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Comparative Chondro-osseous Development and
Growth of Marine Turtles

Anpers G, |. RHODIN

Longimsdinal skeletal growih in sppendicular long bones of Caretta coreifa

resembiles the patterns in Preudimys sorifde and Ceretfochelys inseulfpia. A me-
W mqfﬂrﬂllp teepomes framnsiently lsolated through the formation
of a subphyseal plate of calcified cartilage which undergoes early peripheral
wasiiilar hﬂrdnl and cssificatton. The nomcaleified epiphyseal cartilage re-
muains thin and avascalar, Skeletal growth in Dermochelys corfacen is remarkably
d.iuml from other Ihll;r_'hd.nlh.l.l. Primary vascular irruption scours into
the noncalcified hypertrophied cartilage of the melaphyais with rapid extenslon
af vascularity also into the non-hypenirophied epiphyseal cartilage. Endochon-
dral ossification of the metaphysis advances contiguously from the diaphysis, o
subphyseal calelfied cartilage plate does not form, and there is no isolation of &
mietaphyseal cartilage cone, The pencaleified epiphyseal cartilage remains thick
with transphyseal as well as perichondral vascularization through cartilage ca-
nals, The patiern in Dermechelys may be due to very rapld skeletal growth to a
large body size. The giant Cretaceous Archelon irchyros has o similar sheleal
vascular patlern, whereas the giant Tertary Sfupendesys geographicus resembles
normal chelonians. In many respects, skeletal growth aff Dermochelys resembles

marine mammalian pallerna

NY discussion of the regulatory hiclogy of
marine turtles would be incomplete with-
out reference to mechanisms of growth. 1 have
attempted to shed light on the developmental
patterns of skeletal growth, as it relates to growth
of both bone and ::.Ttua.ge. F.m:-wledge aof the
skeletal developmental mechanisms of marine
wurthes can augment and clarify our ecological
olservations regarding such life history strate-
gies as postnatal growth rates, age and size at
sexual maturity, migratory and reproductive
cycles and potental metabolic energy require-
ments. In addition, the study of skeletal devel-
opment can add perspective 1o our analysis of
the phylogenetic history of marine turtles,

In the marine wriles we have a group where
tremendous growth occurs. A hatchling leath-
erback (Dermochelys coriacea) weighs abour 30
gm and measures about B cm in carapace IE:'IE[II.
The adull can weigh as much as 650 kg and
attain a carapace length of up o 180 com. This
represents a nearly 22,000 fold increase in body
weight. An animal with such an incredible
growth increment would appear irresistible for
anyone interested in the study of chomdro-os-
seous development. Yet aside from our work on
the gross morphology of leatherback bones

{Rhodin ex al., 1980, 1981}, no investigations
of longitudinal skeletal growth parterns have
been carrbed out on any of the maring rtles,

The only thorough research on longitedinal
skeletal growth patterns in turtles was by Suzuki
['I_H-EE:l.wm'l:i:lE 1] Frﬂnd'm_'r.un':"&h d'eg-amh This
small, freshwater emydid turtle hardly com-
pares with the giant leatherback, bun its skeleal
growth pattern has come o represent the typ-
wal and, presumably, only known pattern for
all wartles, living and extinct. This generaliza-
tion i primarily the result of writings by Haines
as late as 19609, who abo exammed skeleal
growth patterns in cight specics of small fresh-
warer and terrestrial chebonmans of the families
Emydidae, Tesudinidae and Pelomedusidze
(Ewmys orbicularis, Terrapene sp., Chrysemys pichs,
Crrapiemys geographica, P. 5. slegans, Homopus ar-
podm s, Geockelone irmr.d'ﬂ!i:, and Pelusos 5.]!!.]-
(Haines 1958, 1942, 196%). Otiher investiga-
tions by Moodie (1908) on Chelydra serpemiing
and Chrysemys picta, Lubosch (1910} on E. orbic
cularis and O, revpenting, and Wallis (1927) on
Mauremys laprosa have reveabed patterns similar
o those described |:|?' Saruki il:'u;i Haimes.

As a generalization for most wartles, the skel-
etal growth mechanisms of P. 5. elegans are im-

& 1385 by the Arevicas Saciery of kathyolognis ind Herpesal



RHODIN—TURTLE SKELETON DEVELOPMENT

portant o understand before examining the
patterns in the larger, faster-growing marine
turtles,

Suruki (1963) and Haines (1960) both de-
scribed the growth mechanism of P o slegans
in similar fashion (Fig. 1. The appendicular
bones are laid down origimally as cartilaginous
anlagen. A periosteal cuff forms around the car-
tilaginous diaphysis and grows oul towards the
metaphysis, depositing lamellar perinsteally-ce-
rived cortical bone, The central diaphyseal car-
tikage cells then undergo hypertrophy, calcih-
capnan, and i.“uT':r' winscular |rruplil:h|!| from the
central nutrient arery perforating the mid-cli-
aphyseal periosteal bone cuff. A primary ossi-
fication center forms in this mid-diaphyseal area
and hegins to advance slowly towards the me-
taphysis through endochondral ossihication. At
this time cartilage cells in the physeal zone be-
tween the epiphysis and metaphysis IJ-EE:ITI L0
hypertrophy, forming a subphyscal place of hy-
pertrophied cartilage with its circumferential
origin at the pericsteal-perichondrial interface
af the zone of Banvier. The subphyseal plate
then quickly calcifies and undergoes rapid in-
growth of pericsteally-derived vascularization
leading o ossification, This creates a subphyseal
bone plate and leaves an isolated cone of un-
differentiated cartilage in the metaphyss sep-
arated from the canilage in the epiphysis. As
oasification procesds both from the primary di-
aphysesl center and from the subphyseal plate,
the metaphyseal cone of cantilage is gradually
eroded and obliterated. In the epiphysis itself,
endochondral ossification proceeds in Fairly typ-
ical mammalian Fashion, with zones of resting
-a:ani'lagq cells, p:n:rl'lfrr.alillg ('E]IH,:II'IH.I.IJTHIH cells
in vague calumns and columnar hypertrophic
cells with calcification and wascularily-mediated
endochondral bone formation (Fig. 5. The
rp|p'|'\:rs|s grudu.l.ll'r becomes thinner as the an-
imal matures, with less and less hypertrophied
cells contributing to longitudinal physeal
growth, At no point does any vascukar |ng:n:rwl:i|.
OCour into any non-caleified r.':il‘lii|-5|ﬁi:' and the
epiphysis iself remains avascular, With countin-
ved growth and remadeling of the diaphysis and
nm.aph:,-‘-:is & limnigecl mbclulhtr:r cavity also de-
velbops,

