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A R S T R A U

Physiolrtpi-i:aI, atffttiwniilal, .nui deir loprt jcnti i l  fcaturifi uT lhe 
eriichiJEifitt heart Support the paleontological ev id en t- lhai lhe 
aUceattt'r* o f  living oraicodilians Wr're attivr and iridbther'ciic, 
hin il v i U’dgi inverted I ■ i ■.■■' rv when t IttViadsd lhe 
aquatic, ambush pr t̂JjiKjr niche. lij endoiherms, I here is j  func
tional nexus between high metabolic rates, high Wiftttd flow 
fatcj* and complete ‘Uipafatlttfl o f high sysienik bl.Oiid pressure 
from low pulmonary blood pressure in .l four-chambered heart, 
KcfOltwrris generally U d  .ill o| ihtse diaracifristiis, bill ctDt- 
iidilians m ain  a tb ur-chambered heart However, crocodilian* 
have a neurally prmtrtjiJLcd, pulmonary bypass shunt that is1 
funetjonal in diving. Shunting occurs outside o f the head ajid 
involve1) the left aortic arch rhiil originates froifi tbo right ven
tricle. lhe foramen o f Paniz/a between the lift and right aortic 
arches, and lhe <.og-Louth valve .it the base or the pulmoii.uy 
artery. Pevelopmejital siudies. show that all o f  these oniquely 
crocodilian tea In res are secondarily derived, indicating a shift 
from 1)kl complete separation o f  blood ftniv of endotherms to 
Lhe controlled shom ing o f cctijtherms. We present other evi- 

■j:ii ■ :’uren ithtr;in; m .■ ■ ;■ ar Unuii rsatiflti.igpL-.Trl . .m- 
dinosaur:, inay brtve inherited the trj.il.

t  \ ' i i v ■■ i .-i ■ . f i t ,- <!,i i i  ■ i 'i! Z i  * t t i  TTtfil | ] -I M Ks < '■'< K ̂  v 2(H M by The
University nf dtfc^i\ All rcsen-cd.

The distinction between endo lluT m v and cctn therniy  is one o f  
the central characteristics that d iv k k s  vertebrate li no rials Al

though  there is variability in flie liiuuig, precision, a n d  k-vtil o f  
[he e n d o lh c tn i i t  Mate a m o n p  b iu ls  ami niam m aU, bolli  g n u ip i  

are clearly distinguished from the n ia ion ly  i '1 ^(rrft leitri ie  ivp- 
l i lo ,  i t j ipM hiau i ,  aiul li'h. Bird1, and  m am m als  lypticafly hitvf 
cnnsitlerahh' higli t i  htjtly rempciiiiures,  nn'inbolic rates, :nid 
vtimniii.  T heir  body tem p era in rfs  an: usually physiNlogitally reg
ulated  wiltim (i n a m 'iv  ran^t’, :mcl lheir metabolic  jjailuvays are' 
generally aeonbi: l inring neit and jiarvity. b.ctiitheiTn!) sir* ib.rr- 
ncterised by environ men tally dependenl  bruJy. tem pera tures ,  lou- 

m eijbo iic  rates, am! relianie on anaerobic (wihways for intense 
lud imSuslfimabie acln il y. I’robahly because of (Ik1 parcelved di- 

cho lo iny  b f tw een  livLdfe fiidoiheiTns a n d  eLloiln 'nns, lhe t |u ts-  
lion Of The nKt.ibolic .statu.', o f  v^lincl vertebrate ^poujhs ha,s l iten 
e \ ten s |v t ly  dc.bmlet! fThoma.s and i )Koti K j tk e r  I9^f>; Far-

■. i ■ i ; ; . .  ijc i N ,s lj i,
Om- line nil ev idence concerns  ihe re la tionship  behveen cn- 

dorheritiy, nier.bliihli^- riHe, a n d  a lo u r -ch a m b e re d  he-art. I.oris 
S. Russell (WftSi.i a n d  pussibly olliL'i:. be (ti re h im, recogjiis^il 
rIi.tI the four c h am b ere d  bcarl  of a rchosaurs  |>iTl’eclly separates 

oxygenated  and dcoxypeiiidcd bloods,  which sh o u ld  optimj.SL 
gas tir:in sport  by send ing  only dvnvygenated  b lood  to lhe lunLj 
and OKyycrn.ilcd b lood  to ib r  bckJy. VVchb (1979) dre^ ' 
a t ten t io n  lo lhe significance n f  i lk’ I 'our-chiimliered heart  and 
elevated aclivUv in the ancestors !ifhiri .ls ,ind crocodiles.  T he  
in ic reucf  i l  I hnl lii^liei mi'taboliL rj^es of eudm  herins would 
selecl for 11 if perfect separa lum  of blooi.^. This aiy.umenl was 

used in i o t n t ^ t n j n  with the d iscovery til the d isp m ed  fij)si) 
fi^ur cham beie i l  Iumti in an ornirh in .  bian ('.inos'aiu' [Hslicr el 
iii. 2WU,.  Flowevci, despite  an a n a to m ic  id l.y incom plete  sepa
ra tion  n I the  chaml^ers o f  noncrocodiliau  re|p|ili,m hearts, v n n c  

snakes and  lizards are able  to  reduce ntfjmig to a lm ost  zero 
(J ii tl ts  iy^&). This, shou-s that a lou r  c h a m b e r td  lie.irt is nipt 

tiu. - -a y m e!. lu s ,-a ■ onds.
We believe thai the prfntHry m lo o f  the  fo u r - t l tam b e rcd  heart 

is h t  separate  systemic and p u lm o n a ry  b lood  pressures, ra the r
i ban  itisl b lood  o sy g en a l io n  stales, lo achieve liigh m etabolic  
ralc,s. endotherm .s fi'iiorre a  greater CLH'diovasi'oia:<my|icntrans- 
ptiri capaeit\'L which Ihey a'.iiise ^vitli higjier b lood  liq(W rates 
and hcmttglf tbin levels. L lf /a ted  cardiac o n lp u l  in e n d o th e rm s  
is .issHicialed with mai'kuilb h igher *.ystemic a  fprifll Itiood prc'S' 
sure  (K odbard  et at. 1^49; lo l ian^ 'n  1^72. fig.  I i. The e.Tpl.i- 
nano ii  (hit rhi'ii high systemic hliitrtl pressure  and app!'ci.iabli.'



1052 R. S. Seymour, C, L  Beimel I-Stamper, S. D. Jufiristoh, IX R. Carrier, nntl G. <irig^

-fn
*—+ ■WjrTTTTU*£ __ | “

HuifriTnnry

' ■ ■ .1 4
Ij, !■ ■■■! ■■ ‘i • i .. Ri ii 111 I i ’ ,

Figure 1. SvsKlnii' ^rtf.rini him id pmnjri.‘s ill f t l.ltlfifl In m^v-tfK{rpiif. 
Urnl suruidrj liieMlhilk rate among vcrleiirak' Quill's î :, are
mptfwatul 95% Loiifidence intervals. Ln f i ik  amrpWhliilii, repnles, Ifii-iis, 
and m.irtinub, lj|txnJ pressure it based nn 2.1, t>, 15, l~, .lnd species. 
retpiwtlviHy; metailwlic rale is hnsi'ii on K. H>. fiV, 1̂ 8, nlid M'J spotlrX, 
1 espetI nv!y, than tile literature. (Tie ringe nl ItuJmfo)^rv .irterdl bliasif 
p r i j n n a  ls|"ak-^iieflthuift wtttMriicii> shtiwii Hit &etfriraii-<.in [fnhanstrn
1 ^ 7 HTtte

peripheral resistance i,s not <jjl1 ireK- clear, bur vh: will present 
jxvusihle I unc iiuna l  roles twJmv: At this p a in t ,  bowe-ter, uV neeii 
I m ly fo tibiit.’TV'i: the 1̂ rung corre la t ion .  Pulmoi u r  y a rteria l  blood 
pressures.  oil tile ill her  hand,  rem a in  kiw in bo th  ec lo lherm s  
an d  c t l d o t h m t l t  ! Fjg, J 1 In these uises,  h U yenerally accepted 
th;it biff!) p u lm o n a r y  b io o d  pjwtsijftis uld m u s e  fluid
[ill ra tion  in to  the a ir  spase.-, (p u lm o n a ry  ctli.-m.i!> a n d  inhibit  
ga> exchange  i.Wrtrig t t  al. I yyH>. A lthough fb<r .ui;itiimic,-illy 
und iv ided  lien US of som e <jTs,\-c;piIlieuI repti les (e.g ., n v m i lp i  

and large teTWfi.MiTi snakes) cun genera te  ; ipprccia 
ble pressure  separa t ion  a n d  moderate ly  hijih pressuies (burg-  
grcn and lobftiHen 1983; Seym our I9S7; Wdrtg et al. ZOfiL 

m ost  repti les have sysiemic systolic pressures thill faTl 

o 'm s id er jh iv  tftulrt o f t f e  m am m al ian  o r  n via it itcmm* (cf. Hick* 
1WK for  reptile"-, and  Seym our ,md filaylilck i(Hjt) lor birds ithd 
rtiiitttrtiitlij, H ear ts  n f  min<;ruk.[>dliian r e p t l f o  rely on  miwituUi 
force Hi keep o p p o s in g  walls a n d  ridges p r e y e d  t o o t h e r  ti) 
j c h ic v e  separa t ion  d u r in g  svst<ik" avian a n d  m am m al ian  fr)Uf- 
cbiimbened hear ts  d o  no t .  Thus,  a lo u r -ch a m b e re d  hear t  is 
the  best sol m inn for separa t ing  (jrfcsMirss.. Ifcspite  ,i fptir- 
e lu cn h ered  heart  j m i  ^Hiuci separa t ion  iff {tyMi'nlie a n d  p u l 
m o n a ry  pressure*, I lie m ea n  systemic blooti  pressures tU enn- 
se i tm st  rthTcvditlins a rc^ 'e l l  MffttlMl I h e e t f o t h e r m k  runjte; values 
! r r  AlligiltOT ttti+itsfipl)tftt-}'> include 3.^ k l ' j  Ifjflntiifwbl and 
Mmri>w ISiM i, n.3 kP^i (Vvhite ] y 701, and 5.2 kPa ((ones a n d  

Shelton l ‘W ! ;  tliose for (TfticodyiUf ['i>ro>u> in c tu d f  7.1 fcPa 
! Altimir.is  r t  .iL 199ft!, 7.9 kP;i a n d  liih.in ien l'W7l,;iMd 
11. : I I i Asels^nn cl I. . V97i.

