavior variability between alligatorids, crocadgland gavialids shall be further tested on a
larger sample which would include a diversity oésimnens that would be representative of
various species while nonetheless sharing a corblgas&ze which would correspond to a

similar volumetric heat capacity.

4.2 The implication of the osteodermsin heat transfers

In a previous study, Farlow et al. (2010) meastinedskin temperature of@aiman
latirostris with an Infra-Red camera. These authors asselaethe temperature of the back
overlying the osteoderms was cooler than thatesthn between the osteoderms when the
specimen was exposed to sunrays whether in a «d@lol temperature: 16 °C) or in a
«warm » environment (air temperature: 25 °C). @guently, they assumed that relatively
cool blood from the animal’s core may preferenyidlé flowing to the osteoderms thus
exchanging heat with the surrounding environmenthhVour experimental setting, our
results show similar patterns after all « Aquatjghases whereas we observed that the
crocodylian osteoderms are warmer than the adjam®enbssified skin after a « Heating-
Terrestrial » phase (including a basking spot 8é7&C; Figs. 2&4). Even if this result may
appear controversial with the results publisheBariow et al. (2010), these new data lead to
argue that the osteoderm blood vessels do coleaxternal heat during a significant
warming period as assumed by these authors. Ingdeh Farlow et al. (2010) acquired the
yet published data, the environmental air tempesattas comprised between 16 °C and 25
°C, therefore the osteoderms may not have beemhaaised by a blood which was warm
enough to display high temperature spots like tlesave observed after the « Heating-
Terrestrial » periods during our experimentatiore lése this argument on the fact that the
Caiman latirostris physiological temperature shall be around 32 ¥irteation based on its
close relativeCaiman crocodilus; Diffenbach, 1975) so this specimen may not haaenb

observed in a condition in which it could have bpetentially exposed to overheating. In
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order to understand the thermal behavior differerfe#ween the osteoderms and the non-
ossified dermis, a previous study has shown tleapthsence of the osteoderms does not
modify the crocodylian skin thermal conduction o not consider the relative presence of
the blood vessels (Clarac et al., 2017b). Therefsea complementary approach, using the
ITIS foundation database (Hasgall et al., 2015 lee have calculated that the thermal
diffusivity of the blood is higher than the onetbé tissues which either compose the soft skin
or the osteoderms.€. the compact bone, the cancellous bone, the rethangtllow marrow;
see supplementary data). Since the entire bodyeofriocodylians is covered with a
continuous layer of keratin (Truthau and Sommer2&d6), we deduce that the observed
temperature contrast between the various anatom@égains must not either be due to
variations in the skin reflectivity but indeed teetrelative presence of blood vessels which
has a main consequent influence on the globaltskirmal diffusivity. In a same manner, the
cutaneous water loss which is influenced by boghethvironmental humidity and temperature
variations (Davis et al., 1980) should be homogsradang the entire skin surface since the
osteoderms are always covered by a portion of deamd by the epidermis so they can not
either modify the skin surface temperature by dangig a fence to the evaporative water
loss (Clarac et al., 2018; Dubansky and DubansB¥8® Even if the dorsal and the caudal
paramedian osteoderms must partially warm up fais¢er both the flanks and the lateral side
of the tail due to their closer position to thelbag light during warming, our results clearly
show that the nuchal osteoderms also warm up fasarthe nuchal surrounding skin
although these two neighboring anatomical regioaseguidistant to the basking light (Fig.
2B; Fig. 4 A&B). Therefore, the distance to the says is not either the main component
which explains the contrast in the temperatureatimms between the parts of the skin which
present osteoderms and the parts of the skin widahot. A close-up on the albiddligator