With an understanding of the mechanisms of

skeletal growth in generalised, small, relatively
slowly growing turthes such as P. & elsgans, |
then investigated the paterns of growth m cer-
tain specialized, large and relatively fast grow-
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Fig. 1. Longitwdinal section af femur of Parudson
serifta flagans harchling with 85 mm mrapace length
{ca 12 * —from Samki, 1863k A, epaphiysis with rest-
ing carrilage; B, metaphyseal cartilage cone, in the
proscess of becoming molated i the upper end of the
tme, already isolated in the lower end; C, primary
diaph}m'l o) icison oemiker wigh |||.||"v|‘||.|||.i|'r -
chandral bone; I, arcumferential periosveal lamellar
bone cuff; E, subiphyseal bome place, beginnbng o form
in the upper end of the bone, already formed in the

limwer ensl.

ing wirtles, especially turtles with manne ad-
aptatiomns.

In two earlier papers on gross morphology of
miarine purtle bones (R hodin e al., 1980, 1981
wi reporied the major discovery that the leath-
erback turtle develops wellvascularized thick
cartilaginous epiphyses in contradistinction to
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the pattern i all other Recent turtles, This pa-
per now presents the Arst hiseological investi-
gations of longitudinal skeletal groswth in Re-
cent maring turtles, further delineating the
morphological distinctiveness of the leather
back. In addition, the paper provides compar-
ative data from ceriain extincg turibes, descrilbs-
ing for the first time the presence of vascularized
:Piph}'lﬁ in ome of these l]:ﬂ.'i.l::. an well.

MaTERIALS AND METHODS

I prepared decaleifed longitudinally sec-
tioned hematoxylin and eosin stained sections
of appendicular long bones (humerus, radius,
ulna, metacarpals, femur, tibia, fibula, and
metatarsals) of three species of formaldehyde-
fixed and ethanol-preserved Recent marine tur-
tles (Chelontidae and Dermochelyidae), I wri-
lized bones from five loggerhead turtles (Careta
carefta) with carapace lengths of 44, 45, 46, TD,
and 124 mm, one Kemp's ridley {Lepidechelys
kempi) with a carapace length of 275 mm, and
six leatherbacks (Dermockelys comacea) with car-
apace lengths of 6%, 70, 79, 125, 4056, and 1,350
mm. In additson, 1 mvestigated six Fly River
turthes (Careitochalis frsculida) (Carettochelyi-
|:|.a|.-} with cirapace Engl:l'u of G0, 69, B1, 187,
153, and 394 mm, Though phylogenetically
quite distinet, Careforkelys was examined be-
cause of its superficial resemblance 1o marine
turthes, presumably related w convergent ad-
aptation to a partially marine environment. Ce-
reftockelys is a large wirtle from the Mew Guinea
region with marine-type I:Iip]:pr: that mhabitx
large rivers and coastal marine waters.

For comparative purposes | also examined
groas specimens and ground histologic sections
of fossil bones from the extinct giant marine
protostegid turthe, Archelon Gsclyros, the extiner
T d.:un:tu-:h:l':,'id torile, Rhnm’.ﬁﬂ'}:’ Pm'—
chriceps, as well as the extinct giant estuarine
pelomedusid turtle, Stupemdemys geographacis.
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Regular decalcified sections were also prepared
of the Recemt p-:ll:-r:m:dund turtle, Podormenmds
unififis, utilizing a specimen with 420 mm car-
apace length. In addition, decalcified hiscolog-
i.ﬂl “ﬂ.‘il:ﬂ'l'.l ETE 3.1!1.? IEPa.TE'El l.hf HY IiI.'E'E H.i‘."
cent tortsise, Ceochelone elephantopes (420 mm
carapace length), and a large Recent chelydrid
turtle, .Hun'udrm}: trmminckl (460 mm Carapace
length). Examination of gross skeletal speci-
mens wis also undertaken of three other Recent
marine turtle species (Chelenia mpdas, Evetmokse-
.I'P imbricada, and L:Pnd'mﬁrf}u’nfn-urm} as well as
representatives of most genera of Recent che-
lonians, including species from all Recent fam-
ilies not already mentioned (i.e., Trionychidae,
Platysternidae, Dermatemyidae, Kinosterni-
dae, and Chelidae),

ResuLTs-HisToLoey

Carettockelys insculpia,—The pattern of skeletal

wih in £, ssculpia (Fig. 2) is very similar o
that of P, 5. elegans, Metaphyseal cartilage cones
are transiently isolated by the rapid formation
of a H.L'b'ph}-m;'l hm‘u:pla‘te. Al noncalethed car-
tilage remains avascular, One difference in the
growth of &, inscwlpia from that of . 5. elegans
appears 1o be the relatively greater prominence
and complete calcification of the subphyseal
plate prior to ossification. In P s slggans ossi-
fication appears to begin peripherally in the
subphyseal plate before central cabcification has
started. In addition, C Gisslpie has less of a
|'|'|,|_-|::|.'|,||'|||.1'!,I qvil}' than P. 5 r!'rguru. Also, no evie
dence was found of the oocurrence in C. #r-
seulpra of the basophilic network known as Su-
ruki's vissue normally found in the epiphysis of
P L tﬂ.!gﬂn.r and other urtles (Suzaki, 1963
Haines, 1969).

Carerln caretin. — The pattern of skeletal growth
im . carelta (Fygs. 3—4) 15 abio quite similar wo
that of F. 5 elegans and Carettochelys insculfa.