T'ljtre are also consiJe rab le  differences tn rffuHve (leat i si/e 
between t 'n d o th e rm s  an<i c ^ tm h e rn i1,. Acciirding fu the p r i n 
ciple o f  l.aplace, high systejmc hlmid p r o c u r e s  are f in re la te d  
ytfith ili i tk-w alled  ieit ventricles ami heavier hearts  i .Seymour

ittid b|.tyl(>di ZJinihi, Heart  m ass j  vet aye', a h i u t  tL4% -(f ,7%  of  
bo.dy mtiss in rnan im als  .uid 1.2%  in biftK iP n u p a  an cl

i.Jstadal l^fiL'; Uisliop tV?7; S eym our  a n d  Blttyloek îtOCIj, bui
ii is oj ily [).Iy l>ij—0.32'N/ in nujfil repuies  (Pttupa and I m d s t ro m  

19k3; Seymi^ur 1%’7; Farrell et al. lWf i ] .  In alligators,  hear t  
ma-A titv ieases f rom  11.2 :!% at I b o d y  mass to  U. 13% at 70 
] 1 . ul tj 1 r ; : ,l i H  ■ i ■ ■ . :'t :d. I :v^

T he  level o f  syt.lemic arte ria l  bleiod prt 'ssnri ' is ic ia ted imt 

on ly  to  m etabolic  r,itr a n d  hear t  si?.e b u t  also Io the o f  the 

animal,  Nlore specifically, iii iliongh all ot th e  h e a r t ’s energy is 

ulii inaiely lost to frictional rcs is ian te  ii' the c ircula t ion ,  o n e  
innni 'd ia le  reL|uirement ot central  Hyyi-irrUc arterial b lood  p res
sure Is to m j ip o r t  the  vertical b lood  t o l tm in  abr>ve the heart 

(Seym our  e l  j l ,  1993). Tlllvrflgujjifrif'Trt cxpisif i i  why the  giraffe 
has an  a rteria l  b lood  pressure  j b n u i  twice the m;nitmali. in  n o rm  
l H a r w n s  1VS7) and why ai ferial b lo o d  pressure  increases sig

nificant I v in larger m a m m a ls  (S fy m o u r  a n d  Rlavlock ’ (1001 find 
lunger lerfestrial snakes (Se'ynlonr I9K71. T hus ,  tt is possible 
Lo tii lunlate the m in i m u m  arterial b lo n d  pressure  o f  an  anim al 

from a skeletal n x u n s t ru c i io n ,  a.sMtming tha t  the  heari wab in 
the sternal riri'a ami ibe b ln o d  c o lu m n  was the  vertical d istance 
above n I 's l lmates flf .sysicmic arteriiil bliN>d pressures lit  be- 
uvcen 10 ,md 25 t P a  in so m e  ornithopr.id and th e io p o d  di- 

j iosaurs (Seynn.mr I ' i nd possibly h igher in so rn e sa u rn p o d s  
tSeyn’m u r  anil  L t lW b l tC  2llfH)|r These m easu rem en ts  sh o w  tha t  

tbe hear ts  o f  dinos<iurs were capable flf p ro d u c in g  w s te m ic  

Ipi'mMSitres ivifU xvithin thn- en d u lh e rn i ic  range, w hich  w ou ld  have 
:e i |l ih'l'i! the lunctkm al  se|:ar.ilion o f  systemic and p u lm o n a r y  
b lond  in a lour,  ch am b ered  heart.  However, the jnalvsis c .mnol 
d e te rm in e  ivhat led tt) d ie  evrhlutlnn ol sui 'h .i b e a u  a n d  h igh  
h iond  pressLire; t h e s t  features could  have evolved initially in 

su p p o r t  o f  ei idol her my, large tnnly size, o r  both- If It c an  be 
show n th a t  they Ociilrred first in shHirt animals ,  it w ou id  be 
consis ten t  witb e tido tbevm y as the  primary e<.trrti,itf.

I his report  ex p an d s  .m earlier  p re sen ta t io n  a n d  prov ides 

evidence that th e  small ancestors  o f  crocodiles possessed |u u f -  
i b .nnbered  hearts  tha t  'vere r a p  tlll*’. in 'ucJ iemting h igh  svs lcno t  
bliKtd pressures c o n so n a n t  ^ 'i th eni.Utlhetmy I Se y m o u r  2un! Fr), 
Ironically, tb e  hear ts  oi l iv in g e c to th e rm ic  c ro to d i l ia n s  pmvidt; 

t.nmpei)ing clues co n ce rn in g  ibe h istory o t  e n d o th e rm y  m the 
jtrrfiitp: A l though the  hear ts  are felatively small a n d  p roducc  

systemic blor^d pressures in tin: s^m e ranjte as o th e r  e c t o f h e n n k  
rvjHile.s, iheir  s t ru c tu re  hskI i.levelo|)nienl t e i i ih 1 to  e n d o tb e n n rc  

origins in basal a rchosaurs.  O u r  s tndv fo i th e r  su p p o r ts  the 
po^iibilUy at e n d o th e rm y  in dino*1turs thtfit evi^lved f rom  this 

group. The ovjdcnce }ve present is j t  hr>t ptiltufilOlMjgifid. to 
show huiv i t i f  i jw iw i t j ' o t  c rocodiiians  changes! Inrun krres l r iq ]  
to aquatic Ijlestv’les, T'hen we discus-, ihe  card lovascu iar  p h y s 
iology jss^ c ia k 'd  with aquatie  b rhav io i  in reptiles. This k-mk 
tn ilic iiislghis derived iron i  o o r  [levelopmenFal s tudies  o f  th r  
eroi.oihlian heart.  Fin.dlv, Me ihscus^ o ther  lines o l  iS’idtTfCt 
that  a re  consisfent  o r  incon.sisienl vi'/llt au i  hj 'pifthesis.
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W hile  the^e Jri? iml Onrisidurcd t h r  pcogistiitprs o f  oroa id i les ,  
they a i t  from iluj TrUssic a n d  d y s e  id [lit  .s;;!i( de f in in g  the 

c ro w n - t la d e  A.rthtwiunSa [Sirt'ty,' 11>1-*I ; b rn c h u  The
o rn i th o su eh id s  (e.^,, and a r t  a n 

o th e r  g ro u p  flf.tiasst a r th o s a u r s  lhat a p p ea r  tn ile d o s e  to 
th<.' IfiVisintl b e tw een  crum tar ' ia iis  afl(J m n ith o d i ran s .

Tin; Cfcici'kiylj tbTrrt lineage of kmrutarsans appeared hi thtf
li.;jrlv )uras's jc, exemplified by wl/jijs i~ l  mS and tin h ti 
*;t, 11.- ;n , nJ it imdi'i ev.i: inns... . rad . iimi ll i ■ i il'.Ii- 
i>ui the Juravsk jcld O'etSMOLK Thin lin̂ Myc: i-; traditionally 
i lassiried into su ited  ive ^roirsychmni, mt'snsiiihirtns, and fi
nally eusuc h u m , hui niily Rustic hi a is not pBTapitylftic I Brochu 
2Uf)J). Some ii! these jurassic en>codylifVirin> were highly 
aquatic, in m .trine and ipejibyntcr habitats, and others were 
wholly tWresfftsl, The eusuehian!. aj>j>eaied in [he Cretaceous, 
prieiuriwbh* derived from aquatic ancestors because o f  ilieir 
riaot'pfltilojicai .simiiaritie.s lo Jivinp species. Some eusutdiians 
bet-one large, reaching K toils in mass and perhaps 12 m in 
leiigih, and IJvcy jjtissibly fed on terrestrial dffwuttrs at ilii 
wi.E i -. edge (Ser ■ i . ■!. Jo: I .

A long  th e  lineage t ro m  basal f l t th u w ir f  1"  turcucfiiittth, there  
are Ewti ov tr^ l l  t rends  tha t  arc significant lil lhe present  hy- 
pollies-is.: a general increase in the riCleif n f b o d y  size and ,i shill 
from terrestr ial  to  a m p h ib io u s  lifestyles, diisjl arci iosaurs  o f  the  
TfJassic Xrtri  relalivelv smali, c o m p a re d  tt) lhe eu sue liian and 
d in o sa u r ia n  giants  o f  th e  f .'cetaceous (Fig. 2>. The  skeletal tea 
t tires nf Hnftti/iHrriiii F.rpeioslunhus, lhe sj>lniiio;,uchians, i h e o r -  

tilth rwnchld;*, and the  early oniltli'.Hllj'ans a re  suggestive o f  eur- 
SLiiiality: h ip a n d  sh o u ld e r  jm u ls  capable-nl p«hiri0Wi|fth£-l(jjps 
iit parasogiioil plftnts,  delicate a n d  wirtw)fim*i* lonjj h tnb  bone*;, 
a n d  ih sp io p o r t in n a te  lore- .nul l i i i td l in b  lengths iIilll ind itd le  
.it least Me ultativc biped.-ilbm. This desc rip t ion  lils I hi.- ha.wl 
c ro co d y lo in u ip b s  hnr not th e  advanced  ones. The fossil evi
d e n c e  sh \W i  that locomoLion sin fil'd from ru n n in g  to sw im 
m in g  i Parrish  IV^?;. rtrrRing the ciocodyiiieirms, there- wav a 
n e n d  tow ard  fcduttk+lt  in fhe d e rm al  a r m o u r  a n d  d ev e lo p m en t  
til pn .no i ' lous vertebrae, btitti aiissclatcd with a loss o f  the lat
erally .'.iiJTened t ru n k  talubblu  tbi cti isorjal  iespccijJJy bijujdj)) 
l iK iim ntion  and I hi- dcvdLipinent o l ' ine reaw d  luk'ral m o v em en t  
til ,m.i! iwHnnitlfig (Sjli'sbury and Srey 2CX>IJ iMesoiuehi^oK 
aiul eusuehiiins developed ^.econdarv palales that allow 
hreath in j i  wlicn lhe  m o u th  is open  u n d e rw ate r  ( Io rdansky 
iy7.l |. T h u s ,  the tossiU irrtpl^ a shin fm m  ciir^ori.d p w d a l i^ n  
o n  l.md in lhe  Trinssit to a p r im ari ly  arju.ilie n itj ie  o f a m h u s h  
pre<1 'Kf '■ 1 he f r t t . ico  ".s.