mississippiensis nuchal region is presented in Figure 5 and rewbalsthe relative presence
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of the superficial blood vessels (which is obseleddy transparency through the skin)
matches with the thermal contrast between the dstets and the surrounding skin.
Consequently, we deduce that the relative preseftte blood vessels is well the main
component which explains the difference in therttedrbehavior between the parts of the skin
which show osteoderms and the parts of the skiclwtio not. In this regard, an other recent
study has shown that the osteoderms (including gpcal ornamentation) are more
vascularized than the surrounding non-ossified de(@larac et al., 2018). These data lead us
to argue that the heat transfers through the ostemlare based on the circulation of the
blood in the peripheral vessels (Seidel, 1979;dvadt al., 2010): a system which relies on
both the heat conduction and the thermal convedi@nfluid flow (Jiji, 2009). Concerning
the role of the vascular system in heat transfatsmthe core organism, previous authors
have proved that the crocodylian cutaneous blamal i increased during basking periods
thanks to both the acceleration of the heart dRabértson and Smith, 1979; Seebacher and
Franklin, 2004, 2007) and the vasodilation of teegheral vessels (Grigg and Alchin, 1976).
Moreover, the same authors assessed that in abskexternal heat source, the blood flow is
redistributed from the dorsal surface to the cdrid® organism whereas its distribution to the
leg skin and muscle do not significantly changehulitermal variations (Seebacher and
Franklin, 2007). This data would rather coincidéhwihe fact that the axial parts of the body
which lack osteoderms are relatively warmer thaasteoderms when not exposed to
heating conditions; it would also explain why tid@ods and zeugopods rather remain at
relatively low temperatures with a least influenc¢¢he external temperature variations (Figs.
2&4). In regard of the synthesis of our results asdlready assumed by several authors
(Seidel, 1979; Farlow et al., 2010; Owerkowicz, @)1ve confirm the hypothesis according
to which the crocodylian osteoderms play a rolthanheat transfers between the organism

and the environment through the set-up of a pergtdood vessel network.
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4.3 The skull implication in thermoregulation

A recent study by Porter et al. (2016) has showanhttie skull of the crocodylians
presents a vascular system which consists of demeaatomosed dense plexuses which
potentially work as sites of thermal exchange. bloed vessel network is especially well
reticulated in the nasal region and further commaieis with the braincase through the
median and lateral nasal veins which thus consiatpathway passing by the neurosensory
tissues. All our results show that the snout isagwvcolder than the skull table in disregard of
the environmental variations; this assessment stggieat the nose would systematically
behave as a site in which the heat would be captddurther driven to the braincase by the
nasal veins (Figs. 2, 4 & 5). Moreover, the supafivessels of both the skull table and the
frontal could as well drive the warm blood to thraibcase and further to the heart through the
dorsal longitudinal sinus. Our results show thattdmperature of the skull (and noticeably
the skull table; Fig. 4) covaries with the osteougrtemperature though showing less intense
variations. Since both of these anatomical regayesequally exposed to the heating beam
when basking in a terrestrial position, we assuméthere may be a control of the blood flow
in the skull which should differ from the osteoderim order to avoid major temperature
variations in the most vital sensory organs (thesethe ears, the brain). In this regard, Porter
et al. (2016) have evidenced that the nasal véimdaites along two routes thus allowing to
shunt the blood flow. The first one is the medalte which forms a tributary of the olfactory
veins and dorsal longitudinal sinus (as alreadytmoead above) whereas the second one (the
lateral route) drains into the orbit via the supbéal and ophthalmotemporal vein
anastomosis therefore joining the heart while angidhe braincase sensory organs.
Consequently, we assume that the blood flow irctbeodylian skull may be shunted from
one pathway to the other depending on the extéengberature in order to keep the brain and

the main sensory organs at a temperature whicls tenetach the physiological optimum.
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4.4 Evolutionary considerations

As mentioned in the introduction, the crown-croda@ts are ecto-poikilothermic
vertebrates which evolved from ancestral TriassimE which are assessed to be endothermic
(Ricglés et al., 2003, 2008; Cubo et al. 2012; bbelge et al., 2013, 2016). The early
terrestrial pseudosuchians (but also later forneh sis sebesuchians) only possessed two
rows of compact thus poorly vascularized osteodéBubeyer and Desojo, 2011; Cerda et
al., 2013; Irmis et al., 2013; Martin, 2014; Schegeal., 2014). At the Triassic-Jurassic
transition, the number of rows increased and formddrsal shield (sometimes also ventral)
in both the crocodyliforms and teleosaurids wHileyt showed a higher degree of bone
ornamentation (apical sculpture; Clarac et al. 520Ih parallel with the osteoderms, the
degree of ornamentation of the skull also increageeh the crocodyliforms and teleosaurids
transited to the semi-aquatic lifestyle (Claraalgt2017a). A recent study on extant
crocodylians has proved that the osteoderm apiraanoental pits increase the skin
vascularization by providing a superficial clustéblood vessels (Clarac et al., 2018). Based
on a similar process, we hypothesize that the deweént of the skull ornamentation supplies
a peripheral vessel network which is involved ie Hasking heat capture like in the
osteoderms. Consequently, we assume that botlkiifleaad the osteoderm vascularization
have played a functional role in the adaptatioth&ectothermic amphibious lifestyle through
the set-up of a peripheral vascular network of Whie blood flow is controlled by the

cardiac beat, the vasomotion and the shunt andrgftperal vessel pathways.