—

Fig- 2. Chondro-osseous development in Corettachelps imsculpin, A. Metacarpal of hatchling with carapece
h:-ng;lh of G0 mm (ca §0x), demonsrrating the indtial periosteal hmellar bone cuff (large asverisk), early
cartilaginous hypertrophy in the mid-diaphysis (small aswerisk), and hyperrophic calekfied cartilage in the
subphyseal plates (sarh. B, Badius of young juvenile with carapace kengthi of B1 mm {ca 15%), demonstrating
isclation of metaphyseal cartilage copes and formation of subphyseal bone places (see Fig. 1 for terminology)-
. Proximal humeral epiphysiz of alder juvenile with carapace kength 153 mm (e 30 =), demanstrating thick
phyeeal growth plate (see Fig. 5 for terminology) and avascular epiphyseal cartilage (star). D. Proximal humeral
epiphysis of adult with carapace length 384 mm (i 20%), demonstrating thm avascubar epiphyseal cartilage
awerlying very thin physeal 2one (small ascerisk) and subchondral booe plate {large asterisk), perforated onky
by occasional small metaphyseal vascular foramina (small star).
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Moncalcafied ::.rri.|:ge remains avascoulsr, and a
subphyseal plawe is formed, causing transient
isolation of a metaphyseal cartilage cone. Two
Peatures, however, differentiace the growth pat-
tern of €. caretta from the other twao :p-ecie&.
First, the formation of the subphyseal plate dif-
fers in the larger bones of Carefla in tha the
central cartilaginous zone remains unhypertro-
phied and uncalcified even as the peripheral
zone of the plate is already becoming ossified
{Fig. 30). This may be related w the relatively
Fast E’n:l-w:h of the 11TE¢E bones in Careifa, where
Failure of closure of the subphyseal plate may
allow faster growth and more rapid carilagi-
nows expansion in the center of the bone than
wintld be Fns:.ible if the entire iuhphpﬂl p]a.'l.-E'
ufiderwent carly and complete calcification and
ossification, as it does i the smaller, slower
growing bones of Ceretta (Fig, 3C), and the oth-
er slower gmw:ill.g turile I-I:I'EI':iH- I:.F' E rf!,i;ntni
and O miscalplal. Secondly, there is evidence of
the occorrence in Caretia of the basophilic met-
work of Suruki's tissee, localized nor in the
e-piplr:,l:i: as ok 1% i P 8 rfrgu:rli {S-u:ul.i, 19649
Haines, 1968), but in the zone of cartilaginous
expansion in the center of the subphyseal plate
'Ifig- 4}, As Hmﬂ'l{]{lﬁ-ﬂ}l:nd II:iJns{]'!-lﬁ'g_:l}uw
postulated, this basophilic network may reflece
rapid cartilaginous expansion through the une
bonding of collagen fibers and localized in-
crease in chondroitin ml]:hal:e. This :H.H!-ngl:l'l-—
eis the supposition that rapid growth s
ocourring in this noncaleified cemtral portion of
the subphyseal plate.

Lapidockelys kewpi, —Only a single subadult spec-
imen of L. kewfs was examined, but its pattern
of skeletal growth (Fig. 5) appears very similar
to that of Caretta, P. & slegans, and Careftochalys
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ingewlfdn. Noncalcified cartilage remains avas-

cular.

Dermochelys coriaces,—The pattern of skeletal
growth in I coracen {Figs. 6-8) is remarkably
divergent from all other living turtles. Initial
growth resembles other turtles: appendicular
bones are laid down nrisim"}' A% :a.rli.hgilmm.
anlagen, a periosteal culf formes in normal fash-
iom, followed by typical vascular irruption e
the mid-diaphysis, and subsequent formation of
a pl'inur].'m.lil"iatinn center. At lhi}].m'll'll,]:u:rw-
ever, I eorigcea begins to follow o different
growth pattern. In the smaller bones, rapid vas-
cular ingrowth into the nonhypertrophied and
nomcaleified cartilage of the metaphysis occurs
from the central diaphyseal ossification center.
In larger bones, this ingrowth oocurs simulia-
neously with the ingrowth leading o the for-
mation of the central primary ossification oen-
ter (Fig. 6A). The vascularity extends ragidly
through the metaphysis and inoe the cpiphyseal
areas as well, creating nrtilag«l.- cieritls, Calrl!ll:lgr
hypertrophy, calcification, and ossification o<-
curs along o narrow zone surrounding the me-
taphyseal {but not epiphysealy portions of the
cartilage canals, e:l:l.-:rl.di:l'lg disuﬂl':,' with the
growth of the canal (Figs. 6B, 6C).

At the same pime that rapid vascular ingrowth
i occurring into the metaphysis and epiphysis,
there is some growth activity in the subgphyscal
zone reminiscent of the subphyseal plate for-
miation which oceurs in other wurtles (Fig. GB),
A thin circumferential band of cartilaginous hy-
pertrophy, caleihcation and minimal vascular
ingrowth occurs along the zone of Ranvier,
There is, however, no formation of a subphy-
seal plate, and with continued growth, this thin
circumferential band of calcified cartilage be-

—_

Fig- 4. Early chondro-psseous development in Corefte saretin, A, Diseal ulna of kachling with carapace
length 46 mm {ca 40= ), demansirating: 1) hyperirophying cartilage in mid-diaphysis beneath perivsteal culf
&t site of evenmaal vascular irmaption and primary cesiBeation; ) resting carcllage in meaphysis at sice of
eventual formation of isalated metaphyseal camilage cone; 3} circumferential hyperirophy and early peripheral
calcification of subph plate beginning to differentiate; and 4) profiferating candilage indicative of rapid
aartibaginous growth delineating the arched outline of the eventual subphyseal plate, B, Metacarpal of hatchling
with carapace length 44 mm {40 =], demonstrating primary vasoular irraprion (@seerisk) through pericsteal
cuff into hypertrophicd mid-diaphyseal canilage, leading 1o formation of primary cssiboition center, &
Metacarpal of juvenils with carapace length 70 mm {ca, 30%), demonsrating primary dizphyseal ossification,
Fully formed subphyseal plates of hyperrophied and calcified carvilage, and soked metaphyseal cones of
resting cartilage, one of which is nearly obliterated, . Froximal femur of juvenile with carapace lengeh 70
mim {a B ), demonstrating vascular irruption and cssification cccurring peripherally i the subphyscal plate
while the central portions of the plate remain unbypertrophied and noncalcified (see vext for details).