I he l imbs ot basiil o r i t i lh n :lu an s  are su  long and dts|)jro* 
po r t  innate th a t  scmvt j u t h o i s  sujs^ested [hui they  b o u n d e d  
a b o u t  tho landscape (Walker 1970; Mt'nmn l ^ y j j .  Today, 
b o u n d in g  liiconuition , often ta lk 'd  gflEkfptrjg; i>ceasionally t>c- 
inr-^ in adult  Cw-D(fvfws ((ifmitHUij1 (W ebb and Clans 19flJi, iu- 

veniJe C rdctfdykfi r iJe ltf i ii  (C.iitt and  C m o c lyh ii p inou ts
;Ztig l l)74;.  Tin.1 sagittjil tle>in^ o f  i h t  spine-and l imbs has been 
de .sn ihed as s im ila r  fn itl j t  a Llieerah al lull.spet’tl. tJraii.ntu;

W ebb ,md Carl CJans ( I9S2) speculated  Ihsti l io tm d in ^  hehavior 
miiihi be ancient.  However, we kaiotv t l u r  h o u n d in p  behavior  

r.T3tntk>! be tfllerated tor long  per iods In livinf; cn>codiiians, be- 
t .m sv  s i re n u o u s  activity is i u p p o r le d  anaerobicaily  (Seym oti t  
el al. KaJdwin et at. Crocodifes n o w  use b o u n d in g
n 111y tor  shcirr dashes lo  water, loday ,  h o u n d in g  an ce i i ry  may 
jjIs î be relleeted in e m b ry o n ic  o r ) u v e n i k  iorm.s. T h e  himllit ltbs 
develop m ore  quickly  than  the  forel im bs in  enKodilcSt bipeda] 
b irds,  anti  ju m p in g  am iran s .  while tlie to re l im bs develop  hrst  
in o th e r  qu-'di njirdal ver tebrates  ( l.fodsyti i97S; M. R ich a rd 
son ,  pe rsonal  c o n im u n ica t io n ) .  T h e  ju m p in g ,  insectivorous'  
b a b ih  tif juvenile cnK odi l ians  give wajr to  s l t -and-w ai t  habits  
o f  the adults  (L. G a m ,  perstmal e o n m u m lc a t io n j .  T h ese  <m- 
tr.>geneiic shifts in [d rm  an d  tn-'luvior n i i r m r  the  phylogenetii.; 
shift from terrestr ial  to a<ju,illc l jehavior o l  cnjco^lilknts. Ih a t  
adult- crocodilians hud tn tieram so m e  tetrestri itl  ,ut<tpl<ilioiis 
can be ejtplained be I he ir  need to lay th e i r  t le id o ic  eggs on 
land. W ater  in I be  pores n f  the  eggshell suffocates the e m b ry o s  
iW ebb et al. 15S3).

The e'vflliitJutmry history of croaidliians Is consistent with 
ernloi h^ntiic origin giving wav Lo an ecu ithermic condition, 

l/prijdit slance and the tajineiiy fur highly active, terrestrial 
behavior art' characteristic o f endothem ts. Although fe s ils  re
veal posture and Ini.omofinn, however, they fdiunil delinitely 
prove the level anti sustdinability ol activity. Bakker .I^Hfi) 
condudftl I Iwt I he hasni archo.satirs were endotherms, based 
on nevoral iines tit palcontologital e ,̂idence1 including upright 
slauce, low predator-pn'y ralins, bone histology,- ant! the ap
parent compctilHT dojtiination by thearchosaurs yver prchum- 
nbly eiLiliidiLi mic piJitontammals (lli(.iapsids:. It has turned 
imt that nunc o f these lines o f  e\ridence in ii^elf h.is prm-ided 
a con du sivt- case foe I'odiithermy in basal -nvlHwanrjr iBennett 
and Kohen tVftfi'J. On the uthet hund, neither has the eaye fnr
i . tothennv oeeti prnv n.

Physiulo^) o f .\qimtic Reptiles

Living cn.ieoi bUans deiitonsliflte a suite o f physiological teal ures 
ih at serve dieir hehavior of sit-.md-w.bit pnidatitijj in water 
Seymour I 2 1. Whellier they eal fish nr lerri^iriitl animals, 

crocrHlili;in'i l>enefit from long brejlh-hold di\'es, because they 
( an remain cryptic before ihey eapiure prey and stay submerged 
while they *ulujue it. Obviously, an aquiilii. prtdaun- that 
<irown\ lerre.strial prey musl be ,ible to linld its breath Issr a 
Iimger time than the vitiirn. Breath holding in crocodilc-s is 
accompanied bv several characteristics thol eau leiiglheit divin)> 
time by reducing oxygen consumj'l iori and increasinp tolerance 
to .I..:..■. ■[->x metabolistii,

j", i 'i y

iUislnig rates o f  oxygen consumptitin are fi-MJ times lower in 
reptile,; than in mammals u r  bnd^i at ci>mpatrable body size ami
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l e m p t r ju i r e  fRennett  and Hawuon I 97m; I y K31 In water, 
moreover,  body lertipeiailjrert ul' repti les are f ro n d J t r j b ly  lower 
lh a n  :hose o f  m os t  e n d o th e m is ,  li it I her  reducing  melabolic  
ra te  by a Factor u f  pe rhaps  tWy, M.fiitat body  te m p e ra tu ie s  o f  
Crucoiiytiis p o w i i f  range  between ab o u t  2 7 cC  and J IJC in w i r 
ier sn d  su m m er ,  nesp’ecii vfiy, u n d e r  tie id cond it ions  when  the 
an im als  arc engaged in bask ing  d u r in g  rtie day (Crigg cl al. 
I*H$.; Seebachcr et al. LW9>, IxLolherm y is therefore an  im- 
portan l  lea Lure ol’ d iv irg  that leng thens  dlvea, and  ;i
sh o u ld  be o f  selective; advan iag e  m  aquatic  p redators .  ke io-  

therrny is also an energetically advantageous  strategy for an 
am b u sh  o r  s l e u th  predator ,  because  there  is rm requirem ent 
fur  lhe  sfflv 01 m otionless animal to ria.imdin a high body 
l e m p e r f tu re  against the high ihcrm al conductiv ity  and heat 
capacity  9 rWatej.  T here  a re  no  Jiving e n d o th e rm s  thar teed like

tintiy Hize

Bccause u S ^ t o t  stores i r  the  blood, lu n g  a n d  m u s c k  v o l u m e  
are nearly  propori ion . il  l a  bddjf Site, bul rtieiftbwlk ra le scales 
a l lo m e trk a i ly  with a r  e ip c n r t i i  of about (1.7 (Piffles 198.1 >, 
d iv ing lime shou ld  he p inpoi ' l lunal  m  body  m,,-.:- r>4.ibvtl to 
roughly the |sower o f  0.3. This jricartf that for every nrdei u f  
m ag n i tu d e  body mass increases, a e ro b ic  dive tirtic i> ipprtt iti  
In a (fly double^!. Larger p reda io rs  arc not only able  in i tm a in  
u n d e r  the  w a te r  longer, they are also s t ronger  a r d  be tte r  able 
to ■. >d ic targei piey.

H:.J' Aaaerohit 1 'iiprtLdC,'

t-Ctiithftttnk repti les rely tn o re  highly o n  anaerob ic  riietfttwlisni 
th an  any oilier an im al g ro u p  iHemiell  and jSawsor 1976!. 
W hile  th e  a e ro b k  pal h  way is able  to sn p p rn l  rr-lalively sluggish 
MCti îLy. anaerob ic  m etabo lism  fslies over d u r in g  intense a d iv -  
ity. M ax im al  ac i if i ty  levels (m easinet i  as lo co m o to r  speedsi  o f  
reptiles c a r  Hiaich (he levels o f  m an y  e n d o th e rm s .  but an ae r  
u bios is leads to accum ula t ion  u f  lactic a a d  and a d d -b a se  dis 
imb.ir!L.T. To avoid  incapac ita t ion  by fatigue, se lection has fa
vored a high to lcrancc to  the  p rodnc ls  o f  anaerob ic  m etabolism  
i r  reptiles. Diving w ou id  be expected  to p ro  m o le  fu r ther  re
l ia r  ce o r  a r  a e r o b k  pathways a n d  to lerance to  acid metabolites. 
An atpmliu sit-arid:wisii p red a to r  m igh t  fljlyoi) aernbiosis while 
s la lk irg  a n d  an .i trob iosis  while fighting underwater.