5. Conclusion

As previously hypothesized by several authors @gei®79; Farlow et al., 2010;
Owerkowicz, 2016; Porter el al., 2016; Clarac et2017a; Clarac et al., 2018), both the skull
and the osteoderms are involved in the crocodyin-poikilothermic thermoregulation

through the set-up of a peripheral vascular netwakether cranial or post-cranial, the
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crocodylian dermal skeleton captures the extereat Huring basking thanks to the increase
of the blood flow which is controlled by both thardiac activity (heart beat) and the
vasomotion. The warm blood is afterward redistelouto the core organism thus allowing the
vital organs to remain at an optimal physiologteshperature when no longer exposed to a
heating source. As the skull temperature conteasfaiins constant between the anatomical
regions in disregard of the external temperaturatians, we assume that there are shunting
blood pathways which help to maintain the brainGas®the main sensory organs at an
optimal physiological temperature depending onetidronmental variations. Nevertheless,
our results do not signify that the vascular systdrich is set-up through and straight above
the crocodylian dermal skeleton is exclusively ined in thermoregulation. Indeed, this
system may implicate other adaptative and/ or amegc functions which rely on exchanges
between the plasma and the bone matrix such ashadiing in females (Dacke et al., 2015)
and respiratory acidosis buffering during prolongpdea (Jackson et al., 2003).
Consequently, the role of the crocodylian dermaletion vascular system in the ecto-
poikilothermic thermoregulation is probaly not axsi’e and could therefore consist of an
exaptation which allowed a secondary transitiomfendothermy to ectothermy in

Pseudosuchia (Legendre et al., 2016).
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607  Figurecaptions

608  Figure 1: Experimental setting. On the left sidier & Aquatic » configuration; on the right sides th
609  « Heating-Terrestrial » configuration. Abbreviatsoit temperature; H: hygrometry (see text for

610  details).

611  Figure 2A: Skin temperature above the fourteenrdivanatomical regions of interestAitigator
612  sinensis after the first « Aquatic » phase (A-1). Abbreigas: S.Table: Skull Table; ost: osteoderms;

613  Nuchal non-oss.: non-ossified part of the Nuchgla®e; C.P. ost.: Caudal Paramedian osteoderms.

614  Figure 2B: Skin temperature above the fourteenrdezanatomical regions of interestAlhigator
615  sinenss after the first « Heating-Terrestrial » phase (HTAbbreviations: S.Table: Skull Table; ost:
616  osteoderms; Nuchal non-oss.: non-ossified pati@Nuchal region; C.P. ost.: Caudal Paramedian

617 osteoderms.

618  Figure 3: Boxplot of the recorded temperature anftlurteen regions of interest. Abbreviations: A-1:

619  Aquatic-1; HT-1: Heating-Terrestrial-1; A-2: Aqued2; HT-2: Heating-Terrestrial-2.

620  Figure 4A: Temperature variations above the divarsgomical regions of interestAfligator

621  sinensis. Abbreviations: HT-1: Heating-Terrestrial-1; ARquatic-2; HT-2: Heating-Terrestrial-2.

622  Abbreviations: S.Table: Skull Table; ost: osteodgrMuchal non-oss.: non-ossified part of the nuchal
623  region; C.P. ost.: Caudal Paramedian osteodernskim. Part of the Axial body presenting no

624  osteoderm (resuming the nuchal region, the flathies|ateral side on the tail). NB: The graph lines
625  between the different plotted values simply indéddte sense of variation of the temperatue between

626  two phases but do not mean that this type of varias linear.

627  Figure 4B: Temperature variations above the divarsgomical regions of interest@iocodylus

628  niloticus. Abbreviations: HT-1: Heating-Terrestrial-1; ARquatic-2; HT-2: Heating-Terrestrial-2.