TaT

RHOMN—TURTLE SKELETON DEVELOPMENT




758 COPELA, 1985, N(). §




REHODIN—<TURTLE SKELETON DEVELOPMENT

comes less prominent and eventually obliver-
ated as endochondral esssficasion extends con-
tiguously towards the epiphysis from  the
diapliysis. Al no point s there formation of an
isnlated metaphyseal cone of undifferentiated
cartilage, such as cocurs in other turtles.

Ax the mn:ig‘umldy qxp;nding pﬁmar!,- di-
aphyseal ossification center reaches the subphy-
senl area, a rﬂ:lil.—al mammmatlan type grnwl'h plal:c
{physis) Forms (Figs, 74, TB) This s composed
of several different zones, from the :n-lqing CAr-
tilage in the epiphysis, through sones of cart-
lage cell proliferation, maturation, hyperiros
phy, and calcification, with the last three zones
Forming columnar rows of cells. In the zone of
calcification vascular ingrosth of small mewaph-
veeal vessels oocurs, mediating endochondral
awsification. Much of the ]'.ih].l:r.:'l pAtieErn resem-
Bles the growth plate present in normal turiles
(Fig. 5), with two major exceptions, The physis
in I coriaces is much thicker with more clearly
r]eveh’.rpurl coslumn formatson, =n|:|.1r.n'-|-.n.:ing'l;l1.-r.
growth plate are the large vascularized cartilage
canals which enter the nomhypertrophied, non-
calcified cartilage of the epiphysis,

In rapidly Erl::-wmgjuven:iles, the eP-||:||11_.':.-|:u.|
cartilage canals are surrounded by a narrow 2one
of rapid cartilage cell production, proliferation,
andd maturation (Fig, T7C), b withowt the car-
tilaginows hypertrophy and caleification which
pocurred m the mﬁ::physis during‘ ear'l:,-'g'rnwlh
of the camals,

In m:l:uall].' mature adults, the growth plate
with its separate 2ones becormes much thinner,
reflecting slowed growth (Fig. BA). Epiphyseal
cartilage canals are still present, but now swr-
rounded by evidence of slower cartilage cell
prnli‘i"{‘ﬁl:"lnn qug. 3B},

Of ot i the apparent absence in D, conacea
aof Suzuki’s basophilic network in areas of ex-
panding cartilage.

In the -rIi:Fh:.I:i: and metaphysis thers is no
evidence of remodeling, a medullary caviry does
not form, and endochondrally-derived bone
cones can be differentiated from intervening
peniosteally-derived bone. Grossly, these differ-
ent types of bone can be distinguished by the
|i.ﬁ|"|l codor of the endochondrsl bone, and dark
color of the periosteal bone (Fig. 9), Histolog-

Fig. 5. Growth plave (physis) ol proximal humeras
in Lepidachelys dempi subadult with carapace kength
75 mm jca &=, dmnn:urnl:ing endochomndral as-
sification pones: A) resting epiphyseal camilage, B)
p:rn'lil':r.iling fi!’ri'.i.!d, Cp AT car dﬁg;.r-, bileniel -
ing gradually into I} hypertrophying and calcifying
colimnar :irli.h;g:. which is invaded ar diferent levels
by E) metaphyseal vasoalar channels mediating cesi-
fication.

i.-llﬂll}', the Ferir.ml:ﬂu}*-der.ived dirk bhaone s dif-
ferentiated from the endochondrally-derived
light bone by having a denser armay of bone
trabeculae, increased bone mass, .dcn:[:aﬂ:d_
medullary siroma, and scattered piygment (Frg.
TA). The lack of internal antogenetic remod-
cling allows these cones o remzin well differ-
entiated throughout life.

O eross-section of the mid-hueerses in o sex-
ually mature adult female (Fyg. 10), two growth
rings are evident, where periosteal new bone
formation has slowed gradually, before sudden-
Iy growing very rapidly for a while and then
slowing again, This pattern differs from the reg-
ular tighl:l:,l-:.rurr.d Frrimrr.ll anmuali pn:\.'imq:l},'
mted in cross-sections of wirtle bones by Mar-

—

Fig. 4. Sueuki's tissse in Caretin coretfn. A, Proximal radis in hatchling with carapace kength 44 mm {ca
50 =}, demonstrating ocourrence af Suzuki's tissae ar mn:li.ngle in the central el lns ol the ml}phml plate
during the carly sages of i formation, B, Enlargement of rectangle in A (m 200%), demonstrating the
basophilic network of Suruki’s tisue in area of rapid cartilaginows expansion.
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Fig. 6. Chondro-osseous development i Dermockely seviacm hatchling with carapace length T mm. A
Longitudingl section of humernas (2 122), demonstrating vascubirity spresding through metaphyses cowards
epiphyses prior to formation of primary diaphyseal ossification center, B. Enlargement of larger rectangle an
A fea 30 x ), demonscrating small transient zone of peripheral cartibiginous hyperraphy, calbeification, and
mninimal vascular irrupdion (see 1exr lor deails). . Enlargement of smaller rectangle in A {ca [00x ), dem-
onstrating cartilage canal penetrating epiphysis (o the right) from the metaphysis (vo the left), accompanied
by cartilaginous hypertrophy, calctficarion, and ossification on the metaphyseal side (same pattern in ansher
canal also visible in B a1 bvwer magnification],
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Thl