Crocodil ians In pu il icu la r  show a r  exceptionally  Jijjjh reli
ance f>u anac rob ic  nirt'abnliMN. A u a e ru b k  capacity  increasi.s in 
larger pi'iiyHif- yriimals a bou t  I kg fatigue in a bou t  3 min 
o f  s t runuous  exercise, b u t  l l iosr  above 100 kg can  Iasi an h o u r  
or su (Uennett  el aL Bltiod la ttale  levels rise lo 20 m m o l
I.' in ,4/fijj[JJ[)r m ifti t tip p itt f fh  R k iu lso n  and H ernandez  197^1 
and  above 50 m m o l  I/ 1 in C. porcsus (Bennett  et il- )9 f^ ) ,  I tie 
latter possibly be ing  th e  highest c o n c e n tra t io n  ever recorded  
in a v e r l tb ra le  as a result o f  activity, [.at I ale rises h igher tmly

ui turlles  ssphvxia ted  frtr .i day o r  m on: ( L'ltsch a n d  lackson 
jyK2). CwfViiyitts' porom s  can survive bknid  pH  d ro p p m t;  tn 

in contrast  to most reptiles, whii.li ;ire latigued oi dead 
when p H  d ro p s  m u ch  be low  7.0 (Seym our t i  ,tl. 1̂ 3 ), Mulscle 
pH can d ro p  be low  h.tl in Irirge C. p a t i im i  poss ib le  netting the  
limii o n  anaerobic  capacity (hulilwin et al. IW 5).

it ..■■ tlfSCiJl':,; i

The incom plete ly  d iv ided  hearts o f  noucroeodilian  repti les p o 
tentially pe rm it  m ix ing  o f  oxygen a ted bloi.nl from the lung  with 
i leoxygenated b lond  f ro m  lhe body. W h en  m ix ing  occurs ,  the 
flow o f  blood from fine side to  th e  o th e r  is called a '‘s h u n t .’1 
It is possible to  observe  deovygcjialed b lood  re tu rn in g  from  
the  body in sysivmit veins being sh u n ted  o u t  to the body a^ain 
in the  s y s t t n tk  arteries a so-c.ilk'd p u lm o n a ry  bypass shunt ,  
or  right to  kl'l shurii,  because tbtr sh u n te d  blot>d moir'es from 
the righl to  the left side o f  lhe heart.  Left-lu-ri^ht ^h^^H^ can 
also oci-irr w'hen Mime o f  the osygenateid hi o d d  frutii ihe lung
i i  recirculated lo i t  C s i i s f i t  contro ls ,  a n d  >,h.i[ relations o f  s h u n t 
ing have been  mk-ii'oVfly simlied in iepli!es. p.irl icularly  in 
c o n n ec l io n  to diving o r  h rea ih in g  pa iie tn s  (see r en ew s  by Sey
m o u r  iyS2 |, Burggien i ] y.S5 1. and H icks  | l LJVtiJl. It can lie 
concluded  th a t  tliert.1 is a v,idi.' va rial ion in p^i terns o f  sh u n  ting 
between species and physiolo^ieiil stfltcs. In general,  h i tw ew r,  
there is goinl evidence that l i n k  si urn Ling occurs in rep i ik s  
b rea th ing  noi maily in a i r  bu t  p u lm ona i  y bypass) sh u n ts  can 
develop d u r in g  v o lun ta ry  d iv ing  a n d  especially durin j;  enforced 
dives un d e t  h h o r j l o r v  conditions.

Despite  their  com ple te ly  divided, font-ch  a inhered hearts,  
i_rO[.oilili-im can develop p u lm o n a ry  lu p ass  shunis.  bu! unlike 
noncrocodiliHii n 'piiles that sh u n  I willnn ihe vein r icks ,  crou- 
mlilinns sh u n t  th rough  .i u n iq u e  a rrange itu  nl of the outflow  
vessels n f  the  heart iW ebh 147^; f'arrell et al. ly9K). Hot It righl 
a n d  left ao it ic  an, lies iirv prescTtf, as in urh<T reptiles, b u t  the 
Ivll <ntc origmatei,  fnuii  the  ri^hl ventricle, while lh e  r ight o n e  
orig inates  from the ieft v em ri t le  i Fig. T h e  f[>ianten o f  Pan-
i 7.7Jt cim ne t  Is the r ight a n d  left ai'^kes above th en 1 b icuspid 
valves. T h e  p u lm o n a ry  artery  also comic-cis to lhe r ight ven- 
Iricle, b u t  un iquely  in Cffli i.nlilians, the p u lm o n a ry  bJiJthd passes 
i l i rnugh iwth viilves, first a (Wft-ttnith valve tl’.at can rr-sh ii,l How1 
j u d  then a leal v j jyc  that pievetiis reverse llow. p inalb ,  ilnj 
right a n d  left arches join by an an as to m o sin g  vessel pos te r io r
lo it ,i i.

T h e  p a t k m  ^jlblooi.1 How d u i in ^  m im b n i i l r n g a n d  sh u n t in g  
in ^TfK'odiles has  been t i t r  locus o f  m a n y  studies l lu r  reviews 
see W h ile  147(1, Grigg l^ny, Avelsson and Franklin  1 ^ 7 ,  a n d  
A xcbsi : r  2 0 0 " i, L 'nder r io n sh u n t in g  condit ions ,  (Tow Irom rtie 
riglil venlriclc goes on ly  in lo  rhe p u lm o n a ry  artery; lhe  valve 
to  the left a r ih  rem ains  closed, hecausi: ilse pressure in the  k n  
anch is always greater ( l ia r  th a i  i r  Hie right venrricle.  Ulood 
ftoiti the left v e n u ic k  flows in iu  the  r ight a rch , a n d  s o m f  ol 
this can pass th ro u g h  the fu rann:ij ul P.liljyjn  in to  the leit arch,
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Figuir J. t..lumlvi't ilrild uiiTlinw vtcs&ti uf ;Ue c MJCiftlitiiM hcan {Grij*g ]S*K4r. ,rV„ m'V, J-£m =  left <nul rtjgftl vcnlndc *md jirimn. £/W ' 
f.PV, UPY as |f)i yud rJahi pulmonary artery «mj yssin. — fiubdtu^Jiii wwry, £JC — cDmmun tjnrtiil  .u'kTy. J.ftVlT. H.SW' -  kl;l llHT right 
anterior MMl. ftlf'C — TWfclcavil vein. iArt, £An — icJt anti nghl 30ft If ou-hrs. She pimiMii of ti|i? fofartipn rtJ j ' ju i / r  U irulii alcd K  ,1 dot 
.it the bkLve 4*1 the Atirtk aruhcs. I'lic luilduiift indMuw vewcis that ceiiinffi tn tile open ttmiiiL:.

n*Vi'i iliIIv during diatftjk* Blood can afcu pa.'* fctwetn arirfe 
at mss I hi1 jn^siomo'ds- behind the htstrl. Reg-atdlesi, at varia
bility in ihcdivision and tim ingnf J tow events, there is cornplcU' 
sepaiLiUnn ot oxygenated arid dfpsrv'gettakd blijctdf when rhe 
valve to the left arch remain:; clos -̂tl. U n d e r  th urning condi
tions, hn’ivcvei-, contraction o f  flic ’̂rtg-rooth valve VJUiei pner,- 
nuf^ in rhe right ventricle 10 exceed that ir die left arch, and 
iT̂  bicuspid waive opens.. Blood ejected intd the left arch g<ujs 
niainlv to dir jilt, but there in rv'ntrtics that an apfireciitbit 
amount can go in the reverse direction ihr<mj;K Hie foramen 
o f Pdrtizzj Ihio die riplit arch. The Jjr'usitnal lett arch is wide, 
ir contro l to ninn: disi.il seWnetfta, Mtggesiing diat .1 iaige 
Votame n! right vcnlrittiLHr blood can fu>s I hrt.niyii I ht? foramen
: ILi|i '

S h u n t in g  tsi certainly con tro l led  in trvjcodLlians. Il ii init ialed 
by to n !  met ion o f  the c o^- too ih  valve at the  base o f  d ie  pul- 
m o 11 a rv conns ,  Tb is 1 n t  r ta  ses- 1 he resist a nee of I h*.1 o  u t fl l i w i ract,

ctjffiitt]lion),]w liji_reasing righi wcfilrluilsi pressure and opening 
the '.'ak'f tit the lei I arch. [I if cogtin u h  valve (ty ijj lts  as a 
vitfiabU nrjiituT1 imtlty' rtirvrtui cuntrol. Ath-errttifĵ LL siimulation  
ix-liAfti |h f valve, probably keeping it ciptn Jnriu^
tfiudilifiiu. o f itrrsii or t'm'rviyt; ll’fanklin ami AftvlfAr.in iHfHJU 
Shums dt’veldjiin^ liiinnj^ tilvjfjg hradyc^rdia sii.iy involve cho- 
lirergiL' L'lie-.is. mi ihe valve (W hite I97ni Axelvwin i.-t .1!
1989: Jones and Shelly n IW.' J, perhaps in sympathy >vil h tjllint; 
r̂ ystc-nnic biixjtl pressure Shelton  and Jnncs 1‘Wl). The sizeo l 
the foramen o f f.in izia  is aiso con [Rilled, with adrenergic stim- 
Liliihoo decreasing ils d ijm elfr while v-jsoactiveiiileMin.d poly
pe ptidt.' (VIPI liicmeases it (Aseisson anti l-i'iuiklin 20011. A l
though tihtilinfcrgk effects hjvc not been lested fin the loramen 
nf Viiiii//.i, if  ucetykhnlim' ;k^ like Vlf' then one wonttl Imvl: 
the sitaaiiiin in w huli diviiift hraiiJ^tirdia ii nswuJatcd with 
contraction o f iIk coj>-tooth vjjve ,iml teI^xjIIiiH a t  the fora
men o f  Paui/7,1, both promoting ,i [luhno^aiy bypas% shunt.
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Sh u n t in g  tlas been  suggested as b e in ^  involved \\rLth sevet.il 
re.-piilLi.in characteristics, includ ing  behavioral Lhi_TnjinteguJati<in
i Bn her et al, 1972 r, postp rand ia l  gut perfus ion  i (ones a n d  Sbel 
t o n  1993), cu ta n eo n s  pas exchange  (Seym our 19K2). p u lm o n a r y  
fi ll ral i r.m ( h urggren  19H 2 1, a ud pui m o n a ry  gas excha jl ge (W h ito 
et al. I9M9; HiflfcS r)9B). A l though  th e  rales o f  shu n t in g  h a w  
been extensively debuted  (W hite  1970; Hurggren I9B5; Hicfes 
1993), it is clear th a t  sh u n t in g  exists in c'mcoijilifj a n d  that it
ii  a s s i s t e d  w i th  theii tifttijiut unaLoniv a n d  physiology. Shun t  
pathways are large, n o t  vestigial, .md they  are  neural ly  c o n 
trolled. T heir  jiersisience in tit h ighly Indicative o f  
an adap tive  value. In lhe diving context,  sh u n t in g  reduces sys
temic arterial oxygen lens ion, which can affect m etabolic  rate 
by inducing  ,i hvpoi id  ':i . state,