629  Abbreviations: S.Table: Skull Table; ost: osteodgrhuchal non-oss.: non-ossified part of the Nuchal
630 region; C.P. ost.: Caudal Paramedian osteodernskim. Part of the Axial body presenting no

631  osteoderm (resuming the nuchal region, the flathles|ateral side on the tail). NB: The graph lines
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638

between the different plotted values simply indédhie sense of variation of the temperature between

two phases but do not mean that this type of varias linear.

Figure 5: Temperature variations above the divansgomical regions of interest Atligator
mississippiensis (see text for details). High vascular density asgaspointed with red arrows whereas
low vascular density areas are pointed with gresows. Abbreviations: S.Table: Skull Table; ost:
osteoderms; Nuchal non-oss.: non-ossified patt@MNuchal region; C.P. ost.: Caudal Paramedian

osteoderms.
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Family Genus Species SVL Fulllength  Weight Sex CITES number
(cm) (cm) (kg)
Alligatoridae  Alligator sinensis 50 107 4 Male 208 246 000 135 135
Alligatoridae  Alligator mississippiensis  NA 180 NA Female ES-DE-00047/111
Crocodylidae Crocodylus niloticus 48 96 6 Female FRA250 228 500 026 3

72

Table 1: Sampled specimens with taxonomic referenlbreviations: SVL: Snout Ventral Length;

NA: Non-Attributed.

A.sinensis C.niloticus A.mississippiensis
Temperature (°C) Temperature (°C) Temperature (°C)
Phase Al HT-1 A2 HT2 A1 HT1 A2 HT-=2 NA
Anatomical Snout 21 221 213 246 214 239 215 247 20.7
regions Jugal 226 239 225 25 226 243 236 257 21.4
Angular 217 223 214 261 214 231 226 233 920.
S.table 243 245 238 258 23 237 257 267 23.1
Nuchalost. 216 243 219 264 219 259 215 278 21.3
Nuchal 238 236 23 24 235 251 23 263 22.1
Arm 235 217 232 219 233 232 236 246 22.1
Forearm 228 208 232 232 228 224 237 231 4 21.
Dorsalost. 229 251 217 26 229 267 242 276 2 2
Lateral side 227 228 231 232 227 257 243 625. 21.7
Leg 229 236 231 236 231 252 239 261 215
Foreleg 242 219 226 229 224 234 229 243 21
CP.ost. 222 242 225 257 234 261 245 287 212
L.side.tal 227 219 241 23 231 231 236 255 1.42
Statistical Mean 228 231 227 244 227 244 235 257 21.7
values Median ~ 22.8 23.2 228 243 229 243 236 257 215
Sd dev. 0.7 1.1 07 13 05 1.2 0.8 1.3 0.5
Max 243 251 241 264 235 267 257 287 23.1
Min 21 208 213 219 214 224 215 231 20.7

Table 2: Dataset. Abbreviations: A-1: Aquatic-1;#iTHeating-Terrestrial-1; A-2: Aquatic-2; HT-2:

Heating-Terrestrial-2; NA: Non-Attributed; S.tabkull table; ost: osteoderms; C.P.: Caudal
Paramedian; L.side.tail: the Lateral side of thie(ta the anterior side of the caudal crest syrsighi

see text for details); Std dev.: Standard deviatidax: Maximum value; Min: Minimum value.

Inter-phase analysis ~ Wilcoxon-test A-1/ HT-1 HTA-2 A-2 [ HT-2
A. sinensis p-value 0.47 0.39 0.01
C. niloticus p-value 0.01 0.04 0.01

Table 3A: Inter-phase statistical comparisons. Allations: A-1: Aquatic-1; HT-1: Heating-
Terrestrial-1; A-2: Aquatic-2; HT-2: Heating-Tertaal-2; see text for details.



Inter-specimen analys Wilcoxon-tes A-1 HT-1 A-2 HT-2
A. sinensis - C. niloticus p-value 0.95 0.02 0.04 0.06

Table 3B: Inter-specimen statistical comparisortshri&viations: A-1: Aquatic-1; HT-1: Heating-
Terrestrial-1; A-2: Aquatic-2; HT-2: Heating-Tertgal-2; see text for details.