Fig. 7. Chomdro-osseous development in Dermochelys coriacea juvenile with crapsce length 405 mm. A,
Distal ulna {15« ), demonstrating clearly differentiated cone of endachondral medullary bone (large asterisk)
bt werrn denser [h."Ti.ﬂi.lIHl bone (sars), as well as large transphyseal vascular chanmel {small asterisk). B,
Enlargement of lurger rectangle in A (ca 40 =}, demonsrating groweh zone (physis) with columnar carrilage
Fi L PR, h!.-rrn:mph!.'. and calcification {z== Fig. 5 for terminohsgyk C. Enlargement ol ares siolar 1o
small rectamgle in A {ca 1000 ), demanstrating raphd camilage growth (most pronounced at star) along periphery
of epiphyseal cartilage canal, and apparent rapid transformation of pre-chondral mesenchymal cells from the
canal itselt bo true cartilaginous cells (aserisk) (see abso Fig. 8B for contrass),

tox {1036} for Chryemy picta marginade, Pea-
I'_h:rdy (1961), Hammer {19659}, and Fn|nw{lE|EH}
for Chelydra serfenting, Suzuki {1963 ) and Enlow
(1969) for Psewdemys, Enlow {1969) for Gopherus
and Podecrwemis expanse, Castaner and Cheylan
(1979 for Testudo kermanei and T, grasca, anad
Zug et al. {1935%) for Caretta careiia,

[hscussioes

The leatherback varthe, Dermochelyd coriacen,
& uniquc Among I'i'|.'i:r||5 chelonians in its pitttern
of chondro-osseous development {Rhodin et al.,
1980, 1931, In fact, no other known extant
reptile demonstrates a similar pactern (Rhodin
et al., 1981). Though some lzards, notably large
varanids such as the Komodo dragon (Varerus
homodeens) @ well as some small ligards such
as chamacleons and certain agamids vascularize
their chondroepiphyees (Haines, 19691, such
vascularization is always perichondrally or cir-
cumphyseally derived, never transphyseally as
in the leatherback. In addition, the vasculari-
zation 15 invariably followed by secondary
epiphyseal calcificatson and ossibeation, unlike

in the leatherback where the epiphysis remains
::.;rl'il:g'innlu-

Im face, in many respects, the skeletal growth
pattern of Dermochelps resembles thae of marine
mammals such as whales (Rhodin et al., 1981;
Felts and Spurrell, 1965, 1966). The leather-
hack resembles marine mammals in many ways,
exhibiting: 1) perichondral and transphyseal
vascularization of epiphyses; 2} failure of for-
mation of a subphyseal bone plate; 3) well de-
lineated endochondral and periosteal bone cones
in minimally remodeled amedullary bone; 4)
gradual merging of cancellous into well vasou-
larized compact bone on cross section; 3 phys-
icdogee inertial homolothermy or possible en-
dothermy (Frair et al., 1972); and &) heat
retention mechanisms such as thick subcuta-
neous fibrous adipose tissue insulation and vas-
cular counter-current heat exchangers in the
flippers (Greer et al., 1474

O note is that marine mammals differ sig-
nificantly from the leatherback in that they go
o wo secondarily ossify their vasoularized
epiphyses, However, Ricgles (1979) has theo-
rized that early mammal-like reptiles probakly
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Fig. 8. Chondro-ossems development in

cerigon @duly with @rapzcs lengeh 1,550 mm. A

Prowimal redius (ca 102}, demonstrating relatively thin physis (P}, lange transphyseal sascular chanmels (siar,
snaller meraplyseal vasealar foraming for endochondral cssificarion (asterisk), and epiphyseal crtilage canal
(at rectanglel. B. Enlargement of rectangle in A (ca 200 % ), demonsirating apparent slow production of cardilage
cells from pre-chondral mesenchymal cells in the carilage canal (contras: with Fig. 70).

dl:*l.u:'ll:lppd nonssified vascularized Epiph],':::.
much like those here demonstrared for the
leatherback, It appears posible, based on the
above data, thar the leatherback could be an
qn:l;n-.mel}' derived :.Fl:i:ia\, Emh'i.ﬂg' :ll-ung_ a
course parallel to certain extinet endothermic
reptiles. If true, then it 1s the only extam mam-
mal-like reptile, though a member of a lineage

previously felt w be wypically primivively rep-
tilian, The potential further comparative
ressarch appears highly promising,

As noted above, no other lving turtle shares
the leatherback's skeletal developmental pat-
tern. However, certaim extinct turtles evidently
did. The giant Cretaceous protostegid marine
turtle Archelon ischyros (carapace length ca 190
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Fage. 1
coriacea (135 om carapace length] humerus (Rhodin
e al., PUH 1L [j#hl_-tlllllll:'l;_l ervdachoncdral Bone cones
are separated by dark-colored pericsteal bone (see
reat for details).

Longuudinal sectwn ab adult Dermochelys

cm} also had transphyseally vascularized chon-
droepiphyses. Comparison of the subschondral
ph:,.*sul bone surtace in dried leatherhack bones
and well preserved fossil Archelom bomes dem-
crnsiranes an identical pattern af :T.imph :,':l.ra.l
vascular channels (Fig. 11). Also, an ground his-
tologric cross-sections of Archeion bones the pat-
wern of cancellows bone merging gradually inro
vascular compact b is nearly idemtical to the
patrern in the leatherback

A review of the hweratore, with careful ex-
amination of published figures, indicates that
certain other extinct marine trtles probably
also had similar patterns of transphyseally vas-
cularized chondrocpiphyses with roughened,
fenestrated subchondral bone surfaces and
poorly defined articular surfaces, Turtles with
similar patterns appear to be: Peephophorus seal-

THS

Fig. 1. Histodogic cross-section {ca 1.5% ) of adual
Drermschelys perigcra (135 cm carapace length) humers
us, just proximal o mid-diaphysis. E, endochandral
meclullary bones 1 amd 2, prowth rings in wel] vas-
cularized periosteal bone (see vext for decails).

did ([holko, 1888, an;‘lh-:rgj;j Brefneri (Mielsen,
1963), Preusatearthres pelorens (Baird, 1978)
and Corsochelys hatinicher (Zangerl, 1960,