f lyptuneiitli 'Ih ’fi

Red nut ion in aerob ic  m e tabu h i  ra te  helow n o rm a l  a n  cm riser ve 
oxygen d u r in g  a dive. Studies of  aquatic  lurfles have shown 
th a t  d iv ing  is associated with increased p u lm o n a ry  bypass 
s h u n t i n g  leading to a decrease in arlerial Plj ,  fB urggren  and 
ih e l to n  iy79; W h ite  et ai. I9N9I. Ejqftysure W hypoxic  pas 
(Hicks and VVang 1999) o r  vagal s t im ula tion  (H a lzack  and 
Hicks 2W>1) a lso  results  in low arterial P u ;, decreased systemic 
mcroen transpor t ,  a n d  a  iedu^ ii«n  in m etabo lic  ia ic  (VI .maes.- 
thetisad 'Ihhh t'inys sirripui. T h is  h ypum etabo lic  s ta te  is co n s id 
ered to  be an  active d o w nregu la t ion  ra ther th a n  a s im ple  failure 
o f o \ y g e n  delivery tn m ito ch o n d r ia .  H y pom erahn l ism ,  whether  
derived frorn sh u n t in g  o r  general hypoxia,  is clearly adv.mlrf- 
gootis f(jt e x le m h u g  dives. But shunti i tg  itiay be a m o re  effective 
m echan ism ,  becfluic it c.m in d u ce  hypom eia tm lism  earlier in 
a dive, when considerable  oxygen stores rem a in  in lhe  lungs. 
W ith o u t  the shunt ,  hypom etahn lism  c o u ld  only he init iated 
late in the dive, when  m ost  oxygen reserves have been ex 
h.iussed. Unfortunate ly ,  liiert- are n o  d a ta  o n  the rfitaiioflsfiip 
be tw een  sh in n in g  and  m etabo lic  ra tes lor crtscodibans.

CroLOtlilf I k ' j r l  D e v e lo p m en t

The controi o f shunting in crocodiles is dependent on  four 
anatomical feal tires thai are unique among rep riles: ( I > com - 
ph’lely divided ventricles, 12) a l i f t  arch originating Irum the 
righl ventricle, (3j a cog-toorh valve at lhe origin of lhe pul
monary artery, and (4) a foramen o f  Paniszii. insight into the 
evolution nfihesc features may he gained from a sludv isl heart 
cltvejopjtteut T h e  argument we apply here is thai ile novo 
developments ol a nglu venu'iadur origin o f  lhe left ?ftrlic 
arch, .the fnr.imen or Paniria, and the tog-voorh vnlve in em 
bryonic crocivilians Tt:present secondariJy evolved features 
(apomorphies). This hypothesis should nol he rejected hy as
sociation with Haeckel's  Jliogenetic L.aw, which propused that 
tht adult stages o f  phyiogenel it history are present in the em 
bryo  (on to g en y  recapitulates phytogeny).  In faet. vertebrate e m 

bryos d o  not show aihill phy logenetic rliar;i;.ieNHtics, and chere 

is n o  c o m m o n  stftge th ro u g h  whicti all ver tebrate  em b ry o s  pass 
i R ichardson et al. 1997). Ii is nevertheiess recognised lhat there 
is a great deal 0} s im ilaniy  tn Ike schem e o f  m o r p h o lo ^ e ,1.. 
d eve lopm en t  of e m b ry o n ic  stflgiis within a g m u p  of anim als  
a n d  that evo lu t ion  can occu r  either hy in tro d u c in g  new vhar- 
a<_iers int'f) the  schem e k ; tc n o g e n e s i s11sr b \  changing  (hi: tinving 
n f  even ts  (he te rochrony ;  de  beer i in u ld  19771. I ri p a r 
ticular. the  early stagescit  the vLTlebrale hear t  a i t  simple lulu -;, 
hui difference:, appear  later, by loss or add it ion  o f  fealines 
I t io o d r ich  I95H). W h en  it t)cciir'T, h e te rochrony  can involve 
Iransposition n t  deve lopm en ta l  events n f  nm^'lated orjjan S f i -  
ten is, b u t  w ith in  each system, i ransposi tions  d o  n m  generally 
occur. T here  arc several exam ples ol the  d evelopm en t  u f  in 
dividual charac te rs  a n d  even c h a n d le r  voiles lhal suptporl re
capitu la tion  (Gould  1977; R ichardson  ,u;d Keui-k 2<)U^j. Al
th o u g h  [ l-ieekel considetvd caei\tt|teTi<'iii a n d  hetentv-hnmy u> 
he ad ap ta t io n s  by the  e m b ry o  m ils t in :  uni stances,  these 
changes can have orig ins early in develo i ' i rm n  hut are not 
suhiecl tw selixfion unlil  fater lR itha rds :)n  1949!-. \Ve Ily-pptVi 
tsise, T h e ie fn r t jh a l  late develop m em  ol 'rhe  i^iramen nt Pan  i r.j* 
aiul c o g - lo o th  ealve in cftx;ot|iliiift em h ry o s  ^voidil he i'.sLimpies 
o f  ^Licrtoyenesis associated yftlii tlie sec iindary  evoiurion t>f 
'1111 ltinj  ca ■.111ir11;.

JIil' em hryo lngy  of verTebrale heart.s Is well know n, inc lud ing  
specific studies o f  cn icod iiians hy O e i l  i 1903>, H oehs te t te r  

( |9 t l6 j ,  Reese i i y i n j ,  W ells lein  ( IM ^ J .  Goi'Hdrich I I L>5M), tiha 
ner ( |9ft2), ;uid Ferguson (19^.^;. T h e  nuUttitntMJs Hiiil tin- 
early and in r tn n e d ia te  dcvelupm eiual  siag<^ arc the  same m 
crocodilians and o th e r  vertebra Lev T h e  hearr Iv g in s  as a single 
I ul>e thai ben d s  on itsell, l i in t t in a  si t in u s  \'eiinsiis, a tr fum , 
venti icle, bnlhus,  a n d  ventral aorla- T he  ventral aoeta in turn  
b ranches  Into several at>rlic archcs. Two -.I’pia 'hni  g row  tow ard  
the heart from the ba s ts  o f  specific arches p fn g rn l iv e ly  divide 
the aor la  and luilhus i Pig. 4j. T he  p n In m -ao r t ic  sep tum  grail- 
ually separates the  p u lm o n a ry  a r te ry  froin ibu Iefl arch , and 
th(‘ lriteraortic  sep ium  separairn lefl a n d  right arches.  M e a n 
while, a m uses liar in te rven tr icu la r  s e p lm n  grows tow ard  the 
bu lb u s  a n d  begins tn  separa te  lh e  Tight a n d  [efl ventricles.  The  
in te rm ed ia te  result is a Ihrce-eh.tmlH'red ventricle  with three 
L>utflow vessels, each wilii v a h es  ,ok1 ,tll c o n n e c t in g  tn <i t o m -  
m<m cbanihei ,  as iec i '  in noncroci>diliaii i'he in le t -
aortic  sep iu m  mav rem a in  pe rfo ra ted  in i tn m iu c o d i l ia n  rep- 
n lrs— is-hethr.r above the  aorlie  wilves I Yonng el al. 1493) o r  
below iliem fVVehh !*+7u) ĵ , jj^j ^er ia in— bit;  these pe rfo ra l ions  

i re  not h o m o lo g o u s  l<> lhe foram en n f  Pan i if fa o f  c rocodilians  
(Wehb l^79 i .  I’Ctufi (lbs pmnL, the irrocoviih:in Uf.iri u n iq u e  
a m o n g  reptiles, bee a use ir proceeds in form a in em b rau o o s  
se p tu m  tha t  prows trom  I be  muscufat ventricular  Septum, 
an'ross lhe c o m m o n  cham ber ,  a n d  in to  the wall beiWrtiTi lhe 
r ight a n d  lell arches,  th u s  compSerely separa t ing  lhe left, a n d  

■igii! vcStffiekfcs ig. : j.
kernarkahlv, details  ot the jp p e  h j i l i ' til lhe lo n n n e n  n f
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Hyure -i. iiL.hi.Jii.itiL- >il L-incifiiL dtt*lupHllftH in repsllftr, ihntyit^ tlie litngfe îivf nui, I.-..I Judujimcn! ol llrf.j'iilnii' iwrti< -iitl! rnisHiirlil1 -jrpi;i jiiJ 
the *.T-iffll4t| tltfl'flfiptlieflT <il lliL.1 iihjivuIji tismvenlm llI.it s^luin. The IIiilJ stage llljiulfs Ilirtf virnlricllIjlt utjii1111iers aml 111>"p":ir.il nf imncroLLijLtuii]
n'ptjlfL-

F a m ^/a  and i5ng tu o th  vjlve .ire e i lh t r  kinki-ni' t>r con trad ic to ry  
in iitt' i i i e w t□(■(.-. in  j  m o n u rT e r t t j i  a t m p j r i so i i  -il .crtclirafc  
h e a r t  d eve lopm en t ,  irreii I L40>| Jcsi-rihL-d I lie up pen: a nee o f  

the  funmrrtft o t  I’anizza ($ jSefiend^ry pe r fo ra t io n  lj[ i K<- in- 
leraortic  se p tu m  in 1 lie- ^jinii in. Bm G oodr ich  1. p r o 
no u n ced  iliat the fiwa'intri Was ntoft:  l ik e k  loWmfrt by a laiiure 
Of 1 lie in te raor t ic  sep tum  to LililiiSe com ple te ly  d u r in g  hs growl |i 
m w ard  the he.iri. t . r n l ’s descrip t ion  m ore  s trongly su p p o r ts  
(he  |typalhrt i!ti?f-4 se co n d ary  Ji'vt'lojwTiL'iii
li-.c- Irn-.iiiLtii is clearly .1 sin.VL.-l li-.n; 11L-. t iLJodrkh’s explanai Lon 
cjfnes n o t  rc lu te  tin- IlfrjOTh^sii ( the  Joram en t o  ukl l i t  p^ifdi)- 
morphie 'i ,  hnl it i.\ u-c-iikff, because .lSI i rp li les  g u  I hreiuyJn ,1 
stage nj incom ple te  divis ion of ihe anrlae.  Nolle  o f  the o ther  
e jn b r y p b g iy 4! accounts  c o m m e n ts  l u r ih e r  on  the appearance  
iit" ihe  fo ram en  ol Paui^/tih and sifimlicantfy, n one  m en t io n s  m  
itlOHi'i any  s t ru c tu re  n-HtiJiblirifl f)ie cog to o th  v jK w  Jo  »lvt 
the  m atter ,  we have iiives-ti^atcd hear: d eve lopm en t  in di&fguHJr. 
niinK<s!j>}Jwnsis 1 Hen r e t  L-S ta m p e r  21)03) and Odoirtj'iffij.'pswwsfHs 
IR. $, Serrrmur,  S. D. luhnstoTi, and S. I. G. K un t im im ,  u n 
published  m an n v cn p L ). We used .standard wav hi^lol^idcitf-tftiJl^ 
niques 1111 m ie r in ed ia l r  and  final t t w  1.11 developm ent.