Maost extinet marine turtles, however, prob-
ably resembled the typical Recent cheloniid
species with avascular epiphyseal cartilage,
smonth subchondral physeal bome surfaces, and
well defined articular surfaces (Rhodin ex al,,
19813, Examination of fossl bones of the ex-
tinct Cretaceous desmatochelyid marine martle
Rherochelys pulohriceps demonstrares this smooth
subchondral surtace. A review of the literature
with careful examination of published figures
indicates that the following marine turthe species
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Fig. 11. Subchondral physeal bone sarfaces of
specialieed marine turtles showing large transphyseul
vasrubar chamnels |mr|i1|E 11 i‘-l.'lll.'lhln"ﬂ"'il fjﬂlliiﬂ' Chi=
nals and smaller metaphyseal vascular foraming in-
volved m endochomdral ossification. &, J'h--'m.:hr.'_-.s
saviaced adult proximal humeral epiphysis. B, Archron
ischyros adull pmnmnl metacarpal epiphysis. C. Ar
chiton sefyyeas adult diztal pisiform joint surtacee (a top)
ansl vater surface of metaphysesl periosveal bone (2t
beitrom) with transphyseal and circomphyseal vasou-
lar chanmls Trn'ur:uling inco epiphysis.

probably also had typacal avascular epiphyseal
r..lrt:||=gr ﬂ.!-:mn.hh'.ﬁrh-: Tonsg [i":ng\ﬂl and Sloan,
196l Swllomus aegypiiarus {Weems, I‘.:i'.ui:l Fro-
run'_t:wﬁﬂ"n growdasa (Weems, 1974), Eochelone

1985, Ny 5

Erabandica (Zangﬂ'l._ 1 9800, .-'I.Jn'c-lﬁ!rur.-:-u. .l'lr.:,":ﬂ.-:lum
iWinkler, 1B69), Oueofqpns emargriales {(Lan-
g'crl. Iﬂﬁﬂ}.{frrrtwm_ﬂ Lerd et I:?Zul:lgrrl, 1953)
and Toxechelys lafiremis (Case, 1B0E)

Since boih .i':l'rrmnr.'ln-.!:'r.': [uun[.m.-l.'r |r.r|gih ups b
180 cm) and Archelon {carapace length ca 190
cm} are giant marine turtles, and Prephophorus,
Ensphargis, Prsusmatoerithris and Corsochelys are
also evidently quite large, the question arises
whether their pattern of vascularily mediated
cartilage Eﬂ:l'ﬂl'l.l'l is related primarily w their
large body size, Several cases apparently falsify
this hypothesis. The Recent cheloniid green sea
ol Cheloreis .l.'.:_'.#.n.-: can reach CATApRLE Irng:l‘m
of 100-140 em, vet careflul examination of i
bones reveals typical chelonian artioular sure
fieces without transphyseal vascularization. More
im Fnj[[a.nl;'l:,-'. examination of the fossal bones of
the largest turtle that ever lived, the giant Ter-
l'i.'-lT:.' p-rlnmrdusi-e‘l.'-Tm_pm.d’rmx-;mmlhn'rlru's jcar-
apace benggth ca 220 cm) (Wood, 1978) also re-
veals welldefined articular surfaces with a
svooth subchondral physeal bone surface with-
ot transphyseal vascular channels. Recent pel-
omedusid ourtles are much smaller than the
giant Stupendems, but Podocnsmids expatiss can
reach carapace lengths of almost 90 cm, and
gross examination of its bones as well as histo-
'||:|Ei1: examination of the bones of its smaller
congener P, undfilis (carapace length wp to ca
50 cm) reveals tvpical chelonian patterns of
avascular cartilage. In addition, histologic ex-
amination of the bones of the relavively large
Calapagos tortoise (Gewhelone elephantopus) and
the alligator snapping turtle (Macroclemys be-
;-||'11.¢'l:1'l| also reveals [?pi:.al chelonan avascular
cartilage.

Based, then, on my review of living and fossil
turtles, there appear o be two basic mecha-
nisms of chondro-osseous '.‘L'I"'.'E"rIFI\:ITII‘I'II: aming
chebonians. These mechanisms are schemati-
cally represented in Fig. 12. The typical, gen-
eralized, and presumably primitive pattern
characterized by avascular cartilage, subphyseal
places, and isolated cartilage cones apparently
oceurs in all freshwater and verrestrial cheloni-
ans a5 well as many marine species. The atypical,
specialized, and presumably derived pattern
characterized by vascularized cartilage and
mammalian-like growth withowt subphyseal
plates or solated cartilage cones apparently oc-
curs only in certain large marine specics.

The presence of the two kinds of bone growth
among living and extinct marine turtles cor-
respoaads relatively well with one of the current
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A TaPCAL TURILLE il igldaRD TAENTIR

H- EFECIALICND resiLel secosbesG [ Esscecwj v
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Fig. 12, Schematic representation of the two basic longitudinal chondro-osseous growth parterns ocourring
in chelonians, Mast tarthes, including modern cheboniid marine turtles, follow pattern A; a few specialieed
pnes including Dermochelys and Archelsm Follow pattern B, See vext for deails. Solid black represents periosteal
bane, inverted ¥ s medullary endochondral bane, large circles hypertrophied cartilage, dats and dashes resging
and proliferating cartilage. Areas of vascular ingrowth indicared by schemaric blood vessels.

concepts of phylogenetic hypotheses of marine
turthes {Fig. 13} However, the presumed pres-
ence aof vascularized r:.rrilage in the chelomaad
Corsockelys (based on examination of figures by
Zangerl, 196407, as well as the absence of vas-
cularized canilage among desmatochelyine tur-
iles sheds some doubt on the Fh}lhghiﬂm -
construction  presented,  Either the  derived
condition of vascularized cartilage arose inde-
pendently in some early cheloniids as well as in
some unknown pre-dermochelyid, pre-protos-
wegine ancesior, or vascularized cartilage arose
amly once and represents a shared derived char-
ACLET, rqq_ql.iring that the relationships of Cor-
sechelys with the protostegid-dermochelyvid lin-
eage be re-examined,

Given that wrtles have developed two differ-
eni mechanizms of skeletal ﬂ_'ﬂ:"ﬂllh, and thar the
difference is not due solely to differences in body
size (see discussion of Archalon vs Srufendemis
above), what then is the physiologic basis for
the difference? In other words, why vascularize
a cartilaginous epiphysis? Based on extensive
work an the form and function of vascular car-
tilage canals in mammals and birds (Levene,
1964; Luth, 1970; Wilsman and Van Sickle,
1970, 197%; Kugler «t al., 1979 'I':l-g-l.luu'.ll, 1G&0:
Buettner and Pauli, 1983), it appears that they
fulfill four different functions. Cartilage canals
are: 1) nutritive vo cartilage when the cartilage

is too thick o derive nueritkon by direct diffs-
sian from :'hr_ininl surface: 2} a source ol pre-
chondral mesenchymal cells for continued in-
terstitial cartilage expansion in rapidly growing
cartitage (Fig. 7C); 3) structurally supportive in
thick cartilage, especially when surrounded by
narrow skeevies of hypertrophying and calcafy-
ing cartilage; and 4) usuvally accompanied by
eventual formation of a secondary cssification
Cenber.

Based on this, it appears that the presence of
vascularized cartilage may be related to rapid
growth to a large size, where the metabolic re-
quirements of the large, fast-growing cartilage
require the presence wf '|I'J.1-L1.I|.'.Iri.1.:|l- La.r:u;e. Tt
presumably slow-growing chelonians, such as
.S'Jup.rmd'rmp and mast chelondd sea wrtles, do
fol peguire vascularized cartilage. The pres-
ence of vascular cartilage in Arehelon and Der-
mochefys, on the other hand, suggest that they
are very rapidly growing animals in addition we
being large.

How rapidly does Dermochelys grow? Unfor-
tunately, there are very few data available re-
garding its rate of growth; no studies in the wild
have been undertaken, and no captive growth
Lo esaturity has ever been recorded. Howewer,
a few data on captive growth of juveniles is avail-
able, and they support the hypothesis that the
leatherback grows much more rapidly than che-
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Fig. 13, Hypothetical phylogenetic relationships of marine rurbes, following Priechard, 1978, Refer also
o Eanger] {1 280} for alternate reconstruction. Cenera marked with a (4 ) have vascularized chondrospiphvees.
those with & (—) have avascular epiphyseal cartilages (see vext for detaik).
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I'Ig. 14, Plorof known T in pears vs body wrig;lu
in kg of Dermochelps comiacen and Careila carnila raised
in capl iull}- Shﬂ'p decrease In curve mio. 1 ac abous §
muomnths related o morbidity associated with skin be-
slon an head resulting eventually in sepricemia and
death. Data from: 1-3) Witham, 1977; 4) Barken-
meeier, 16971 §) De:rmi}ngaln. 1986; 6) Phillips, 1577,
71 Witham and Futch, 1977; 8- Parker, 1929; anc
10} Uchida, 1967, Data for Camtta also discussed and
analyzed by Frazer (1895%) whae undortunatedy mis-
interprered Uchida®s curve, shifting it 1.5 vears fur-

lomid sea furtles [EE. 14). From this a’.mph t
is clear that the leatherback initially grows at a
much faster rate than the loggerhead. How does
this early growth rate in caprivity extrapolate
o overall growth rate and age at sexual matu-
rity? Very few data are available on length-
weight relationships of leatherbacks, but if we
plot & graph of the few actual measurements
obtained over the years (Fig. 15}, a relatively
smoath curve results, There is an apparent poing
of infleceion ar sexwal maturity, which occurs a
a carapace length of about 135-140 cm and
weight of about 250 kg (Pricchard, 197 1; Fre-
Lery, lg'.'l'ﬂ:l. The size of six-montbheold Cipitve-
raised leatherhacks is indicated on the growth
curve. Though the curve does not relate siee 1o
age other than for the siv-month-old caprive-
raised animals, it appears possible from these
data that sexual maturity might be obdained in
a relatively short time. Unless growth slows con-
:|.||:|.|=|.11l|:|r afiter the agpe af six mwonths, 1 prvur]ir:ll.
that the leatherback may reach sexual maturty
i as lietle as vwo or three years, Such possibly

p—
ther vo the left on his graph than it shoubd be. This
error was apparently dse v Fraser nor soting thal
Uchida set his theoretical age of 2ero equal 1o an
actual age of 1,5 pears. Ava resuly, Fracer’s equations
and calculetions may need 1o be reworked.
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Fig. 15. Flot of arapace bengih in cm vs body
-r:_ghl in I.g far fermockelys cormacee. Data l;lnlnl,:s Fep-
resent omly measared as o estimated weights.
[ata frome: Micchill, 1812; Fard, 18749 Ehtrnmi}-ﬂ.gnln,
1536, 1935 Dunlap, 1955; Lowe and MNorrs, 19556;
Ray and Coates, 1958; Beakney, 1965; Privchard,
1964, 197 1; Hirth and Carr, 19705 Birkenmseier, 19715
Hughes, 197 |; Brongersma, 1972; Phillips, 1977 Du-
guy ard Duron, 1981 Duguy, 1985 amd Ehrbare,

PErs. COMmim.

rapid growth in overall size is strongly sup-
ported by the observed histological evidence
presented above of the extremely rapid growth
of the leatherback’s bone and cartilage. Also
supporting this hypothesis is the observation thar
the humeral cross section of a 135 em mature
female appears e have two growth rings (see
above and Fig. 10} Whether the growth rings
in this young female represent annual cycles is
ned kooswn. They may well be related 1o the
cg,-':;lira.l mig‘mtm‘y MOV EMAETES 'hg.r leatherbacks
into boreal waters (Lazell, 1980; Bhodin and
.'i-:hne-lknpf. ]‘.-IEE],_iu:I: as samilar a'r\-nwl.h I.'i.TIEI-