111 l‘ results i ro m  t f l t  a lligainr -ilign \veli wjih prcCHyys Lle- 

.wriptions, rurm'ly, lhal (he tw o  ^p tm  in r l iebn lln j^K n f"-' toward  
rhe heart atid iltar the m u scu la r  iti lirrvfcmiculaf sep iam  pro- 
^'L'suvely divides tin’ ventr icle  They  also ck ar ly  conf irm  Cveil's 
obse rva t ion  ihat the  ftnmn-ten 0 ! M a n i la  d> <i MriiHidary per-

f tra t luH  in the c o m p le te  intc-'riiFtrlic se p tu m  I Fig. ft), f l i t  fo 
ram en  first a p p e n d  .n .'.Uig<-2 1 I pTifglflPtt 1983) iiti .1 d ir ti j ij i  m 
the  sirpiuTii b e lund  the  rnedial vah'e  Lu-np ol Mil- t ig lu  a ich .  This 
d im ple  deepens between sht^ei H2 and 2.1 a n d  opens  hy
24 o r  25, at abeml rf n f i r c u h s t i n r .  H jU .h inc  th allij’aliit-, 
ueeurs -it sNij^ 27-28, at a b o u t  (t!> d, T he  fo rem en  ol i ' a n i / / a  
wan u n fo r tu n a te ly  already r>pi:n m the  youngest  L'. pon>v<< l'ih- 
bryo exam ined ,  al Smge 25 i>n day h>0 t)| an SO-d imiuhalion  
pc titx i:  H irw w cr, ■serial secliyjis o f  the p u lm o n a ry  ct>mis in 
ho ih  !.peeies revealeel leuillike biLiiiptd valves, b u t  nn livid 
ol c n g - to o ih  mnltJle.H biflftw it at any stage, karchllnps
11-iii. 7). Web!' j 1 '“  failed to h u d  n o d  j  lei in (1 po rostis
haLchSings, b u t  fhufy si'erc ap]iarenl  in L l - m - lo n j :  iiiveitile1,. It 
is ^le.u I It a I c o ^ - lo o tb  valves a p p ea r  am i t iig in  to  tu n e l in n  svell 
alter  ha tch ing .  These ^bsW'i'SltOlV' .'ajpi'OTt a iecond,iry  a p 
p earance  of ‘ih n n t in g  -in;ii(jiny in croCrtdiUsns.

The  tletail'i a f  rriembranLtus i e p lu m  d evelopm en i  diftjeY b e 
tween ^roaxlti ian:; ,  birds, a n d  n i J in r M h ,  b u t  ihe  p a t te rn  o f  
a i 'Chlation is cTitiudh d^twn.deju w here  il joins the  three 
o u t f lo w  vessels tS Iu n e r  1962). il joins between the left .md 
right a l l i e s  iit cmocodiles. In b in ls ,  il iotns ijelvveen the  pul - 
imjndi y artery  a n d  the left arch. Util ihe lat ter  qu ick ly  atrophies ,  
le-avine (he nglit  l i t th - tv  the i>nly systemic iujipSv. Ti is ..iniulicant 
ih,u ilk' jh ian heart  diies not p.L1̂  i Iiioil^Jl ,l cuHiodilian stage, 
with the fett areh ii^cnfn]’ ijin> (he r ight I 'entriele. Iml lliis 
anom aly  CK.L'hr', olteii  e n o u g h  IO have been nfitVttd hv avian
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rijju rc 5. xh cm d tk  o1 iIll- ^roastliliim tmrTt. wttli jw o tric lo  completely 
separated by I be intervi'nlriLllLur and mrmliTarifHis septa. The luriimeii 
ut I'aniTya copnccti the L'tt SrtJ liyjit atjnic jiritJicvi H-Aoatld fMo, rc- 
^HliIlhl'Iy!, and .1 «ig;tQOlh Wli-W lies beneath leaf vjtire j in lhe pui- 
i ■ . ■■ i r lt  ■ ■■

e m b ry o lo g ie s  (Hn-mer iSJSJj., The jfoitlinrlfj' be tw een  avion and 
reptil ian hear ls  m akes il easy tn visualise evo lu tion  Im m  a 
c o m m o n  ancestor  by a s im ple  shif t  in the m i i t ib r a n o u s  sep tum  
(VVebh 1979). Jti n i s m m i l s ,  iailure o f t h e  tntrmbratioiL5'iseptUJli 
to jn in  in lhe correc t  place creates the  HifWt c o m m o n  congenital  
septa] defeels, includ ing  the Tetralogy o f  !■ allot otvJ nJirlpjefe 

t ranspos i t ion  q f  tli* p u im o n a ry  artery  artd  aVirta f l f ed is r  a n d  
AndeiMKi 19 f i I ). H u m a n s  c an  even ie ia in  Ixilh r ight and Jett 
aof ltc  ardie*,  prov ided  that sufficient bkjfiii ii passed th rough  
them  d u r in g  developm en t .  These  cnngeniia l  ab n o rm a li t ie s  can 

have t  mull ifac toria i  genetic  basis, as evidenced by a small, but 
significant, risk o f  familial to ru r r^ r t ie  (P ie rp o n i  a n d  Moller 
19£6 i. T h e  prevalence o f such defeLis .suggests that only a minor, 

d ev e lo p rotnllill literal  io;s die m em b ra n o u s  sep tum  ean result 

tn Urge difference's in (trial cardiac  design. W h e th e r  a Ie1i aorta  

persists and what c h am b cr  it connec ts  t*1 m ay d e p en d  on ge
net if sw itches th a t  d e te rm in e  where r In.' m e m b r a n o u s  sep tu m  
fuses with t h e  walL In- conclus ion .  (he  persistence o f  lhe  left 

aor tic  a rch  and its t&nuHfcNuJi lu the r ight ventricle in c roco- 

dilians does nut involve a great m odif icat ion  iii heart  devel
o p m en t .  !l srRipfy depends  an  the site n f  a t ta ch m en t  ul the 

m e m b r a n o u s  se p tu m ,  and this location can easily thlf l .  In c o n 
cert  w l h  the  vecondarv d evelopm en t  o f t h e  fo ram en  o f  Paniicza 
and cog-ioo ih  valve, such a shift com ple tes  the  app ea ran ce  o f  

a novel sh u n l in g  m ech an ism  in  cn tcod i l iaos  consistent with a
■ T ■jinII I (0 I1.... "":i_'I mv.

O t h e r  Evidence f u r  E n d o th e r m ic  A n ces to rs

■ itng Structure

I ;rocodilians h ave  m ult i  ch am b ered  lu lujtS with a com plex  ar- 

ran g em en l  o f  imerual  e o n n ec l in g  lubes.  T h e  s in k in g  s imilarity  
in design be tw een  crocodilian  a n d  avian lungs h » i  l i ten  well 
recognised bu i  difficult to  explain references m Ferrv 
I^W j.  h m b ry o n ic  crocodilian lang.s show fiyo sets u f  ch am b e rs  

g row ing  from tile p r im a ry  bronchi:  a a . -ini a I a n d  <i caudal set. 
Perry (l9<St)J p roposes  lhal these may be hninolojjs  ol avian 
secondary  b ronchi.  As in birds, lhe caudal sei grows over  the  
cranial set, and the pe rfo ra t ions  between adjacent  c h am b ers  in 
an  -ldnlt crocodilian  lung could  be hom ology ol avian te r l ia iy  

bronch i  (p a rsb ro n ch i) .  This a r ra n g e m tn l  w:isen)codiiian Inng^ 
apart  from inulljcam cral lungs that o ccu r  in oilier rcpliles, suclt 
as iln; lizards Vflrnirirs and Huhfihvm ti and the lurtle  Jruchfinys.

[t Is clear iii li i the complexity  itf trotiJHjilian lungs is riol 
m a tch ed  bv iheii  .ibiliiv t<i t ransport  ie>,|nrairhrv ^a^cv In m- 
venile C i6 iudyius  hifali'c'jii, ilu- ett ixiive exchange su rfac t  area 
is small ami i h e  m e a n  harm onii ;  lis'iue lii iekneis ia relatively 
large, so th j l  lhe  aua i i in i i ta l  diffusing capacity U f l i c k 'w i s t  to r  
repti les (P e rry  ivytt). Perry 11990.1 recogni icd  th a t  the t u r r e n l  
c(nriple.'iily t o u M  h a w  resulted f rom  a tn n se rv a t iv e  g e n o m e  
b u t  found  it difficnll lo  rationalise,  o lh e r  than  lo suggest that 
p e rh ap s  lhe  com plex ity  in juveniles becom es useful a* life an- 
iraaJs g row  to  great iize. I lowcver, we teel thai e roeodilian  lung  
s l ru c tu re  may b e a n  alavisl je trail inheri ted  f rom  highly aerobic,  
en d o th e rm ic  ancestors. I.luring e^oJutiort as ectoHieriils , lhe 
surface  area iias decreased a n d  ha rr ie r  ilikkneiis h a t  increased, 
bu t  the  overall strlitHirL1 has n o t  greally changed.

ii^rjf ilurifig LocomoiW't

Cartier (1987(f) described seven characteristics associated wilh 
lhe ability to breathe and enhance stamina during ic>t:omotion: 
ft}  diaphragmatic muscles, (Zj eniarged transverse processes 
and epaxial muscles, (?) bipedai locom olinin f4) upright pi>s- 
ture, (51 bounding gait, (6 ) lateral stability o f  the verlehrjl 
colunui, HiTitl l?) endothermy. I his in ile evolved in lhe syn- 
apsids, leading to ri«cfe»it mammals, and in the dLapiklj. leading 
to recent birds. Garter (19S7«) pointed out that Lit least ele- 
irnaiLs J, 2., 4, and S are evidem ii> living cTooodihans and (hilt, 
alniig wiili a luur-chambered lieart and a rcduced fifth digir 
on the pes, these characleristics are incoirsislent with the present 
low stamina and ULtolllermy. He proposed that a shift in life
style, from terrestrial endo(hurmy lo the amphibious ecio- 
thermy, eoultl expiain these features o f trocodilians.

Recent obse rva t ions  on  A m erican  aliigalors fnc lic i t t  that 
crocodilians do b rea the  effectively d m  ing terrestrial to co m o lio n  
[Farm er and Ciirrier SQOUn, 2000b, 2(H)(li'j. 1 ung  venii lu tion  ol 
rest ing all igators is typical o f  e lIO therm ic  te trapods ,  c o t l i i i t i t l t  
rtf in le rm id e n l  b rea ths  o f  m o d e ra te  tidal vohime. D u r in g  e x 
ercise, however, lhe veniihilion p a tte rn  ol" alligators is m o te
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Figure fi ' I r.i mvL'rsc iccuofij. tfcjXlLlgh TV dcvfl̂ ,f'tn[4 FtwH ('I .-iJJî rtNT rtj 't-j.-/ ̂ .ll vlccttJ I.JIL- I-lt^u '̂il ’ lLJ,Kf'l tfrifji'f I hri't 11 Li Ml in*- v
;Fn' nLtim l: iIil- |>ulmLnur^ .Lnny I M i arul Lhe IcU j]iiJ l i j j l l  Llurftt VHViifs (M o  .lriil JMn, riiptLtively I. Thi' !'ur,irrier» nf K in i//*  I f'J'l :ls
Himplc in Llit sejiluul in rtllljjira 11—2.1, lirc;Lki llircuĵ li at nlnnn -̂l.iL’f .''-I iim) is L’nhrpeJ Ny faiCclliftp t̂iL̂if J7. Nmiv ih.ii the inii iispiJ Ilm) ^dv 
i i.irrsi nj; i fhn’e lumin.i. rn i-’ vessel '■ l-.: ■■, 10|| jjlh



Endothcrnnc AhiVuwaurs IMI

1. ' Ir?nsvifrse seclk>ri Mimui’h [He ric.m .l hflfcWMff L’flei'ddjfJjlf [w rnsu f. '! he lo.ivrs o f th< vnkiy in  liie p iih iw tu ry  sritfV  (f,4) a rt visible 
ihe rup n^tn, nesi tu the Ltit atjriiL- :ir ih  in Thf lower piiiiel, ih t  smmnii w .ilk e d ih r  fiifnV atn tf/(.u iju i lsdoi(> [he le t fv ji lt is  fetfiiul uinLv

,i. v.:- ! r  . : -i ■ ■■ i h ]  ■.i.Jr■ i-.e ( I i ; ;■ ■■ 1 iK "

simiJ.ir To ilnii ;,Clints m m m nu: Ih:sn il- :' i " ithi I'tln- 
lhcTTTt&. !n alligators, in!..I voli 1 it' du i tg ivflUaftg inci^nse-, .li- 
much ab LonrloLd aboVS that before etspRifc. Thu ttiass-spedfk 
i-da< volinnc tifvoonij, alhgaLors appear t ■ je|■• 11 .,j, '■■■.:• , 
liieilJ . iLj'i i>ci for in1.) ..n:r.i.11 during ijferi: u . .u:J the .. ■ 
ol - iii' :ijon greatlj c.wed* ii n f■. 111 : ■■' !■ ■ ; nangL.

T his  abil ity Rl KktjIIk1 effectively d u r in g  tciTtstiLaf ]jMt- 
fUimon is signilitanT, given ilk- iugg^ill i in  th a t  the ancestors 
o f  basal were unahk* to ru n  and b rea th e  at
iht ■ i k. ' ii ■ i r I'-’-S , i . ■ ■ Tier i . I ■ i r 2f l t t  a. 
2000/?!. Tn a n in ta h  with a spw vJinK  l in |ln| pos tu re ,  t h t  ji_1 inns 
o f  t h f  .Liial ifluitjtfi io ]'i nduce  cfintd] ven ti la t ion  Appear to be
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antagonistic to the locom otor Act inns required trom these same 
ttruidis to produce IfitiiEil bending ot the trunk and postural 
stability, iiuch j  !oi.oruotor constraint on costal ventilation is 
present in lizards fCXrrsrt I4K7Ji, 1991; W angetal. 1997; Owcr- 
kowiei i't al. 199^j. Nevertheless, the- taclors suggested asdls- 
rupiing lustill lim itation  in running lizards arc also prt'Jtirtt in 
walking illijtilHHS Ulbtfit tn a lessor degree]; ,i stJTttccccI poslm e 
anti i.Keral bending o f  the trunk. Given the conflicting actions 
of axiai tmnfcles in a sprawling or semispra wling tel rapod, what 
lit; to ri allow alligators to breathe during lerrcii rial locomotion?

O o a i d i l i a n s  have  a highly derived system o f  lung  veii iilation. 
M o  fit dramatically, thev  possess a specialised venti latory  m u s d c ,  
the  d iaphragm a licus ,  w i ^ h  ii  josULimenral in the p ro d u c t io n  
flf insp ira t ion  a n d  i.s largely. ot  entirely, in d ep e n d en t  o! loco- 
rnotiun (BbcUttt 1942: !M<iifeh t t  j ] ,  1970: C a n s  and  Clark  197^; 

Fa rm er and Currier  2IW)Ud). Two o ther  hypa^ial muscles  that 
played ifrtgflrfant roles in the lo com otion  ol bajfll le tr .tpods, 
the rectus a b d o m in is  a n d  t ran s  versus a b d o m i n i s  .■serve pi i - 
nwifily a vem ila tory  t im e t ion in idligjBors t.-h’i i t t ie r  a n d  Carr ie r  
2U(K)df). Finally, c rocodilians possess i  derived pelvic m u s c u 
loskeletal sys tem  that actively expands  the abd o m in a l  cavity, 
allowing caudal d isp lacem en t  o f  lhe viscera d u r in g  insp ira t ion  
! C arr ie r  a n d  Fa rm er  20IH)if, JtlOtib; F a rm er  a n d  C a rr ie r  ’ ftllfluj, 
This Mtitu o f  der ived  cha tac te rs  associated with venlil iu ion  d u r 
ing lo co m o t io n  is hard  to reconcile wiih ( Ik  low metabolic  
requ irem en ts  and sit-and-Wdfl |ife<.tyle o f  m o d e r n  crocodilians. 
These  specia lisations lor ventilation  are assoc ia ted  with selec- 
l ion early in tile ev o lu t io n  o f  the  crocodilian  lineage for jj high 
aerob ic  activity m.etabolism anti an  abili ty  to r u n  a n d  breathe 
at the  y n n  iim.:.

■

Filmilainellrfr hone ,  Ivpibed by extensive vascularr/.auo:i, If, a 
L'lijiraeteristic o t  b irds  a n d  m am m als ,  a n d  ils p resence  in d i 
nosaurs  was o n e  ot lhe  original lines o f  evidence tor en d o -  
ihe rm y  (tk' R.niqlfci 1974). However, the t'act that  juvenile  al
ligators. p roduce  f ihrolamellar  b one  has been pul lo rw a id  as 
one  o f  the  Haws of th is  a rg u m en t  (field 19971. Fu ll- le rm  e m 
bryon ic  a ll igators have  even m u re  hbro lam el la r  h one  th a n  j u 
veniles t H o m e r  el a I JOOIi. Tflts tea tu ie  could, in fact, be a 
vestigial I tail front e n d o th e rm ic  ancestors,  o r  ii co u ld  be coin 
m o n  a m o n g  neonate  amiiiotcs ,md have n o th in g  to  do  with 
en d o lh e rm y .  However,  a recent survey o f  h one  histology o f  
lo^s l  a rehosa  ori fo rm s reveals lhat b o n e  s t ru c tu re  and growth 
pail erns o f  phytosaurs ,  actosaurs,  arid rauisocllla iis were s imilar  
In those  in living cm co d ih .m s  fmi lhat I fr ty tfr i iu c fim  an d  
f-rvo.rp.'-;,' , 1 i . sin., n: mi e similai v-■ v-.as ni «ii- 
nnsaHrs. birds., ;m J  m am m als  Ide Jticqles cl <il, 2 0 0 3 1, ll is 
si j-miKjiit  that Erytt trpi)/{ftutjf the  oldest spec im en  m 1 lie a n a l 
ysis. a n d  th a t  TfTresfrrjrfiViws r e p re s e n t  the first o f  the c rocod- 
y io m o rp h s  tB ro ch u  ZflOlJj). De UicqJis et al. co u id  «oi
avctid the conclus ion  th a t  b o n e  to r re ia le d  v-Tlh ltie^h n^clabolic

rate  was jn ee s t ra l  a m o n g  archosaura  a n d  th a t  s o m e  early g ro u p s  
subseqtiemiy a h a n d o tied the  trai t.  Th is  view is consis teni  w iih  
o u t  hypolbesis  th a t  the c ro co d i l ian sa lso  l o s l c n d o th e n i ty  w hen  
I hey b eca m e  aquatic  in the  Jurassic.