TET

in beluga whales represent migratory patterns
im and out of boreal waters (Felts and Spurrell,
1965, 1966), It is possible thar the narrow zone
of slowed Perir.ulﬂ! bone E'ruwl:h in the beath-
erhack represents the period of maximal energy
expenditure and minimal energy intake asso-
ciated with the r;pid. migr;rinn from Iﬂ1l|:|1l:l'|!|l
to boreal warers, and that the wider sone of
rapad periosteal bone growth represents the
highly anabalic pericd of maximal energy in-
take as I.I'JE I.Eil.tl'lEl'bli.l.L'kl- Ihwl:f’ I'I'Lig'l'ttE II.'H.IthI
ward while fellowing and feeding on large ac-
curnulxtions of jellyfish. In larger mature females
with prior nesting experience, cyclical patterns
m:ighl. alﬂ.‘l IEHEL'I d'EfﬁE’-ll-Hd l‘H.'lI'IE tI'L dI.I.E
to the energy requirements of the reproducrive
effort, including body mobilization of calcium
tor the production of eggshells (Edgren, 1960
Simbkiss, 1962),

I'.Ilﬁ]'lilt these considerations, we are left with-
out any defnite evidence as o age an sexual
matu:rit].' for the leatherback. However, two
previows researchers have reached the same
conclusion that Dermoechelys apparently matures
at an age of 2=3 yr (Deraniyagala, 1953; Bir-
kenmeter, 1G7 1), Booh af these conclusions were
hazed om captive growth, and caution must be
exercised in extrapolating to free-living ani-
mals, Growth studies in loggerheads and green
wrtles demonstrate the discrepancy between
captive and wild growth rates. Caldwell {1962)
and Uchida {1'967) predicied age at sexwal ma-
turity in captive O, coretfa at 6-7 yr, whereas
Mendonga (1981) 'Frrdi::tﬂi 115 ¥r in free-
living animals, Zug et al. (1983} predicred 14—
1% yr andd Limpus (1979 concluded that ma-
turity in patural populations was reached in
aboui Ji yr. Simil:rl].'. AT ::p‘ri.\lr [ m_'p-d.-uj:

Taee 1. Post-maral Geowrd BaTes v Lapce BREFTILES

ApEien Hanchling seighn Wegght ot matuniny Age & materile Gerormnh vane
Carelia cazelia 22 gm 110,00 gim ir & wr Al gmsd
Carelta coseria 22 gm 110, 00 g if 10 yr Sl gmy S
Camalta canefia a3 gm 1 100, (400 gm if 1% §E 20 gm.r'-rl.
Dermoclelys ardacm 5% Em 50,000 gEm if & yr g gm.-"d.
Dermockelys cardace 8% gm FED, 0 gm if & yr 114 gm/d
Clurlarin weypdad 16 gm d**
Geachrlone alrphariopus 47 gm/d*
Allygatar missizeipdisnnis BT gmsd*
Alhgaer mississifgienis 56 gmSd**
Python reticaladus 18 gmd*
Faranas bsmodoens 1% gmAdse*

* Dhim From Case {197E),

= pmrbrews | 1962], i **® Aufenbeyg (19815



Lt

have been found bo materee noas lele as -9 yr
(Wood and Wood, 1980), whereas freeliving
animals apparently take much longer, with Lim-
pus and Walter {1980} predicting 10=-30 yr, and
Balazs(1982) predicting 0—48 vr 1o reach sexwal
maturity.

Even if the 2-% ¥T estimate for sexual matu-
rity im the leatherback is incorrect by the same
order of magnitude as the discrepancy between
captive and free-living growth studies in other
marine turthes, then we would sull predict ma-
turity fior the leatherback within about six years.
Ths s an incredibly shor maturaton period
for an animal of such a large body size. In fact,
il we compare the postnatal growth rates for
various large reptiles [Table 1), we see that the
leatherback exhibits by far the fastest growth,
even 1f its age at maturity is six yvears rather
than three, Mo other living reptile even comes
close, and the growth rate of the leatherback is
paralicled only by that of larger mammals (Case,
1478).

The histalogical investigations on chondro-
oasenus development presented im this paper
SUpgETE thee h].]m':thﬂ'u that the leatherlack has
developed the physiolegical mechanisms re-
quited to support imcredibly rapid growth w a
large body size, Confirmatary and elaborative
studies of the associaved life-cvcle patterns now
need o be pursued through appropriate eco-
logrcal investigations, correlating known ages
and lifa_hq.!{lr stages with ashwerved chondro-os-
seous patterns. For example, growth rings need
to be correlated with chronologic, migratory,
and reproductive  parameters, and  skeletal
changes amociated with onset of sexual maturity
meed v be outlined, On a more hasic level, the
failure of formation of secondary ossification
centers in the face of vascularized chondro-
epiphyses needs wo be investigaved.

In summary, we have in the leatherback turthe
a ungue life form. Chelonian in derivation, rep-
tilian in ancestry, it has reached a :I:ﬂ'n:e of
biclogic specialization unparalleled by other liv-
ing turiles or reptiles, and appears to be con-
verging on the bislegical regulatory mecha-
mismes  wiilized |:|-:|. mammals. How far the
stmnilarities o mammals exeend, and where the
imprriant differences e, await future research,

Material examired, —Collection acronyms as fol-
lows: MCZ = Museum of Comparative Zoology,
Harvard L"ll.'i'rer:i.i:.l: Y5 = Yale Orthopaedic
Surgery (to be accessioned o MCEE YPM = Yale
Peabedy Museum; FMNH = Field Museum of

COPELA, 1985, NO. 3

Matural History; SDINHM = San Diego Matural
History Museum. Carelfa caretta: YOS5 C508,
MOCE 1412, 13416, 156%ER, 15T 130; Lefidoche-
Tyt keiiigii: MCE 2OR022: Dok cordaeea! YOS
CAl4, MOE 59050, 550353, 67781, SDNHM
49851, FMNH 190307, Carettochelys insul i
MOCE 20964, 54770, 1348104, 140905-6, 153491 6;
Greoehelone sleplaniafiun MCZ 20052; Maeroele-
mys femmincki: MOE 1420; Podoememis wrifilis:
MCZ 4470; Archelon ischyros: YPM 2451, 2454,
PEO4; S'JH_pmd'rmp gmgn:lb.ﬁ:'vrm: MCE 4376-8:
Rbimochelys pulchriceps: MCZ 2485, other recent
marine turthe species and non-marine genera:
all from MCZ skeletal collection.
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