Mi ■ Zi'i.i

It has been argued that the pace o f  genellc change is affected 
hy dilfierences in body temperature such thrtt endothermswoLtld 
sh[>w higher rates o f divergence than ectotherms (Martin and 
I'alumbi M^3'. Crocodilians, in lact. show relatively higher 
rates o f  divergence in lhe n itoc  bond rial genome than do other 
cctothmfiK lKoma?.awa and N'ishida I y95: Quinn and Mindell 
19%; Jsnke .md Arnasou 1.997: Janke et aJ, 2001). This t;ict has 
t;veil been used to disprove the relationship between liody tem 
perature .uid the speed o! the molecular itock I janke and Ar- 
itason !997; Jankr ct aJ, 20011. Hot ii i.s equally ;>ossible that 
the large divergence is dur to a faster dock during the lirst 
part of crocodilian evolution. On the other hand, because di- 
vergenct1 rates are higher in alligatorids than in nonalligalorids 
JRrochu m i l l ) ,  (he molecular clock may not depend wholly 
on body temperature differences.

Conirary L^idence

Praelieally all living m a m m a ls  a n d  b irds  possess n tsp ira to ty  
t u ib m a te ;  in the  nasal passages- These 1 bin b o n e s  w ilh  a lat^e 
surface area have been  related to e n d o th e rm y ,  because they 
fijnCitErti to  co n d it io n  the itir b rea thed  hy lhe  an im al a n d  c o n 
serve heat a n d  waLer by t em p o ra l  c o u o ie rc u i r e n t  exchange  
(Schm idl-Ntelsejl  el a t  1970). D u r in g  in sp ira t ion ,  co ld  a ir  is 
w a rm ed  a n d  hunaidihed before  it is d ra w n  in to  the lungs- ln- 
sp ira lion  clhjIs the  tu rb in a tes  by direct heat transfer  a n d  e v a p 
o ra t ion ,  U u r in g  enpira liun ,  when  rhe w a rm ,  h u m id  a ir  f rom  
the lungs again passes by th e  cool turb ina tes ,  the  air loses heal 
a n d  snrue o f  its w a te r  vapor, which c o n d en ses  on  the walls. 
T h e  resull is that  the  exhaled  a ir  Is cooler  and  d r ie r  th an  it 
w ould  h;ive hcvn it lhe  tu rb in a tes  were n o t  p re sen t  n r  rh e a n im a l  
exhaled ihroiigo  th-!- m o n lh

The presence or ahsence o f  re sp ira to ry  tu rb in a tes  in tos>ils 
has been p ro m o te d  as a so lid  indicaroi o f  the  e n d o th e r m ic  o r  
cc to ther in ie  s ta tus  o f  fossil a n im a ls  (R uhen  et al. 1997). T h e i r  
absence ill livmg crocodiles  has been  associated w ith  unden iab le  
ec to iherm y, and th e i r  absence in d in o sa u rs  speaks ag j tn s t  e n 
d o th e rm y  {Ruben el al. 19%). Similarly! the p re su m ed  presence 
o f  tu rb ina tes  a m o n g  the  c y o o d o o t  g m o p  of p ro to m a m m a ls  is 
cunsis lem  wilh the  hrst  a p p ea ran ce  ot e n d o th e r m y  in m a m 
m alian  phylngeny  iH il ien ius  1994). Never) llelew, d m  j r g u n ie n l  
relies on  three a s s u m p t io n s  i !) lhe sp.iLe m the nasal passages 
is a good  t a d i c M b n  o f  p resence o r  absence  o f  turti inaies  in 
an im a ls  whose  fossils o f ten  do  n o t  preserve th em ; !2 J lh e  p a t 
tern o f  a ir  flow th ro u g h  lhe  passages did noi in c lu d e  a n y  o f
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the large “olfactory" sinuses m foiiil ih ills;$3j respire lory lur- 
binate.1. are essential far eiidotlienny to counteract qihtswi#e 
high rates ot heat and water IoSiS.. Thejf are reasonable as
sum ption^ but there are incongruities that raise sonn: r mhi. 
The small nasal volumes in theropod dinosaurs suggest ecto- 
thflrmy, bm insulation indicates othsrvfisc (Xai et »L 1999a, 
1999/j). I he firJt bird Arc)uico}>te.tyx was {miSUTtKtbly. an cn- 
dofherm but has nasal profiles siimlai to those of theropod 
dinosaurs. Uving nectarivnrous birds and mammals that have 
.an overabundance o f water in their diets possess respiral wry 
turbinates, and cetaceans in polar marine environments where 
Water and cold stresses are severe du not. There is also signif
icant countercurrent exchange in the nostrils of lizards, but not 
in the same extent a? in birds and mammals (Mnrrish and 
Schmidt-Nielsen 1970), Tt is apparem (hat turbinates are not 
a siricl requirement fur endoihermy, especially in equable en- 
vi.'o:. rue:its w iih ample water jvjilahility.

There is no indication that basal archosaui's or early croc
odilian^ were ever well msitlated externally. Howev: r, i e the 
turbinate argument, the absence of any ev'denct does nol 
prove that they were not insulated or that ihey could not have 
been ertttoflicraw. Insulation does nm easily fossilise'; as d em 
onstrated by the malority o f  featherles-s Atchntvpif.tyx  spet- 
imens (Feduceia 1999) and the rarity of feathered theropod 
dinosaur fossils {Xu et al. I'Wrt, I999M. Furthermore, there 
are many endotberm s alive today without rnuch external in
sulation, for example, humans, many nther mammals, leath- 
erbas& turtles i.Paladino et al. 1990), incubating pythons ^Vin
egar et al. 1970; Hariow and Grigg I9tf4), warm-hodied fish 
I Carey el a I. 1971), many endothermic m sects (Bartholomew  
and Heinrich 197ft), and thermogenic flowers (Seymour 
2UU Id). If sufficient energy is available, endothenny is possible 
without ol”- ous insulation.

Conclusions

I'hroiiglioul the ip n iim iin g  deb....... . tuc evolution o' endo-
thermy and particularly the metabolic status o f dinosaurs., a 
com m on underlying assumption is that endotherms evolved 
from ectotherms. The reverse, ectotherms evolving from en 
dothem is, has r ielv beer. . onsidi-rrd Ricqlts 197H; C.irriet 
I9ft7it de Ricqles et al. 20Q3). It is unclear whether this reluc
tance stems iiom  the obvious direc; oi. o! i.vo!ui ir. -.cr.'.'- 
brates in general (ectothermie fish to endothermic birds rttrd 
msrrimals) or a chjuvinislic bias that cndoltrij'fiM jtfff somehow  
more advanced ot superior. However, there is no reason why 
reverse ev. ution is unlikely, artd in iac* it ;s not utlromn o'‘ 
arnnnn lypual c:uliii|i-n:is. Not cinl ire t f v v  mjrneious ex
amples o f facultative ectnthermy in mammals and birds that 
hibernate or undergo daily torpor, there are mammals with 
highly labile body temperatures and metabolic rates that are 
routinely in the eeto-hennic ram::1 J . i r v i :  197S; Sl‘) i iou er ul.

1998). In cases such as these, where  the lileslyle p e rm i ts  it, and 
especially w here  energy ill ihe n iv ironm enL  is limited, one 
should  expect selection lor rel.ix.ilion or coutplc le  jb rm d o u -  
m en t  of  ei.-iothv rimy.

The evidence presented here supports the hypothesis that 
the ancestors o f crocodilians were endothermic. The key e le
ment in Ihe argument is their four-chambered heart, which 
could separate the lliph sysienlic blood pressures fmrn low 
ptlllnniun Wood press:! i es i i a sturs. Tb< r;- ;nc ;-m ex
planations fur a high systemic pressure: lo produce ihe iligh 
flow rates o f more viscous, high-hemalocril blood associated 
with high rates o f aerobic aclivily, to enable sufficient ultrafil 
tration in ihe kidneys and (issues, lo  force blood through con
tracting muscles, and !o permil greater distributional control 
of pei'fusii.m between differently active v,iseuiar beds. Many of 
these functions are associated with the high metabolic rates of 
CrtdoMii-rms.

Ar.iither function o f high systemic blood pressure is to sup
port a vertical blood column above the heart against gravity 
(Seymour et al. 1993). I he only animals known to have evolved 
large body size and erect stance arc endotherms. No terrestrial 
eautherm sustains 3 vertical distance of 1 m or more between 
the heart and head. This distance is equivalent to an arterial 
blood pfissure £!ad ei i o l'f  < i' -.l’n just ir> -.npin s  " 
column, and an additional pressure is required to move the 
blood through the vascular beds, because mauv has*) a re ho- 
saurs had erect sTance buT were small, ii seems unlikely <hsi 
their fuur-chambered hearts were originally used to overcome 
ihe effecis o f ^ravtly, It is more reasonable lo  believe that sep
aration of systemic and pulmonary pressures was firsi associ 
ated willi endoil ."'iiy

HvoluSmii ba<.l( lo ecti n I lennv may have beritflilctl cruetkt>l- 
ians as aquatic ambush predators, bul there is no obvious se 
leclive advantage ft»r some smaller members of the dinosaur 
lineage to abandon etiuflTlKnny. Manv u| iheiT) fenlaified ftillv 
terreslrial, active (tredatm.-, that would have been tvel! serve4 
by cndolhermy, and they gave rise to endothermic birds. By 
I he same reasoning, smnll terrestrial herbivorous dinosaurs that 
w  re preyed upon mi^hl have been disadvantaged il they were 
ectothermtc and lacked the pifiteelion that water afforded the 
crocodilians. It therefore seems likely that enduthermy evolved 
in the stem ardiosauns and vvjs passed on to many of their 
descendants. Having a high systems: blood [ncssure for c:i- 
dothermy in turn permitted terrestrial, bipedal dinosaurs to 
become large and errct, because the tour-chamberec! heart 
coulil develop enough ptessure tu support j vul isl.iitli.il WMirai 
blood ciilumn to the head (Seymour f^7fcl. Xevertheless, en- 
dothem iy in dinosaurs may have been reslriclcd to the smaller 
species, which do not have the levd nf inertial hrmieolhermy 
characteristic o f ihe giants (Seebachei1 2(H)3). Proposed ecto 
thermy in large sauropods tn hadrosatirs, Ilierclore, may rep
resent additional aiecs o f evolution from endolhermic .mces- 
tor.s.
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